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Abstract

In this thesis, first, the monolithic integration of a perovskite-based optical waveguide
amplifier together with a photodetector on a nanocellulose substrate is shown to
demonstrate the feasibility of a stretchable signal manipulation and receptor system
fabricated on a biodegradable material. An integrated optical amplifier—photodetector is
developed in which the photocurrent is exploited that is generated in the organic—inorganic
lead halide perovskite under an applied bias. Such photocurrent does not minimally perturb
the amplifier operation and is used to monitor the light signal propagating along the
waveguide, opening a broad range of applications for example to measure the operation
temperature.

Then, perovskite quantum dot solar cells (PQDSCs) were systematically investigated with
impedance spectroscopy. Despite the evident structural differences with respect to standard
perovskite solar cells (PSCs), similar impedance spectra were obtained for PQDSCs,
pointing to similar working principles in terms of the active layer. Although there is no
consensus about the exact mechanism responsible for low frequency capacitance, the
suggested models point to an ion migration origin. Its observation in thin-film and PQDSCs
devices implies a similar effect in both.

Finally, we synthesized ultra-high stable CsPblz QDs by controlling two main parameters:
synthesis temperature and the concentration of capping ligands. We achieved the maximum
photoluminescence quantum yield (PLQY) of 93% for a synthesis conducted at 185 °C,
establishing an efficient surface passivation. Under these optimized synthesis conditions,
deep red LEDs with an External Quantum Efficiency (EQE) higher than 6% were achieved.
We show that it is possible to produce stable CsPblz QDs with high PLQY and red emission
beyond the requirement of the Rec. 2020 standards for red color.

Key Words: flexible devices, nanocellulose, optical amplifiers, photodetectors,
perovskites, quantum dots, solar cells, impedance spectroscopy, light emitting
diodes, hot-injection synthesis
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Resumen

En esta tesis, en primer lugar, se muestra la integracion monolitica de un amplificador de
guia de ondas Optico basado en perovskita junto con un fotodetector en un sustrato de
nanocelulosa para demostrar la viabilidad de un sistema de manipulacion y receptor de
sefial extensible fabricado en un material biodegradable. Se desarrolla un amplificador-
fotodetector Optico integrado en el que se aprovecha la fotocorriente que se genera en la
perovskita de haluro de plomo organico-inorgénico bajo un potencial aplicado. Dicha
fotocorriente no perturba minimamente el funcionamiento del amplificador y se utiliza para
monitorizar la sefial de luz que se propaga a lo largo de la guia de ondas, abriendo una
amplia gama de aplicaciones, por ejemplo para medir la temperatura de funcionamiento.

Luego, las células solares de puntos cudnticos de perovskita (PQDSC) se investigaron
sistematicamente con espectroscopia de impedancia. A pesar de las evidentes diferencias
estructurales con respecto a las células solares de perovskita estandar (PSC), se obtuvieron
espectros de impedancia similares para las PQDSC, lo que apunta a principios de trabajo
similares en términos de la capa activa. Aunque no hay consenso sobre el mecanismo
exacto responsable de la capacitancia de baja frecuencia, los modelos sugeridos apuntan a
un origen de migracion de iones. Su observacion en dispositivos de pelicula fina y PQDSCs
implica un efecto similar en ambos.

Finalmente, sintetizamos QD de CsPblsz con establilidades ultraaltas controlando dos
parametros principales: la temperatura de sintesis y la concentracion de ligandos de
proteccion. Logramos el rendimiento cudntico de fotoluminiscencia maximo (PLQY) del
93% para una sintesis realizada a 185 ° C, estableciendo una pasivacion superficial
eficiente. En estas condiciones de sintesis optimizadas, se lograron LED de color rojo
intenso con una eficiencia cuantica externa (EQE) superior al 6%. Demostramos que es
posible producir CsPblz QD estables con un PLQY alto y una emision de rojo mas alla del
requisito de la Rec. Estandares 2020 para el color rojo.

Palabras clave: dispositivos flexibles, nanocelulosa, amplificadores Opticos,
fotodetectores, perovskitas, puntos cuanticos, células solares, espectroscopia de
impedancia, diodos emisores de luz, sintesis de inyeccion en caliente
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1.1. Structural Characterization

1.1.1. X-ray diffraction

Powder X-ray diffraction (pXRD) is a fast and inexpensive method that can be used to
determine numerous structural properties of a material. To perform pXRD, X-ray with a
fixed wavelength is fired at a sample and X-rays that are diffracted from the sample are
detected. The detector and X-ray source are moved around the sample changing the angle
between the incident beam and the detector (20) and a plot of intensity against 20 is formed.
This intensity vs 26 plot can be used to compare with a database of diffraction patterns and
can also give the distance between symmetry planes in the crystal. The relation between
the diffraction angle (0) and the distance between symmetry planes (dnk) is given by
Bragg’s law (Equation 1.1.1), where A is the wavelength of the X-rays. [1]

A= ZdhleinB 1.1.1

When parallel atoms with an even du space diffract X-rays, they will positively interfere
with each other causing a diffraction peak. The different planes must be properly aligned
with the incident X-rays for a peak to be shaped. A single crystal would produce a different
diffraction pattern dependent on the orientation of the planes but for a bulk powder this
orientation specific diffraction can be effectively neglected since the crystals are randomly
oriented so all of the planes would have some crystals aligned properly to form a diffraction
peak.

Other valuable information that can be collected from pXRD is the average crystallite size.
By means of the full width at half maximum (FWHM) (A) and the Scherrer equation
(Equation 1.1.2) the crystallite size (T) can be calculated. [2] In the below equation T is
the crystallite size, K is the shape factor, A is the wavelength of the incident X-ray, A is the
FWHM and 0 is the diffraction angle.

_ KkKa
" Acos@

1.1.2

According to the Scherrer formula narrower peaks mean bigger crystals, but there are other
factors that influence peak width so the results of the Scherrer formula should be
considered as an estimate.

1.1.2. Scanning electron microscopy (SEM)
Owing to the resolution limit of optical microscopes, scanning electron microscopy (SEM)
is a suitable method to characterize surfaces and morphologies at the nanometer
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scale.[3]This is because of the wavelength dependence of the resolution limit given in
Equation 1.1.3:

d = m 1.1.3

Where d is the resolution limit, A is the wavelength of the incident photons and NA the
numerical aperture. Assuming a typical NA between 1 and 1.5 and a wavelength of about
550 nm, which is typically applied in fluorescence microscopy, a diffraction limit d of
about 200 nm can be attained.[4, 5] On the contrary, SEM permits for spatial resolution
close to one nanometer.[6] The important parts of an SEM are shown in Figure 1.1.1

Electron —
source 4| | |
1 PSSR |=.‘-"|"a

= —m
000 =

Scan generator

Condensor RN
lenses |
|| Amplifier
I X, y scancoils

Objective

lens \ |

Back-scattered

electron detector _\. I =
il
X-ray - J
detector Q 1: i ' Secondary
/‘ electron detector
N
Sample

I

Figure 1.1.1 Schematic diagram of the main parts of an SEM microscope reprinted with
permission from [7]
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1.1.3. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) has long been applied as an important
characterization method in the area of material science. A key feature of TEM is the
probable resolution provided by an accelerated electron beam with operative wavelengths
that are smaller by a factor of 10° than visible light. In this method, an image is formed by
the interaction of electrons with the sample as beam is transmitted through the specimen.
The image is then focused on the imaging device such as photographic film or fluorescent

3
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screen after magnification. Transmission electron microscopes can produce high-
resolution images in comparison with the light microscope, as a result of the smaller
wavelength of electrons. The main parts of TEM instrument are shown in Figure 1.1.2,
which consist of electron source, electromagnetic lenses, electrostatic plates and vacuum
system [8].
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Figure 1.1.2 Schematic of main components of a TEM microscope reprinted with permission
from [7]

1.2.  Optical Characterization
1.2.1. Absorbance

In steady-state absorption spectroscopy, a sample is illuminated by a monochromatic beam
from a continuous light source. The reduction of beam intensity as it passes through the
sample is measured over a range of incident wavelengths.



Chapter One: Fundamentals and Concepts

A=- 10810i = &lc 1.2.1

Transmittance, ¢ is the molar extinction coefficient, Ip is the intensity of incident
monochromatic beam, [ is the intensity of the transmitted beam, ¢ is the sample
concentration and 1 is the path length of the sample. The equation is effective for dilute
solutions where ¢ i1s independent of sample concentration. For concentrated solutions (>
102 mol L"), £ depends meaningfully on the refractive index of the solution and the linear
relation between absorbance and sample concentration is no longer valid.

Optical absorption is a measure of an interaction between the incident electromagnetic
(EM) radiation and the sample that energy transfer initiates system perturbation enabling
specific molecular movements from the far to near infrared regions and electron transitions
(i.e. trap state excitations, state-to-state and band-to-band transitions) from the near
infrared to ultraviolet realms. Those salient features allow to identify functional groups in
organic compounds (by Fourier-transform infrared spectroscopy) and to investigate optical
transitions related to excitonic states and free carriers in semiconductor materials (by UV-
visible absorption spectroscopy). The incident radiation (Ip) exponentially attenuates in
specimen in response to its concentration (c), absorption coefficient (¢) and absorbing path
(1). The physical quantity is called absorbance (A) and described by Beer-Lambert Law.
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Figure 1.2.1 Schematic of a dual-beam spectrophotometer. reprinted with permission from
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1.2.2. Steady state Photoluminescence
Photoluminescence (PL) generally relates to a subsequent radiative relaxation through
luminescence after optical excitation, which reveals characteristic electronic transitions in
organic compounds and semiconductors.[10]

Jablonski diagram is used to explain the multiple electronic transitions involving singlet
excited states and triplet excited states Figure 1.2.3) [11]. Due to the presence of triplet
excited states and spin-orbit coupling, the singlet excited states can transfer to triplet
excited state via intersystem crossing. The radiative recombination of excitons from singlet
states 1s called fluorescence, which generally happens in a short time period (nanosecond
scale); the radiative recombination of excitons from triplet states is called named
phosphorescence, which may last from microseconds to millisecond or even several
seconds as a result of the spin forbidden transition back to ground states.
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Figure 1.2.2 Jablonski diagram for illustration of photoluminescence process reprinted with
permission from [12]

In steady-state PL, samples are photoexcited at specific wavelengths, and the light scattered
from the sample are collected by a photodetector.[13] The detector disperses the obtained
spectra as function of wavelength and records the intensity at each wavelength. Since in
the Photoluminescence analysis the sample is excited optically, this method is
nondestructive. Fundamentally, the limitation of Photoluminescence analysis is its
dependence on radiative events. Materials with poor radiative efficiency, such as low-
quality semiconductors with indirect bandgaps, are hard to investigate through normal
Photoluminescence technique.[14]
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1.2.3. Photoluminescence decay
While steady-state Photoluminescence measurement is simple, nanosecond time-resolved
Photoluminescence (TRPL) measurement typically requires complex and expensive
instrumentation, but contains more information than is available from the steady-state data.

With the advent of fast detectors and ultrafast laser sources, time-resolved
photoluminescence (TRPL) techniques have emerged as useful tools to understand a wealth
of dynamic processes including purity of the sample as well as the donor-to-acceptor
distance. [12] charge and energy relaxation, recombination, and transfer.[15]

The most popular technique TRPL is based on the time-correlated single-photon counting
(TCSPC) method, better called as single-photon timing (SPT). The basic principle relies
on the fact that the probability of detecting a single photon at time t after exciting pulse is
proportional to the fluorescence intensity at that time.[16] so, for low-level, high-repletion
rate signals the light intensity is usually low enough that not only, the probability to detect
more than one photon in one signal period is negligible [17] but also the probability of
detection one photon in one signal period is far less than one. Therefore, it is not necessary
to provide for the possibility of detecting several photons in one signal period. It is
sufficient to record the photons, measure their time in the signal period, and build up a
histogram of the photon times, [18] to an extent where the error due to counting statistics
becomes negligible. [19]

After timing and recording the single photons following a large number of exciting pulses,
the fluorescence intensity decay curve is reconstructed. [16]
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Figure 1.2.3 in TCSPC, the time delays of single emitted photons are recorded and used to
generate a histogram. reprinted with permission from [15]
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1.2.4. Photoluminescence Quantum Yield

The photoluminescence quantum yield (PLQY) is an important measure of luminescent
materials. Referring to the number of emitted photons per absorbed photons. In electro-
luminescent devices, maximizing the external quantum efficiency is often the driving
motivation. Besides the careful engineering of the device architecture and electric
performance, the efficiency directly depends on the inherent efficiency of the luminescent
materials used. Due to the direct accessibility, this efficiency is normally quantified in
photoluminescent experiments, rather than in electroluminescent ones, leading to the
photoluminescence quantum yield (PLQY Therefore, when designing new materials, the
PLQY is one key performance indicator [20]

®f can be determined fluorometrically either relative to a fluorescent standard with a

known fluorescence quantum yield, respectively, or absolutely (method 2) measuring the
number of emitted photons N, per number of absorbed photons N,,,,; see equation 1.2.2:

Nem
@ = 1.2.2

Naps

In the majority of cases, method 1a is employed because of its comparative simplicity, low
costs, and high sensitivity. This procedure is often regarded as being established, for the
simplest case of transparent dilute solutions of small organic dyes The most straightforward
method for the determination of @ values presents the absolute measurement of Ny, and
N.,, in equation 1.2.2 with an integrating sphere setup (method 2).This circumvents
uncertainties related to the use of fluorescence standards inherent to all relative methods;
also, this is the only fluorometric method suitable for measurements of @, values of
scattering systems. The fluorescence quantum yields were calculated from the spectra of
the blank (solvent-filled cuvette) and the sample according to equation 1.2.2 using a
procedure implemented by the instrument manufacturer. The measurement of absolute
fluorescence quantum yields of dilute dye solutions according to equation 1.2.2 with the
commercialized integrating sphere setup consists of the following steps:

(1) determination of the of the excitation light peak (I,.(4,.,)) and the emitted light
(I,(Azn)) of the sample and a blank (solvent-filled cuvette; (I,(A.y)) ;
(I, (A¢p)) under identical measurement conditions (e. g., excitation wavelength,
temperature), each within a single scan,

(1))  (i1) data evaluation including choice of the excitation and emission wavelength
region used for signal integration and spectral emission correction;
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(111)  (ii1) calculation of the fluorescence quantum yield based upon equation 1.2.3,
using the software of the instrument manufacturer Hamamatsu.

Aem2(Ix(Aem)—Ip(Aem))
I}“:nrfl s(Aem) AemdAem _ Nem 123

}Lex+Al(1b(1ex)—'x(lex))l da " Naps
)»ex—A}L S(lex) ex ex

q)f:

N,,, is obtained upon integration of the blank-corrected (subtraction of (I,(A.,,)) and
spectrally corrected emission spectrum of the sample (I,(A.,)). Ngps follows from the
integrated difference between the excitation light resulting from measurements with the
blank (I,,(1.,)) and the sample I, (4,,). [21]

1.3. Electrical Characterization

1.3.1. Current density-voltage characteristic
The acquisition of current—voltage (I-V) curves is the most basic method to characterize
the electrical behavior of a solar cell. For an ideal pn-junction solar cell, the dependency
of the current density on voltage would be given the Shockley equation

JW) =Jo - |exp (7= 1)| ~Jon 13.1

Therein, e is the elementary charge, V is the applied voltage, k is the Boltzmann constant,
T is the temperature, and J, is the so-called reverse saturation current density, i.e., the
current density flowing through the diode under dark condition, if a (relatively high)
reverse bias is applied. In the dark, ( /p;, = 0) a solar cell should behave like a diode Under
illumination, a photocurrent is generated. The photocurrent, treated as a positive quantity
and denoted Jp;, (as a current density), flows in the opposite direction as the current due to
the injection of charge carriers by a positive applied voltage

The J-V curve under illumination contains several characteristic points. At zero voltage,
no current is injected by an external voltage source. The current is then purely due to
current generation by the conversion of solar energy. At this point, the current density is
called the short-circuit current density, Jq-. At a certain positive voltage, the injection
current compensates the photocurrent, so that no net current is flowing. The voltage at this
point is called the open-circuit voltage, V,.. However, deviations from the behavior of an
ideal diode should be taken into account. Often, this can be done by assuming an equivalent
circuit model, where a series and a parallel resistance are introduced. The series resistance,
R, represents resistive losses, e.g., due to barriers at interfaces and contacts. For an ideal
solar cell, the series resistance should be zero. The parallel resistance, Rp, takes into
account that the current may find an alternative path in a real solar cell, e.g., if contact
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materials penetrating into the organic layers lead locally to shorts (also called shunts). The
parallel resistance, sometimes also called shunt resistance, should be infinite in an ideal

solar cell. so, the following relationship between the current density and voltage can be
deduced:

JV) = 1+RS/R [ 0 [exp (e (I:zk{:zrsm) ] (]P" RpA)] 1.3.2

Equation (1.3.2) is sometimes referred to as the enhanced Shockley equation. Therein, A

denotes the area of the device, and n is the so-called ideality factor of the diode. For an
ideal diode, n should equal 1. Another important quantity is the power delivered by the
solar cell. Power is the product of voltage and current, and it depends on the voltage
applied, how much power is obtained. At a certain voltage, a maximum is obtained. This
point of operation is called the maximum power point (MPP). With Jypp and Vipp denoting
the current density and voltage at the maximum power point, respectively, one can
furthermore define the fill factor (FF):
FF = lueeVure 1.33

IscVoc

The fill factor describes how ‘rectangular’ the J-V curve is. For solar cells with high fill
factor, Jypp and Vy,pp have to approach Js- and V., respectively. The shape of the current—
voltage curve will then become more and more rectangular. To calculate the power
conversion efficiency (PCE, 1), the power delivered by the device has to be divided by the
incident power from the sunlight (Py;gp¢):

PCE = 1uerVuer 4400y 1.3.4

Plight

Using the definition of the fill factor, the efficiency can also be expressed by [22]

PCE = Tsc¥oc . 19094 1.3.5
Plight
1.3.2. Incident photon to current efficiency (IPCE)
Another PV parameter, which is routinely employed to determine the quality of a PV
device, is the external quantum efficiency (EQE), usually referred to as the incident photon-
to-current conversion efficiency (IPCE) by the DSCs community. IPCE (1) is defined as
the number of collected electrons under short circuit conditions per number of incident
photons at a given excitation wavelength A and gives the ability of a cell to generate current
as a function of the wavelength of the incident monochromatic light. IPCE is calculated by
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measuring the short-circuit photocurrent as a function of the monochromatic photon flux.
[23]

]SC(/D/e _ hcJsc) _ 1240 J5(D)

Pin(ll)/hv T 2ePiy() A Py(A) 1.3.6

IPCE(4) =

The IPCE can be used to estimate the maximum obtainable photocurrent under AM 1.5
irradiation by the following relationship:

Jam1s = JUPCE; x ®; x e)di 1.3.7

Where ] 45 1 5 is the total photocurrent density under solar irradiation (mA/cm?), ®; is the
photon flux of the solar irradiation (photons/(m?s)), and e is the elementary charge (C).
While this is not a direct or 100 % accurate way to estimate the photocurrent density of a
material under AM 1.5 solar irradiation, it can give a close estimate if a solar simulator is
not available in a particular laboratory, and only IPCE testing equipment is available. A
correlation between IPCE (integrated photocurrent) and information provided by J-V
measurements is essential for ensuring consistency of measurements.

