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Abstract

In the field of perovskite solar cells, explorations of new leaffee double perovskite materials are of
great interest to address toxicity issues of leathasedperovskites. CsAgBiBrsis the first and the most
studied double perovskite material as a promising candidate for photovoltaic applicati®) owing to
its long carrier lifetime and outstanding stability. However, reported PCEs of &gBiBrs solar cells
remain mostly around 3% due to the large indirect band gap of this materiadnd other factors
Therefore, the expansion of absorption to the longer wavelengthis being pursuedfor double
perovskite solar cells. To address this issue, general strategies ar¢her searching for alternative
combinations of central metalatoms to replace AgBi or developing its iodide analogue Some
candidates with theoretically promising optoelectronic properties consist of metastable octahedra,
which can not be synthesized asuik crystals but can be stabilized by morphological or molecular

level dimensional reduction.

In this thesis, we first reviewed the strategy of morphological level dimensioal reduction. We
summarized the latest advances of the synthesis methods for botleddbased and leadree
perovskite nanocrystals (PNCs). Stability is one of the critical issues for the possible
commercialization of PNCs. We reviead the crystal structural stability, interface-induced stability
and environmental stability, such as oxyge, moisture, light and thermal stability. Moreover,
strategies for encapsulation to protect PNCs were discussed. Importantly, various applications of the
PNCs in optoeletronics, like solar cells, lightemitting diodes and photodetectors were briefly
presented. Finally, the challenges remaining for improving the stability of PNCs and an outlook
towards possible directions in developing PN&ased devices with high performance and great

operation durability were addressed.

In the second part of the thesis we describe the synthesis ofCCuSbQG double perovskite
nanocrystals (DPNCs) at ambient conditions by a facile and fast method, namely, a modified ligand
assisted reprecipitation (LARP) method. We chose methanol as solvent for precursor salts as it isles

toxic and easily removed in contrast to widelyused dimethylformamide. Our computational

1
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structure search shows that the G&£uSbd structure containing alternating [CuC$]5- and [SbCi]3-
octahedral units is a metastable phase that is 30 meV/atom higher in energy compared to the ground
state structure with [CuCk]2- and [SbC{]3 polyhedra. However, this metastable GEuSbG double
perovskite structure can be stabilized through the solutin-based nanocrystal synthesis. Using an
anion-exchange method, GE€uSbBg DPNCs are obtained for the first time, featuring a narrow band
gap of 0.9 eV. Finally, taking advantage of the solution processability of DPNCs, smooth and dense
CsCuSbG and CsCQuSbBr DPNC films are successfully fabricateddence, we establishthat these
metastable CsCuSbGand CsCuSbBg double perovskite structures can be successfully stabilized by

morphological level dimensioral reduction.

Besides searching for other metal@mbinations to enhance theoptical absorption ability, replacing
Br- with |- can significantly reduce the band gap of @&gBiBrs double perovskites. Unfortunately,
CsAgBiIls is unstable due to the lower formation energy ofcompeting CsBizlg but can also e
stabilized by morphologcal leveldimensional reduction. In this context, we prove that the metastable
iodide analogue can also be stabilized bynolecular leveldimensional reduction, which implies
ET OO1T AOAET C 1 AOCA EUAOI PET AEA 1 OCATEA AAOQOEI-T1O0
dimensional structures normal to a certain axis to form 2dimensional perovskites. Here, we report
that both AgBi-l and CuBi-I systems are thermodynamically stable witlin the structures of
(aromatic-O-linker-NHs)4AgBils and (aromatic-O-linker-NHs)4CuBils, respectively, where the
aromatic moiety is naphthalene or pyrene and the linker is ethyl or propyIThe intrinsic electronic
chalenges of double perovskites are investigated and the eleatnic anisotropy of two-dimensional
perovskitesis alleviated. With more extended conjugated systems, (pyren®-ethyl-NHs)sAgBils was
isolated from a total of eight new 2D double perovskites, exbiting an electronic band structure
forming a type Ilb multiple quantum well system with favorable intraorganic layer arrangement for
out-of-plane conductivity, leading to a photocurrent response ratio of almost three orders of
magnitude under AM1.5G illunmnation. Finally, (pyrene-O-ethyl-NHs)4AgBils was alsointegrated to
construct the first pure n = 1 RuddlesderPopper 2D double perovskite solar celleaturing 2D layers

parallel to the electrode substrate

\
—)

o



Introduction

1 Introduction

1.1 The Global Energy Crisis

The sustainable humandevelopment with the interrelated economic, social and environmental aims
is highly dependent on the energyvailable. Although energytechnologies based orfossil fuels (like
coal, crude oil andnatural gas) are weltldeveloped and reliable for daily needs including
transportation, heating andelectricity generation, the insustainableand nonrenewable properties

of these conventional energy sources have forcetthe energy research communityto search for
alternative green energy sources. Additionally, the use of fossil fuels, usuatlgmbustion, results in
the emission of greerhouse gags (GHG) such azarbon dioxide (CQ), which contributes to the
global climate change. According to the Sixth Assessment Report (AR6) frontergovernmental
Panel on Climate Chang@PCC), global GHG emissions continued to rise and reached 59 + 6.6 GtCO
eq in 2019, which werearound 12% and 54% higher than the amountsn 2010 and 1990, respectively
(Figure 11). The reportemphasizead that net emissions must be zerdor the sake of stopping global
warming.itl The Working Group Il from IPCC, which focuses on climate change mitigation, estimated
that the reduction of global GHG releaseybat least half the 2019 level by 2030 can be achiesdy
various mitigation options costing USDOLO0 tCQ-eq? or less. The wind and solar energy show great
potential as alternative energy sources to reduce GHG emission but with cost less than 28BCQO-
eqgl.(Figure 12).11 Thisreport indicates that theefficient utilization of solar energy is one of thenost

important and cost-efficient solutions for climate change mitigation

As a cleaninexpensive and essentially inexhaustible energy source solar energy can be utilized via
converting it into heat, electricity or solar fuek,2l among which the conversion of solar energy into
electricity via photovoltaic (PV) devices is the most direct and efficienivay in many respectss! In
2000, World Energy Counci] UN Department ofEconomic and Social Affairand the United Nations
Development Programmepublished an asessmenthat the potential usable annual solar energy was

estimated to be in the rangdetween 1,575 and 49,837 exajoules [4.4105to 1.3x107 terawatt-hours
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(TWh)] dlobally, taking into account factors like annual clear sky irradiane@, annual averagesky
clearanceand availableland areal4 According to the report from International Energy Agency (IEA),
global total electricity final consumption was 22848 TWhin 201951 and global electricity demand
was estimated to rise by 800 TWhin the Stated Polites Scenario (STEPS) and ovef@0 TWh in the
Announced Pledges Scenario (APS) by 2080 Clearly, the utilization of solar energy to efficiently
convert sunlight into electricity can effectively meet the increasing energy demands of our global

community.
Global net anthropogenic emissions have continued to rise across all major groups of greenhouse gases.
a. Global net anthropogenic GHG emissions 1990-2019®

386Gt a6t 53Gt 59Gt 59+ 66 Gt I Fluorinated
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b. Global anthropogenic GHG emissions and uncertainties by gas - relative to 1990
CO,-FFI CO-LULUCF  CH, N,0 F-gases
250 500 .
2019 1990-2019 Emissions
— 200 400 emissions increase in 2019,
= (GtCO,-eq) (GtCO,-eq) relative
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& _ COrFFl 3823 15 167
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The solid line indicates central estimate of emissions trends. The shaded area indicates the uncertainty range.

Figure 11: Global net anthropogenigreenhouse gagGHG emissions (GtC&eq yrl) 199072019. Global net
anthropogenic GHG emissions include-®Om fossil fuel combustion and industrial processes {&®l); net CQ
from land use, laneuse change and forestry (GQULUCF); methane (GH nitrous oxide (NO); and fluorinated
gases (HFCs, PFCsg,9¥R). Panel ashows aggregate annual global nenghropogenic GHG emissions by groups
of gases from 1990 to 2019 reported in Gt=€9 converted. At the right side &fanel a, GHG emissions in 2019 are
broken down into individual components with the associated uncertainties (90% confidence interval) ditby
the error bars: C@FFIl £8%; COLULUCF £70%; GH30%; NO +60%; Fgases +30%; GHG +11®anel b shows
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global anthropogenic C®FFI, net COLULUCF, CHN.O and Fgas emissions individually for the period 1990

2019, normalized relative to 100 i1990. Shaded areas indicate the uncertainty range. Uncertainty ranges as
shown here are specific for individual groups of greenhouse gases and cannot be compared. The table shows the
central estimate for: absolute emissions in 2019; the absolute changeniissions between 1990 and 2019; and

emissions in 2019 expressed as a percentage of 1990 emid&ions.

Potential contribution to net emission reduction, 2030 (GtCO,-eq yr™')

Mitigation options 0 5 4 6
[ Wind energy i —5 ——
Solar energy e
Bioelectricity L
Hydropower = Net lifetime cost of options: +—— Uncertainty range applies to
> - Costs I than the ref the total potential contribution
| Geothermal energy = 05T are Jower than the relerence to emission reduction. The
E Nuclear energy N . 0-20 (USD tCO,-eq™") individual cost ranges are also
Carbon capture and storage (CCS) [ . I 20-50 (USD tCO:-eq ) associated with uncertainty
& = 1
Bioelectricity with CCS - =1 ?0 b b
Reduce CH, emission from coal mining =3 N 100-200 (USD tCO:-eq”) )
I : Cost not allocated due to high
L Reduce CH, emission from oil and gas o o—. variability or lack of data

Figure 12: Overview of mitigation optiongor energyand their estimated ranges of costs and potentials in 2030.
Costs shown are net lifetime costs of avoided greenhouse gas emissions. Costs are calculated relative to a reference
technology. The assessments per sector were carried out using a conmethodology, including definition of
potentials, target year, reference scenarios, and cost definitions. The mitigation potential (shown in the horizontal
axis) is the quantity of net GHG emission reductions that can be achieved by a given mitigation oglative to a
specified emission baseline. Net GHG emission reductions are the sum of reduced emissions and/or enhanced sinks.
The mitigation potentials are assessed independently for each option and are not necessarily additive. The length
of the soid bars represents the mitigation potential of an option. The error bars display the full ranges of the
estimates for the total mitigation potentials. Sources of uncertainty for the cost estimates include assumptions on
the rate of technological advanceménregional differences, and economies of scale, among others. Those
uncertainties are not displayed in the figure. Potentials are broken down into cost categories, indicated by different
colors. Only discounted lifetime monetary costs are considered. Wlegradual color transition is shown, the
breakdown of the potential into cost categories is not well known or depends heavily on factors such as
geographical location, resource availability, and regional circumstances, and the colors indicate the rahge o
estimates. Costs were taken directly from the underlying studies (mostly in the period ZIIR) or recent
datasets. No correction for inflation was applied, given the wide cost ranges used. The cost of the reference
technologies was also taken from thumderlying studies and recent datasets. Cost reductions through technological

learning are taken into account!
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1.2 The Development of Solar Cells (Three Generations)

In 1839, Edmond Becquerel first noticed the photovoltaic effect, which is the generation efectric
current and voltage in materials when they are excited by lightl In 1883, the first working solar cell
based on selenium was designed by Charles Fritts, but the performance was poor with only about 1%
power conversion efficency (PCEJ In 1941, Russell Shoemaker Ohl patented the first silicon-mp
junction solar cell at American Telephone and Telegraph (AT&T)'s Bell Lataipries, which triggered
the development of solar cells for practical use as an alternative option for power generatié#hThe
National Renewable Energy Laboratory (NREL) has run a compilation of the highest certified PCEs of
research cells for different PV materials and technologies since 1976igure 13), including multi-
junction cells, gallium arsenide singlgunction cells, crystalline silicon cells, thin film technologies
and emerging photovoltaic technologies. The current world reards for different PV materials and
technologies are listed at the right edge with the technology symbols and efficiencié® After decades

of advancement, photovoltaics have emerged as a primary technologyntdbuting significantly to

the ongoing shift from conventional fossil fuels to sustainable renewable energy sources. There are
three primary generations of solar cells, and this section will delve into each classification sgome

more detail.