The IPCE measures the total amount of electrons converted from all of the incident photons
(broken down into individual wavelengths), and thus is useful to estimate the maximum
possible current that can be extracted by a photon source. However, this technique
inherently takes into account all of the photons that are incident on a photoelectrode (i.e.,
light that is either reflected or transmitted through the sample) and converted to usable (i.e.,
able to drive the water redox reactions) electrons. This is certainly not the case for a
practical semiconductor material, and therefore it is also useful to normalize the IPCE by
the absorbed spectrum of a sample, which results in the absorbed photon to current
conversion efficiency (APCE), or internal quantum efficiency (IQE).

IPCE _ |jpn(mA/cm?)|xhc(Vm)

APCE = APCE(A) = IQE() = 7.7 = JRENCIm i me o

1.3.8

Where A, is the absorptance as a function of wavelength. The APCE is primarily used as
a tool to determine the optimal thickness of a material to maximize the light-absorbing path
length through a semiconductor. [24]
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Figure 1.3.1 Scheme of two quantum efficiency setups — (a) a monochromator-based setup
and (b) a setup with a filter wheel. In both cases, chopped monochromatic light illuminates
first the reference (during calibration) and then the sample (during measurement). The
current output of reference or sample is converted to voltage and then amplified with a lock-
in amplifier triggered by the chopper wheel synchronization output. Temporal variations in
intensity of the monochromatic light can be monitored with a monitor diode measuring
intensity during calibration and during measurement. reprinted with permission from [25]

1.3.3. External quantum efficiency (EQE%)
The external quantum efficiency (EQE), the most important metrics to determine LED
performance, is defined as the ratio of photons that escape the LED to the number of
electrons flowing in the external circuit. To properly quantify the EQE at a given current
density (J), there are three approaches, each of which is in principle equivalent, provided
the measurements are performed carefully with appropriate calibration. A first approach
utilizes a large photodetector at close proximity to the LED to collect the photons emitted
in the forward. A second approach to measure the EQE is by collecting all photons in the
forward-emitting hemisphere through use of an integrating sphere in a 2n geometry and a
spectrometer. A third approach is to place the photodetector at a large distance compared
with the dimensions of the emitting area and the thickness of the device. To accurately
determine the emission quantum efficiency in each case, it is essential to account for the
spectral-dependent losses caused by any element of the measurement set-up placed
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between the LED and the photodetector. Likewise, one must perform a careful spectral
response calibration of the photodetector at the device emission wavelengths; this of course
first necessitates a measurement of the electroluminescence (EL) spectrum using a
spectrometer. In the case of emitters having a broad emission spectral spread, the average
responsivity of the photodetector weighted by the emission spectrum should be used. One
may also consider the use of a well-calibrated spectroradiometer as an alternative to a
calibrated photodetector, and the experimenter can then determine the EQE through
accurate measurement of the device active area; this approach is widely employed in
industry. In any case, any measurement set-up including a detector must be carefully and
regularly calibrated. Quantum efficiency values must be quoted in context with the carrier
density under which they are measured. The internal quantum efficiency (IQE) is defined
as the ratio of photons generated within the device to the number of charge carriers injected.
It is related to the EQE through the extraction efficiency, which is the ratio of photons
escaping the device to those generated. Furthermore, the performance of some novel LED
structures is substantially influenced by additional internal processes such as efficient
photon recycling, for example in many of those based on crystalline semiconductors,
including the halide perovskites, which exhibit small Stokes shifts between absorption and
emission energies. These phenomena have an important impact on both the IQE and EQE
because the opportunity for forward emission is substantially increased due to the larger
number of absorption and re-emission events taking place within the device. Further
information about the internal processes of the device can be ascertained by correlating the
EL and EQE with their photoinduced counterparts — photoluminescence (PL) and
photoluminescence quantum efficiency (PLQE). Efforts to quantify the IQE and extraction
efficiency precisely are needed to unravel the working principles of the LED and to
understand how close (or far) a particular emitter and device stack combination is to (or
from) maximum performance. [26]

EQE(V) = {ptoine , <17

o X 100 1.3.9

where, I(V) is the current passing through the device at an applied bias, V, Nppor(v)
represents the number of emitted photons collected by the photodiode, a is the diameter of
the active area of the photodiode and L represent the distance between the emitting pixel
and the active area. Nppo¢(1) Was calculated from the photocurrent (Ip,) of the photodiode
in response to the measured EL at each bias, accounting for the wavelength dependence of
the responsivity, R(L), of the photodiode. [27]
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1.3.4. Impedance spectroscopy

Impedance spectroscopy (IS) is a extensively used technique that extracts dynamic
operating parameters on complete solar cells. [28] In this technique, a small ac perturbation
(i.e. 20 mV) is applied to the working device using a wide range of frequencies (megahertz
to millihertz) and the differential current output is measured. This method is carried out on
a particular steady-state determined by dc bias, in specified illumination conditions, and
allows us to probe different positions in the J—V curve by changing dc bias.[29] This
method shows well-resolved arcs in the complex impedance plot for electronic and ionic
processes taking place at different characteristic times.[29] There are two main types of
representation to analyze the IS data. One is the complex impedance plot,-which reveals
different arcs when the processes are well-separated with respect to frequency. This is an
important method to identify the dynamic features of the system. The complex impedance
plot (Z', —Z") directly shows resistance values by measuring the width of arc in the real
axis. Alternatively, another important representation is the capacitance—frequency (C—f)
plot that shows the general evolution of capacitive processes. Note that the capacitance
representation is just a rephrasing of the impedance data. Complex capacitance is defined
as

1
iwZ(w)

C(w) = 1.3.10

Here, o is the angular frequency related to the frequency as f =®/2m. Capacitance in the
C—fplot is the real part of the complex capacitance. This is a general view of the capacitive
response, but specific capacitive processes, and the quantitative capacitance value, need to
be obtained by fitting to an equivalent circuit model. [29] A very simple equivalent circuit
that accounts for the physical processes taking place in a high-performance solar cell is
represented in Figure 1.3.2 A. In this model, the resistance R3 is coupled to Cpuix, which
corresponds to the high-frequency arc. Ri and C; represent the parameters associated with
the contacts to the perovskite.
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Figure 1.3.2 (A) Equivalent Circuit for the Analysis of Perovskite Solar Cells Consisting of
Bulk and Interface Components, (B) Advanced Circuit with Extended Interfacial Structure
[29]

The capacitance Cpuik 1s mostly related to the intrinsic dielectric relaxation of the bulk
perovskite layer. More generally; this capacitance is dominated by the geometric
capacitance and may contain components of contact layers responding in a very high-
frequency domain. Even if circuit A in many cases is appropriate to describe devices with
the best performing contacts, in more general circuit (Figure 1.3.2 B), the aforementioned
structure associated with the interface, R1C; is modified considering additional kinetic and
charge storage processes happening at the interface represented by elements R, and C,.

This model can be applied to describe devices with less efficient external contacts.[29]

1.3.5. Electroluminescence
Electroluminescence (EL) is the conversion of electrical energy into optical energy by an
electronic relaxation process. The EL in inorganic materials is classified into two groups:
high-field EL and injection EL. High-field EL consists of excitation of luminescence
centers by majority charge carriers accelerated under the action of strong electric (a.c. or
d.c.) fields ~10° V/cm. This type of EL mechanism relies on inter- and intraquantum shell
transitions at luminescent centers/ions. High-energy electrons raise the luminescent centers
to the excited quantum states via impact ionization and/or impact excitation. The excited
centers must eventually relax to ground state emitting photons, known as the radiative
relaxation process. The electron excitation and radiative relaxation are atomic transitions
localized at the luminescent center. Injection EL is where the light emission is generated
by the direct injection and subsequent recombination of electron—hole pairs at a p—n homo-
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or hetero-junction. This is the light generation mechanism in light emitting diodes (LEDs)
and semiconductor lasers. The material need not be in direct contact with the electrodes
and no net current passes through the materials. In injection EL, light is emitted upon
recombination of minority and majority carriers across the band gap of crystals.

There are four fundamental processes in EL behavior which may lead to light emission.
These processes are: (1) injection of charge carriers into the phosphor layer, (i1) acceleration
of charge carriers to optical energies, (ii1) excitation of luminescence centers by energetic
electrons (impact excitation), and (iv) radiative relaxation of luminescent centers. The
mechanism of EL behavior of materials, though with a slight difference, is almost the same.

The EL properties of luminescent centers (ions) are determined by their quantum
mechanical properties through intershell (change of principal quantum number n) and
intrashell (without change in n) electronic transitions following selection rules. There are
three properties that are of primary importance: radiative kinetics, the cross-section for
impact excitation, and radiative transition energy (color). The electrical energy supplied to
the phosphor layer raises the luminescent center to its excited state. This center eventually
relaxes to the ground state by dissipating the absorbed energy. The relaxation process may
emit: (i) a photon (radiative relaxation), (ii) a phonon to the lattice (non-radiative
dissipation of absorbed energy to the lattice), or (iii) transfer energy to another luminescent
center. Transitions allowed by selection rules possess short decay times (about a
nanosecond), whereas forbidden transitions are of long decay times (about a millisecond
or longer). The internal quantum efficiency, defined as the ratio of the radiative relaxation
to the total relaxation, decreases with the rise of temperature and is termed ‘thermal
quenching’.

The mechanism of light generation in injection EL and high-field EL are quite different
from each other. There are two methods with which injection of minority carriers can occur.
In the first method, the injection occurs from an electrode (rectifying contact) into the
crystal. The electrons are accelerated and excite the luminescence centers similar to the
case of high-field EL. Only the source of electrons is different. This type of injection EL
can be observed in single crystals of ZnS or in thin films that have contact with electrodes.
In the second method, light emission occurs at a p—n junction. At thermal equilibrium, a
depletion layer is formed and a diffusion potential V4 across the junction is produced. When
the p—n junction is forward-biased, the diffusion potential decreases to (Va — V) and the
electrons are injected from the n-region into the p-region while holes are injected from the
p-region into the n-region; i.e., minority carrier injection takes place. Subsequently, the
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minority carriers diffuse and recombine with majority carriers directly or through trapping
at various kinds of recombination centers, producing injection EL. [30]

1.4. Chemical Characterization

1.4.1. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful techniques
available for studying the structure of molecules The NMR phenomenon is dependent upon
the magnetic properties of the nucleus. Certain nuclei possess spin angular momentum,
which gives rise to different spin states in the presence of a magnetic field. Nuclei with [ =
0, where I is the spin quantum number, including all nuclei with both an even atomic
number and an even mass number, such as '°O and !>C, do not have a magnetic moment
and therefore do not exhibit the NMR phenomenon. In theory, all other nuclei can be
observed by NMR.

NMR involves the absorption of radio waves by the nuclei of some combined atoms in a
molecule that is located in a magnetic field. Radio waves are low-energy electromagnetic
radiation with frequencies on the order of 107 Hz. The quantity of energy involved in RF
radiation is very small. It is too small to vibrate, rotate, or electronically excite an atom or
a molecule. It is great enough to affect the nuclear spin of atoms in a molecule. As a result,
spinning nuclei of some atoms in a molecule in a magnetic field can absorb RF radiation
and change the direction of the spinning axis. In principle, each chemically distinct atom
in a molecule will have a different absorption frequency or resonance if its nucleus
possesses a magnetic moment. The analytical field that uses absorption of RF radiation by
such nuclei in magnetic fields to provide information about a sample is NMR spectroscopy.
In analytical chemistry, NMR is a technique that enables us to study the shape and structure
of molecules. In particular, it reveals the different chemical environments of the NMR-
active nuclei present in a molecule, from which we can ascertain the structure of the
molecule. NMR provides information on the spatial orientation of atoms in a molecule. If
we already know what types of compounds are present, NMR can provide a means of
determining how much of each is in the mixture. It is thus a method for both qualitative
and quantitative analysis, particularly of organic compounds. In addition, NMR is used to
study chemical equilibria, reaction kinetics, motion of molecules, and intermolecular
interactions. [31]
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Figure 1.4.1 Schematic setup of the NMR experiment. ADC — analog-to-digital converter,
FID —free induction decay, FT — Fourier transformation reprinted with permission from [32]
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2.1.  Integrated Optical Amplifier-Photodetector on a
Wearable Nanocellulose Substrate

2.1.1. Flexible Optoelectronics
The use of flexible materials is nowadays one of the main trends in electronics[33] and
photonics,[34] and currently shows a broad range of applications,[35] such as deformable
displays,[36] chip to chip interconnects,[37] mechanic tuning [38] or sensors.[39]

Moreover, the implementation of a wear-able photonic technology directly in con-tact with
clothes would be light-weight, comfortable, noninvasive, implantable, and inherently low
cost. It attracts a strong interest for industry in this futuristic field. Indeed, according to
International Data Corporation, the important growth of this technology is forecasted to
grow up to 213.6 million in 2020.[40] Nowadays, examples of commercial real-time
applications include textile-based displays,[41] photovoltaics[41] or health
monitoring.[41] In spite of this significant progress, wearable devices still require reduced
footprint, better coupling techniques, and the integration of more complex optic/electrical
functionalities to meet the performances already provided by traditional semiconductors
integrated on rigid substrates.

Taking into account these current limitations, metal halide perovskites (MHPs) is a
promising semi-conductor for flexible/wearable optoelectronic devices because of the
outstanding capabilities to provide light emission, gain generation, and photodetection
functionalities of polycrystalline MHPs films grown at low temperature. Indeed, MHPs
demonstrated a broad range of excellent electrical and optical properties, such as long
diffusion lengths,[42] high absorption cross-section,[43] high quantum yield of emission
at room temperature,[44] or tunable bandgap with the composition.[45] MHP-based
devices include highly efficient solar cells,[46] optical active devices,[44, 45, 47, 48] and
photodetectors.[49, 50] The majority of these publications, however, use a rigid substrate
to fabricate the device, being a significantly lower amount of works on MHP flexible
devices with a single functionality as solar cells,[51, 52] optical switch,[53] or lasing.[54]

2.1.2. Nanocellulose for wearable optoelectronics
On the other hand, nanocellulose (NC)[55, 56] has been probed as an ideal substrate for
wearable optoelectronics.[57] This polymer is obtained from the most common biopolymer
on Earth, and it consists of rigid nanocrystals that can be easily assembled into films and
gel materials.NC is not only an excellent bendable, deformable and stretchable
material,[ 58] but also exhibits very interesting properties for optoelectronics. Its
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advantages comprise a very high transparency in the visible,[59] tunable chiral nematic
order by the surface chemistry,[60] low roughness, and extremely high gas barrier
properties.[61] Nevertheless, despite these promising abilities, integration of
optoelectronic devices in cellulose has been -elusive, being it polyimide or
polydimethylsiloxane the most common flexible substrates.[62] To the best of our
knowledge, there are very few reports of its use in combination with MHP for the
preparation of solar cells;[63, 64] with very limited performance but exhibiting a good
potential for encapsulation.

2.1.3. Integrated optical amplifier—photodetector on Nanocellulose

substrate

In the present work, we propose a step forward in the design of wearable optoelectronic
devices by the development of an integrated optical amplifier—photodetector on a
biocompatible/biodegradable NC substrate, based on polymer/MHP wave-guides (WGs).
Our approach to integrate MHP-based opto-electronics/photonics on flexible NC
demonstrates: (i) an easy fabrication method to integrate the perovskite and electrodes onto
a flexible and biocompatible NC substrates, (ii) a suitable design of the WG structure to
enhance the optical gain of the MHP and the generated photocurrent, (iii) the successful
integration of the photonic (WG-amplifier) and the optoelectronic (photodetector)
components within the same flexible device, and (iv) an in situ monitoring of the
photoluminescence signal inside the optical WG-amplifier through the generated carrier
photocurrent. This configuration opens a broad range of electronic applications, we stress
this point in the present work showing how the system could be an element of the electronic
circuitry to regulate the operation depending on temperature.

2.2.  Operation Mechanism of Perovskite Quantum Dot Solar
Cells Probed by Impedance Spectroscopy

2.2.1. Halide perovskite solar cells
Halide perovskite solar cells (PSCs) have inspired the photovoltaic community in the past
few years because of the high-power conversion efficiency [65-67] already exceeding 23%
for solution-processed semiconductors.[46] This value surpasses other thin-film
photovoltaic technology efficiencies, such as CdTe or CIGS, and is close to that of
crystalline Si cells.[46] However, the record efficiencies reported for hybrid
organic—inorganic halide perovskites are in nonstabilized devices, pointing to the most
important challenge of halide perovskite technology: stability.[68] Although, hybrid
perovskite solar cells show high efficiency, significant challenges remain to prove that a
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perovskite photovoltaic product can operate in the field with lifetime greater than 25 years,
which is the lifetime of current technologies.[69] One way to palliate these stability issues
is the use of fully inorganic halide perovskites, which provide higher stability under
thermal stress.[70, 71] CsPbl; seems to be the most obvious all-inorganic choice to use in
perovskite solar cells, as iodine perovskites present a narrower bandgap than bromine and
chlorine perovskites,[ 72, 73] consequently allowing light harvesting for a broader range of
wavelengths. Nevertheless, the small size of the Cs™ cation makes the & yellow
orthorhombic phase with broad bandgap, Eg, the thermodynamically stable phase for
CsPbl; at room temperature,[74] while the a perovskite phase with E; = 1.73 eV[75] is the
stable phase at high temperature (>320 °C).[76]

The limitation of the perovskite phase stability of CsPbl; bulk thin films can be overcome
by the use of quantum dots (QDs) of the same material that can trap the crystal structure in
the typically high-temperature crystal perovskite phase.[76] Colloidal QDs are
nanocrystals with smaller dimensions on the order of the Bohr exciton radius, allowing the
observation of quantum confinement behaviors such as E, tuning with particle size.[77]
QDs often have enhanced properties compared to the same material composition in bulk
form, and thus have been broadly studied in the last few decades.[78, 79] The great success
of halide perovskites boosted also the interest in the nanoparticles of these materials. Pérez-
Prieto and co-workers reported for first time the development of hybrid halide perovskite
nanoparticles,[80] and Kovalenko and co-workers prepared inorganic CsPbX3 (X: CI™,Br,
and/or I").[81] In addition to thin-film halide perovskites, nanoparticles are also generating
huge interest because relative easy preparation methods yield a simple core structure,
without the need for passivating shells, reaching photoluminescence quantum yield
(PLQY) values greater than 90%.[82, 83] This remarkable PLQY points to low
nonradiative recombination and consequently shows excellent rationale for the
development of solar cells. In fact, CsPbl; QDs have been deposited in a thin film utilized
for solar cell fabrication, recently achieving a power conversion efficiency of 13.43%,[84]
the world record efficiency for QD solar cells (QDSCs) already outperforming other
material systems with very little research. This efficiency was achieved with a post
treatment of perovskite QD film using halide salts which provide a method for tuning the
coupling between perovskite QDs improving charge transport.[84] Lower performances
have been obtained when iodine is totally or partially substituted by bromine.[85] CsPbl;
QDs have been also used in QD sensitized solar cell configuration demonstrating a power
conversion of efficiency of 5%.[86] In addition, perovskite QDs also offer the possibility
of bandgap tuning using mixed halide perovskites, as CsPb(Bri-xlx)3, because the reduced
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size of these nano-particles avoids the phase segregation,[87] forming bromide- and iodine-
rich segregated domains.[88, 89] The phase segregation limits the effectiveness of high-
bandgap perovskite materials of special interest for the development of tandem
devices.[90] It is also worth mentioning that QDs can exhibit E; tuning by size
confinement, enabling a potential higher-bandgap material without the need for Br.

2.2.2. Operating Mechanism of perovskite QD solar cells

Despite this potential, to date there is little knowledge concerning the operating mechanism
in perovskite QD solar cell (PQDSC) devices. A priori, the presence of complex QD
surface structure[91] with the corresponding ligand molecules and presumed high densities
of surface defects should influence transport and recombination and therefore limit the
open-circuit potential, Vo, to far below that of thin films. However, Vo of up to 90% of
the radiative limit has been shown in various compositions of PQD absorber layers,[92]
and with hole transport contact optimization, voltages as large as 1.27 V have been reported
for absorbers with E; less than 2 eV.[93]

2.2.3. Impedance Spectroscopy Characterization
Here, we prepare PQDSCs with different QD layer thicknesses and characterize them
systematically using frequency modulated impedance spectroscopy (IS) to high-light the
behavior of this system in terms of working mechanisms and in comparison, with standard
PSCs. IS can be applied at the device working conditions, and the frequency modulation
allows us to decouple processes with different characteristic times, making this technique
ideal to characterize the different processes occurring in the device.[94]

2.3.  Ligand & Band Gap Engineering: Tailoring the Protocol
Synthesis for Achieving High-Quality CsPblz Quantum Dots

2.3.1. Next generation Optoelectronic Devices
Halide perovskite colloidal quantum dots (QDs), with tunable band gap under quantum
confinement regime, are considered very promising materials for the next generation of a
broad range of optoelectronic devices, such as high-quality displays,[95] lasers,[45, 96, 97]
light-emitting diodes,[98] photodetectors,[99] and solar cells.[100-103] This interest is
based on their high photo-luminescence quantum yield (PLQY), bandgap tunability in the
entire visible region, and narrow emission line widths.[44, 104-108] Among the different
halide perovskite QD materials, CsPbls black phase is the inorganic Pb halide perovskite
with the lowest bandgap, ~1.80 eV (~1.73 eV in bulk), favorable for both solar cells[101]
and light emitting diodes (LEDs).[109, 110] A record in the external quantum efficiency
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(EQE) of 21% 1is achieved for red LEDs based on mixed-anion CsPbBr3_xIx,[111]
highlighting the potentiality of these materials. However, it is still a challenge to obtain
efficient and stable deep red CsPbl; LEDs.[112] The main problem is the phase stability of
CsPbl; black phase, which in bulk crystals transforms quickly into non-perovskite yellow
d-phase, presenting a wider band gap to be inactive under photoexcitation.[113] These
features reduce the PLQY of the perovskite. Nevertheless, the stability of the CsPblI3
perovskite is significantly increased when this material is synthesized as nanoparticles due
to the contribution of the surface energy.[113]

However, CsPbls exhibits a blueshift in the band gap com-pared with its bulk counterpart
due to quantum confinement, which limits partially its application for the deep red emission
or as a light harvester in perovskite QD solar cells.[113] Quantum confinement can be
reduced by increasing the QD size for approaching the bulk band gap, without declining
the red pure color, by increasing the synthesis temperature.[113] Nonetheless, the
formation of bigger CsPbl; QDs is restricted by some synthetic conditions. Recent reports
have highlighted the difficulty of synthesizing CsPblz; QDs at temperatures higher than
180—185 °C, because the lead halide precursor is not well solubilized.[113, 114] In the case
of CsPbBr3 QDs, the precipitation temperature is extended to higher values by increasing
the concentration of OA and OLA in the reaction mixture.[114] The synthesis of bigger
QDs with narrower band gap and lower full width at half maximum (FWHM) has been
achieved, but with a reduced PLQY and stability.[113, 115] In order to overcome these
issues, several methods have been mainly considered: (1) incorporation of bromide anions
to prepare CsPbBr3—xIx mixed halide perovskites;[70] (ii) metal doping with Ag",[116]
Bi*,[117] Cd*',[118] Mn?',[119, 120] Sn*"[118] Sr**,[121, 122] or Zn*' [118] (iii)
purification of CsPbls black phase QDs by using polar solvents such as methyl acetate
(MeOACc) or ethyl acetate (EtOAc),[84, 113] and (iv) postsynthetic treatment by using
water or Znl>-hexane solutions.[123, 124] These methods can improve different properties
such as size dispersion, material stability, PLQY and/or LED performance. Interestingly,
the repair of the defective QD surface by using the fourth strategy is critical for boosting
mainly PLQY, making that the post-treatment of QDs is well established to enhance the
quality of the final product. Unfortunately, the enhancement of the properties of QDs has,
in some cases, the collateral cost of the blueshift of the band gap, which remains a big deal.
An optimized synthesis of CsPbls QDs with suitable optical, structural, and electronic
properties 1s envisioned, as the current synthesis leads to low performances of LEDs. For
instance, the use of standard CsPbls black phase QDs as an active layer in the standard
LED architecture (ITO/PEDOT/p-TPD/perovskite/TPBI/LiF/Al) has provided an external
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quantum efficiency (EQE) of around 2.3-2.5%.[122, 125] This performance is lower than
those of LEDs based on mixed halide (I/Br) perovskite or doped perovskite, and LEDs with
more complex architectures.[111, 121, 126] Hence, it has been difficult to prepare long-
term stable deep red CsPblz QDs with high PLQY, narrow FWHM and good electrical
properties at the same time. By understanding the chemistry behind the QD synthesis, these
fascinating features could be unlocked and high-quality materials could be prepared.
However, a chemical limitation of perovskite QDs stems from their high surface-to-volume
ratio, and in turn from the large number of atoms or ions on the surface that are not
coordinated.[127] These surface defects act as traps for photogene-rated excitons, which
causes non-radiative recombination and quenches the photophysical features.[115, 127] In
this sense, surface passivation of QDs is a key point to minimize the non-radiative
recombination. Accordingly, it is expected that the PLQY, the stability of the nanocrystals
and the performance of fabricated devices could be improved, with an enhanced
passivation.[122, 128]

Herein, we systematically study the impact of the synthesis temperature and capping ligand
concentration on the band gap, size distributions, PLQY, PL FWHM, and stability of
CsPbls black phase (hereafter called only CsPblz) QDs synthesized by the hot-injection
method, and integrated as an active layer in LEDs. We demonstrate that oleylammonium
oleate (OLM), produced from the combination between oleic acid (OA) and oleylamine
(OLA) ligands, is the determinant species to stabilize the lead precursors during
synthesis[129] and promote the surface passivation of QDs. By increasing the OA and
OLA concentration in the reaction mixture, we achieved the successful QD synthesis at
higher temperatures and efficient passivation of surface defects for higher performance.
With these considerations, we produced CsPbl; QDs with deep red emission, high PLQY,
narrow PL FWHM and ultra-high stability for more than 15 months. In this line, the photo-
physical properties of our QDs are competitive with previously reported high-quality
CsPbl; QDs.[105, 122-125] We also observed improved red-emissive LED performances,
with an EQE = 6% at a similar turn-on voltage to state-of-the-art devices under the same
conditions.[122] Moreover, the chromaticity indexes of our devices were beyond the
requirement of the Rec. 2020 standards for red color.[130] These findings offer a new
insight about how the key synthesis parameters affecting the chemistry involved in the QD
formation can be appropriately controlled.
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3.1.  Integrated Optical Amplifier-Photodetector on a
Wearable Nanocellulose Substrate

3.1.1. Products and Substrate Preparation

All chemicals were used as received. N,N-dimethylformamide (DMF) anhydrous, 99.8%,
dimethyl sulfoxide (DMSO) anhydrous >99.9%, toluene anhydrous, 99.8%, and
poly(methyl methacrylate) (PMMA) with average molecular weight of 350 000 were
purchased from Sigma-Aldrich, methylammonium iodide (MAI) was purchased from
DYESOL, and Pbl> 99.99%, was purchased from TCI. MHP solutions with concentrations
of 1.35 and 2.025 M were prepared by adding 1 mL of DMF and 95 pL. of DMSO into each
vial containing 622 and 933 mg of Pbl.. The solutions were heated at 65 °C to dissolve
Pbl. After cooled down to the room temperature, they were poured into corresponding
vials containing 215 and 322.5 mg of MAI to make final solutions. PMMA solutions with
concentrations of 99, 110 and 140 mg mL™! in Toluene were prepared by stirring.

3.1.2. Device Fabrication
Cellulose nanocrystals were obtained via TEMPO-mediated oxidation procedure slightly.
The initial aqueous solution was composed by 10 g of Kraft pulp immersed in 1 L of
purified water and stirred with a magnetic stirrer for half an hour. Later, the solution was
sonicated for other 30 min in a 350-Watt ultrasonic bath, obtaining a preliminary
homogeneous suspension of cellulose. Oxidant and catalyst species (0.162 g of TEMPO,
1.000 g of NaBr and 35 mL of NaClO) were added to the solution under stirring. The pH
was monitored during the reaction and maintained at a value between 10.5 and 11 through
the addition of 1 mL of 1 M NaOH at time. Once stabilized, the pH was neutralized by
diluting the solution and letting the cellulose to deposit on the bottom of the bicker and
then washed with purified water: the washing was repeated 15 times with at least 400 mL
of water each. Cellulose concentration was measured weighting a known quantity of
solution, subsequently placed in an oven at 60 °C. Once completely dried, the remaining
cellulose was weighted again. Typical values were in the range 3-5 mg mL™!. The
concentration can be tuned by either dilution or concentration through water evaporation.
The mechanical disintegration to release the nanofibers was reached through sonication
using a Bandelin Sonopuls HD 2200 ultrasonic homogenizer with a 13 mm diameter
ultrasonic tip for 2 min at 20 kHz frequency and 100 W output power. This step was
repeated twice for every sample, obtaining transparent NC fibrils suspension. Finally, the
films were obtained by pouring the clear suspension on a 8.5 cm diameter Petri dish and
drying it at 60 °C in an oven. The oven was equipped with a flat copper foil to maintain
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homogeneous temperature over the whole layer surface. The solution dried for 36 h, at the
end a transparent and homogeneous film could be peeled off. These were stored at room
temperature in a dehumidified container. To be handled NC films need to have 10-20 um
of thickness. This can be obtained by varying either the amounts of the poured solution or
by changing the NC concentration.

Samples used for the perovskite deposition were 20 um thick (see section A.1 for more
details). Then, NC was attached to glass substrates by using double sided tape at margins.
In order to have a uniform and homogeneous layer of perovskite on plain glass and NC,
substrates were ozone treated for 15 min just before spin coating of perovskite. MHP films
were deposited by spin-coating of 50 uL of 1.35 and 2.025 M solutions for 50 s at 4000
and 3000 rpm, respectively. During spin coating, anti-solvent method was employed in
order to help in the film crystallization, washing with nonpolar diethyl ether just before
formation of white crystals in the substrate. At 30 and 60% RH, this could be relatively 8—
9 and 12-13 s after starting the spin coating. Then substrates were annealed at 100 °C for
3 min. At the end of the process 350—-500 nm thick MAPDI; films (thickness is controlled
with the spin coating speed) were deposited on the NC.

Once the perovskite was properly deposited on the flexible substrate, 1 mm? square and 30
nm thick Au electrodes were evaporated on the semiconductor. Then, gaps of 100, 500,
and 1 um were patterned by protecting the sample with an aluminum mask. Finally, a =1
um thick PMMA film is spin coated for 3000 rpm on the perovskite as capping layer and
post baked at 80 and 150 °C each temperature. Here evaporated gold electrodes defining
the photoconductive detector were protected with a resist before PMMA deposition, in
order to enable the final bonding of silver wires with silver paint. The biocompatibility and
flexibility of the cellulose substrate allows the-device-on-cellulose to be easily wore on or
incorporated to any kind of substrate or surfaces. Here it was deposited on a polyimide
strip (one side glued) to allow an easier examination of the optical electrical properties. For
this purpose, edges of the sample were carefully cut with a thin blade from the back side
(polymer strip).

For electrical measurements, the whole device-on-cellulose/polymer stripe structure was
pasted on glass in order to allow an easier bonding of Au wires and the electrical
connections.
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3.1.3. Characterization
The morphology of the films was analyzed by SEM using a JSM7001F (field emission
scanning electron microscope). The XRD patterns of the samples were measured using a
X-ray diffractometer (D8 Advance, Bruker-AXS) (Cu K, wavelength A = 1.5406 A).

The device was examined at room temperature and ambient conditions by end-fire coupling
a Nd:Yag laser doubled at 532 nm (SNP-20F-100 supplied by Team Photonics, France) at
the input edge of the sample (pulse of 1 ns 20 KHz repetition rate) with the aid of 40x
microscope objective (Figure 4.1.1). The waveguide PL of the MAPbI; at 780 nm (Figure
4.1.1a) was collected at the output edge of the structure with a 20x microscope objective
and focused into a fiber optic connected to a HR4000 Ocean Optics spectrograph
(estimated overall resolution better than 0.7 nm).

Time resolved PL was carried out by focusing the PL into a Hamamatsu C5658-3769
avalanche photodetector connected to a BOXCARDPCS-150 electronics from Becker &
Hickl GmbH.

Photocurrent (see Figure 4.1.1a) is analyzed by applying an electric field between the Au
electrodes and measuring the generated current by using a Keithley’s Series 2400 Source
MeterUnit (SMU). Detection below InA is limited in some cases by the dark current of the
photoconductor and resolution of the multimeter.

Frequency dependence experiments were carried out by illuminating the samples under
continuous wave (CW) excitation at 532 nm (Z40M18-B, Z-laser Optoelektronic GmbH,
Germany) chopped at a controlled frequency. Then photocurrent generated by the
application of the external voltage with the SMU is synchronously detected with a lock-in
amplifier (SR810, StandFord Research Systems) by previously filtering the DC component
with a RC circuit. Time dependence electrical experiments were performed by detecting
the photocurrent with the scope GDS-8208 (GW Instek, Taiwan). Additional
characterization was performed by focusing the excitation beam on the top of the sample
and measuring the back-scattering PL/photocurrent with the same set-up. In addition,
samples were also examined under CW excitation at 532 nm, and 1 ns pulsed Nd:Yag laser
doubled at 532 nm with variable repetition rate 100—1 KHz (FTSS355-Q4-1KHZ adapted
at 532 nm and supplied by CryLas Laser Systems, Germany). Temperature measurements
were done by using a Peltier device with area 1 cm?.
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3.2.  Operation Mechanism of Perovskite Quantum Dot Solar
Cells Probed by Impedance Spectroscopy

3.2.1. Materials

Cesium carbonate (Cs2COs3; 99.9 %, Sigma-Aldrich), Pblz (99.999 %, ABCR), oleic acid
(OA; 90 %, Sigma-Aldrich), oleylamine (OAM; > 98 %, Sigma-Aldrich), 1-octadecene
(ODE; 90 %, Sigma-Aldrich), hexane (> 95 %, Sigma-Aldrich), octane (> 99 %, Sigma-
Aldrich), Methyl acetate(MeOAc anhydrous, 99.5 %, Sigma-Aldrich), Eethyl acetate
(EtOAc anhydrous, 99.8 %,Sigma-Aldrich), Pb(NO3)> (99.999 %, Sigma-Aldrich),
N2 N2,N? N? N’7,N7 N7 N”-octakis(4-methoxyphenyl)-9,9'-spirobi[9H-fluorene]-2,2',7,7'-
tetramine (spiro-OMeTAD, > 99 %, Merck), cholorobenzene (anhydrous, 99.8 %, Sigma-
Aldrich), 4-tert-butylpridine (4-TBP; 96 %, Sigma-Aldrich), bis (trifluoromethane)-
sulfonimide lithium salt (99.95 %, Sigma-Aldrich), acetonitrile (anhydrous, 99.8 %,
Sigma-Aldrich), and commercial Ti-alkoxide solution (ShareChem, SC-BT060). FTO
glasses (25x25 mm, Pilkington TEC15, ~15Qo!). All materials were used as received.

3.2.2. CsPbI3 QDs synthesis and purification

CsPbl; QDs were synthesized following the report by Luther and coworkers. [84] Cs-oleate
in ODE solution was synthesized with 0.814 g of Cs,CO3, 2.5 ml of oleic acid, and 40 ml
of ODE in 100-ml three-neck flask under vacuum at 120 °C for 1 hr. under stirring. After
purging the nitrogen in the flask, the flask was heated to 150 °C until the reaction was
completed shown clear solution. The Cs-oleate in ODE solution was cooled and used for
QD synthesis. In order to synthesize CsPblz QDs, 0.5 g of Pbl> and 25 ml of ODE were
degassed in the 100 ml three neck flask under vacuum at 120 °C for 30 min under stirring.
OA and OAM (2.5 ml of each) were added to the reaction flask and put flask under vacuum
for 1 minute until the Pbl> had completely dissolved. Then, Pbl, solution was purged with
N> and then heated to 170 °C quickly. Once the reaction temperature was reached, 2 ml of
preheated Cs-Oleate in ODE (100°C) was injected into the reaction flask. The reaction was
quenched by immediate immersion of the flask into an ice-water bath (5 sec after injection).
To purify QDs, 70 ml of MeOAc or EtOAc was added to as-synthesized QD solution and
then centrifuged at 4700 rpm for 5 min. The supernatant was discarded, and the QDs was
dispersed again in 5 ml of hexane. 8 ml of MeOAc or EtOAc was added again to QDs
solution and then immediately centrifuged at 4700 rpm for 5 min. the precipitate was
dispersed in 10 ml of hexane. QDs solution was kept to dark at 4 °C.
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Before use, the solution was centrifuged 4700 rpm for 5 min, the precipitate was removed
and the QDs was dried with nitrogen and dissolved in octane at concentration of ~50 and
75 mg/ml.