Best Research-Cell Efficiencies i NREL

52
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Figure 13: Record PCEs oésearch cells for different PV materials and technologies since 1976 compiled by the

National Renewable Energy Laboratory (NRELI.
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1.2.1 The First Generation

The first generation of solar cellsincludes materials based on monocrystallineand polycrystalline
silicon (Figure 14a), as well as IHV singlejunction gallium arsenide GaAs. In April 1954, Bell Lab
announced the first practical silicon solar cell, which was created by a team of scienti§taryl Chapin
Calvin Fullerand Gerald Pearson The first silicon solar cell had about 6% PCE and could powar
radio transmitter or a smalltoy Ferris wheel, which was a great improvement compared to any
previous PV devices$tl After decades of develpment, crystalline-silicon (c-Si) based PV technologies
have achieved PCExceeding27%!19, along with a proven longevity of> 25 years. The €Si based solar
cells have been dominating the PV market due to threexcellent stability, high performance and long
service time,constituting more than 80% d the global installed capacity!?2l Nonetheless, a hundreds
micron thick c-Si absorber layer is requiredto effectively capture sunlightbecause of the indirect
band gap of €Si, resulting inelevated materials costs and limited application to specific scenarios
such aswearable solar technology(Figure 14b). Moreover, silicon-based solar cells require high
purity silicon (ranging from 99.99% to 99.9999999%) as an absorberThe laborious production
procedures and substantial material losses imanufacturing indicate a production process that is
both time- and energyintensive, resulting in an extended energy payback timé&his payback time
represents the duration required for a PV system to generate the equivalent amount of energy

expended in ts production.

The PCE of single-junction GaAs (lI+V) solar cells havereached 27.8% and 29.1% in the forms of a
single crystal and a thin film, respectively20l Owing to GaAs's optimal band gap value (1.4 ¥nd a
comparatively higher absorption coefficient(direct band gap), films with reduced thickness (ranging
from 2 to 5 microns) are adequate for the complete absorption of incident sunliglisl This
characteristic allows for their construction on curved surfaces, yielding lightweight and flexible
devices. PV devices based on GaAs exhibit excellent stability dngh performance; however, their
production costs are elevated, limiting their application to specialized fields such as aerospace
(Figure 14c).l14
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Figure 14: (a) Typical mone and polycrystalline silicon solar cells. (b) Simplifienlosssection of a commercial
monocrystalline silicon solar celReproduced with permissidie! Copyright 2010 Springer Nature (c)Fabrication

process for ultrathin GaAs solar cells with a nanostructured back mirr@) SEM image of nanamprinted TiO;

periodic structures before Ag mirror deposition. Inset: cressction of the TiegB8 3 AAl A A KEKbrose{ I 8 j A
sectional view afteremoving the GaAs substrate, showing the Ag nanostructured back mifReproduced with

permission8l Copyright 2019 Springer Nature

1.2.2 The Second Generation

The second generation of solar cells refers to thifilm solar cell technologies, including PV materials
such asmicrocrystalline silicon (uc-Si), amorphous silicon (aSi), copper indium gallium selenide
(CIGS) and cadmium telluride/cadmiumsulphide (CdTe/CdS) To mitigate the costs linked with
crystalline silicon solar cells, a-Si was developed and commonly manufactured using plasma
enhancedchemical vapor deposition (PECVD)Due to the absence of longange order, purea-Si
displays a significant defect density, making it unsuitable for direct us€Consequently, hydrogen
doping is necessary to mitigate the dangling bonds, resulting in the®rmation of hydrogenated

amorphous silicon (aSi:H). The primary limitation of a-Si:Hsolar celllies in its low efficiency, with

8
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the world record PCEstanding at only 14%after 48 years of developmenttdl In combination with the
reduced module costs o€-Si solar cellsthe competitiveness of aSi:H technologywas reducedi?!

CIGSand CdTehave direct band gapsand high absorption coefficients, resulting in the need for
relatively less materials in themanufacturing of their correspondingsolar cells Figure 15).118. 191 CIGS
thin films can be deposited using cevaporation or sputtering techniques and they are compatible
with various substrates such as giss, metal films and polymer&9 The higheg-performing CIGS solar
cell currently achieves aPCEof 23.6%.10 Nonetheless, challenges persist, including elevated material
costs and concerns about instability and unreliability arising from the material'ssensitivity to
temperature fluctuations[2ll CdTe solar cells exhibit the best PCE of 22.49.However, the use of
the highly toxic Cd and the limited availability of Te raiseconcerns about ther suitability for large-

scale commercial production21l

(b)

Figure 15: (a) Basic structure of a typicatopper indium gallium selenid¢CIG$ solar cell, with examples of the
most commonly used materialReproducedvith permissionitsl Copyright 2016 Wiley-VCH (b) Schematic of a
state-of-the-art CdTe solar celReproduced wittpermission9 Copyright 2019 Springer Nature



Introduction

1.2.3 The Third Generation

The third generation of solar cellsrepresents emerging PV technologies includinglye-sensitized
solar cells (DSSCs), organ&olar cells (OSC3, perovskite solar cells (PSCsnd quantum dot solar
cells (QDSCOs DSSCs possess unique features liedérly low cost,semi-transparency, easy fabrication
and ability to work in less intense light, which makegshem an attractive emerging PVtechnology to
supplement the conventional PV device marketHigure 16a). Nevertheless, despite over 30 years of
development, the highest reported #iciency to datestands atabout 13% .10 OSCdased onorganic
bulk heterojunction (BHJ) blendshave seena great development in recent years. Surprisingly and
inspiringly , the certified highest efficiency of OS(has reached 8.2% in 2022221, bringing them closer

to the leading CdTe solar cells (28%) and CIGSsolar cells (23.3%)(10 The advantages of organic
photovoltaic materials are their high optical absorption and adjustable energy levels achieved by
diverse options of functional organic group$22 Moreover, OSCs have their supemity like low
fabrication costs,sustainability of materials, flexibility and light weight, positioning them as strong
contenders in thedeveloping photovoltaic market (Figure 16b, c). Howeverthe primary challenge
impeding the commercialization of such PV devicesemains their long-term stability. Colloidal
quantum dots (CQDs) such as metal chalcogenides have already been successfully commercialized in
the display market, thanks to theirexceptional brightness, color purity and color gamut23! In the PV
market, CQDs also attraetd muchattention as alow-cost solution-processable alternative before the
appearanceof organic and perovskite PV materials Figure 16d). The best QDSCs ka achieveda
remarkable 19.1% efficiency in 202.119 The development of PSCs will be discussed in Sectibi3.

10
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Figure 16: (a) Installation featuring dyesensitized solar cells at the Swiss Tech convention cemeage: Ecole
Polytechnique Fédérale de Lausanf&PFL/Alain Herzog. (b) Overview of an OSidtegrated greenhouse
indicating spectral use of sunlighReproduced with permissioid¥ Copyright 2021 Elsevier (c) Flexible organic
solar cell modué fromFraunhofer Institute for Solar Energy Systems |S#&) Photographs of lead sulfideCQD films
(10 cm x 10 cm) on a glass substrate, indium tin ox{tiEO) glass substrate, and PET substraRReproduced with
permission25] Copyright 2019 Wiley-VCH
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1.3 Perovskite Solar Cells

O0AOI OOEEOAGh AO EEOOO OAEAOOAA O1 A ;irEBR,ET OPAA
German mineralogist, Gustav Rose (1798p Wy x c Qh Z£EO0O0O AEOAI OAQ@AiAhe OEA OD
Russian Ural Mountains. In honour of L. A. Perovski (a Russian mineralogist, 1Z92856), this type

of materialwas] AT AA Ob A® PetdGKtE ©idedwdth a general formula ABQ, which consist

of oxide ions (O), tetravalent metal cations (B) and bivalent metal cations (£9nd relatedstructures,

were aprevious researchfocus due to theirhigh-temperature superconductvity, catalytic properties,
magnetocaloric effect and ferroelectricity2’l Subsequently, materials exhibiting a crystal structure

akin to CaTiQ came to be termed "perovskite" in mineralogy, characteriad by thechemical formula

ABX; (seeFigure 1.73. The first research work on metal halide perovskites (MHPs) was conducted

in 1893 by Horace Lemuel Wellg8l and the detailed structures of MHPs were reported by Dieter

Weber in the late 19704g29-31], Since the initial application ofmetal halide perovskites as sensitizers

for DSSC#&2-34], the certificated efficiency of PSCs has rapidly surged to 26%over the last ten years

(see Figure 13), owing to tremendous efforts in thin-film morphological controlsl, chemical
compositional engineering3®l, and interface/device modification[37. 381, among other factors. Up to this

point, metal halide perovskites can beregarded as game changerin photovoltaics[39

( b) Defect Intolerant ( C) Defect Tolerant: MAPbI,

CB

Pb(6p)

L
I
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, states ;
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Figure 17: Schematic representatin of the crystal structure operovskites. Electronic structure of typical 1ltV,
11IzVI or group IV semiconductorsbf compared tothat of lead halide perovskite €). Reproduced with

permission4® Copyright 2017 American Chemical Society
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1.3.1 Crystal Structures of Metal Halide Perovskite Materials

As shown inFigure 1.73 the typical structure of MHPsexhibits a cubic (or somewhat lower, see
below) symmetry with a formula of ABX, where A presentsan organic or inorganic cationsuch as
CHNHs* (methylammonium, MA), CH(NH).* (formamidinium, FA), Cs, Rb, etc; B presents a
divalent metal cation,such as G&, Cw#+, PI#*, Sii*, etc; and X presents ahalide anion (Cl, Br, or I).
The divalent B metal cation ispositioned in the center of halide octhedrg and halide anions occupy
the vertices of the BX octahedra Through the sharing of vertex halides, a contiious array is
established The vacanciesetween BX octahedraare filled with A-site cations, which aretypically
larger than B-site cations That is the idealthree-dimensional (3D) framework perovskite structure,
but in reality, perovskites tend todistort away from a highly symmetric cubic structurebecause most
cations at A sites are not large enough. For exampMAPDbL perovskite exhibits several distorted
phasesfeaturing symmetries such asPmom, Pbnm 14/mcm and Pmnhi4ll To evalate the structural
stability of perovskite materials comprising different cations and anions, we can use the wddhown

171 AOAETI EAOCB8O Oi 1 AOAT Aka EAAOI Oh Oh xEEAE EO AAEET
; O O
0 o o (1.1)
where ra, s and rx correspond to the radii of components A, B and X, respectively. In an ideal
condition, the value oft is equal to 1; that is to say, the crystal structure is a cube. Generally, the
OAl OA EO ET OEA OATCA T &£ AOI OT A nm8ypo S &anBe p8p 1y
I £ 8w S O S p8n EO EAAAI &£ O AOAEA PAOI OOEEOA 0OOC
asindicating the likely formation of an orthorhombic or rhombohedral structure due to distortion of
BXs octahedra In other cases,thaE O O S 11 8 x -perolskite ructurespshch &siNBHCACS-
type (one-dimensional orthorhombic structures formed by the edgesharing of octahedra) or
CsNiBe-type structures (one-dimensional hexagonal structures formed by the facaharing of
octahedra) are formed respectively#3l These nonperovskite materials normally have large band
gaps and low electronic conductivity. The other empirical geometric parameter to assess the
structural stability of the BXs octahedra isthe octahedral factor,, whichis defined as
i

Cor (1.2)

The stable BX octahedral structure hasa p value between 0.442 and 0.895. These two empirical
ET AEAAOT 00 AAT AEEAAOEOAI U AAOAOEAA AT A DPOAAEAO

O
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1.3.2 Lead-Based Perovskite Materials

Since the first application of perovskits in photovoltaic devices, leadbased perovskite materials
remain the most promising candidate as absorbers for solar cells amonthe perovskite family. The
fundamental mechanisms underlying the good performance of leadased PSCs are significant.
Understading these mechanisms can guide ¢hcommunity to tapthe potential of this material for
improved performance in various optoelectronic applications and alsao explore other novel
photovoltaic semiconductors. The key to the outperformance of leadased PSCs lies in their stronger
optical absorption compared to conventional photovoltaic materials for thinfilm solar cells, which
reduces the need for materials and minimizes nonadiative recombination that occurs during the
transport and collection of photogenerated carrierg4ll The outstanding optical property originates
from the combination of perovskite symmetry and the existence of the lonpair s orbitals. It results
in the direct band gapp-p transition of lead-based MHPs, which is much stronger thaprstransition s
commonly seen in thinfilm photovoltaic materials such as CIGS and CdFd.Additionally, solution-
processedlead-based MHPs have small effective masses for both electrons and h8tesas well as
ambipolar transportis. 461 with long-range balanced electrorhole diffusion lengthg4?. 48l. These
characteristics contribute to efficient charge sepration, transport and collection. Furthermore, the
properties of dominant shallow trap states and intrisically benign grain boundaries enable the
solution-processed MHPs to achieve high efficiencies and low opeiicuit votage losseg4l. 491 As
show inFigure 1.7, for typical 111zV, 1ZVI or group IV semiconductorsthe conduction band (CB) and
the valence band(VB) have an antibonding and bonding character. Such a property can bring about
deep defect states in the band gap when an atom ismeved. However, CB and VB both exhibit
antibonding characterin MHPs For example, as shown iRigure 1.7c, VB and CB edges of MARRre
generated from the interaction between Pb 6s and | 5p orbitalgs well asPb 6p and | 5p orbitals,
respectively. The superior defect tolerance oMAPbk is due to the strong Pb 6s orbital and | 5p orbital
antibonding coupling such that defects with shallow levels have low formation energies but deep
levels have high formation energiesOn the otherhand, the oupling between Pb 6p orbital and | 5p
orbital is very weak. As a resultthe CB edge exhibits an ionic charactemplying that the energy
states are notsignificantly affected by external defect level&9. 501 Another advantage of MHPs is that
the optoelectronic properties can be adjusted through composition engireging. For example, the
band gap energ, phase stability and solar cell efficiency can lntrolled by choosing different ions

in A, B or X site$l Benefiting from the solution-processibility, low-temperature fabrication, tunable
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properties, as well as high photovoltaic efficiency of MHPs, PS@mmise to exhibit substantial
competitivenessin the PV market(provided stability and toxicity issues can be addressed)

1.3.3 Device Categories

As previously mentioned, solar cells utilizing perovskites as absorbers haexolved from the realm

of DSSCB4 The architecture of DSSCs, as illustrated Figure 18a, is composed of four main parts:
i) mesoporousn-type TiQ;, featuring a large internal surface area tabsorb sufficient sensitizers for
capturing most of the sunlight and transporting the excited electrons to the transparent electrode. ii)
sensitizers, such as dyes, inorganic QDs or perovskites, capture the photons and convert them into
free electrons andholes at the surface of Tigsensitizer. iii) redox-active electrolyte, which functions
as a shuttle for dyeregeneration, typically comprisesa redox couple involvingiodide and triiodide .[34

iv) electrodes, which serve to collect electrons and reduce positive chargé$ 49 Miyasaka et al. first
reported the photovoltaic performance of MHP$3 34 In 2006, they applied CHNH:PbBr; on
nanoporous TiQ as visible light sensitizer for DSSCs, achieving a PCE of 2[2%a he efficiency was
further increased to 3.8% in 2009 by replacing bromine with iodine inthe perovskite structure.34
However, this type of device is unstable due to dissolution of MHPs in the liquid organic electrolyte
containing lithium halide and the corresponding halogen. In 2012, Park et al. introduced a solid hole
AT T AOA QT Othtrakis(N,N-edp-méthpxgphenylamine)-9,9'-spirobifluorene  (spiro-MeOTAD),
to replace the liquid electrolyte in DSSCs, which not only improved the stability but also boosted the
efficiency to 9.7%l511 Another milestone in the development of PSCs involved the improvement of
PCE by replacing conductin@iO. with insulating Al.Os network, which demonstrated that MHPs can
function as both absorberand ntype component,transporting electronic charge out of thedevice 431
This work triggered an explosive research effort worldwidein the development of planar PSC#Vith
enormous effort dedicated to uncoveringthe intrinsic properties of lead-based MHPs, their high
absorption coefficient, small effective masses of both electrons and haleambipolar transport
featuring long-range balanced electrorhole diffusion lengths and high defect tolerance collectively
enable the realization of highly efficient solutionprocessed planar solar cells with perovskite as a
single active layer. e devicestructures of PSCs can be classified into three main types: regular
mesoporous structure Figure 18b), regular planar ni-p structure (Figure 18c) and inverted planar

p-i-n structure (Figure 138d).
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Figure 18: Schematic diagrams of perovskite solar cell structures inclectrolyte-based mesoscopic DSET,
regular mesoporous structure (b), regular planar-inp structure (c) and inverted planar p-n structure(d). FTO:

F-doped Sn@ TCO:tansparentconducting oxide; ETL: electron transporting layer; HTL: hole transporting layer.

1.3.4 Working Principle of PSCs

Here, we use the inverted g-n solar cell structure as an example to explain the working principle of
PSCsligure 19). In a typical photovoltaic process in PSCs, the photoexcited charge carrier dynamics

contain four steps:

i) Exciton generation. The incident light passes through thedium tin oxide (ITO), and photons with
energy higher than the band gap of corresponding perovskite are absorbed by the photoactive
perovskite film. The groundstate electron can be excited from the VB to the CB, leaving a positively
charged electron hole in the VB. This pair @n dectron and an electron hole, attractingeach other by

electrostatic Coulomb force, is termed an exciton.

i) Exciton dissociation. The dissociation of exciton into free charge carriers depends dhe

electrostatic force (), which can be illustratedoy Coulomb equatioitf2
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(1.3)

where r is the distance between the electron and the holg,is the dielectric constant of the integral
lattice and e is the elementary charge. The energy needed to separate a bonded electtoole pair is
termed as exciton binding energy &). As you can concludérom equation (1.3), in materials with
large dielectric constants, the Coulomb interaction between an electron and a hole may be weak. Thus,
the radius of exciton is normally larger than the lattice spacing. This type of exciton is calltnnier-
Mott exdton. On the contrary, in materials with small dielectric constants, the strong Coulomb force
may lead to relatively small excitons. These excitons may locate in the sapusition, resulting in a
Frenkel exciton. The excitons in 3D leadodide-based MHPs blong to the type ofWannier-Mott
excitons due to their large dielectric constants. Coupled with the properties of small effective masses
for both electrons and holes, 3D leaibdide-based MHPs exhibit small exciton binding energies, with
reported values ranging between2 to 50 meV. Consequently the separation of excitons into free
charge carriers occurs withinpicosecondsin 3D leadiodide-based PSC&3 Organic semiconductors
serve as aontrasting example, characterized by their typically small dielectric constants and Frenkel
excitons. This characteristic implies that they generally exhibit relatively largeE,. As a consequence,
in OSCs, a bulk heterojunction consisiting of nanoscaldend of donor and acceptor materials
becomes essential, which creates a substantial interface between donor and acceptor materials for

efficient dissociation of shortlifetime excitons/s3!

iii) Charge carrier transport. Due to the properties of ambipolar transport and a longange balanced
electron-hole diffusion length, free electrons/holes can efficiently move to the interfaces between the
perovskite layer and the electron/hde transport layer (ETL/HTL) and be efracted by the
corresponding transpating layer. Charge transport layers (CTLs) are essential between the
perovskite layer and the electrodes. The ETL and HTL haadower lowest unoccupied nolecular
orbital (LUMO) anda higher highest occupied molecular orbital (HOMO) than that of perovskite,
respectively. These energy differences help reducing energy barrier between perovskite and
electrodes, suppress potential interfacial charge recombination, and enhance the photovoltage

output.

iv) Charge carrier collection. Electrons and holes in theespective charge selective layers can be

transferred to cathode and anode, respectively. In the case of inverted planari4qm structure,
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electrons will be transferred to the back metal cathodeand holes will be transferred taransparent
conducting oxide(TCO).
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Figure 19: Schematic diagram of the working principle in the invertgdi-n PSCs.

1.3.5 The Commercialization of Perovskite Solar Cells: Large-Area Fabrication,

Stability and Toxicity Issues

The performance of leaebased singlejunction PSCs has reached a certified efficiency of 26.1% over
the past decaddld Furthermore, S/perovskite tandem solar cells have exceeded the Shockly
Queisser limit, achieving a certificated PCE of 33.9% for acin?, 2-terminal, double-junction
perovskite/Si cell by LONGI Simply assessing the aspect of efficiency, PSCs have already met the
requirements for commercialization, coupled with the advantages & low-cost and easy fabrication
process. However, there are still some barriers on the path to real commercializatiomhe most
important obstacles are the largearea fabrication, longterm stability and toxicity issues of lead
based PSCs.

Although high-efficiency PSCs have been achieved oraforatory scale with small active area (< 1
cm?), the commercialization of PSCgeecessitatesthe development of solar cells with larger areag>
100 cn®). Recently, several largearea fabrication technologies have been developed, includifdade-
coating, slotdie coating, spray coating, flexographic printing, gravur@rinting, screen printing and
inkjet printing, which have beenproved to be very effective in controlling film formation and
improving the PCEto over 21%J54 As a singlejunction solar cell, a PCE 025.2 + 08% has been
achieved with adesignated illumination areaof 1 cn?.55 However,as far as we know, the efficiencies
of perovskite photovoltaicdevices with active areas larger than 100 cAare currently lagging behind

those of siliconbased solar cells, which can achieve 26.8 + 0.4 % PCE in an active area of 27424%m
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6] As for perovskite solar modules,Ding et al. reported a record efficiency of 22.4 0.5% for a
perovskite minimodule with a designed illumination area of 26 cna (8 cells) at the Fifth International
Conferenceon Materials & Environmental Science (ICME&022).[57 Inspiringly, UtmoLight has
recently achieved a 18.6+ 0.7% PCE in a small module, combining 39 celsith a designed
illumination area of 809.9 cnt.155. 581 Beyond the perovskite layer, another challenge lies irselecting
and depositingCTLs as well as bottom and top electrodesegarding cost-effective scalable methods
and inexpensive materials These aspects also require furtheesearch effort from both academia and

industry. (59, 60]

Regarding the instability problem of leadbased MHPs, we systematically reviewed the origin of
degradation mechanisms for perovskite nanocrystals (PNCs) from thregewpoints, intrinsic crystal
structure instability, interface-induced instability and environmental stability. Detdled information
can be foundn Chapter 3, Section 3.£1 Concerning the stability of leadbased PSCs, the ionic nature
of MHPs contributes to the ease of degradation in these active layers. Additionalbther functional
layers and interfaces may also suffer from degradation under external stresses, such as moisture,
oxygen, light, heat, electric bias and so ¢# The major degradation pathways for bo perovskite
layers and other functional layers can be summarized as the component volatilization, interdiffusion
and their induced reactionsi®3l In addressing this concern, significant efforts have been dedicated to
enhancing device stability.This involvesthe development of twadimensional (2D) perovskites and
all-inorganic perovskites, component engineering, defect passivation engineering, interface

modification engineering, encapsulation technology and device structure engineerirfgl

Despite possessingexcdlent optoelectronic properties and asuperior low-cost fabrication process
the toxicity of leadin MHPsremains a seriousconcern inthe context of commercialization. Lead
based perovskites can degrade into watesoluble leadiodide, which hasthe potential to migrate into
the soil asaqueous solutionand subsequently enter the ecosysteniead ions can enter the human
body through various pathways, including ingestion or inhalation from water, food, soil and lead
dust.s5] When enteringthe human body, Pb may acauaulate in the blood, bones, major organs guch
askidney and liver) and evenin the brain and skinléél Lead poisoning can affecthe human body in
various ways. Firstly, lead ions are similar to other biologically essential ions such as2€&r#+ and
Fe2+, thus leading to competition for binding sites and influencing multiple biochemical processé&]
Another effect is oxidative stres#gl, which can causehangesin the composition of fatty acids in

membranes and affect processeslike exocytosis endocytosid®d and signal transductionl’d The

19



Introduction

accumulation of lead inthe human body may also lead taarcinogenicity. Various systems of the
human body may be affected, including the hematopoietic systéifi, nervous systeni2, digestive

system3l and cardiovascularand cerebrovascular systems.