3.2.3. Device fabrication

A ~30 nm compact TiO layer was deposited via solution onto FTO. 80 uL of Ti-alkoxide
solution was deposited with spin coating at 4000 rpm for 30 seconds, the spin-cast films
were dried at 150 °C for 10 min and then annealed at 500 °C for 30 min. CsPblz QDs film
were fabricated according to previous report.[84] In short, saturated Pb(NO3), in MeOAc
or EtOAc was prepared by sonicating 40 mg of Pb(NO3), in 40 ml of MeOAc or EtOAc
for 10 min and then for removing the excess salt it was centrifuged at 4000 rpm for 5 min.
Each layer of CsPblz QDs was spin coated from QDs solution in octane (50 mg/ml and 75
mg/ml) at spin speed of 1000 rpm for 20 s and 2000 rpm for 5 s. Then, the film was dipped
3 times into Pb(NO3)2 in MeOAc or EtOACc solution, rinsed in neat MeOAc or EtOAc , and
then immediately dried with nitrogen. Devices were prepared with different layer 1-5 of 50
mg/ml and 1-7 of 75 mg/ml solution. The spiro-OMeTAD hole transporting material was
spin coating at 4000 rmp for 30 sec from a solution of 72.3 mg of spiro-OMeTAD, 1 ml
chlorobenzene, 28.8 pulL of 4-TBP, and 17.5 pL of Li-TFSI solution (520 mg/ml in
acetonitrile). Au was evaporated at rate ranging from 0.5-1 A/s for a total thickness of 70
nm.

3.2.4. Characterizations
The current- voltage were measured through Abet Technologies Sun 2000 Class A solar
simulator with a Keithley 2612 Source Meter with scan rate of 10 mV/s under AM 1G. The
active area of the device was defined based on a mask area of 0.11 cm?. The light intensity
was matched one sun by calibrating with a Si reference cell equipped with a IR-cut off
filter.

IPCE measurement was measured with employing 150 W xenon lamp coupled with a
monochromator. The external quantum efficiency was measured using an optical power
meter 70310 from Oriel instruments, using Si photodiode to calibrate the system.

FE-SEM (JSM7001F) was utilized to carry out thickness of film.

The structural of the CsPbl; QDs was determined by using X-ray diffractometer (Bruker
AXS, D4 Endeavor advanced X-ray diffractometer, with Cu K, radiation).

Absorbance was done using Varian Cary 300 Bio spectrophotometer.
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PLQY was measured using a Hamamatsu integrating sphere where a quartz cuvette
containing the sample was placed. PLQY is referred to QDs which were purified two times
with methyl acetate were dispersed in hexane. For PLQY measurement, we the absorbance
of QDs solution was kept between 0.5-0.6. As reference, measurement was performed with
cuvette containing only the hexane in the same excitation wavelength. PLQY of CsPbls
QDs solution with absorbance of 0.553 at excitation wavelength of 400 nm is 40%. PL was
measured by Horiba FL-100.

The impedance spectroscopy measurements were carried out in a PGSTAT- 30 potentiostat
from Autolab. A Xe lamp was used to illuminate the PSC controlling the light intensity
with neutral density filters, between 0.1 and 100 mW/cm? in a logarithmic scale. The AC
voltage perturbation was fixed at 20 mV under open-circuit conditions. The integration
time was fixed at 0.125 s and the number of cycles was equal to 1. Each frequency spectrum
was measured ranging between 1 MHz and 0.1 Hz. The equivalent circuit we have used to
fit the data is plotted in Figure A.2.6. Further details on Impedance characterization method
can be found in reference [131].

3.3.  Ligand & Band Gap Engineering: Tailoring the Protocol
Synthesis for Achieving High-Quality CsPblz Quantum Dots

3.3.1. Materials and chemicals

All chemicals used for the synthesis were purchased from Sigma-Aldrich, unless otherwise
specified. Cesium carbonate (Cs2COs3, 99.9 %), lead (II) iodide, (Pblz, 99.99 %, TCI), 1-
octadecene, (1-ODE, 90 %), oleic acid (OA, 90 %), oleylamine (OLA, > 98 % primary
amine), methyl acetate (MeOAc, anhydrous, 99.5 %), hexane (anhydrous, >99 %, mixture
of isomers), hexane (= 97.0 %, CHROMASOLYV for HPLC (GC) Honeywell), n-octane
(anhydrous, > 99 %), CDCIz (100%, 99.96 atom %D, contains 0.03% (v/v) TMS),
PEDOT:PSS Clevios (P VP Al 4083), poly(N,N'-bis-4-butylphenyl-N,N'-
bisphenyl)benzidine (Poly-TPD, Ossila), TPBi (2,2,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-
1-H-benzimidazole)) , lithium fluoride (99.99 %), aluminum pellets (Evaporation
Materials Kurt J. Lesker) and ITO glasses (25 x 25 mm?, Pilkington TEC10 ~10 Qm™).

3.3.2. Synthesis and isolation of colloidal CsPbl; Perovskite Quantum
Dots (QDs)

CsPblz QDs were synthesized following the previous reports with some modifications.[84,
100, 113] First, Cs-oleate solution was prepared by mixing 0.814 g of Cs2COs3, 2.5mL of
OA and 40 mL of 1-ODE into a 100 mL-three neck flask and heating at 120 °C under
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vacuum for 1 h until bubbling completely disapplied. Then the mixture was heated until
150 °C under Nz-purge in order to complete the formation of Cs-Oleate. Since the Cs-
oleate become solid, before injection, the solution was heated to 100 °C under N, flow. In
a 100 mL-three neck flask, Pbl> (0.5 g) and dried 1-ODE (25 mL) were stirred and degassed
under vacuum at 120 °C for 1 h. The flask was then purged with N> and kept under constant
stirring. 1.5 mL to 4 mL of dried OA and OLA (depending to temperature of synthesis)
were injected. The flask was put under vacuum again until the Pbl> completely dissolved
and the solution was no longer releasing gas (15 — 30 min). The synthesis temperature
influences the QD size (170 °C for 9.14 nm, 180 °C for 10.60 nm, 185 °C for 12.84 nm,
and 190 °C for 13.16 nm, QDs). 2 mL of pre-heated Cs-oleate solution was swiftly injected
into the reaction mixture under N, atmosphere. After 5 s, the reaction was quenched by
immediate immersion of the flask into an ice bath.

As-prepared CsPbl; QDs were precipitated by adding MeOAc (7.5 mL QDs crude solution:
17.5 mL MeOAc) and then centrifuged at 7500 RPM for 5 min. The QDs were dispersed
in 7.5 mL of hexane and stored in the dark at 4 °C for at least 24 hours to precipitate excess
Pb-oleate. The QDs solution was decanted and centrifuged again at 4000 RPM for 5 min
before use. For device fabrication, hexane was dried, and the QDs were dissolved in n-
octane at a concentration of ~20 mg/mL.

3.3.3. Characterization of CsPbI3 QDs
The crystalline structure of the CsPbls QDs was determined by using an X-ray
diffractometer (Bruker AXS, D4 Endeavor advanced X-ray diffractometer, with Cu K,
radiation).

Absorption spectra was performed on a Varian Cary 300 Bio spectrophotometer.

Steady-state photoluminescence (PL) and photoluminescence quantum yield (PLQY') was
measured using a Hamamatsu integrating sphere at excitation wavelength of 400 nm.
PLQY is referred to QDs which were purified one time with methyl acetate and further
dispersed in hexane. As reference, measurement was performed with cuvette containing
only the HPLC-hexane in the same excitation wavelength. To avoid the influence of
different concentrations of CsPblz QD solutions on the PLQY measurements, we adjusted
the concentrations to be an appropriate level, which is that the QDs solution was diluted in
HPLC n-hexane until the measurement was 0.67 of absorbance at the wavelength of 400
nm.
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Time-resolved photoluminescence (TRPL) was measured through photoluminescence
spectrophotometer (Fluorolog 3-11, Horiba). 405 nm pulsed laser (1 MHz frequency,
NanoLED-405L, <100 ps of pulse width) was used to excite QDs. All measurements for
the TRPL were performed under inert environment with N purged solution to prevent extra
excitation quenching.

High-resolution transmission electron microscopy (HRTEM) images of perovskite
nanoparticles were obtained with a field emission gun TECNAI G2 F20 microscope
operated at 200 kV.

The size distribution and particle size of QDs were obtained from the TEM images with
Imagel] software.

Nuclear magnetic resonance (NMR) characterization was carried out by using Bruker
Avance III HD 400 MHz instrument, using CDCl; as solvent.

3.3.4. Fabrication of the CsPbl3-based LED devices

In order to have the active area of 6 mm?, 2.5 x 2.5 cm? ITO substrates (10 Q/cm?) were
partially covered with scotch tape and then extra part of scotch tape was cut with laser
printer (model LaserPro C180) at speed and power of 8 and 50% respectively) and left 12
mm width without tape. Then, the substrates were etched with Zinc powder and 6 M HCI
(37% HCI1 was diluted with equal volume) one by one and wiped with tissue paper, rinsed
with DI water. Later on, scotch tape was removed and any remaining glue from tape were
cleaned with paper and ethanol, and then substrates were introduced in a soap solution and
sonicated for 15 min. The substrates were rinsed couple of times with DI water and
sonicated again with ethanol for another 15 min. After that, ITO substrates were introduced
into a mixture of isopropanol/acetone (1:1 v/v), sonicated for another 15 min and dried
with compressed air or nitrogen. After that, the substrates were introduced into a UV—03
cleaner for 15 min and the solution of PEDOT: PSS was spin coated at 3000 rpm for 30 s
and annealed at 140 °C for 10 min in air, to yield a thin layer (20 nm). Next, a Poly-TPD
layer was spin coated (20 mg/mL in chlorobenzene) at different rpms (e.g. 4000 rpm) for
30 s, and subsequently annealed at 140 °C for 10 min in air. The solutions of QDs (20
mg/mL) in n-octane were spin-coated at 3000 rpm for 30 s. After that, 60 nm of TPBi, Inm
of LiF and 100 nm Al were thermally evaporated at rates of 0.02-0.03, 0.5 and 1.5-2 A/s,
respectively; the active areas were encapsulated with adhesive tape and then contacts
covered with Cooper tape for the measurement.
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4.1.  Integrated Optical Amplifier-Photodetector on a

Wearable Nanocellulose Substrate
The integrated WG amplifier—photodetector proposed in this work allows simultaneously
the amplification of emitted light by the MHP and the signal monitoring by the
photocurrent detected at metal contacts separated by the WG, as illustrated in Figure 4.1.1a.
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Figure 4.1.1 Description of integrated optical amplifier—photodetector. a) Scheme of the
optical waveguide amplifier and photodetector integrated on NC. b) Fabrication procedure.
¢) AFM image of the MHP surface on NC. d) SEM cross section of the device. e¢) Photograph
of the device on NC held on a polymer strip (without electrical contacts). f) Longitudinal
cross section of the WG and mode analysis. The low optical losses in the polymer allow the
propagation of the excitation beam at 532 nm (TE2) along the whole length of the WG (green
curve), whereas the PL of the MHP at 780 nm (see red curve in (a)) is excited along the WG
by the evanescent field of the mode at 532 nm, and it is coupled to the TE) mode confined in
the semiconductor (red curve); under high enough excitation fluency the WG demonstrates
ASE (see brown curve in (a)). g) Transversal cross section of the device with detail of the
photodetector, which measures a photocurrent proportional to the applied bias voltage upon
laser excitation beam propagation (blue symbols in (a)).

Essentially, we exploited the optical confinement at the WG, due to the refractive index
contrast between the MHP core (2.24 at 780 nm),[44] the NC bottom cladding (1.54 at 780
nm)[60] and the poly(methyl methacrylate) (PMMA) top cladding (1.492 at 780 nm). The
WG is optimized to propagate both the excitation beam at 532 nm end fire coupled at the
input edge of the sample (represented by a green Gaussian profile) as well as the generated
photoluminescence (PL) at 780 nm (red PL spectrum at the bottom right corner of Figure
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5.1.1a) that will propagate along the WG structure. In these conditions, light decoupled at
the WG output is characterized by amplification of stimulated emission (brown spectrum
at the top right corner of Figure 5.1.1a), and the application of a bias voltage between the
electrodes promotes the establishment of a photocurrent (blue data symbols at the top left
corner of Figure 4.1.1a) proportional to the excitation fluency along the WG. Fabrication
procedure is illustrated in Figure 4.1.1b and thoroughly reported in methods section and in
Section A.1.1). NC was obtained by a modified version of the protocol presented in ref.
[132]. Then, a compact layer (see Figure A.1.1) of CH3;NH3Pbl; (MAPbI3) perovskite (see
X-ray diffractometer (XRD) Figure A.1.2) was deposited on top of NC, and then capped
by a PMMA film after patterning Au electrodes on the surface of the semiconductor. All
films showed low roughness (see Figure 4.1.1c and Figure A.1.3) and good homogeneity
(see Figure 4.1.1d). Since this compact device is implemented in a flexible NC substrate,
it allows bending and wearable properties (see Figure 4.1.1¢).

Mode analysis carried out on a PMMA/MHP bilayer structure of 0.85/0.35 um reveals that
the pump beam at 532 nm supports the first three propagation modes in each polarization
(see Section A.1.2). These modes are spatially distributed along the semiconductor (TEO
and TE1) and the polymer (TE2) with negligible difference between the transverse electric
(TE) and magnetic (TM) polarizations, thus the discussion about TE can be extended to
TM modes. Propagation at 532 nm along the TEO and TE1 modes, however, is inhibited
by the high absorption coefficient of the MHP at this wavelength (about 13 pm™');[43, 44]
and hence pump beam at 532 nm mainly travels along the TE2 mode (see Figure 4.1.1f)
whose losses are reduced down to 0.05 pm!. In these conditions, evanescent field of TE2
in the MHP (0.3% overlap) generate PL at 780 nm along the entire length (=1 mm) of the
WG. On the opposite, the TEO and TE1 modes supporting the propagation of PL peaked at
780 nm are highly confined (70% overlap) in the MHP, see Figure 4.1.1e, and will promote
amplification of the spontaneous emission (ASE) for high enough laser excitation
fluencies. Indeed, we already demonstrated that the PMMA layer on top of MHP (in this
case deposited on a rigid substrate) produced a double beneficial effect that assured low
ASE threshold:[48] (1) PMMA encapsulates the perovskite making the device stable over
several months,[48] and (i1) The low losses of the mode at 532 nm confined in the PMMA
allows a nearly uniform excitation of the MHP layer in the WG structure. For comparison
purposes a less demanding rigid system PMMA/MHP integrated in silicon substrates has
been also produced and characterized. In this configuration, a pump fluency of about 100
nJ cm corresponds to = 2 x 10?° photons cm™, which gives rise to = 3.5 x 10'® electrons

per pulse cm3 from valence to conduction band (=~ E. “/ o> Where E is the pump fluency,
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a the absorption coefficient and hd the energy of the incident photon). Assuming the
aforementioned uniform excitation and the geometrical parameters of the excited MHP
film (100 pm wide, 0.5 um thick, 1 mm length)1.7 x 10!! electron—hole pairs/pulse will be
generated in the whole waveguide at the ASE threshold. Since the passivation of grain
boundaries in MHP film[48, 133] lead to an enhancement of the emission quantum yield
up to 70%,[ 134, 135] most of these pairs potentially will recombine radiatively increasing
the PL signal.

Simultaneously, the application of an electric field when the MHP is optically pumped will
promote a portion of those photogenerated carriers toward the external electrical circuit,
i.e., give rise to an electrical photocurrent (transversal cross section in Figure 4.1.1g). The
photoresponse of the photoconductive detector under illumination is analyzed
simultaneously with the PL/amplification experiment for different applied bias, where the
electric field can be also tuned by using different gap distance between electrodes (see
Figure 4.1.11). As a result, the device demonstrates photocurrents of 10—-100 nA (varying
slightly for different fabricated devices and electrode gap distance) under low bias voltages
(5-10 V) at the ASE threshold energy inside the WG, which is observed at =~ 4 nJ with a
line width of =5 nm. Indeed, we demonstrate very close performance of the sub-system
fabricated on NC standing over both rigid and flexible holders/supports. Therefore, our
approach paves the road of a future technology for wearable devices that could be directly
printed on paper or incorporated in clothes or other curved sur-faces by using NC as
intermediate substrate.

MHP films deposited on NC were firstly examined under surface illumination in order to
establish their optical and electro-optical properties as compared to the same films
deposited on rigid substrates.

38



Chapter Four: Results and Discussions

1 | — 22 [ 9% Eugbain tamp:
e \ CH:NH.Pbl, a == P 74 i
= ar \ N Glass ) il = L b) 50 fuicer)
R i) 4= = H o
g : i & 1 10100 .
= ot 3; Excitation fluency (1) cm
a2 ™ 1= 2
=
2 CH:NH,Pbl; e s
= 1F cellulose 1 &
- Glass : —
S W e :
0 A L 2 -~ i A A
500 600 700 800 9009- == 700 725 750 175 800 825
Wavelength (nm) Wavelength (nm)
é 5 00 THP'JI‘--gI::s= 13ns c) . " g=0.1 mm d)
: 3 LT Al - -
= 3 103,‘!'/3H35N33Ph|:
=, E i0,
= g F
c = 0%
= — *
Z g 23 2
f‘é = CHiNH,Pbl, [ (]
- = cellulose
o3 [~ 9 10 g Glass
& 70 2 4 6 8 10 0 10 20 30 40 50 60
Time after excitation (ns) Voltage (V)

Figure 4.1.2 Light absorption, photoluminescence and photocurrent characterization of
films and integrated devices. a) Absorption (symbols and left axis) and PL intensity (solid
lines and right axis) of a 350 nm thick MHP layers spin coated on glass (green) and NC
(orange) (held on glass). b) PL spectra of MHP deposited on NC measured under back-
scattering geometry (laser focused on the surface of the samples) for different excitation
fluencies; above a threshold of =15 pJ cm™ the PL spectra narrows and its intensity grows
superlinearly, clear signatures of stimulated emission; the inset compares the PL intensity as
a function of the excitation fluency for MHP deposited on NC (orange symbols) and MHP
deposited on glass (green symbols). Note the logarithmic scale on Y-axis. ¢) Time resolved
photoluminescence spectra of the MHP layer deposited on glass (green) and NC (orange)
measured under a low excitation fluency of 30 nJ cm™2; symbols and solid lines refer to
experimental data and fitting, respectively; gray shaded area corresponds to the system
response. d) Photocurrent as a function of the applied voltage (inset corresponds to the
experimental setup) under a CW excitation at 532 nm in a 350 nm thick MHP layer spin
coated on a SiO2/Si substrate (greem symbols) and on NC (orange symbols) in a
photoconductor device with a gap distance between electrodes g = 0.1 mm.

The absorption coefficient of the films as a function of wavelength (left axis of Figure
4.1.2a) presents a sharp band edge beginning at around 770 nm (1.61 eV), a visible exciton
resonance at 750 nm (1.65 eV) and a monotonous increase below the bandgap wavelength,
in agreement with previous publications.[43, 44] Indeed, the NC substrate did not introduce
any significant spectral changes as compared to the film deposited on glass (see Figure
4.1.2a). Similarly, PL under low fluencies shows similar spectrum for both films deposited
either on glass or on NC (see Figure 4.1.2a). In both cases the MHP film exhibits ASE for
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high enough excitation fluencies (1 ns pulsed laser at 532 nm with 1 KHz of repetition rate)
(see Figure 4.1.2b): [44, 47] The Gaussian-shaped PL band centered at =780 nm with a full
width at half maximum (FWHM)= 55 nm becomes an intense and narrow Lorentzian ASE
line with FWHM <10 nm (Figure 4.1.2b) centered at 785 nm. The slight redshift in the
ASE peak as compared to the maximum of PL is usually found in ASE devices,[43, 44]
which is due to the reabsorption effect of photons produced at the high energy tail of the
PL.