To address this isse, the community has primarily focused on two strategies: developing lowoxicity
lead-free perovskite and perovskiteinspired materials as alternatived74-771 as well as preventing or
reducing lead leakag®s. 78l. Unfortunately, the photovoltaic performance of lead substitutes has not
been satisfactory so far, necessitating further efforts to explore new potential alternatives to lead
based MHPs. The progress and challenges of lefage perovskite materialswill be discussed in the
next Sectionl.4. Alternatively, another pathway to mitigate the impact of toxic lead is to reduce lead
leakage, such as usingelf-healing polymer encapsulatiori’®l, low-cost cationexchange resing,
built-in lead-adsorbing resin layeri8ll, on-device leadabsorbing tape$?, in situ polymerized
networks(e3l, thiol-functionalized superhydrophobic surfaces®4 and so on. Simultaneously, the
development ofspecific lead leakage test procedures and the implementation of leagkyclingin PSCs

are alsocrucial aspectd6s. 78, 8588]

1.4 Lead-Free Perovskite Materials

1.4.1 Single-Element-Substituted Lead -Free Halide Perovskites

As discussed in Sectioni.3.2 the outstanding performance of lead-based MHPs is attributed to the
octahedral [Pbk]4 motif, which determines the electronic band structures and optoelectronic
properties. To maintain similar properties, the straightforward idea is to substitute lead with an
element that has a similarelectronic configuration. Theoretically, the optimal clvice isto employ
group-14 elements with the same lonepair s orbital as lead, such as tin (Sn) and germaniun®g).8°-
911 Tin-based perovskite materials exhibit promising optoelectronic properties such as narrow optical
band gaps 1.3 eV), which enables tirbased PSCs to achieve a theoretical efficiency of 33%,per
the ShockleyQueisser limit®21 The certificated PCE of tirbased PSCs has reached %4231 but it still
lags behind that of leadbased counterparts. Two main factors account fahis disparity [94 First, the
rapid oxidation of Sr¢+to Sr#+ in the air or even in the N-filled glovebox leads to the generation of Sn
vacancies, which results in unfavourable jgoping, nonradiative recombination and perovskite
structural decomposition 95 Moreover, the relatively poor morphology caused by fast crystallization

of tin-based perovskite hinders the improvement of tinbased device performancé®! Additionally,
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tin is also a harmful chemical anc¢an beeven more toxic than leaddepending on its state) raising
concerns about its suitability as an environmenfriendly alternative to lead in PSC#7]

Alternatively, examining the electronic configuration of Pl3+ ([Xe]6s24f145d10), only Tl* and BB+ have
the same 6386p° electronic configuration, with B+ being the only option due to its low toxicity.
Moreover, BB+ has acomparable ionic radius with PB8* and superior stability compared to Sa+ and
Ge+, making bismuth a promising alternative to lead in PSCs. Thabstitution of P2+ with trivalent
Bi3+ leads to the formation of the ABi>Xq perovskite-related structure, which can be divided into two
types: zero-dimensional (0D) dimer perovskite and 2D layered perovskite. The typical OD phase
(CsBixXs and MAgBI2Xg) is constructed by the Csor MA* cations surrounded by face-sharing
octahedral [BiXo]3- clusters (dimer, P63/mmc)[9% 99 The 2D phase KsBizle, R:Bi2lg and (NHs)3Bi2lg)

is constucted by smaller cations (such as K Rb or NHs*) with a corner-sharing [BiXs]3- layered
octahedral network (P2/n).[100-102] Similar to Bi-based perovskiterelated materials, Sbbased
perovskite (AsShxXg) also has two polymorphs (0D dimer or 2D layered forms), depending on the A
site cations and preparation methodschosenl(t03-105] Unfortunately, so far bismuth- or antimony-
based PSCs still face challenges of low PCEs due to wide, indirect band gaps and heavy carrier effective

masses(106-108]

1.4.2 Lead-Free Halide Double Perovskites

When considering replacing lead withsingle elemens, it turns out that the choice is limited, and the
current photovoltaic performance of resulting compounds is far below that of leathased
counterparts. Another approach to broaden the material variety is theonceptual substitutionof two
Pb2+ ions into two heterovalent cations. For example, the combination of monovalent and trivalent
cationscan beused to forma 3D double perovskite structure with a formula of AB()B(II1)X ¢ (Figure
1.10b).109 The AB)B(IDXs 0 AT OAT A DPAOT OOEE OA Celpagolndd 8:@\ I OT
Alternatively, a layered double perovskite structure withthe formula AsB(I1)B(lIl) 2X:> can be creaéd
through the combination of divalent and trivalent cations Figure 110d).l1121 Another type ofdouble
perovskite are the tetravalent-metal vacancyordered double perovskites with the formula
A:B(IV) X (= vacancy), wherehalf of the tetravalent atoms are removed and replaced by a
vacancy(Figure 110c).212 This type of double perovskite is also termedK,PtCk-type perovskitesd
after one of the early compounds to be structurally characterized! In this section, we only focus on

3D halide double perovskites (HDPs) oelpasolites.
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Figure 110: The crystal structures of (a) simple halide perovskites (AB(#)X(b) halide double perovskites
(A2B(1)B(IINXs), (c) vacancyordered halide double perovskites £{B(IV)X) and (d) layered halidedouble
perovskites (AB(I1)B(I1I) 2X12).

1.4.2.1 A Brief History of Elpasolite s

The AB()B(lINXs 3D HDPs have been intensively studied both experimentallye. 113. 1141 and
theoretically[115-117] during the pastyears. This attention is attributed to theapproach of extending
material design strategies for leaefree perovskites while maintaining the 3D perovskite structures
for better optoelectronic properties. The history of elpasolite dates back tthe late 19th centurywhen
KoNaAlR was discovered in El Paso Caly, Colorado, USA18l In 1922, the first synthesis ofan
additional elpasolite, CsAu(l)Au(ll1)Ck, was reported!i®l, which was later demonstrated to exhibit a
semiconductor-to-metal transition at high pressures in 1990201 There wasno consideration of using

elpasolites as photovoltaic materials until 2016 when three groups independentlyeported the
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synthesis and optoelectronic properties of G&\gBiX (X = Br, Cl), andC$AgBIiBrs was regarded as a
promising candidate to substitute leadbased perovskitedio9. 117, 1211 The photovoltaic performance of
CsAgBIiBrs wasreported in the following year by Bein and coworkersThe C$AgBiBrs solar cell with
a conventional device structure achieved a PCE of 2.43% and@of around 1 V, which triggered the
study on the development of new double perovskite materials for photovoltaic application&ts!
Recently, a record efficiency of 6.37% has beeaported by using a hydrogenation method wherethe
band gap of CsAgBIBTrs films appeared tobe tunable from 2.18 eV to 1.64 eW22l Nevertheless the
performance of the most-advanced HDPbased solar cells stilllags significantly behind their lead-
based counterpars, indicating the necessity for continuedeffort within the perovskite community.

1.4.2.2 Crystal Structure of Elpasolite s

The ideal structure of dpasolite (A:B(I)B(l1)X s, Figure 110 b) consists of a lattice network where
[B(1)Xs]> and [B(II)Xe]3 octahedra are alternately cornerconnected in all three directions. Asite
cations are positioned within the framework cavities. Here, B(l) can bAgt, Lit, Na, K¢, Rb, Aur, Tt
or Cu; B(lll) can be B#+, SI§+, TI3+, In3+, Tie+, \B+, F&+, C@*, N+, ALB* or rare earth (RE) cations; A can
be Cs, Rbr, K, NHs+, or MA*; and X represents halide anions. To assess crystallographic stability, the
for simple perovskites (Figure 110a), but with a modification. In this casers represents the average
value of ionic radii for B(I) and B(lll) cations. Moreover, the decompositin energies( H) or energy
above the convexhull (E.u) with respect to the potential decomposition pathways are typically
calculated to evaluate thehermodynamic stabilities of HDPg!15. 116, 123l Although over 100 dpasolites
with structural tolerance factors and octahedral factos in a reasonable range are predied to be
thermodynamically stable, only a few new kpasolites have been successfully synthesized after years

of development(124]

1.4.2.3 Properties of C3AgBIBrs

Of these reported HDPsCsAgBIBrs stands out among the rest due to itexceptional structural
stability and good optoelectronic properties.CsAgBiBrs exhibits a cubic double perovskite structure
with the space groupFmom, where the unitcell axis (a = 11.258) is approximately twice that of
MAPbBY; (a = 5.92A).1109 In terms of crystallographic stability , C$AgBiBrs exhibits values oft and
of 0.89 and 0.56, respectively, indicatingis good structural stability.l2251 The calculated H value for
CsAgBIBrs is positive and even higher than that of MAPB] indicating its superior thermodynamic

stability.[116] Experimentally, CsAgBIiBrs single crystals showed negligible changesin crystal
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structure and optical properties over a period of 240 days in ambi@ conditions.[2261 Additionally,
CsAgBIBrs possesses a long carrier lifetime and a relatively small carrier effective mai$%] Via
stroboscopic scattering microscopy, an ambipolar diffusion length of above 1 um was reported for
CsAgBIBIs single crystalslt28l The time-resolved microwave conducivity (TRMC) of C$AgBIiBrs can
reach abovel cm? (V9)-1129 and up to 5cm2 (Vs)-1130], which is just one order & magnitude lower
than that of lead counterparts. Despite considerable efforts in characterizing the material and
engineering the devices, PCEs of this material mostly remained just above 3% for sinmiaction solar

cells/131]

The major reason for the low efficieng of C$AgBIBIs solar cells is the large indirect band gap of
CsAgBIBrs. Additionally, the thin-film fabrication method also plays an important role. For instance,
in contrast to leadbased perovskite thin films, which have a reproducible band gap value, the band
gap of CsAgBIiBrs can be varied from 1.95 eWodl to 2.25 e\!32] depending on differentfabrication
methods. Another bottleneck that limits the PCE dfs$AgBIBrs devices is related to unsatisfactory
contacts leading to nonradiative recombination (2331 Engineering the absorbers and contacts towards
higher selectivity and aligned energy levels is needed to address this issue.