It is important to highlight that ASE threshold, = 10 uJcm ™2 shown in Figure 4.1.2b, is
very similar in MHP films deposited on both glass and NC substrates, as observed in the
inset of Figure 4.1.2b; this value is in agreement with other studies.[136, 137] This result
confirms the good optical quality deduced from absorption/PL measurements in both cases.
The observed slight increase of the ASE threshold in NC samples can be initially attributed
to a higher contribution of nonradiative channels, which can be related to the smaller grain
size of MHP on NC measured by atomic force microscope (AFM). According to the
kinetics study shown in Figure 4.1.2c, the experimental decay time of the PL measured on
these MHP films under low excitation fluencies (below ASE threshold) is slower when
deposited in glass than in NC substrates. Indeed, the data were fitted by an effective decay
time, T.¢r, of 13 and 6 ns for glass and NC, respectively. The exciton radiative lifetime in
our MHP films results to be 7, = 18.6 ns, as estimated from the relation:
LI R 4.1.1

Teff Tr Tnr

where 7, is the nonradiative recombination time, and the quantum yield:

Qy = 4.1.2

Tnr+Tr

of =70% for MHP films reported elsewhere.[135, 136] By taking into account that 7,
should be the same in both substrates, the nonradiative recombination time for MHP
deposited on NC is 7,,.(NC) = 8.9 ns (whereas 1,,,-(glass) = 43 ns), which would give a
drop in the QY up to 32%. It is difficult to give a precise microscopic origin of the increased
influence of nonradiative channels (smaller nonradiative times in perovskite on
nanocellulose as compared to that on silicon/Si0.), but possibly is related to an increased
density of point/linear crystalline defects in the case of nanocellulose promoted by its
surface peculiarities and subsequent perovskite crystallization as compared to SiO».

In addition, the lower thermal conductivity of NC (0.22— 0.53 Wm™! K1)[138] as
compared to glass (<1 Wm™! K™!) can also influence the ASE threshold difference. Indeed,
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the ASE spectra registered in the case of MHP on NC (Figure 4.1.2b) where unstable after
some minutes, as compared to the films deposited on glass that demonstrated good stability
under the same laser excitation conditions. On the opposite, a stable ASE operation in MHP
was observed when the repetition rate was reduced down to 100 Hz, probably because a
duty cycle of 10 ms between ns-pulses allows a sufficient cooling recovery (see Section
A.1.3).

Table 4.1.1 Electrical and electro-optical properties of MHP films (350 and 500 nm thick)
prepared under ambient conditions on NC and SiO2/Si substrates. Responsivity measured
through electrodes separated 0.1 and 1 mm are compared at bias voltages 2 and 20 V given
its linear dependence with electric field.

MHP on nanocellulose MHP on SiO,/Si

350 nm 500 nm 350 nm 500 nm

Resistivity 1.2-12 0.3-1.9 2-35 5-20
[10* Q cm]
Responsivity g=0.1 mm (2V) 0.067 0.072 1.730 0.110
[mA W]

g=1mm (20V) 0.020 0.085 0.640 0.390

Several sample series were processed under ambient conditions to measure wave-guided
PL signal and photocurrent to check for reproducibility. Both dark current and photocurrent
were measured through the deposited two metal contacts defining the photoconductor, and
they yield different values of resistivity and responsivity from sample to sample, as
indicated in Table 4.1.1. From I-V curves under dark conditions (see Section A.1.4), the
resistivity measured in most of the films are within the range 3 x 10°-3.5 x 10° Q cm, being
found the larger dispersion in the case of the thinnest samples, likely due to the greater
thickness inhomogeneity and surface roughness (in the case of NC). The smallest values,
~3-5 x 103 Q cm, are measured in 500 nm thick films deposited on NC, similar to values
previously reported.[139, 140] In other samples, where the MHP was deposited either on
NC or SiOgy/silicon, the resistivities were as high as 105 Q cm. In these cases, assuming a
mobility of <10 cm? V™! s7! as proposed elsewhere,[141] the electron concentration would

3. which can be related to a near intrinsic semiconductor

be as low as 10 cm™
behavior.[142] In samples exhibiting this more intrinsic behavior the dark current will be
smaller, hence being more sensitive to low light levels for which higher responsivity would
be possible to measure.[143] In this way, a certain minimum concentration of
photogenerated carriers are needed to overcome the background electron concentration in

thermal equilibrium in order to give an appreciable photocurrent density /,p:
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Jittumination = Jdark + Jpn = etnno + epAn 4.1.3

assuming a n-type character for the MHP,[49, 50] consistently with better responsivity
values measured in more resistive films (Table 4.1.1).

2 at 532 nm under normal

In MHP films under low illumination level (60 mW cm™
incidence, see inset in Figure 2d) exhibit a noticeable photocurrent of =2 x 103 and =10?
nA (at 15 V of bias voltage, i.e., low applied electric field 1.5 kV cm™) in SiO2/Si and
NC substrates, respectively, as observed Figure 4.1.2d. The lower photocurrent of the films
deposited on NC is again attributed to nonradiative carrier losses, but also to the smaller
resistivity (higher dark current in this NC sample) and the worse thermal conductivity of

NC.

The temporal response of the device seems to be limited by the RC constant of the
photoconductive detector circuit (R = 1 MQ, C = 330 pF), because it is observed a
frequency band-width below 1 kHz, and the RC constant of the photoconductive device
itself that gives a time constant of around 20 ps due to the high resistivity of the MHP film,
see Figure A.1.8, at least for the excitation laser used in the experiments with 20 kHz of
repetition rate. In any case, this is not a limitation factor for the concept device
demonstrated in this work and future improvements are possible by optimizing both factors
(photodevice and its external circuit).
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Figure 4.1.3 Characterization and modeling of the flexible device. a) Picture of holder and
photodevice with end-fire excitation/collection objectives. b) PL decoupled at the output edge
of the waveguide. ¢) PL intensity measured for different excitation fluencies collapses to a
narrow peak of about 10 nm above a certain threshold. Note the logarithmic scale on Y-
axis.d) PL intensity (blue symbols) as a function of the excitation fluency demonstrates a
superlinear growth of the PL above the 4 nJ threshold, while photocurrent shows a sublinear
increase (red symbols) before saturation, in agreement with the model (solid lines), as
explained in the text; photocurrent was measured by applying 10 V on gold electrodes with
g=1mm.

The MHP amplifying device fabricated on NC was studied under end-fire coupling of a
pulsed laser pumping at 532 nm (WG geometry, as shown in Figure 4.1.3a). Here It is
worth to note that we have tested the amplifier device on NC supported on glass (Figure
4.1.3a) or directly the device on stand-alone NC (see Section A.1.6) with similar results.
In both cases, the ASE signal collected from the output edge of the WG as a guided mode
(see Figure 4.1.3b) exhibits a narrow peak (whose linewidth is 5 nm for the highest laser
excitation power used in the experiment, as indicated in Figure 4.1.3c) that grows
superlinearly above a threshold of = 4 nJ, as observed in Figure 4.1.3d. This behavior is
quite similar as the one observed above under backscattering geometry and previously
reported in similar structures integrated on a Si/SiO> rigid substrate. [15] Such a superlinear
growth of the PL intensity (see Figure 4.1.3d) would follow a potential increase

Ip; < Ipyyp?® 4.1.4
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which would correspond to a gain G = 10 dB cm™! at the output edge of the waveguide (L
~ 1 mm long) [47] or, in other words, a modal gain (g) of 23 cm™!

G(dB) = 10 log (e1) 4.1.5
close to the material gain:
g=T.gm 4.1.6

since the confinement factor of the optical modes in the MHP film is close to 1. Here it is
worth mentioning that PL intensity was stable during the measurement, although similar
excitation conditions (20 kHz excitation source) did not show a stable ASE production
under backscattering geometry. Therefore, the high confinement of emitted light by the
active medium provided by this WG structure enhances the generation of light, and triggers
the ASE regime. Moreover, the excitation fluencies shown in Figure 4.1.3c, d correspond
to excitation light coupled with the whole PMMA/MHP/NC structure with a cross section
of about 2 x 107 cm?. Nevertheless, since this device propagates the light along the PMMA
layer, only a 0.3% of the TE2 mode at 532 nm travels along the MHP, reducing the thermal
heating of the semiconductor and the effective ASE threshold (Eth) down to 600 nJ cm 2,
one order of magnitude smaller than that measured under backscattering geometry in
Figure 4.1.2b. This Eth corresponds to an average power of the external pumping laser as
low as 0.8 mW, which is estimated by taking into account a coupling efficiency ~10%
inside the waveguide and the repetition rate (20 KHz) of the pulsed laser.

Under the above given excitation conditions, the photocurrent mainly monitors
photogenerated carriers by the pump beam travelling along the 1 mm long PMMA/MHP
WG, the same distance covered by the Au electrodes. The photocurrent, Ip., variation
presented in Figure 4.1.3d indicates a clear correlation between Ip; and Ipc, where:

Ipc x IPUMPO'5 4.1.7

before the saturation observed above E,.

Moreover, Ip; and Ip; dependences can be nicely fitted (solid lines in Figure 4.1.3d) with
the model developed in Section A.1.7). The simulations reveal a transparency carrier
concentration for stimulated emission No = 1.5 x 10'"® in agreement with previous
results.[16] This square root law for IPC as a function of the excitation fluency corresponds
to the high carrier injection regime, while its saturation is attributed to the gain saturation
mechanism in optical amplifiers,[ 144] where the increment of photogenerated carriers over
No is transformed into photons (stimulated emission regime). In this way, the highest
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excitation fluencies reveal IPC up to 25-50 mA c¢m 2 for 100-600 V cm™! applied electric
fields inside the waveguide. Finally, it is worth mentioning that the device-on-NC presents
again features very close to those obtained for MHP films on rigid substrates (see Section
A.1.8), except by a slightly higher peak energy threshold (4 instead of 2 nJ) and ASE
linewidth (5 nm instead 2—3 nm) and higher photocurrents.
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Figure 4.1.4 Control of operation temperature of the photodevice. a,b) Evolution of PL spectra
well below (a) and just above (b) the threshold of ASE for temperatures between 10 and 72 °C. ¢)
PL intensity measured at 790 nm (filled symbols) and photocurrent (empty symbols) as a
function of temperature below (blue) and above (red) the ASE threshold; thelines are guides for
the eyes. Temperature measurements were done by using a Peltier device with area 1 cm?.

The integrated amplifier—photodetector device can be used for many applications related
to signal amplification and processing at 780—790 nm (telecom, sensing, and other fields)
but also at shorter/longer wavelengths by changing the metal or the halide in the MHP
compound. One example is high-lighted in Figure 4.1.4. A primary use would be the
control itself of the optical amplifier to fix the threshold of operation, specially under
temperature changes. If laser fluency is fixed below the threshold the PL peak intensity
decreases above room temperature (spectra in Figure 4.1.4a and blue solid circles in Figure
4.1.4c), whereas the photocurrent measured simultaneously at the photodetector suffers a
slight monotonous increase (blue hollow circles in Figure 4.1.4c), as expected if the
population of free carriers increases with temperature as compared to that of free excitons.
However, if laser fluency is fixed just above the threshold, the PL peak at the ASE
wavelength decreases in a similar way (spectra in Figure 4.1.4b and red solid squares in
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Figure 4.1.4c), but this time the photocurrent is practically constant up to room temperature
(red hollow squares in Figure 4.1.4c), due to its saturation regime (see above), and
increases much faster when increasing temperature because the ASE regime is
progressively lost against spontaneous emission.
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4.2.  Operation Mechanism of Perovskite Quantum Dot Solar

Cells Probed by Impedance Spectroscopy

CsPbl; QDs were synthesized following previous reports.[113] The synthesized QDs were
cube-shaped and 9.3 £+ 1.5 nm in size as determined by TEM (Figure A.2.1). As reported
previously, this synthesis procedure yields QDs in the perovskite crystalline phase as
determined by XRD (Figure A.2.2). After QD deposition and subsequent ligand exchange,
from the 0.39 theta at full width at half-maximum (FWHM) of the XRD peak
corresponding to the (100) plane observed in the samples (Figure A.2.2), a grain size of
21.46 nm is calculated using the Scherrer equation. As expected, there is an increase of the
crystal size after ligand exchange but with a size significantly lower than that reported in
the standard solar cells. On the other hand, we have previously reported that ligand
exchange just partially removes the capping layer of QDs,[145] consequently preserving
the capping molecules and providing integrity to the perovskite nanoparticles. The PLQY
of the CsPblz QDs after a couple of washing processes, in order to remove the organic
excess before the deposition, was measured to be roughly 40% in hexane solution. For the
fabrication of PQDSCs, SnO»:F (FTO)-coated conductive glass was used as substrate. A
compact layer of TiO; (c-Ti02) was deposited as electron-selective contact[146] on top of
the FTO layer (Figure 4.2.1a). A controlled number of layers of CsPbl; QDs were then spin
coated on top of c-TiO; to vary the active layer thickness of the solar cell. More details
about the fabrication process can be found in section 3.2.3. Briefly, a purified solution of
CsPblz QDs in octane was spin coated, then the film was dipped three times into a methyl
acetate or ethyl acetate solution containing Pb(NO3),, rinsed in neat methyl acetate or ethyl
acetate, and then immediately dried with nitrogen. This complete process constitutes one
layer of CsPbls QDs and was repeated multiple times to create devices with thicknesses
ranging from 150 to 400 nm. On top of the QD film, spiro-OMeTAD was deposited as
hole-selective contact. Finally, a 70 nm thick Au layer was evaporated as the hole-
extracting contact. In Figure 4.2.1a, the cross section of a PQDSC analyzed in this work is
depicted.
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Figure 4.2.1(a) SEM micrograph of the cross section of a PQDSC with the architecture
glass/FTO/compact TiO2 (c-TiO2)/CsPbI3 QD thin film/spiro-OMeTAD/Au. (b) UV—vis
absorption spectra (solid lines) of PQDSCs with different number of deposited layers of
CsPbI3 and photoluminescence (dashed line). (¢) Thickness of CsPbI3 film as a function of
the number of deposited layers, measured by SEM. Inset: absorbance at 500 nm, see arrow
in panel b, as a function of thickness. The slope of the linear fit is indicated.

The CsPbl; QD layer exhibits a photoluminescence (PL) at 689 nm with a FWHM of 30
nm (Figure 4.2.1b). As expected, the light absorption of the QD layers increases with the
number of deposited layers (Figure 4.2.1b). The thicknesses of the films were measured
from the cross section by SEM (Figure 4.2.1c). Different device batches have been
produced and analyzed. Independent of the synthetic batch, the light absorption increased
linearly with the number of deposited layers; in the case plotted in the inset of Figure 4.2.1c¢,
the absorbance at 500 nm increased roughly by 0.3 for each 100 nm of QD layer thickness.
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Figure 4.2.2 Average photovoltaic parameters of the PQDSCs prepared from a QD solution
of 50 mg/mL as a function of the number of deposited layers: (a) photocurrent, Jsc; (b)
open-circuit potential, Voc; (c¢) fill factor, FF; and (d) photoconversion efficiency, 1.

Figure 4.2.2 shows the average photovoltaic parameters of the PQDSCs as a function of
the number of deposited layers; at least 5—10 cells have been prepared at each thickness.
Photocurrent density, Js, and open-circuit potential, Vo, panels a and b of Figure 4.2.2,
respectively, increased with the number of layers, saturating for large numbers. J—V curves
of representative devices with different numbers of layers are plotted in Figure A.2.3. On
the other hand, fill factor, FF, remains practically constant with the number of layers, taking
into account the error bars. Consequently, the power conversion efficiency, 7, increased
with the number of deposited QD layers until a maximum average efficiency is reached for
4 layers, in the conditions of preparation of the batch depicted in Figure 4.2.2. Further
deposition of layers decreased the performance due mainly to the reduction of FF. In this
study, a maximum efficiency of 8.1% was obtained with Jsc = 11.3 mA/cm?, Voo = 1.094
V, and FF= 66% (Figure A.2.4). Different batches have been prepared by changing some
deposition parameters, such as the concentration of QDs, or the ligand exchange procedure.
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In all the analyzed batches, the solar cell parameters exhibit the same trend as reported in
Figure 4.2.2.

When the performances obtained for PQDSCs are compared with state-of-the-art PSCs
based on bulk thin film,[67] FF and especially Js. are significantly lower for PQDSCs.
Higher FFs have been reported for PQDSCs, ~80%:;[84] in our case, the low FF is probably
due to the c-TiO,, because this selective contact plays a fundamental role in the
performance and FF of perovskite solar cells.[147] However, the weakest photovoltaic
parameter for PQDSCs compared to conventional thin films is the photocurrent. Js has
been improved by the use of cation halide salt treatment.[84] Nevertheless, this parameter
still requires improvement because the reported one for the record PQDSCs,[46] 15.246
mA/cm?,[84] remains low in comparison with PSCs. This limitation is mainly due to the
low incident photon to current efficiency (IPCE) at longer wavelengths (Figure A.2.5).
Thin QD layers do not allow the complete harvesting of the long-wavelength region,
whereas an increase of thickness does not necessarily solve this issue as carrier transport
limitations arise.
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Figure 4.2.3 Optoelectronic characterization of PQDSCs with different thicknesses. (a)
Open-circuit potential as a function of the light intensity. Solid line is a straight line with m
= 2.4. (b) IS Nyquist plot at applied bias equal to the device Voc for three different light
intensities. Symbols are experimental data, whereas solid lines correspond to the fit using the
equivalent circuit plotted in Figure A.2.6. (¢) Recombination resistance, Rrec. The dashed
line is the linear regression of experimental points at high applied bias according to eq. 4.2.1
for the two thicker layers. (d) Low-frequency capacitance as a function of light intensity. (e)
Bode plot at Voc applied bias under different light intensities where the dashed arrow
indicates the evolution of the impedance spectra as light intensity is reduced. (f) CLF as a
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function of Voc. The dashed line is the linear regression of experimental points at high
applied bias, whereas the solid line represents a straight line with slope defined by p = 0.5

To obtain a better understanding of PQDSCs, measurements at various light intensities
were systematically performed. Details about the experimental procedure can be found in
section 3.2 and the recent contribution.[131] In Figure 4.2.3a, we plot V. as a function of
the light intensity. This representation allows for the easy calculation of the diode ideality
factor, m, simply by the linear fit of the data.[148] Figure 4.2.3a points to two different
working regimes: at low and at high light intensities characterized by different ideality
factors. At low light intensities, m presents values significantly higher than 2 that could be
assigned to a recombination process with multiple trapping events through-out a
distribution of trap energies.[148] High m values have not been reported for standard PSCs
using compact TiO2 and spiro-OMeTAD as electron- and hole-selective contacts,
respectively,[148, 149] and consequently, this multiple-trapping process at low light
intensities would be associated with the perovskite QD layer. However, pinholes could also
produce this high m behavior, and this explanation cannot be completely ruled out
especially in the case of the thinnest layers. At higher light intensities, m reduced to 2 for
the thickest samples as most of these traps are filled, pointing to an elimination of trapping
leaving only Shockley—Read—Hall recombination at deep trap states.[148] Note that the
small shunts produced by pinholes could be overwhelmed at high illumination, and similar
behavior should be expected. Pinholes are especially influential in the cell performance for
thinner samples; in fact, the thinnest layer in Figure 4.2.3a presents an ideally factor m
greater than 2 even at high illumination. Analysis of recombination resistance, see below,
also points to the presence of pinholes, especially in the case of the thinnest samples.

Impedance spectroscopy has been performed with an applied bias equal to Vo under
different light intensities.[131] While there is a lack of consensus on interpretation of such
IS patterns, an interesting qualitative comparison can be performed to detect differences
between PSCs and PQDSCs. As in the case of conventional thin-film PSCs, two main
features (arcs) at high and low frequency are presented in the Nyquist plot (imaginary part
of the impedance, Z", vs real part of the impedance, Z')[147, 150-152] (Figure 4.2.3b). A
closer inspection of the Nyquist plot points to a more complex system, as the high-
frequency feature, the left-hand side feature with lower Z’, is not a single arc but better
represented as two merged arcs at high frequency.[147] Consequently, we have used an
equivalent circuit previously employed for PSCs,[29] containing an intermediate frequency
arc, to fit the experimental data (Figure A.2.6). This equivalent circuit model can accurately
fit the experimental measurements (Figure 4.2.3b). The impedance spectra of PQDSCs are
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analogous to those observed for standard PSCs, and consequently the same equivalent
circuits can be used to simulate the performance of both devices.

Impedance fitting allows the comparison of different parameters as a function of the
number of layers Figure 4.2.3¢ plots the recombination resistance, Ry, normalized to QD
thin-film volume for different PQDSCs obtained as the sum of low- and high-frequency
resistances;[28, 153] more details are presented in Figure A.2.7. R..c depends inversely on
the recombination rate[94] and consequently can provide a direct quantitative view of the
recombination process. Rrec can also be obtained as the lifetime divided by the chemical
capacitance.[94] R depends on carrier density and consequently on the applied bias,
following a relation of the type[94]

|4
Ryec = Roexp (- ’,%T) 4.2.1

where Ry is the recombination resistance at short circuit, q the elementary charge, kg the
Boltzmann constant, T the absolute temperature, and B a dimensionless parameter related
with the ideality factor m as one is the inverted value of the other (m = 1/B).[154] Good
agreement is obtained between m and [ values obtained in panels a and ¢ of Figure 4.2.3,
respectively, indicating the correctness of the experimental procedure.

From Figure 4.2.3c, we find that the recombination resistance normalized to the volume of
the QD layer is improved as more layers are deposited up to saturation at 6 layers. This fact
explains the increase in Vo observed in Figure 4.2.2b by a reduction of the recombination
rate as the deposition of multiple layers reduces potential pin holes and inhomogeneities.

Especially interesting is the characterization of low-frequency capacitance, Cir, as this
capacitance is the most characteristic and recognizable feature of the impedance pattern of
PSCs.[139] In PSCs, an increase in the Cir of several orders of magnitude, even at zero
applied bias, has been observed between dark conditions versus 1-sun illuminations, in
contrast with other photovoltaic technologies such as Si where a minimal change is
observed.[139] On the other hand, Cir is not observed in all-solid state dye-sensitized solar
cells either,[155] where the same selective contacts are used; consequently, its origin is
attributed to the perovskite layer and/or the interaction of the perovskite layer with the
selective contacts. The physical origin of this capacitance is not clear, and different models
have been proposed. However, many of these models, especially the most recent ones,
agree in identifying the ionic migration as the fundamental origin of this phenomenon. On
one hand, this capacitance has been associated with the accumulation of majority carriers
at the TiO» interface, and it is observed at low frequency as the accumulation process is
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coupled with the ion migration.[156] On the other hand, light-induced ion migration has
been pointed out as the origin of the behavior.[157] In addition, the interplay between ionic
and electronic charge transfer at perovskite— contact interfaces controlling electronic
injection and recombination[158] and ion-modulated recombination have been also
indicated as the possible origin of the behavior.[159] Consequently, there is a broad
consensus on the ionic origin of this feature characterizing PSCs. Moreover, it has been
reported that the J—V curve hysteresis observed for PSCs is related to ion migration,[159-
162] and in fact a reduction of hysteresis has been related to a decrease of Crr, connecting
both effects with the ion migration behavior in halide perovskites.[159, 160, 163]

In the case of PQDSC:s, it is notable to observe that the Crr follows a similar behavior as
in standard PSCs, exhibiting a linear increase of several orders of magnitude with light
illumination (Figure 4.2.3d). This behavior can be clearly observed at lower frequencies of
the Bode plot of PQDSCs at applied bias equal to the V. at different light illuminations
(Figure 4.2.3e). This similarity strongly points to an analogous origin of Crr in both PSCs
and PQDSCs and an origin linked with ion migration, as has been suggested for PSCs.
However, further research is needed to fully confirm this point.

A close inspection of Crr at different illuminations at Vi, conditions allows us to
differentiate two working regimes at low and high illumination (Figure 4.2.3f). Note that
in Figure 4.2.3f Crr is normalized to the device area and not to the QD layer volume. At
high light intensity all four devices present the same Crr independent of the thickness,
pointing to a process where interfacial effects play a major role. It is interesting to note that
at high light intensities CLr presents an exponential behavior and can be fitted with a
phenomenological equation analogous to eq. 4.2.1:

4
Cur = Coexp (- %) 422
where Cy is the low-frequency capacitance at 0 bias. A B = — 0.39 is obtained for Cir at

high applied bias, see Figure 4.2.3f, while a complementary value of 0.39 was obtained for
Rrec at high applied bias (Figure 4.2.3c). Both 3 values are in good agreement with the
ideality factor measured independently in Figure 4.2.3a. On the other hand, very similar
values of B for the high and low resistances have been also obtained (Figure A.2.7). This
complementarity of Cir and R slopes has been previously observed for standard
PSCs,[28] where a 3 value of — 0.5 was observed. A solid straight line corresponding to
this B value is plotted in Figure 4.2.3e with a solid line for comparison. The  =—0.5 slope
of the capacitance slope has been previously associated with the characteristic behavior of
the interfacial charge accumulation.[28, 156, 164] The complementarity of the slopes
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points to a common effect linking recombination and ion migration through Ry and Crr,
respectively. It has been calculated that interstitial iodine defects introduce deep
electron/hole traps in CH3NH3Pbl3;[165] if these defects are the main factor responsible
for the nonradiative recombination process, the recombination process would be affected
by the ion migration, as the behavior of Rrec and Crr suggests. Note that two regimes can
be also distinguished for Rr.c and Cir at low and high applied bias, corresponding with the
low and high regimes previously discussed regarding the light intensity dependence in
Figure 4.2.3a.

A further comparison between PQDSCs and PSCs can be performed taking into account
the impedance measurements. A characteristic time, t, can be defined as Crr X Ryec (Figure
A.2.8). Note that 7 is not a lifetime because Crr is not a chemical capacitance.[166] Because
of the complementary value of Crr and Riec, a value ~1 s is obtained, which is lower in the
case of the thinner layer (Figure A.2.8). Characteristic times of the same order, measured
by alternative transient techniques, have been reported for PSCs.[152, 167] This
characteristic time has been shown to be independent of the applied bias and light
illumination but decreasing with the thickness and depending on the perovskite material
and the selective contacts.[28] The value of t here obtained for PQDSC is very similar to
that reported for planar PSCs of the same thickness when fabricated and having selective
contacts with MAPbI; and 1 order of magnitude greater than a planar cell of FAPbI;, where
MA is methylammonium and FA formamidinium. Additionally, PQDSCs present a t 3
orders of magnitude greater than that of planar PSCs of the same thickness fabricated and
having selective contacts with MAPDbI3 but with inverted configuration and organic
selective contacts.[28]

The impedance spectroscopy analysis of PQDSCs is remarkably similar to the most
characteristic trends of standard PSCs yet not observed in other cells: increase of several
orders of magnitude of Crr with light illumination (Figure 4.2.3d,e); complementary slopes
of Rwc and Cir, panels ¢ and f of Figure 4.2.3, respectively; and nearly constant
characteristic time T = Crr'X Ry (Figure A.2.8). Consequently, our study preliminarily
suggests that the PQDSCs present the same working mechanism as PSCs.

It will be important to further confirm this preliminary result as important conclusions
could be obtained from this similarity. Concretely, Crr presents a behavior similar to that
observed for PSCs, pointing to an important ion migration effect in PQDSCs, despite the
fact that different ion migration properties might be expected between the PQDSCs and
standard PSCs because of the structural differences between a thin film where QDs act as

54



Chapter Four: Results and Discussions

a brick to build a continuous thin film with crystalline grains of hundreds of nanometers. It
1s expected that the presence of an organic capping on a perovskite QD surface would likely
influence the ion migration process in perovskite QD layers. In fact, there are anions on the
QD surface just to balance the charge. Those anions could migrate under a field through
the voids in the QD layer.[91] In our case, ligands from the as-synthesized QDs were
removed to reduce the interdot distance and to insolubilize the QDs on the substrate so that
multiple layers could be coated.[113] Rapid and facile halide exchange in QD solutions
has been observed because of the dynamic surface properties of QD perovskites in solution,
and this effect can be used to create homogeneous halide alloy compositions.[108]
Appropriate surface capping properties can reduce this effect.[168-170] The impedance
analysis carried out in this work for PQDSCs shows clearly a behavior analogous to that in
standard PSCs for Crr, which is usually attributed to ion migration as we have previously
discussed. The implication in PQDSCs will need further research. In this sense, impedance
spectroscopy arises as a highly appealing method for characterization of PQDSCs in
general and ion migration in particular.

4.3.  Ligand & Band Gap Engineering: Tailoring the Protocol

Synthesis for Achieving High-Quality CsPblz Quantum Dots

For the standard hot-injection synthesis of CsPbls QDs, in addition to the perovskite
precursors, OA and OLA were added for the stabilization of the colloidal QDs.[81]
Consequently, the injection of a higher OA/OLA content allowed us to synthesize QDs at
higher synthesis temperatures than conventional synthetic protocol, in order to obtain QDs
with improved photo-physical properties. With the purpose to understand how the
temperature affects the synthesis of CsPbl; QDs, first of all, the reaction between OA and
OLA was studied at different temperatures. Samples of OA, OLA and a mixture of them
(1: 1 molar ratio) were heated at 120 °C under vacuum or nitrogen (mimicking the QDs
synthesis conditions), and heated at the desired temperature (between 120 and 200 °C).
Then, the samples were cooled down to ambient temperature and analyzed by 'H NMR
(Nuclear Magnetic Resonance) spectroscopy. We excluded the use of 1-ODE as this
reagent is a non-coordinating solvent and does not take part in the reaction, but generates
extra peaks in NMR analysis.
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Figure 4.3.1 (a) 'H NMR spectra (CDCl3, 400 MHz, 25 °C) of OA and OLA capping
ligands and their mixture to follow the formation of OLM at room temperature. (b)
Comparison of the 'H NMR spectra (CDClz, 400 MHz, 25 °C) of the mixture at ambient
temperature, 80 and 120 °C. Asterisks added in the Figure 4.3.1a and b denote the proton
associated with the amine group from OLA (¥), and the ammonium functionality from
OLM (¥).

Figure 4.3.1a shows the comparison between the 'H NMR spectra of OA, OLA and the
OA/OLA mixture prepared at ambient temperature. The resonance due to the proton from
the carboxylic acid group of OA appears at a chemical shift (8) of 12.04 ppm, while the
resonance due to the protons of the amine group of OLA appears at 6 = 1.01 ppm (denoted
as *). When the reagents are mixed together, the signal corresponding to the proton of the
carboxylic group disappears and the signal at d = 1.01 ppm shifts to 8.6 ppm (denoted as
*"), due to the protonation of the amine group (—NH>) in favor of the ammonium group (—
NH;"). The resonances of the methylene groups also shift, compared to the spectra of the
starting materials, due to a different chemical environment. These results corroborate the
gene-ration of a new species, namely oleylammonium oleate (OLM), even at room
temperature, formed by the protonation of OLA.[114, 171] Then, by heating the OA/OLA
mixture at 80 °C and 120 °C and then cooling down to room temperature, it is clear that
the triplets corresponding to the a-CH> resonances next to the carbonyl (2') and ammonium
(19" functionalities of OLM remain unchanged and there is a negligible shift of the signal
from the NH3" group (Figure 4.3.1b). This fact is an evidence that the reaction, under these
conditions, fully transforms the initial OA and OLA into OLM.
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Figure 4.3.2 '"H NMR spectra of the OA/OLA 1:1 molar ratio mixtures (CDCl3, 400 MHz,
25 °C) at different temperatures, showing the formation of N-oleyl- oleamide from the
OLM at (a) low and (b) high chemical shift. (c) Schematic representation of the reaction
between oleic acid and oleylamine to produce (i) OLM oleate and (ii) N-oleyl-oleamide
(NOA). Asterisks added in Figure 4.3.2b indicate the proton associated with the amide
group from NOA (*”).

By increasing the temperature of the OA/OLA mixture from 120 °C to 190 °C, obtaining
their corresponding '"H NMR spectra (Figure 4.3.2a), the intensities of the triplets
belonging to the a-CH2 resonances next to the ammonium and carbonyl functionalities of
OLM (19’ and 2, respectively) either decrease or change shape, from triplet to multiplet,
and concomitantly a new multiplet centered at 6 3.20 ppm appears. Moreover, the
appearance of a new peak at 6 7.1 ppm is associated with the formation of an amide as the
product of the condensation reaction (denoted as *").[114, 172] This result is in good
agreement with the decrease of the signal associated with the ammonium group at 8.6 ppm
(Figure 4.3.2b). In order to confirm the formation of the amide, we intentionally
synthesized N-oleyl-oleamide (NOA) by mixing OA and OLA at 190 °C[129] under
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vacuum over-night and characterized the final product by '"H and 1*C NMR (Figure A.3.1a).
The spectra of the synthesized product perfectly match those of the mixture of reagents at
190 °C, thus con-firming the presence of NOA. This by-product has been reported to
appear at 160 °C during the synthesis of CsPbX3 (X = Cl, Br, and I).[173] Moreover, in
comparison with the individual liquid capping ligands (OLA and OA), the aspect of the
mixture changes from a viscous liquid to a white solid, passing from a mixture of liquid
and solid states (Figure A.3.1b). OLM is more viscous than OA and OLA at room
temperature.

The amide compound, which has a melting point of around 50 °C, emerges as a white solid
when it is mixed with OLM at room temperature. The white solid was not observed neither
during the synthesis nor in the NMR tube due to the presence of octadecene and CDCls,
respectively, both of which were able to dissolve the amide. All these findings are not in
line with the previous mechanisms proposed, in which a progressive increase in the
temperature induces the protonation of oleate by oleylammonium at temperatures as high
as 100 °C (Figure 4.3.2¢(1)).[114, 171] This discrepancy could be due to the preparation of
the NMR samples. If traces of water remain during the NMR sample preparation, the amide
by-product could be dissociated, affording the reagents (Figure 4.3.2¢(i)) and leading to
different species in the reaction mixture. By conducting the synthesis at high temperatures
under an inert atmosphere, the condensation product NOA is formed (Figure 4.3.2(i1)), as
we estimated also by an NMR quantitative analysis (see Table 4.3.1). By integrating the
corresponding NMR peaks (Figure A.3.2a—f) and considering the concentration (or
volume) of OA and OLA added during the QD preparation, we quantitatively calculated
the concentration of OLM and NOA. It is observed that the concentration of the former
decreases while that of the later increases with temperature (see Table 4.3.1 and Table
A3.1).

Table 4.3.1 NMR quantitative analysis of the evolution of different amounts of OA and OLA
(1: 1 molar ratio), OLM and NOA products at different temperatures. OA and OLA are
initially fully transformed into OLM (see Figure 4.3.2¢(i)) and finally a part of OLM is
transformed into NOA (see Figure 4.3.2¢(ii))

Temperature Initial number of moles of Number of moles of OLM after Number of moles of NOA after Conversion of OLM
(°C) OLM (=0A or OLA) (mmol) transformation (mmol) transformation (mmol) to NOA (%)

170 4.6 34 1.2 26
180 9.1 4.0 5.1 56
185 12.2 4.5 7.7 63
190 12.2 4.0 8.2 67

To stabilize the lead halide precursor during the QD synthesis, we took into consideration
the NMR results. We modified the synthetic protocol by increasing the concentration of
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both OA and OLA[114, 174-176] as the reaction temperature increases.[113, 177] Four
temperatures (170, 180, 185, and 190 °C) were used for the CsPbl; QD synthesis, by
varying the concentrations of OA and OLA, always in a 1 : 1 molar ratio (see Table
4.3.1).[81] In all the cases, CsPblz QDs were successfully pre-pared, including the
synthesis at higher temperatures (see Figure A.3.3). In order to avoid the problems
observed in the QD synthesis at temperatures higher than 180185 °C, at which the
precursor is not well solubilized and precipitated,[113, 114] it is needed to increase the
concentration of OA and OLA in order to increase the amount of OLM (see Table 4.3.1).
The spontaneous organization of the long aliphatic chain of OLM coordinating the lead
iodide precursor can react with Cs-oleate and form CsPbl; QDs. Consequently, the
presence of OLM in the reaction mixture is essential to promote the stabilization of CsPbls
QDs. If the concentration of OLM is not increased ( by increasing the OA and OLA
precursors, see Figure 4.3.2c(i)), when the synthesis temperature is enhanced, the final
amount of available OLM decreases with temperature due to the fact that higher synthesis
temperatures accelerate the transformation of OLM to produce NOA through the
condensation reaction (formation of amide bound) (see Figure 4.3.2¢(ii)). The lead iodide
precursor was dissolved in OLM, which resulted in a complex of Pbl, coordinated to
oleylammonium iodide and Pb-oleate, as authenticated by the transparent lemon color of
the solution. When the amount of OLM is not high enough to produce this coordination,
an orange-reddish precipitate is obtained due to Pbl, precipitation. This is commonly
observed when the QD synthesis is attempted at T > 180 °C, with no further increase in the
standard OA and OLA concentrations. The increase in the OA and OLA concentrations
needs to consider the partial loss of OLM transformed into NOA. This loss increases as the
temperature rises (see the percentage of OLM conversion into NOA in Table 4.3.1).
Consequently, we increased the OA/OLA con-centration between 20 and 60% compared
with the conventional hot-injection method, in order to allow the synthesis at higher
temperatures that indeed modified the properties of the QDs, as we discuss below.