1.4.2.4 Strategies for Reducing the Band Gaps

Several strategies have been applied to reduce the band gap @$AgBiBre. The straightforward
approach involves replacing Br with | in the crystal structure ofCsAgBIBrs, which is expected to
result in an indirect band gap of 1.08 eV and a direct band gap of 1.79 eV according to theoretical
calculations.t34 However, due to its low thermodynamic stability andunsatisfactorytolerance factor,
there has been no report on bulk crystals ofCsAgBils. Inspiringly, these metastable alternative
[Agls]®> and [Bils]3- octahedra can be stabilized in loweidimensional double perovskites with the
assistance of ligandd3sl or large cationg!sel, which will be discussed in Sectionl.5. Besides
developing iodide congeners, the absorption o€3AgBiBrs can be extended tathe NIR region by
doping the B-site with several elements. Thisnethod does not change the band edge but forms defect
intermediate states in the band gap (suiband gap states) due to lattice distortion or heterogeneity
caused by phase separatioi3” Furthermore, as mentioned earlier, a band gap value &f64 eVcan
be achieved through the hydrogenation method, where atomic hydrogen is doped into therstitial
sites of theCsAgBIBrs lattice.[122]

Another promising approach is exploring alternative elements to replacég and/or Bi, aiming to

reduce the band gap while maintaining the 3D crystal structures. In addition tég-based HDPs,
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MA;KBICEl138l CsLiBiCls, 1391 CsNaBiX (X = Br, Clit40-142] and CsNalnClglt41 have beensuccessfully
synthesized butwith even larger band gapsompared toCsAgBiBrs. Notably, the iodinecontaining

HDP CsNaBils has also been synthesized. It showed a smallerdire ct band gap (1.66 eV) tharthat

of CsAgBiBrs, and to date achieved a PCE of 0.429%] A novel series of GAAgNa, Me2Ck} T S @ S

perovskite single crystals have been synthesized, stvcasing tunable band gap values ranging from
2.07 eV to 1.55 eV (for pureCsNaFeC and CsAgFeCd, respectively), along with high thermal
stability. 144 Unfortunately, CsAgFeCd crystal exhibits no detectablephotoluminescence(PL) even
at low temperatures/45l Theoretical studies indicate that In(I}based HDPs, such as £3(1)SbCls and
CsiIn(D)BiCls, are predicted to have narrowdirect band gapsof 1.02 and 0.91 eVrespectively/i16l
Nevertheless, these materials are expected to be unstable against oxidation to Indhbased
compoundst23] C3AgIn(l11)Cle has been successfully synthesized in bobulk and nanocrystal forms;
however, it exhibits a large direct band gap ranging from 3.2 to 3.3 é¥& 1471 Furthermore, the
scarcity and high price of indium may hinder theirwidespread commercialization. Alternatively,
Cu(l)-based double perovskites are als@redicted to exhibit narrow band gapdiis. 1171 Moreover,
unlike the noble metals Ag and Inthe abundant and cost-effective nature of Cumakes it highly
promising for large-scalecommercial production. Howeverexperimental reports on bulk crystals of
Cu(l)-based 3D HDPs are scarcdo the best of our knowledge, only @8uSbC} double perovskite

nanocrystals (DPNCs) have been successfully synthesiagging a modified hot-injection method.[148]

1.5 Lower-Dimensional Perovskite Materials

1.5.1 Perovskite Nanocrystals

A comprehensive review of perovskite nanocrystals can be found @hapter 3.
1.5.2 Organic-Inorganic Hybrid Layered Perovskites

As discussed in Sectioi.3.5 one of thechallenges hindering the commercialization of MHPs is their

instability . Onepotential strategy to enhance the inherent structural stability of MHPs involves

pq
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structure along a certain axis, resulting in the formation of 2D or quas2D perovskites. In this section,
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excluding allinorganic layered perovskitesii4d Lead-based perovskites exhibit superior stability in
both 2D and quasi2D structures, as do the notoriously unstable Sn(Hpased perovskites.As

mentioned in Sectionl.4.1, S#* emerges as a promising alternative to replace Ph but suffering from
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its susceptibility to oxidation to the Sr#+ state. The introduction of large organic cations into Shased
perovskite crystal structures serves toencapsulate the layer, providing protection against moisture
and oxygen. Additionally, it helps restrict phase transitions and ion migration, thereby enhancing the
stability of Sntbased perovskitedis0 Beyond the improvement of stability, various unique properties
of 2D perovskites have been extensively explored, whicstem from the diversity and versatility of

organic spacers

1.5.2.1 Crystal Structures of 2D Hybrid Perovskites

Here, ou focus is ondl00Goriented 2D perovskites, where the slicing othe inorganic layer and the

insertion of organic spacersoccur along the 81000direction of the 3D framework. This type of 2D

perovskites can becategorized intothree types(Figure 1.11a): RuddlesderrPopperphase(RP), Dion

Jacobson phase (D3)nd the alternating cations in the interlayer space (ACI)The general formula of

the RP phase 2D perovskites is #n1BXsnvih xEAOA 18 EO A 1 AOCA 1111 OAIT 4
small organic caton, B is a metal ion or a combination of two metal ions (referred to as double
perovskites), X presents halide ions and n signifies the number of inorganic layesguated between

large organic spacer layers. Therganic interlayer between two inorganic layers for the RP phase is

a bilayer structure, where the interlayer interactions are mainly characterized byvan der Waals

forces and hydrogen bonding The organic interlayer of DJ phase 2D perovskites is a monolayer

consisting of divalent organic cations 6§ 6 Qh /&l O ET ¢ OEA .BAd.AIOdeheraDOOOAOC
the DJ phase shows better stability compared to the RP phase owing to the eliminationvah der

Waalsforces. This results from the direct connection of interlayer divalent cations to the adjacent

inorganic layers through hydrogen bondsand Coulomb forcesThe chemical formula othe ACI phase
EORABXAHh xEAOA OEA Ol E C&&dthe sialled Sskeatidnk @iteriate @ thp ! 6 6
interlayer. Consequently, hydrogen bonds and a weakan der Waals forces coexist within the

structure. 51

Extensive studies have been conducted orD2perovskites with RP phaseamong the three structures
mentioned above The RP phase benefits from a higher abundance of monoammonium spacers, which
exhibit better self-assembly capabilities, contributing to enhanced film quality in terms of high
orientation and crystallinity. DJ and ACI phases usually have shorter interlayer distances and
eliminated or reducedvander WaalsforcesOA O1T OO1 E1 E Ethu§dnhafcibdithelstAbiithk ahed
probably addressing the carriertransport bottleneck issue(see the detailed discussion on this issue

below). However, thediammonium organiccations in the DJ phaskave substantially fewer degees
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of freedom for orientation regulation. As a result, theavailability of suitable organic spacers
(diammonium) for DJ phase is significanthgmaller compared to RP phase The ACI phase has only
been reported with guanidinium cation (GA)252, acetamidinium cations (ACA)153 and p h t Z
butanediammonium (BDA2+)[1541 so far, indicating the difficulty in designing proper organic spacers
for ACI phass.

Lumo  pe! Lumo  Twpell
—cBM — —cBM S
—VBM —— [ S HOMOVBM
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Reversed-Type |
LumMo SBM.
—— TR [ Organic
[ Inorganic
Ruddlesden-Popper Dion-Jacobson Alternating cations HOMOg
(RP) phase (DJ) phase (ACI) phase
(¢ :
Il = organic
cations

(d)
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Figure 111: (a) RP, DJ, and ACI phases of 2D perovskity Scheme gserovskite 2D quantum wells with type I,
type Il, and reversedype | energy alignment. (3 AEAT AOEAO 1T £ ¢$ | 1 FReproddcpditAl A x $
permission.[551 Copyright 2023,American Chemical Societschematic structure of the MQW filifd) and the

phasepure QW film(e). Reproduced with permissid#sl Copyright 2021 Springer Nature
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1.5.2.2 Quantum and Dielectric Confinement in 2D Hybrid Perovskites

Recently, a multitude of organic spacers including aliphatic and singlering aromatic series catiors,

have been appliedn 2D PSCs. Howevethe current state-of-the-art performance of these 2D PSCs

lags significantly behind their 3D counterparts due to thgoor carrier mobility and limited diffusion

length 1571 In the initial examplesof 2D perovskites, the extensively studied organic cations for RP or

DJ phases, such asbutylammonium (BA+), phenylethylammonium (PEA) or 1,3
propanediammonium (PDA?+), possess insulating characteristics and smalllielectric constants,

which results inaOdantum-x AT 16 j17Qq AAT A OOOOAOOOA xEOE EIT 1 OC/
OxAl 16 AT A T OCATEA EIT 001 A Gigured11b)As®) BodsequénlydEiforg AO OA
are quantum confined within the inorganic wells. @mbined with the low dielectric screening from

the surrounding organic spacersthis configuration yields much largerband gaps ands, (typically in

the range of a few hundredmeV). In comparison, their 3D counterparts such as iodinebased 3D

perovskites (with Ep values ranging from 2to 50 me\)159 and bromine-based3D perovskites(with

E, values ranging from67 to 150 me\)i160, demonstrate superior light absorption, charge carrier

separation and transport. Nonetheless, in case of the AClgse, such a§GA)(MA).Pblsn+1, the degree

of photogenerated carrier dissociation is generally higher due to their much smaller interlayer

distance andE,.[152, 161]

Although these hydrophobic cations can improve the stability, the electronically insulating nature
can inhibit charge transfer across the organic layem.ransient absorption spectroscopic (TAS) studies
have confirmed that both electrons and holesantransfer between perovskite QWsbut this process
occurs on a timescale of several picosecondsThis phenomenon explainsthe overall slow carrier
mobility observed in such systemgl62-1641 Time-resolved terahertz (THz) spectroscopieshave
investigated the transient photoconductivity of 2D perovskitesand verified that charge conduction
predominantly occurred alongthe inorganic slabs supporting the asymmetricconfinement ofcharge
carriers in 2D perovskites(i¢s] The performance ofoptoelectronic devicesbased on 2D perovskites is
highly dependent on thephase purity and orientation of the corresponding thin films owing to the
anisotropic structure of 2D perovskites. Achieving precise control over these factors through

common solution-processing methods remains challenging, as discussed in detail bel&g!

1.5.2.3 Phase Purity of 2D Hybrid Perovskites

As the value of n increaseghe band gap andk, of 2D perovskites can be reduced due to the weakened

guantum and dielectric confinement effect with higher number of inorganic layes (Figure 111c).[158]
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For examplethe excitonic properties of the highquality (BA)2(MA)n.1Pbnlsn+ (N =3 and n=4) crystals
are very close tothose of 3D perovskite (n= (8! However, the introduction of large cations into
3D perovskites can lead to challenges in maintaining phase purity for these quédD perovskites,
where n > 1.The common reaction and deposition of perovskite precursors often result in an uneven
distribution of inorganic slabs[i68. 1691 For example, as illustrated inFigure 111d, the film of
(BA)2(MA)3Phul13, fabricated by spircoating from a stoichiometric precursor solution, exhibits a
broad distribution of inorganic slabs, including 3D MABI; (n = Hb).[156] The different formation energy
of these different phaseds the main reason of this phenomenonSpecifically, MAPbE possessesa
lower formation energy and tends to crystalize firstly at the surface where rapid evaporation occurs
at the air-liquid interface. This results in a decrease in the ratio of MAo BAt for the target phase in
the residual solution. @nsequently, 2D perovskite phases with lower values of n can be formed in the
bottom portion. (1691 Compositional heterogeneity, especially that involving n = 1 or 2 phases can
significantly obstruct charge transport and influence charge recombination in 2D perovskitsdue to
the formation of multiple quantum wells (MQWS) by insulating organic layer§s8 Therefore,
maintaining the phase purity of quasi2D perovskite (Figure 111e) is crucial for achieving both

efficient and stable solar cells but challenging in realit}?0!

1.5.2.4 Crystal Orientation of 2D Hybrid Perovskites

Besides the challenge of achieving phase purity in 2D perovskites, crystal orientation is also crucial
for the development of highperformance solar celldi70. 1711 As mentioned above, once the insulating
organic spacers cut the 3D perovskite framework and hinder the chargeansport between two
inorganic layers normal to the layers, the mobility and conductivity are significantly better along the
direction of inorganic layers than normal to the inorganic layersDepending on the deposition
process, the organic and inorganitayers in 2D perovskites can be oriented either parallel or normal
to the substrate, or they may exhibit random orientation with small crystalline grains Eigure 112).
For photovoltaic applications, which normally involve a layetby-layer sandwich structure, it is
favorable for 2D perovskite films to possess a vertical orientation with respect to the electrodes.
Similar to conventional 2D materials, pure 2D perovskitegn = 1) exhibit preferential growth parallel

to the substrate, as large organic cations tend to sedssemble laterallyil’l The preferred vertical
orientation can be achieved by a handful of deposition techniques, such as hot castifg 169 solvent
engineering!72-174 and additive engineeringt’s-178l. Moreover, the type of organic cations and

substrates both play important roles in the crystallization process due to théistinct interactions
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among solvents, organic cations and substratés4. 179, 180] Given the diversity of organic cations,
contributing to different complicated interactions during the film deposition process, there is still no

general conclusion on speific control of the orientation of 2D perovskite films.

(a) Horizontal Orientation (b) Random Orientation (c) Vertical Orientation

Substrate Substrate Substrate

Figure 112: Orientation of 2D perovskite thin films. Schemes illustrating 2D perovskite films with organic and
inorganic layers. (a) Preferentially oriented parallel tthe substrate, (b) randomly oriented, and (c) preferentially

oriented perpendicular to the substrate. Reproduced with permisgid#.Copyright 2021 Wiley-VCH

1.5.2.5 Functionality of Organic Cations: Quantum Well Breaking and Out-of-Plain Conductivity

In contrast to 3D perovskites, the optoelectronic properties of 2D perovskites are influenced not only
by the inorganic octahedra but also by the large organic ammonium cations. As explained in Section
1.5.2.2 the natural QWs can form in 2D perovskites and further affect their properties. Thanks to the
diversity and versatility of organic cations, the optoelectronic properties of the correspnding 2D
perovskites can be adjusted bylaborately designing organic spacer§?s. 18L 182l causingthis type of
material to show great potential in various applications such as whitelight-emitting devices

(WLED)831, nonlinear opticsli84 1851, spintronic device$!8s 1871 and SCB571.

The reduction of &, and the increase of exciton diffusion length in 2D perovskites can contribute to
improving the charge separation and collection in 2D perovskite SCs. The reduction &f in 2D
perovskites can be achieved by introducingrganic componentswith a strong dipole moment (high
dielectric constant) into 2D perovskite structurediss. 189 designing suitable organic cations to
maintain the ideal inorganic octakedra with less distortion(19. 1911 or incorporating organic charge
transfer complexes in the organic layédio2 1931, Recently researchers have been focusing on
introducing organic spacers with extended conjugation to finely tune the 2D QW structure from type
| to type Il (Figure 111 b) band alignment, which can break the QWs and reduds,.[194]
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Given that most 2D perovskites prefer to possess parallel orientation relative tihe substrate, an
alternative strategy for enhancing the performance of 2D perovskite optoelectronic device involves
improving intrinsic out-of-plane conductivity [195. 1961 The out-of-plane conductivity in 2D perovskites

is determined by factors such as the inorganito-inorganic interlayer spacing, intra and
intermolecular electronic coupling of the organic spacers, as well asthe tuning of the bamier height

of the QWsl195. 1971 The DJ and ACI phase 2D perovskites usually have shorter interlayer distance, thus
showing relatively better out-of-plane conductivity 1981 For example, it has beenavealed thatcarrier

or exciton transport along the outof-plane direction in the DJ phas4AMP)(MA)Pl; (A4AMP =4-
(aminomethyl)piperidinium ) perovskite is comparable to thatalong the inplane direction 19
Efficient strategies for enhancing intra and intermolecular electronic coupling include introducing
EUAOIT CAT AA 1T @0 AA EAE TAG of Bhe Grdabidspaleis,lad well as improving energy
alignment between the organic layers and inorganic layers.For example, in the case of RP phase
perovskites, fluorine substitution on the para position in PEA to form 4fluorophenethylammonium
(F-PEA) results in shorteraverage phenylOET ¢ A AT OO1 daAdesiniifie ©rgdnik IAyerFhis
leads tobetter aligned stacking of perovskite sheetsenhancing intermolecular electronic coupling
and improving the outof-plane conductivity/200 Therefore, the raional molecular design and
understanding of organic spacers with novel functionalities for 2D perovskitgare crucial to promote

the performance of their corresponding optoelectronic device§ssl

1.5.3 The Merits of Reduced Dimension for Metastable Double Perovskite Materials

Some doubleperovskites have been predicted tdeature excellent optoelectronic properties but with
metastable phases. The synthesis and stabilization of these metastable double perovskites can enrich
the double perovskite family and benefit the screening dfigh-performance leadfree halide double
perovskite materials. The reduction of dimensionality at both morphological and molecular levels can
stabilize metastable double perovskite structures with the assistance @dng-chain organic ligandsor
large orgarc cations which can form DPNCs and layered double perovskites, respectively. As an
example of morphological level dimensioal reduction, C$AgBils is challengingto synthesizedirectly;
however, its DPNCs have been obtained by the pdseatment of CsAgBiBre DPNCs via anion
exchangé?3sl This thermodynamically unstable phae can bekinetically stabilized by introducing
additional control of surface energy. In terms of molecular level dimensiail reduction, AgBitbased
layered DPs have also been successfully synthesized recently, such as (AE®JBiltj ! %¢ 4 -E v hud
diylbis(aminoethyl) -[2,26bithiophene] )01, (CsH16N2) 2AQBiIlg (GsH1eN2 = 1.4
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cyclohexanediaminelro2 and (4FPEA)AgBIls (4AFPEA=4-fluorophenethylammonium)[203l, where the
octahedra are strongly distorted but still maintain layered double perovskite phases.

Another exampleregards Cu(l}based HDPs, which have been rarely reportedxperimentally. The
ground-state structure of Cu(l) halides favors threeor four- rather than six-fold coordination, which
is also suggested by theoretical calculation§i® However, Cu(l}based perovskite structures
containing [CuXs]> octahedra can be obtained via nomquilibrium methods. Besides the
aforementioned example of Ca&CuSbG nanocrystals (Section 1.4.2.4, the double perovskite
structure with six-fold coordination of Cu(l) can also be stabilized through dimensional reduction to
layered perovskites. Recently, some Cufbased layered double peovskites have been successfully
synthesized where Cu(l) displays an extremely distorted stold coordination while still maintaining
the perovskite structure, for instance, (6H1sN2)2CuBilkl202], (PPDA)CuRuC{2041, (PEA)CulnC}l205, 206]
and (BA)4CulnCki206l (PPDA = pargphenylenediammonium). It is evident that both the longchain
organic ligands and large organic cations castabilize the Cu(l}based double perovskite structureby
morphological and molecular level dimensioal reduction, providing opportunities to investigate
their optoelectronic properties. The successful stabilization of these metastable phases has inspired
and guided the scientific community to explore other unknown leadree halide double perovskites,

potentially revealing fascinating performance characteristics.
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1.6 Outline of the Thesis

In this work, several metastable double perovskite structures weresuccessfully stabilized by
morphological and molecular level dimensioal reduction. The synthesis, optoelectronic properties

and applications of these novel double perovskite materials were investigated.

In Chapter 3, we comprehensively reviewed the recemtrogress of PNCs. Ae synthetic methods and
stability issues of the PNCs are introduced first, followed by the introduction of the strategies for
improving their stability by encapsulation. The applications of PNCs in various optoelectronic devices
are then briefly presented. Finally, the remaimg challenges in improving the stability of PNCs
towards PNCbased optoelectronics with high performance and great durability are addressed.

In Chapter 4, we synthesizeCsCuSbG double perovskite nanocrystals PPNCs) at ambient
conditions by a facile and fast synthesis methgdhamely,a modified ligand-assisted reprecipitation
(LARP) method. This metastable GEuSb double perovskite structure can be stabilized through
the solution-based nanocrystal synthesis. §ing an aniorexchange method, GE€uSbBg DPNCs are
obtained for the first time, featuring astrikingly narrow band gapof 0.9 eV Finally, aking advantage
of the solution processabilityof DPNCssmooth and dens&€sCuSbGand CsCuSbBg DPNCfilms are
successfully fabricated. We prove that these metastable £LaSbG) and CsCuSbBg double

perovskite structures can be successfully stabilized by morphological level dimensialreduction.

In Chapter 5 we establish that the metastable AgBi-l and CuBi-l systems can be stabilized by
molecular level dimensioral reduction, which implies introducing large hydrophobic organic cations
ET O AT OAT A DAOI OOEEOA OOOOAOOOAO Aplahet®dr@ODET C6
perovskites. Here, we report hat both AgBi-I and CuBi-I systems are thermodynamically stable with
the structures of (aromatic-O-linker-NHs)4AgBils and (aromatic-O-linker -NHs)4CuBils, respectively,
where the aromatic moiety is naphthalene or pyrene and the linker is ethyl or propylThe intrinsic
electronic challenges of double perovskites are investigated and the electic anisotropy of two-
dimensional perovskites is modulated. With extended conjugated systems, (pyren®-ethyl-
NHs)4AgBils was isolated from a total of eight new 2D double perovskites, exhibiting an electronic
band structure forming a type llb multiple quantum well system with favorable intraorganic layer
arrangement for out-of-plane conductivity, leading toa photocurrent response ratio of almost three

orders of magnitude under AM1.5G illumination. Finally, (pyren&-ethyl-NHs)4AgBils was integrated
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into a sandwich structureto construct the first pure n = 1 RuddlesderPopper 2D double perovskite
solar cell.
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2 Characterization Techniques

This chapter briefly introduces the theoretical background of the main characterization techniques
used in this work for analyzing the optoelectronic properties and device performance oflow-

dimensional perovskites.