Moreover, OLM does play a key role not only in the QD syn-thesis, but also in their
passivation and consequently, in the final QD properties.[127, 178, 179] Thus, at higher
temperatures, more amounts of OA and OLA are needed to ensure that enough OLM is
available to first fully stabilize Pbl> allowing the QD synthesis and later to passivate the
QD surface. Therefore, it is expected that a higher amount of OLM favors the QD surface
passivation with important implication in the QD properties and also in the long-term
stability, as non-passivated surface I vacancies are mainly responsible for the self-
degradation of QDs.[180]
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Figure 4.3.3 (a-—d) TEM images, (e) particle size distributions obtained from TEM and
(f) XRD patterns of the CsPbl; QD solutions obtained at diverse synthesis temperatures:
170, 180, 185 and 190 °C.

Figure 4.3.3a—d show the TEM images of synthesized CsPblz QDs obtained under the
conditions reported in Table 1. In all the cases, nanocrystals with a nanocube shape are
obtained. The rise of the synthesis temperature increases the average nano-particle size
between 9.1 nm and 13.2 nm, but decreases the QD size distribution, see Table 4.3.2 and
Figure A.3.4 Thus, all the synthesized QDs exhibit the quantum confinement regime
(QCR) effects as the Bohr diameter for CsPbls is around 13 nm.[81] After hot-injection of
Cs" species into the Pbl, precursor, a broad population of small and big QDs are formed,
which depends on the concentration of dissolved Cs*,Pb** and I" species in the reaction
medium. Koolyk et al.[181] reported a size standard distribution of CsPbl; QDs to be
between 2.9 and 3.4 nm for QD sizes between 7.5 and 10.5 nm, by increasing the reaction
time from 4 to 20 s (before quenching). In the same line, Zhao et al.[182] reported a size
distribution in CsPblz QDs between 1.7 and 2.2 nm for QD sizes between 13.9 and 15.3
nm. In our case, the reaction time is limited to 5 s, obtaining a lower size distribution
between 1.23 and 1.65 nm for QD sizes between 9.1 and 13.2 nm (Table 4.3.2). We
deduced that the increase of the synthesis temperature instead of the reaction time can
mediate a fast consumption of the above-mentioned species supporting the growth of small
QDs to reach the size of larger ones, which present a slower particle growth rate.[181] In
our case, this phenomenon can favor the QD population to be in the same size range,
narrowing the particle size distribution.[114, 181] Moreover, an increase of the temperature
produces an increase of the NOA formation that could increase the viscosity, decreasing
the diffusion of the reactants. Thus, the proven progressive increase in NOA formation with
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an increase in temperature (see Table 4.3.1) could produce a higher limitation of the
reaction by diffusion, which is proved to be one of the requirements of narrowing the
particle size distribution.[183, 184]

Table 4.3.2 Summary of the different structural and optical parameters of the CsPbl3

QDs analyzed in this work. Size dispersion is calculated considering the standard
deviation with respect to the QD size

Synthesis Size of Size standard Size PL peak PL FWHM Initial Reduction of PLQY
temperature (°C) QD (nm) distribution (nm) dispersion (%) (nm) (nm) (meV) PLQY (%) after 15 months (%)

180 1060 18s 1736 o aay o 16

19 316 125 ey o oy o :
Furthermore, the XRD profiles of CsPblz QDs were also acquired, and they exhibit two
main diffraction peaks at Bragg angles around 14.2° and 28.7°, see Figure 4.3.3f. These
signals are associated with the (100) and (200) planes in the perovskite lattice, respectively,
which are the characteristic signals of a cubic phase (ICSD 540752).[74, 185] This
crystalline phase has been reported to be preferential when the CsPbl; QD synthesis is
performed at temperatures between 170 and190 °C,[81, 108] and it is retained under room
conditions due to the high surface energy generated in the confined QDs.[113, 182]
According to these results, we deduced that the increase of the capping ligand
concentration in the conventional hot-injection method (see Table 4.3.1) is essential for the
stabilization of CsPblz QDs at higher reaction temperatures, with bigger and more
homogeneous particle size, presenting in all the cases, a nanocube shape and a crystalline
cubic phase.

In an attempt to synthesize QDs at 200 °C, we kept increasing the amounts of OA and OLA
added to the reaction mixture similar to that carried out in the previous synthesis processes.
Unfortunately, the Pbl, precipitation was observed, avoiding the preparation of QDs. At
this stage, we deduced that higher transformation of OLM into NOA taking place at this
temperature showed a stronger influence on the QD synthesis than the increase of the
capping ligand content, blocking the growth of QDs. From this observation, it is clear that
the QD synthesis at temperatures >200 °C demands extra modifications to our syn-thetic
route, where the increase of capping ligand ratio is not enough to mediate the stabilization
of the lead precursor (see below).
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Figure 4.3.4 (a) Normalized photoluminescence spectra, (b) full width at half-maximum
(FWHM), (c¢) absolute photoluminescence quantum yield (PLQY) of the as prepared QD
solutions. (d) Radiative (K;) and non-radiative recombination (K,r) decay constants, and
the corresponding (e) Ku./K; ratio for QD solutions after 6 months of storage. (f) PLQY
stability for 15 months for CsPbls; QDs prepared at different synthesis temperatures.

Given that the CsPbls QDs size was directly influenced by the synthesis temperature, it
was also expected that this parameter would have impact also on the optical features of
these materials. The PL peak positions of the CsPbls QDs prepared at different
temperatures are depicted in Figure 4.3.4a. As the synthesis temperature increased, the
emission peak positions were red-shifted. This trend indicates the narrowing of the
bandgap, E,, due to a relaxation of the QCR as the size of QDs increases. Moreover, the
bigger the CsPbl; QDs, the narrower the full width half maximum (FWHM) of the
corresponding PL peaks (Figure 4.3.4b), obtaining values as low as 36 nm (94.8 meV) for
QDs grown at 190 °C (see Table A.3.2) This value is lower than the conventional FWHM
reported for red-emitting CsPbls QDs (around 40 nm)[108, 186] and is similar to the
FWHM of near unity PLQY CsPbls QDs synthesized by adding organic precursors (for
instance, trioctylphosphine or 2,2'-iminodibenzoic acid) in accordance with a perovskite
stabilization.[105, 125] This comparison infers that by a simple modification in the hot-
injection method protocol without using extra chemical stabilizers, we were able to
enhance the quality of the materials. The reduction of the FWHM is in good agreement
with the reduction of the QD size dispersion from the average size and the corresponding
size standard distribution obtained using TEM images (see Table 4.3.2, Figure 4.3.3¢ and
Figure A.3.4). This fact clearly demonstrates that the population of QDs is more prone to
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be in the same particle size range by increasing the synthesis temperature as we discussed
above, and high density QDs with smaller band gaps (reduced QCR) will emit at the same
wave-length. Thus, a lower size dispersion narrows the PL FWHM, improving the color
purity of CsPblz QDs as the synthesis temperature increases.

The PLQY of CsPbls QDs is also influenced by the synthesis parameters (see Figure
4.3.4¢). By carrying out the QD synthesis at temperatures between 170 and 185 °C, we
evidenced an increase of the PLQY to achieve a maximum value of around 93%. A small
decrease of PLQY to 92% is observed for the QDs grown at 190 °C. After storing the QD
solutions for 6 months under an air atmosphere, we estimated their corresponding time-
resolved PL, which exhibit longer decays as the synthesis temperature increases (see Figure
A.3.5) PL decay measurements were performed after this period of time with the purpose
of correlating their improved photophysical properties as PLQY of QDs with their long-
term stability. The average lifetimes, Tavg, estimated from the PL decays allow the
calculation of the corresponding radiative and non-radiative recombination decay rate
constants, K; and K, (see Table A.3.2 and Figure 4.3.4d). The trend observed in the PLQY
(see Figure 4.3.4c) of the as-prepared QDs synthesized at different temperatures is in
excellent agreement with the inverse of the Kn/K; ratio (see Figure 4.3.4¢e). Note that all
the QDs exhibit similar K, but K, decreases with the synthesis temperature as it increases
from 170 to 185 °C, reporting a minimum at the last temperature and then a slight increase
when the temperature rises to 190 °C. Consequently, the shape of the K./K; ratio, and
therefore of the PLQY, is influenced by a change in the non-radiative decay rate. As the
temperature increases from 170 to 185 °C, the non-radiative recombination channels are
reduced, increasing slightly when the temperature varies from 185 °C to 190 °C. We
attribute the reduction of the non-radiative recombination channels to the different QD
synthesis conditions and to a different effective passivation of the QD surface by OLM, as
we discuss below.

For carrying out the QD synthesis at temperatures >200 °C, it was necessary to introduce
an extra modification to our syn-thetic route. Instead of stabilizing Pbl> at 120 °C, we per-
formed the stabilization of the lead precursor at the desired temperature just before the Cs-
oleate injection. Under this condition, we minimized the time needed to induce the
conversion of OLM to NOA in the mixture reaction. Thus, we were able to synthesize QDs
at 210 and 230 °C, with a PLQY and FWHM of ~ 90% and 32 nm, respectively. Even
though these photophysical properties show near values to the suitable condition one (185
°C), this procedure requires further optimization. However, we proved once again with this
finding that the synthesis and stabilization of CsPblz QDs can be guaran-teed by ensuring
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the presence of enough content of OLM. In the same line, we concluded that OLM mediates
the passivation of defects on the QD surface.[179] Note that, under different synthesis
conditions, we modified the QD size and consequently the surface that needs to be
passivated (see Table A.3.1) and the amount of available OLM for surface passivation (see
Table 4.3.1). With these two parameters it is possible to calculate the available OLM per
surface unit, see in Table A.3.1, as the OLM/surface ratio. This ratio follows the same trend
as the PLQY, pointing to an increase of the OLM passivating agent as the origin of the
PLQY enhancement. It is clear that the reduction of surface defects by ligand passivation
is a key point to improve the photophysical features of QDs, similar to the surface treatment
performed by postsynthetic protocols.[123, 124] In the same line, very recently, Hao et
al.[102] have also reported the most recent performance record of QD solar cells, 16.6%,
using perovskite QDs synthesized using an excess of OA.

Beyond the positive effect of the improved QD passivation on the PLQY, this passivation
also has a remarkable effect on the long-term stability of CsPblz QDs. We tracked the
PLQY of perovskite QDs, stored under an air atmosphere in a fridge, after 6 and 15 months
(see Figure 4.3.4f). In these periods of time, the PLQY just decreased 3 and 7% of the
original value for QDs presenting the highest PLQY, the ones synthesized at 185 °C. This
behavior is in good agreement with the K../K; ratio established in Figure 4.3.4¢, where the
maximum suppression of non-radiative recombination channels was reached. In addition,
the reduction of the initial PLQY after 15 months is inversely proportional to the initial
PLQY (see Table 4.3.2 and Table A.3.1). This stability is well above the current stability
of commercially available CsPblsz and CsPbBr3, which normally present an expiry date of
3 months. Hence, we conclude that the suitable passivation of surface defects provided by
OLM enhances both the PLQY and stability of QDs in a long-term.
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Figure 4.3.5 (a) Schematic diagram and (b) relative energy band positions of a CsPbl;-
LED configuration. Performance characterization of devices: (¢) EQE, and (d)
luminance of CsPbI:;-LED fabricated from different perovskite quantum dots by varying
the synthesis temperature. (¢) Maximum EQE (f) current/luminance for the champion
CsPbIs-LED device using quantum dots synthesized at 185 °C. The inset of Fig. Se shows
the photograph of the CsPbI;-LED device under operation. (g and h) CIE chromaticity
at different temperatures.

The improvement of the photophysical properties of CsPbls QDs by using our synthetic
route allowed us to explore these materials as light emitters for the fabrication of LEDs.
Considering the high PLQY as the main feature of the synthesized QDs, their high
performance in LEDs can be favored.[187, 188] Devices were prepared using the likely
most extended perovskite LED architecture, ITO/PEDOT:PSS/poly-
TPD/CsPbls/TPBi/LiF/Al (see Figure 4.3.5a and b), [189] which ensures an appropriate
electron and hole injection into the perovskite QD active layer.[168] We have fabricated
LEDs just varying the active layer, by using CsPblz QDs synthesized at different
temperatures. In order to ensure the dependence of the LED performance on the
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photophysical properties of QDs, avoiding the influence of external factors on device
preparation (QD concentration, thickness of active, electron and hole transport layers, etc.),
we fabricated multiple LED devices by using the same and different batches of each kind
of QD solutions for device optimization. As it is shown in Figure 4.3.5c, we observe that
the maximum EQE obtained for the LED QDs presents exactly the same behavior as the
K./K: recombination rate ratio by varying the synthesis temperature (Figure 4.3.5¢). In this
context, we achieved the highest EQE performance with the QDs synthesized at 185 °C,
due to the reduction of the non-radiative recombination sites in these QDs. All the devices
present a roll-off effect at currents above 100 mA c¢cm™2 as it is commonly observed in
perovskite LEDs.[190] The luminance (L) was also dependent on the synthesis conditions
(Figure 4.3.5d). LEDs presenting the lowest turn-on voltage (Von), 4.8 V, were prepared
using QDs synthesized at 185 °C.

Considering the previously reported record performance of non-modified CsPbl; QDs that
present performance values of 2.25-2.5% EQE, L 0of 400 Cd m 2 and Von of 4.5-6V,[122,
125] our devices present similar values of the LED parameters. However, after contact
optimization a champion CsPbl3-LED device showing a maximum EQE value and L value
of around 6.02% and 587 Cd m 2, respectively, was obtained (see Figure 4.3.5¢ and f). The
maximum current from the champion device was 1381 mA cm? (Figure 4.3.5f) producing
a red light, see the inset of Figure 4.3.5¢e, with a turn-on voltage of 4.8 V. This optimized
device showed better performance than previously reported devices, as for example Sr?'-
modified CsPblz QD LEDs (EQE = 5.92% and Von = 9.2 V),[122] KBr-passivated
CsPbBrs—Ix QD LEDs (EQE = 3.55% and Von = 4.6),[191] and relatively close
performance to highly flexible CsPbls QDs LEDs (EQE = 8.2% and Von = 2 V).[192]
Furthermore, CsPbl; LEDs fabricated in this study correspond to a deep red color that have
the CIE chromaticity coordinates (x,y) beyond the red emission coordinates in accordance
with the Rec. 2020 standards for red color (0.708, 0.292)[130] (see Figure 4.3.5g, h and
Table A.3.4). Hence, we widely demonstrate that the maximum reduction of non-radiative
recombination channels in QDs reached by controlling the synthesis temperature and
capping ligand concentration opens the door for the improvement of the optoelectronic
properties of perovskites to be competitive in the fabrication of high-performance LEDs
with pure color.
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5.1.  Integrated Optical Amplifier-Photodetector on a

Wearable Nanocellulose Substrate

we propose the monolithic integration of a WG amplifier—photodetector system in a
flexible nanocellulose substrate for future wearable applications. The device allows an in-
situ monitoring of PL signal (in spontaneous and ASE regimes) decoupled at the edge of
the waveguide by studying the photocurrent generated by the pump beam generating this
PL. For this purpose, we successfully integrated a PMMA/MAPDbI; bilayer structure on the
cellulose substrate without any significant degradation of the semiconductor, and inject the
excitation light at the input edge of the flexible substrate. As a result, ASE is demonstrated
with similar performances as those reported for rigid substrates. Moreover, we demonstrate
the simultaneous photodetection of light photogenerating carriers in the MHP film by
means of the integrated photoconductor with the WG amplifier. The resulting photo-
current demonstrates a clear correlation with the intensity of PL under spontaneous and
ASE generation regimes as a function of the laser excitation fluency. Moreover, the
different behaviors of the photocurrent in the two regimes will allow a broad range of
applications, such as trigger generation, gain automatic control, signal processing for
visible telecommunications and sensing. This potentiality has been demonstrated by
varying temperature below and above room temperature. Therefore, the present work paves
the road for the future integration of wearable photonic components using cellulose
substrates.

5.2.  Operation Mechanism of Perovskite Quantum Dot Solar

Cells Probed by Impedance Spectroscopy
we have prepared and characterized PQDSCs with CsPbl; QDs. The devices with different
numbers of QD deposited layers, i.e., different thicknesses, have been prepared and
analyzed. Two different working regimes are identified at low and high illumination
conditions. At low illumination, recombination is ruled by multiple trapping and trap
distributions. However, at higher light intensities, most of these traps are filled, resulting
in a Shockley—Read—Hall recombination. PQDSCs present an impedance spectroscopy
pattern similar to that of bulk thin-film PSCs. Sufficiently thick layers have to be prepared
to reduce recombination, which probably originated in thin layers because of
nonuniformities. Interestingly, PQDSCs present the main impedance signature of PSCs, a
high Crr under illumination commonly related with ion migration. The similarity of the
impedance pattern and the characteristic behavior of Ry and Cir reported in this work
strongly points to an analogous working mechanism in both PSCs and PQDSCs. Further
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confirmation of this point would indicate that the ionic effect is not just important in bulk
perovskite thin films but on the QD layer, influencing decisively the working behavior of
PQDSCs. As in the case of PSCs at high illumination, Crr for PQDSCs is independent of
the active layer thickness, pointing to a major role of interfacial effects. Crr also presents
a complementary slope to the observed R, also observed in PSCs, pointing to a
relationship between ion migration and recombination; however, further research is
required to establish properly this relationship. In addition, this work highlights the
potential of impedance spectroscopy in the future optimization of this technology.

5.3.  Ligand & Band Gap Engineering: Tailoring the Protocol
Synthesis for Achieving High-Quality CsPblz Quantum Dots

By increasing the ligand concentration in the conventional protocol for hot-injection
method, we unlocked the synthesis of CsPblz QDs with enhanced photophysical properties:
higher PLQY, narrower PL FWHM, deep red color (narrower bandgap) and enhanced
long-term stability. We elucidated that OA and OLA are fully transformed into OLM
during the synthesis, this species being the key factor for enabling the synthesis at higher
temperatures and performing an efficient passivation of QD surfaces. CsPbls synthesized
with a higher amount of OLM per unit surface area of QDs present higher PLQY and long-
term QD stability. Enhanced OLM passivation induces a decrease of the non-radiative
recombination channels, prolonging the highest material stability for at least 15 months,
evidencing only a decrease in the PLQY of around 7% after this period in QDs synthesized
at 185 °C. By under-standing the chemistry behind the QD synthesis, we applied these
materials for the fabrication of LEDs, reaching an EQE of around 6% and a chromaticity
index beyond the Rec. 2020 standards for deep red. The performance of the fabricated
LEDs is higher than the previously reported LEDs with the same standard architectures,
containing standard capping agents, without additional elements or farther element
exchange. Hence, we demonstrate that our synthetic protocol can provide high-quality and
ultra-stable CsPbl; QDs that can be effectively employed in highly efficient optoelectronic
devices.
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A.1. Integrated Optical Amplifier-Photodetector on a
Wearable Nanocellulose Substrate

A.1.1. Structural and morphological characterization
The morphology of the metal halide perovskite (MHP)films on NC substrates was analyzed
by SEM using a JSM7001F (field emission scanning electron microscope).

lpm  SCIC
X 20,000 5.0kV SEI SEM WD 10mm

Figure A.1.1 Top view of MAPDbI; perovskite layer deposited on top of a NC substrate

The XRD patterns of the samples were measured using an X-ray diffractometer (D8
Advance, Bruker-AXS) (Cu Ka, wavelength A= 1.5406 A).