2.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a commomon-destructive analytical techniqueto identify the structure of
crystalline substances, including inorganic, organic and inorganigrganic hybrid materials.
| PAOAOGCET ¢ 11 OEA &£O01 AAIT Al(éydation BIOWwerd E B ithd orderof " OACCS
diffraction, 1 is the wavelength of the Xrays, d is the crystal lattice spacing, and is the incident

angle[

), this technique involves the diffraction of Xrays by crystal planes resulting in a diffraction pattern
that can be used to analyze the crystal structure of a materidlhe Bragg equation an be described

as follows,
¢_ CQOEL+ <)
where n is the order of diffraction, 1 is the wavelength of the Xrays, d is the crystal lattice spacing,

and] is the incident anglell

The Xrays are usually generated in an Xay tube, consisting of a cathode filament (normally
tungsten) and an anode target (ususfl molybdenum (Mo), copper (Cu), iron (Fe) or chromium(Cr)).
These components are enclosed in a vacuum chamber. Electrons are produced through the process
of thermionic emission, achieved by heating the cathode filament. Bsequently, these electrons are
accelerated towards the anode material when a high voltage is applied. The monochromatic radiation
can be attained through filtration, a process that involves selectively allowing certain wavelengths of
X-rays to pass whileblocking others. This filtration step enhances the quality and specificity of the-X

ray beam, providing a more controlled and refined source for analysis in-bay diffraction
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experiments. The wavelegth (1) of Xray can be adjusted by selecting differentraode materials.
Common choices include 0.7 A (M&,), 1.54 A (CuK,), 2 A (FeK,) and 2.3 A (CrK,). These values are
approximately within the same order of magnitude as the interplanar spacings of the crystal lattice,
allowing for optimal interaction with the sample's structure. Then, the incident electromagnetic
radiation, arriving at different angles (), interacts with the electronsof the atoms within the sample.
This interaction leads to the formation of a diffraction pattern when the Bragg conditiors fulfilled.[2
The diffraction pattern serves as a distinctive signature that provides valuable information about the

crystal structure of the material under examination.

incident X-rays diffracted X-rays

Figure 21:3 AEAT AOGEA EI 1 O@OOAOQEIT 1T &£ "OACC80 1

The XRD experiment can be conducted in either transmission mode (Deb$eherrer geometry) or in
reflection mode(BraggBrentano geometry). In transmission mode, a STOE STADI P diffractometer is
used, featuring a Ge(111) single crystal monochromator fagither CuK; (1 = 1.54 A) or MeK, (1 =
0.71 A) radiation and a solidstate strip detector (DECTRIS MYTHEN 1K). The powder sample is
placed in a transparent sample holder (such as polymer foil or glass tube) and can be rotated during
the measurement. The Xay beam is focused onto the sample, while the detector moves in a circle
around the sample position to detect reflections within the P range. In reflection mode, a BRUKER
D8 DISCOVER diffractometer equipped with Miltered Cu-K, radiation and a position-sensitive
detector (LynxEye) is used. The sample, whether in powder or thin film form, is placed on a substrate
such as glass or silicon wafer. Ireflection mode, both the Xray source and the detector are moved

in synchronized steps, scanning all angles between them and the sample surface. This method
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ensures that only reflectiors caused by crystallographic planes oriented parallel to the substrate are
detected.

2.2 Grazing Incidence Wide Angle X -Ray Scattering (GIWAXS)

(a) ‘missing wedge’ (b) I [ IEXIESESI]
21;/dl
n .
(e)
= /’i’ ﬂ;\ :\
- //! ”‘\m‘ \
| | )

= WINEN =)

Figure 22: (a) Scattering geometry of GIWAXS. The incident beam of the wave vézhits the sample with a
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the scattering wave vectorjon the gzg: D1 AT Ah x EEIT A g6oEdspomds o théminkmu@ defectgble

? Beproduced with permissiafll Copyright 2021 ,Wiley-VCH Sketch of film crystallinity and corresponding 2D
GIWAXS data in case of (b) vertical lamellar stacking, ¢gystallites with vertical and horizontal orientation, (d)
oriented domains and (e) full rotational disorder of crystallites. The GISAXS signal is blocked by a beam stop (black
box). Reproduced with permissiall Copyright 2014 Wiley-VCH

Grazing incidence wide angle Xay scattering (GIWAXS) is an advanced-rdy scattering
technology designed to determinethe crystal structure and the orientation of the crystalline
regions with respect to thesubstrate. As shown irFigure 22a, the geometry of GIWAXS is similar
to the aforementionedreflection mode. However, in GIWAXS, a distinctive feature is that the position
of the Xray source stays constant at a very low incident angle (<Jlwhile only the detector is moved
by 2[ (or a 2D detector is used) Indeed, due to the low incident angles employed in GIWAXS, the X
ray radiation has a relatively longer footprint and interacts with a rather higher volume of film
material, resulting in a stronger signal. Another advantage of the GIWBXechnique is the use of a 2D

detector. Compared to pointlike or 1D detectors, a 2D detector allows simultaneous signal collection

47



CharacterizationTechniques

in both the in-plane (gx) and out-of-plane (g;) directions, leading to a 2D GIWAXS pattern (as
illustrated in Figure 22). If the crystalline film is highly oriented with crystal planes parallel to the
substrate, wellpronounced Bragg peaks (dots) appear on the detectoFigure 22b). If both parallel
and perpendicular orientations exist in the film, Bragg peaks (dots) appear both in thg, and gxy
directions (Figure 22c). In scenarios where the film is less oriented, with domains exhibiting an
angular distribution along the horizontal direction, Bragg peaks appears broad along tlgg direction
(partial rings, Figure 22d). For randomly oriented films, DebyeScherrer rings with a homogeneous
intensity distribution can manifest on the 2D detector Figure 22e)[4 As shown in Figure 2.2a, an
inaccessible region(missing wegde) exists in the GIWAXS pattern due to the curvature of the Ewald

sphere.Thus, diffraction signals may be hidden in this inaccessible region.

2.3 Inductively Coupled Plasma -Optical Emission Spectroscopy (ICP -OES)

Inductively coupled plasmaoptical emission spectroscopy(ICP-OES) is an analytical technique
employed for both qualitative and quantitative determination of elements within a sample. The
process typically involves dissolvingthe sample in a strong acid or a mixture of acidSubsequently

the solution is injected into aradiofrequency-induced argon plasmain the form of afine aerosol
achieved byusing a nebulizer.Upon injection into the plasma, the samplaerosol undergoes rapid
drying and vaporization, with the atoms being energized bycollisional excitation at high
temperatures. As these energized atoms return to a lower energy level, they emit photons of
charaderistic energies. These emitted photons, specific to each element, are recorded by a
wavelength-selective device. The detected wavelengths are unique to each element, and the intensity
of the emitted radiation corresponds to the concentration of the respdive element within the

samplels!

2.4 Electron Microsco py

The electron microscope operates on a fundamentally different principle compared to optical
microscopes. Whié the optical microscope uses visible light (photons) to magnify images, the
electron microscope uses a focused beam of electrons aagplies their wave-like characteristics to
magnify the sample image, whicimakes ita powerful tool for studying the micro- and nanostructured

morphology of materials.

The key advantage of electron microscopy lies in the fact that the wavelength of electrons in the
focused beam is significantly smaller than that of visible lighThis allowsthe electron microscopeto
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achieve much higher resolution(typically around 0.1 nm in practice) than what is attainable with a
classical optical microscope (usually around 200 nipwhich can be explained by the Abbeesolution

limit (equation 2.2).

Q — c8

The minimum resolvable distanced depends on the numerical aperturdNAof the optical system and
on the wavelengthl of the photons or electrons. The wavelength dhe electron beam is determined
by equation 2.3,

] —L C®

ca O

wherehEO 01 AT A Erf.® thddlettorOvass GritE...is the acceleration energyThe ability to
accelerate the electron beam in electron microscopes over a range from 1 kV to 300 or higher
enables imaging at the nanoscale, which is based on the equasdh2 and 2.3. Additionally, the
electron beam can interact with the specimen in various ways, producing different signals as shown
in Figure 23. These interactions offer a great deal of information, which can kebtained through

techniques such as:

1) Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEMhese
techniques involve the study of the scattering or diffraction of the electron beam as it interacts
with the specimen, providing detailed imaging at the micreand nanoscale.

2) Electron Energy Loss Spectroscopy (EELS): EELS is a spectroscopic technikiaeanalyzes
the energy lost by electrons as they interact with the specimen, offering insights into the
material's composition and electronic structure.

3) Energy-Dispersive Xray Spectroscopy (EDS) or WavelengtDispersive Xray Spectroscopy
(WDS): Thesespectroscopic techniques involve the detection of-Xays or electrons produced
by the excitation of atoms in the specimen. EDS and WDS are commonly used in electron
microprobe analysis and Auger electron spectroscopy, providing both imaging and elemental

analysis capabilities.

These diverse methods allow researchers to obtain a comprehensive understanding of the

morphology, composition and electronic structure of materials at the atomic and nanoscale levels.
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Figure 23: Interactions of the electron beam with matter in electron microsco®eproduced with permissiald!
Copyright 2005 Wiley-VCH

2.4.1 Scanning Electron Microscopy (SEM)

SEM is a powerful tool for probing surface morphology and topographgt the nanometer scale. In a
typical SEM setup (as illustrated irFigure 24a), an electron beam is emitted and accelerated by an
electron gun within a high vacuum ermironment. The energy of the electron beam typically ranges
from 1 to 40 keV. The beam is then focused by condenser lenses andobjective lens, achieving a
diameter as small as a few nanometertlpon reaching the sample surface, the electron beam initiates
multiple interactions, as depicted inFigure 23. Here, the secondary electrons (E < 50 eV) or the
backscattered electrons (E > 50 eV) carry the main information about the morphology of the samples.
These electrons are detected andransformed into images that revealtopological contrast and
chemical composition In this thesis, all the samples were measurelly usingan FEI Helios G3 UC

instrument equipped with an additional concentric backscattered electron detector.
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2.4.2 Energy Dispersive X-ray Sectroscopy (EDX)

EDX when coupled with SEM is commonly used for elemental mapping allowing for spatial
resolution of the elemental compositionwith an SEM. EDX uses characteristicrdys generated by
inelastic scattering of the incident electron beam on the sampld={gure 23). In detail, the incident
electron beamhas the ability to displacethe electronsin the inner atomic shell creating vacancies
that can be filled by electrons from outer shell at higher energy level3his process leads to the
emission of chaacteristic X-rays with distinct energies corresponding to specific elementslhe EDX
detector then captures these Xays, and the dataare processed by software to generate apectrum
that reveals both the composition of the sample and the spatiaistribution of its elemental

components.

2.4.3 Transmission Electron Microscopy (TEM)

TEM uses transmitted electrons &s shown inFigure 23) to obtain information about the internal
structure of a sample.To facilitate electron transmission,the samplemust bethin enough (typically
less than 100 nm) to allow the electron beanto penetrate through the sample. In addition, the
electron beam is acceleratedo a higher energy rangecompared to that for SEMtypically 60 to 300
kV. It isthen focused by electromagnetic condenser lense&s shown inFigure 24b, the transmitted
electrons are displayed on a fluorescent screen aecorded with a CCD camerdransforming into

imagesthat provide insights into the morphology and crystal structureof the sample.

High-Resolution Transmission Electron Microscopy (HRTEM) is a specialized mode that can achieve
a minimum resolvable distance ofess thanl A, owing to the electron’'s wavelength, which can be less
than 5 pm.In HRTEM, the mode can be switched from imagirtg diffraction by altering the optical
path. This allows for the generation of a diffraction pattern from the sample, aiding in the

identification of its crystal phase.
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Figure 24: Schematic representatio of the microscope a@umn of (a) scanning electron microscopand (b)

transmission electron microscopiReproduced with permissiai# Copyright 2016 Elsevier Ltd.