50
4000 M__._

3000

——NC

—— GL-HPVK

—— NC-HPVK

—— NC-HPVK-PMMA

2000,

Intensity (a.u)

Jmni
PN

0 70 30 40 50 50 70
2 theta (degree)

1000

Figure A.1.2 XRD patterns of plain NC, MAPbI; perovskite deposited on plain glass (GL),
NC and NC cladded with PMMA. Peaks at 20 = 13.9, 28.3 and 31.7 °correspond to plains
(110), (220) and (310) of MAPDI;, respectively. Note that any peak can be assigned to Pbl,.
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Figure A.1.3 Atomic Force Microscopy images 5x5 (left) and 1x1 (right) um? of a MHP film
deposited on NC
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Figure A.1.4 Interference spectrum of a NC thin film. The interference fringes have been

used to characterize the film thickness. The inset corresponds to the UV-VIS transmission
spectrum
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Table A.1.1 Comparison between expected value (from previous thickness calibration) of the
NC thin film and thickness calculated from interferences on three different zones of the same
sample. Estimated uncertainty on the sample thickness is about 0.5 pm

Area Al A2 A3
dexpecled [um] 20 20 20
dcalculaled [ Llll'l] 21 22 20
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A.1.2. Propagating modes in PMMA/MHP layers

The refractive indices of the materials forming the waveguides (WGs) of MHP (on NC and
S1/S10;) are listed in Table A.1.2. Since the refractive index of the MHP is higher than that
of nanocellulose the structure conforms a planar waveguide, whose modes can be
calculated with a transfer matrix algorithm.[193] Table A.1.3 presents the effective
refractive indices of the modes at the pump (532 nm) and PL (780 nm) wavelengths for a
waveguide composed by 350 and 850 nm thick MHP and PMMA bi-layers, respectively.
Modes at 780 nm (red line in Figure 4.1.1e of the manuscript showed the fundamental
mode, TEy) are highly confined in the MHP semiconductor, while the pumping laser at 532
nm can propagate along the MHP (TEj and TE) or the PMMA (TE>) layers forming part
of the WG. However, the high absorption of the MHP at the pumping laser wavelength
inhibits the propagation of the former two modes, and hence the excitation mainly travels
along the TE> mode. Nevertheless, the overlap of the evanescent field of this TE> mode
with the MHP film that enables its PL excitation (green line in Figure 4.1.1e).

Table A.1.2 Refractive indices of materials

Material 532nm 780nm

Air 1 1

PMMA 1.492 1.484
CH:NH3PbIs  2.42-0.551 2.34-0.051
nanocellulose 1.54 1.54

SiO: 1.4607 1.4537

Si 4.1353-0.03341  3.6944-0.00631

Table A.1.3 Effective refractive indices of the WG modes

Mode 532nm 780 nm

TEo  2.34166-0.56i 2.20274-0.05i
TE:  2.09493-0.58i 1.7852-0.0545i1
TE:  1.46501-0.0022i -

85



Appendices

-0.5

e
(=}

—
o

Depth (um)

—
w

2.0

Figure A.1.5 Power mode distribution along the different layers. a) 532 nm. b) 780 nm.
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A.1.3. ASE measured under back-scattering geometry

The MHP films deposited on nanocellulose exhibits a stable ASE regime underback-

scattering geometry using a pumping pulsed (< 1ns) laser at 100 Hz of repetition rate.
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Figure A.1.6 ASE measured in a350 nm thick CH3NH3PbI3film deposited on NC under
backscattering geometry using for pumping a pulsed laser at 100 Hz of repetition rate. a) PL

PL intensity (arb. units)

0.01 0.1 1
Excitation fluency (uJ)

spectra. b) PL intensity at 780 nm as a function of the excitation fluency.

87




Appendices

A.14. I-V characteristics under dark conditions
Figure A.1.7 shows the I-V response under dark conditions of several MHP films (350 and

500 nm thick) deposited on Si/SiO; (Figure A.1.7a) and nanocellulose (Figure A.1.7b)
substrates to extract the dark current.
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Figure A.1.7 I-V curves under dark conditions in photoconductive devices with electrodes
separated a certain distance (indicated in the figures) deposited in MHP films (350 and 500
nm thick) on a) Si/SiOzand b) Nanocellulose substrates.
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A.1.5. Photodetector frequency bandwidth and transient

photocurrent
The frequency bandwidth and transient photocurrent were measured on a 350 nm thick
MHP film spin-coated on a SiO»/Si substrate. A similar behavior is observed in the film
deposited on NC, but exhibiting smaller signal-to-noise ratio.
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Figure A.1.8 a) Photocurrent as a function of the chopper frequency (see the experimental
set-up at the inset) under a CW excitation at 532 nm for 350 nm thick MHP layers spin-
coated on a SiO>/Si substrate. b) In the same sample, photocurrent transient under pulsed
excitation (1 ns, 20 kHz) at 532 nm measured with a 100 MHz oscilloscope. The applied bias
voltage was 10 V.

89



Appendices

A.l.6. Light coupled on NC substrates
Figure A.1.9a shows the coupling of light on a PMMA/ CH3;NH3Pblzwaveguided deposited
on NC. Although this is a flexible substrate. it becomes possible to couple light and
demonstrate amplification (see Figure A.1.9b)
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Figure A.1.9 a) Light coupled on PMMA/CH3;:NH;PbI; waveguide deposited on NC. b) ASE
measured under these conditions.
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A.1.7. Modelling of carrier and photon generation

Under high excitation conditions, photogenerated carriers out of equilibrium, An=A4p,
are much higher than the equilibrium concentration in MHP (ny9 or py) and are
influenced by the stimulated emission. Then, the generation of carriers/photons fulfills the
following set of two coupled differential equations:

aA;zt(z) — 6 (2) — B.An%(2) — 0. (n(2) — No)-% A.ll
L8 = (0. (n(2) - No) — @g).5(2) + R.An(2) A.l2

where B is the radiative recombination rate, ¢ the gain cross section, Ny the transparence
carrier density?, S(z) the PL density (Irr/A), av the intrinsic losses of the waveguide, R a
factor related with the generation of spontaneous emission inside the waveguide, and G is
related to the photogeneration of electron-hole pairs:

G(z) =2 a A13

where P(z) is the excitation peak power at position z overlapping the active region, « the
absorption coefficient at the excitation wavelength, 4 the area of excitation and # the
energy of the pump photon at 532 nm. This model neglects the contribution of carrier
diffusion because the length of the waveguide, 1 mm, is much longer than the diffusion
length of carriers in the perovskite, 0.1 mm.[42] Here, I,x(z) is related to 4n z by:

L,n(2) |4
":,Z = e. . (ng + An(z)).; A.l4

where e is the electron charge, u» the electron mobility, V' the applied voltage and g the gap
between the electrodes; and the total photocurrent intensity measured along the whole length
of the WG (L) will be:

1 L
Iph = Zfo Iph(Z)dZ A.l1.5

This model supports our experimental results reported in Figure 4.1.3d that were fitted with
equations A.1.1 and A.1.2 by using B=2.8-10"%cm>/s, =2.7-10"" cm?, No =10'8 cm™.

2 the carrier density at which optical gain balances the material loss
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A.1.8. Waveguide PL/photocurrent spectra onSi0,/Si1 substrates
Figure A.1.10 shows PL and photocurrent on a MHP/PMMA (350 nm/850 nm thick)
waveguide fabricated on Si0»/Si substrate, and characterized under similar conditions as
the results shown in Figure 4.1.3d. Photocurrent was measured by applying 30 V on gold
electrodes separated 0.5 mm. Again, PL collapses to a narrow peak (Figure A.1.10a) and
follows a superlinear law Ip; o Ipyyp>2 above a threshold of around 1 nJ (blue symbols
in Figure A.1.10b). In these conditions, the measured photocurrent (red symbols in Figure
A.1.10b) follows a square root law with the excitation fluency. The trend of both
magnitudes (light emission intensity and photocurrent) was nicely fitted (blue and red
continuous curves in Figure A.1.10b) using the model explained in the precedent section by using
B=1.7-10"cm’/s, 5=2.7-10""° cm?, No =10'® cm™. The lower value for B needed to fit the data, as

compared to that found for the device fabricated on cellulose, is again explained (see section 4.1)
by the weaker influence of non-radiative channels in the MHP grown onto theSiO2/Si substrate.
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Figure A.1.10 Photocurrent and PL intensity measured at the output edge of the
MHP/PMMA waveguide fabricated on the SiO,/Si substrate as a function of the excitation
fluency coupled at the input edge of the WG: a) Waveguided PL spectra at measured for
different pumping energies of the 532 nm pulsed laser (20KHz, 1 ns)b) Pulsed excitation
demonstrates stimulated emission in the PL and a root-square dependence in the
photocurrent below threshold and saturation above it. Symbols correspond to experimental
data and solid lines to the best fit using the model presented in A.1.6.
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A.2.  Operation Mechanism of Perovskite Quantum Dot Solar
Cells Probed by Impedance Spectroscopy

A2.1. TEM image of CsPbls QDs and their diameter distributions
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Figure A.2.1 .(a) TEM image of CsPblz QDs and (b) their diameter distributions (9.3 £ 1.5
nm).
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A2.2. XRD pattern of CsPbl; QDs
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Figure A.2.2 XRD pattern of CsPbls QDs (blue solid line). For comparison diffractions from
cubic CsPbl;, crystallographic data ICSD-161481, are also included (black solid lines).

94



Appendices

A.2.3. J-V curves measured under forward and reverse scans
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Figure A.2.3 J-V curves measured under forward (dashed line) and reverse scans (straight
line) of PQDSCs prepared from a QD solution of 50 mg/ml as function of the number of
deposited layers.
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A.2.4. J-V curve measured under forward and reverse scans of the
champion cell
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Figure A.2.4 J-V curve measured under forward and reverse scans, of the champion cell
fabricated in this study.
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A.2.5. Example of the IPCE measured for the fabricated PQDSCs
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Figure A.2.5 Example of the IPCE measured for the fabricated PQDSCs, from same
champion cell fabricated in this study.
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A.2.6. Equivalent circuit used for fitting the IS experimental data
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Figure A.2.6 Equivalent circuit used for fitting the IS experimental data.[29]

Rs is the series resistance originated by wires, connections and FTO sheet. Cg is the
geometric capacitance of the device at high frequency. Cir is the intermediate frequency
capacitance. Crr is the low frequency capacitance, associated with an accumulation
capacitance of majority carries mediated by the presence on mobile ions.[28, 156]
Interpretation of the physical meaning of Ri, R> and Rj is not straight forward. The sum of
all resistances provides the DC resistance:

RDC=R1+R2+R3+RS

where Rp . is the inverse of the slope of the current-voltage, J-V, curve. R; and R, are the
responsible of the high frequency feature observed in Figure 4.2.3b, that contains
information about transport resistance in the selective contacts.[29, 147] J-V curve
reconstruction from impedance measurements suggest that recombination resistance, R,
, cannot be directly related with low frequency resistance, Rz, but with the sum of high and
low frequency resistances,[28, 153] analogously we have considered recombination
resistance as:

Ryec = Rpc — Rs

Note that this expression overestimates R,,. as it includes a contribution from transport
resistance at the selective contacts but still a valid approach for a qualitative comparison as
selective contacts used in all the analyzed samples are the same.
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A2.7. High frequency resistance and Low frequency resistance
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Figure A.2.7 (a) High frequency resistance, Ryr = Ri+R; and (b) Low frequency resistance,
Rir = R; used in the determination of recombination resistance, Ry = R1+R2+R3 in Figure
4.2.3c. The p value obtained for thicker samples at high voltage is indicated. Ry, RLr and Ryec
present relatively similar p values in good agreement with the p =1/m=0.42 value obtained
from the dependence of the voltage with the light intensity, Figure 4.2.3a.
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A.2.8. Characteristic time obtained as T =Cpg Ryec
1 0 : I L} L L] I 1 1 L I 1 L L] l 1 L] L) l ) L L] l 1 1 L | :
: m 4 layers 3
E e 5layers ]
i A Glayers T
vy v o v 8layers ]
1 =5 . * v P A - A e
= A =
[ 3
.y E = ¢, -
(D " B ® 9 .
e - w7 -
[ = E
- m
01 - [ - B _E
0-01 I L 1L 1 I 1 1 1 I 1L I 1L I 1L 1 I 1 1 I

00 02 04 06 08 10 12
V__ (V)

Figure A.2.8 Characteristic time obtained as T =CrLf'Rrec from the data in Figure 4.2.3.

In a good solar cell high R are observed, consequently T mainly depends on Crr. Crr has
been related with the device hysteresis decreasing when hysteresis decrease,[160] as in
inverted solar cells. In this context t could be a good parameter to describe a perovskite
solar cells as it is practically independent of the applied voltage and on the illumination.[28]
However, a clear determination of the physical meaning of Cyr is needed in order to provide
t with a physical insight beyond a mere phenomenological parameter.
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A.3. Ligand & Band Gap Engineering: Tailoring the Protocol
Synthesis for Achieving High-Quality CsPblz Quantum Dots

A3.1. BC-NMR of OA/OLA samples
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Figure A.3.1 (a) '*C-NMR of OA/OLA samples at 185 °C and pure N-oleyl-oleamide (NOA).
In sample of OA/OLA at 185 °C, two signals corresponding to the carbonyl carbon atoms (1’
and 1) are visible and also two signals of the carbon atoms next to carbonyl (2°, 2”). On the
other hand, in the sample of pure N- oleyl-oleamide, only one signal of carbonyl group
appeared. Besides 'H-NMR of the samples, this is another proof that ammonium oleate salt
is fully converted to carboxylic amide. (b) Image of OA/OLA mixtures (1:1 molar ratio)
heated at diverse synthesis temperatures to carry out the formation of OLM and N-oleyl-
oleamide compounds.
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A.3.2. 'H -NMR spectra of OA/OLA mixtures
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Figure A.3.2 (a-f) 'TH-NMR spectra of OA/OLA mixtures (1:1 molar ratio) heated at different

synthesis temperatures. (g) Structure of the oleyl-oleamide obtained from NMR
measurements.
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A.3.3. CsPbls QDs solutions prepared at different synthesis
temperature under visible and UV light
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Figure A.3.3 Pictures of the CsPbl; QDs solutions prepared at different synthesis
temperature under (a) visible and (b) UV light.
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A.3.4. Histograms of the particle size distribution obtained from
TEM images for the CsPbl; QDs synthesized at different
temperatures
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Figure A.3.4 Histograms of the particle size distribution obtained from TEM images for the
CsPbl; QDs synthesized at (a) 170 °C, (b) 180 °C, (¢) 185 °C and (d) 190 °C. In order to avoid
the selectivity in the QDs size during the measurements, all the QDs available in TEM images
were measured for each sample.
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A.3.5. Summary of the calculation of surface/volume and
OLM/surface ratios

Table A.3.1 Summary of the calculation of surface/volume and OLM/surface ratios.

Number of Surface/
Volume  5les of OLM Total Total OLM/Surface
Temperature of OA | frer volume I £ ati
©0) . after . volume surface ratio
transformation (105-cm) (cm?) (10°-cm?) (105 mmol-cm2)
(mmol)
170 15|15 34 6.57 0.0397 2.60 1.30
180 2913.0 4.0 5.66 0.0397 2.24 1.79
185 3940 45 4.67 0.0397 1.85 2.43
190 3914.0 4.0 4.56 0.0397 1.81 2.21

Taking into account the size of the QDs grown, S, reported in Table 4.3.2 and Figure A.3.4,
and the cubic shape, see Figure 4.3.3, the surface volume ratio 1s calculated as:
652 _ 6

FES
The total mass of QDs obtained after the synthesis is same independently of the T, and we
consider it is limited by the amount of Cs-Oleate 0.25 mmol. Consequently, 0.25 mmols of
CsPbl; are produced after the synthesis. Taking into account the Molecular Weight
(MW)=720.82 gr/mol of CsPbls and the density of the cubic phase, 4.54 gr/cm?, the total
volume is obtained. Considering, the surface/volume ratio the total surface that has to be
passivated is calculated. Finally, considering the number of final OLM moles calculated
from NMR experiments and the total surface, we obtain the ratio of both magnitudes.
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A.3.6. PL decay of CsPblsz QDs synthesized at different temperatures
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Figure A.3.5 PL decay of CsPbl; QDs synthesized at different synthesis temperatures.
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A3.7.

Table A.3.2 Parameters extracted from the fitting to a double exponential of the of the PL

Parameters extracted from the fitting to a double
exponential of the of the PL decay data

decay data
Temperature A, T A, T, Tave  Absolute K, K., K, /K
(°C) (%)  (ns) (%) (ns) (ns) PLQY (107s1) (107s?) e
170 80.8 253 19.2 123.4 77.9 0.82 1.05 0.23 0.220
180 72.8  26.6 27.2 88.7 61.0 0.88 1.44 0.20 0.138
185 72.5 32.7 274 128.9 90.3 0.92 1.02 0.08 0.078
190 64.6 357 354 1144 85.8 0.90 1.06 0.10 0.094

Parameters extracted from the fitting to a double exponential of the of the PL decay data,
plotted in Figure A.3.5, and radiative and non-radiative recombination decay rate constants,

K: and K., respectively. Expressions used in the calculations:

where absolute PLQY are used. Note that, calculation of K; and K, were estimated
according to PLQY range (0.82-0.92) and Tavg extracted from PL decays obtained for QDs

AT
Tavg = YA;T;
_ 1
Tavg = K, +K,,
_ PLQY
K= Tavg

samples after 6 months of storage under air conditions.
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A.3.8. PLQY % (stability %) of QDs synthesized at different
temperatures respect to initial values

Table A.3.3 PLQY % (stability %) of QDs synthesized at different temperatures respect to

initial values.

Temperature (°C) 170 180 185 190
o - 87 91 93 92
PLQY% muitial (stability %)

(100)  (100) (100) (100)

o 82 88 92 90

PLQY% after 6 months (stability %)

(95) 97 99) (98)

66 75 86 84

PLQY % After 15 months (stability %)

(76) (82) 92) 9D
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A.3.9. Chromaticity coordinates of synthesized QDs at different
temperatures and red color in Rec. 2020 standard

Table A.3.4 Chromaticity coordinates of synthesized QDs at different temperatures and red
color in Rec. 2020 standard

Temperature (°C) X Y
170 0.7239 0.2761
180 0.7258 0.2742
185 0.7264 0.2736
190 0.7272 0.2728
Rec.‘ 2_0_20 Stallqal'cl 0.708 0292
for red color
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