2.5 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is digh-resolution imaging techniqueused for studying the surface
morphology and properties of materials at the nanoscalddowever, it is rather different from other
microscopes like an optical or electron microscope, as it does not focus photon or electron onto a
sample surfa@ to obtain an image. Instead, AFM builds up a map of the height (or other properties,
such as phase properties) of the sample surface Bganning a sharp tip (usually at the end of a
cantilever) very close to the surface of a samplas shown inFigure 258 The attractive or repulsive
forces between the tip and he sample surface are measured based on tteflection of the cantilever.
This deflection is monitored by a laser beamand any shift in the reflected laser beam is detged by

an array of photodiodes By recording the (X, y, z) position of the tip with respect to the sample and
the corresponding force, the surface topography and properties of the sample surface can be

obtained.
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Figure 25: Schematic representation of the operational principle of an atomic force microscdpeproduced with

permission® Copyright 2021 American Chemical Society

2.6 Photoelectron Spectroscopy (PES)

Photoelectron spectroscopy (PES) is a surfacensitive tool employed to determine the relative
energies of electrons in ators and molecules under ultrahigh vacuum conditions, revaling the
elemental composition and electronic states of the surface or near surface region of a sample. PES is
based on the principle ofthe photoelectric effect, where the sample is ionized by higknergy
radiation such as UV or Xays. The kinetic energy KE) of the ejected electrons (photoelectrons) is
then recorded by an energy analyzer. The number of photoelectrons at variouSEcan be counted by

the detector. The energy required to liberate electrons from theibound state in the atomic shell is

known as the electron binding energy Esg), which can be calculated by equatio.4,

(0] M vo 8
xEAOA Ew EO OEA AT AOCU T £ OE AveusEHeV ate bbtadeddmi OO
PES experiments, where th&se of a peakrepresentsthe energy required to liberate an electron from

the subshell and the intensity of the peakindicates therelative number of electrons in the subshell.
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Depending on the energy of the radiabn used, PESan becategorizedinto X-ray photoelectron

spectroscopy (XPS) and ultraviolet photoelectron sgctroscopy (UPS).

In XPS, soft Xays (with energyin the rangeof 200 eV to 2 keV) can be used tmbtain information
about the elemental compositon and the corresponding oxidation statesthrough their distinctive
Ese values. Moreover, theEse peak intensitiesin XPSare proportional to the atomic concentration,

facilitating the quantification of the relative amount of elementdn the sample

In UPS, UV radiation with a relatively lower energyif the rangeof 10to 45 eV) is used to determine
the ionization energy of the electrons in the outamost shell (valence electrons)Sincetheseelectrons
are more shielded and farther from the nucleus onwerage they have the lowestEse among all the
electrons in an atom.Consequently the valence band energy of the probed sample can be

determined.[10]

analyser

photon
source

detector

Figure 26: Schematic representation of &pical photoelectron spectrometerReproduced with permissiai!

Copyright2005,Elsevier

2.7 Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance(NMR) spectroscopy is a powerful analytical technique that permits,

among many other features, thaletermination of molecular structures. When certain nuclei with an
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odd number of protons or neutronsare placed in an external magnetic fieldthey behavelike tiny
magnetsleading to the splitting of spin states, a phenomenon known as Zeemeifiect. Uponexpoaure

to a radiofrequency (RF) pulse, these nuclei absorb energsesulting in spectroscopic information.

In isolated atomic nuclei, the same type of nucleus in the same strength of an external magnetic field
is sensitive to only a specific frequency dRFfield. However,when theseatomic nuclei are part of
molecular structures,various factors such as the distribution ofelectron clouds within the molecule
can lead to variationin the actual strength of the external magnetic fiel@xperienced by each nucleus.
Moreover, atomic nuclei at different positions within the molecular structure may perceive different
intensities of the additional magnetic field. Theinfluence of the electron cloud on the external
magnetic field intensity in the moleculeresults in different positions of atomic nucleibeing sensitive

to different frequencies of the RF fieldwhich can be used toresolve molecular structures. The
distribution of chemical bonds and electron clouds near atomic nuclei is referred to as the chemical
environment of that nucleus. Changes in the frequency position biMR signals due to the influence
of the chemical environment are termed chemical shiftThe chemical shift provides valuable
information about the local environment of specific nuclei within a molecid, aiding in the elucidation

of molecular structures.

In NMR spectrathe intensity of the NMRsignal isalso an important factor. Atomic nuclei in the same
chemical environment in the NMR spectrum appear as the same signal peak. Analyzing the intensity
of these signal peaks provides information about the quantity of these atomic nuclei, offering crucial
information for the analysis of molecular structures. The characterization of signal peak intensity is
achieved through the integration of the area underhte curve of the signal peak. This information is
particularly important for H-NMR spectrawhere the intensity of peaks corresponds to the number
of hydrogen nuclei.However, 13CG-NMR spectroscopyhas inferior receptivity compared to *H-NMR
spectroscopy due to the lower abundance d8C compared totH. In such cases, the focus is often on

the chemical shifts and coupling patterns to derive structural information.

2.8 Ultraviolet zVisible Spectroscopy (UV -Vis)

Ultravioletzvisible (UV-Vis) spectroscopy is an effective technique used to measure the absorption or
transmission of discrete wavelengths of UV, visible or neanfrared light by a sample(liquid or solid)

in comparison to a reference or blank sample. When the energy of the incidgstiotons is sufficient
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to excite an electron from the valence band téhe conduction band of the sample, absorption of
photons occurs, which can be described by the LambeBeer law (equation 2.5),

. s e O v

o] ae€ Q’B - w Q ¢®
where Ais absorbance] is the measured intensity of transmitted light,lo is the intensity of incident

light, Ris the extinction coefficient of the sample¢ is the concentration of the absorbing species and

dis the path length of light travelling through the sample.

The natue and energy of the optical bandgap are of great importance in semiconducsoil he Tauc
plot method is commonly employed to approximate the optical bandgap of a semiconductor based on

its absorption spectrum/!2l The Tauc plot is typically pregnted as equatior2.6,
I 6™ O g

where J is the absorption coefficienthuais the photon energy, B is a constanigg is the bandgap energy.
The r factor accounts for the nature of the electron transition, where = 0.5 for direct allowed
transition, r = 1.5 for direct forbidden transition, r = 2.0 for indirect allowed transition andr = 3.0 for

indirect forbidden transition.

2.9 Photoluminescence Spectroscopy (PL)

Photoluminescence (PL) spectroscopis a non-destructive and contactless optical methodused for
the characterization ofthe electronic structure and dynamicsof materials. PL measurements are
based ondifferent types of luminescence such afluorescence When a semiconductorabsorbs
photons, electrons are exciéd form the valence band to the conduction band, followed by relaxation
to a lower energy state, leading to the emission of photons. These emitted photaren becollected
by a photodiode array, and the PL spectrum is recordedasa plot of the intensity ofemitted photons
as a function of the emitted wavelendi. However, the relaxation process can occur through either
radiative or non-radiative pathways. The radiative process typically involves bantb-band
recombination, resulting in the emission of lightln reality, imperfections such as defects or disorder
may be present due to variations in chemical composition, leading to trap states in the band
structures. If trap-assisted recombination processesare nonradiative, the surplus energy is

dissipated via vibrations (phonons) in the solid. By measuring steadystate PL spectrajnformation
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about the energy of the bandgap, charge transfer efficiency and the recombination process can be
obtained.

Extending this technique by measuring over time, timeesolved PL (TRPL) methods, such as
time-correlated single photon counting (TCSPC), are often used to investigate the recombination
and decay processsof photo-excited charge carriers. In TRPL experiments, short laser pulse is
used to excite the material, often generating excitons (bound electron-hole pairs). The
subsequent emission ophotons is detected and monitored over time using a sensitive detector
with a high temporal resolution, typically at the femto-, pico- or nanosecond timescale The decay
of the phaoluminescence signal is then analyzedy fitting the decay curve from the TCSPC
method with an appropriate function, usually following an exponential decay This analysis
provides valuable information about carrier lifetimes and recombination dynamics. Bgtudying
how quickly excited carriers recombine or decay to their ground stataye can gain insights into
the material's electronic properties, such as trap states, defects, and the efficiency of charge
carrier transport in semiconductors. Timeresolved techniques enhance our understanding of
the temporal aspects of electronic processes in materials, offering a more comprehensive

characterization of their behavior.

2.10 Current -Voltage (JV) Measurements

The performance of solar cells is usuallassessedby measuring the current-voltage (V) curves
under both illumination and dark conditions. To characterize the working performance of
photovoltaic devices a solar simulator is normally used as the source of illumination. The simulator
can providea standard airmass 1.5 global (AM1.5G) spectrumith an incident power of 100 mWcm-

2, In atypical measurement the deviceis illuminated, and the JV curve is obtained byscanning with
an applied external voltage in a certain rangeith a certain speedwhile recording the corresponding
current density of the device The current densityis determined by the absolute current measured
and the overall area of the solar cellFigure 27 shows a typical }V curve and its characteristic

photovoltaic parameters, which will be discussed below.
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Current Density (mA/cm?)

Voltage (V)

Figure 27: A typical}V curveand performance parameters of solar cells

The most important parameter of the device performance is power conversion efficiency (PCE),
which can be described ashow efficiently the power of incident light (P,) can be converted into

electric power (equation 2.7),

0#0/0 : ' 0 &
°3 5 5 ¢

where Pnaxis the maximum power that a solar cell generatesvhich is given by the product between
current density at maximum power point (Jax) and voltage at maximum power point Ymax). The
current at V= 0 (short-circuit) is noted kg while the voltage at]J= 0 (opentcircuit) is noted Voc The
fill factor (FP can be defined as the ratio oPmnax of the solar cell and the product ofkcand Voc
(equation 2.8), which is a key parameter to evaluate thperformance of deviceregarding how well it

can convert solar energy into output power.

— 0 0 W
o0 o0 &y

Generally, theFFdoes not have a physical meaning, but its value igeflection of all carrier dynamic
processeswithin the device, such as the diffusion and separation of photgenerated excitors, as well

asthe transit and collectingefficiency of free charge carrier$t3l Besides FFis alsorelated to bulk and
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interfacial non-radiative recombination, deriving from ubiquitous trap-assisted recombination

processedi4l

The PCE of solar cells is determinechmong other factorspy the recombination process of phote
excited charge carriers. The charge carriers can recombine radiatively or neadiatively, where the
energy of recombined excess electrons and holes is eventually transferred as either a photon or
phonon, respectively The Voc of a solar cell can be affected by various factors but is mainly
determined by the bandgap of the active material. According to the Shockigueisser limit theory,
the achievable value oWocis determined by the difference between quaskermi levels of electrons
(Ern) and holes Erp), shown in equation 2.9,

, (6] O

w T )
where g is the elementary charge. Besides, the neradiative recombination also plays a significant
role in limiting the Voc Nonradiative recombination can occurat various sites within the device,
including intragap recombination centers (defects and traps) within a singleabsorber (e.g.,
perovskite) layer and heterojunctions between the perovskite layer and the adjacent transport

layers sl

The Ecis mainly affected by the efficiency of charge carrier generation and extraction. This efficiency
depends on several factors, including the incident light intensity, the material's absorption and

reflection characteristics, and the quality of the activedyer andthe interfaces within the solar cell.

2.11 Quantum Efficiency ( QE)

Quantum efficiency (QE) is strongly related with photegenerated current and can be divided into
external quantum efficiency (EQE) and internal quantum efficiency (IQE), where the forméescribes
the incident photon to charge carrier conversion efficiencyand the later describes the absorbed
photon to charge carrier conversion efficiency for each wavelength. First of allhe spectral
responsivity (SR has to be measured éfore calculding the EQE value (equation 2.10), which can be
accomplished by measuring the current density of a device at short circuit conditions over different
wavelengths (&3) and then comparing to a reference diode current densitydér).
0 _

Yo T
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The EQE can be calculated by equation 2.11,

00Q Y P p

rlg.

wherehEO 01 AT A EdisGhe Aghtisp@dd 4i$ efementary chargeg and! is the wavelengthiis]

The IQE can be calculated by equation 2.12, when only considering reflectanBgWithout other loss

mechanisms such as scattering.
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Furthermore, the integrated photocurrentdensity (J.) can be derived from EQE, which is obtained
by integration of the EQE curve and the photon flux) at one sun (equation 2.13).

0 N %_'00QQ ¢Po

The Ji: can be used to justify and uderstand Ecvalues obtained fromJV measurements of the solar

cells.
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3.1 Abstract

- AOAT EAI EAA DPAOI OOEEOGA j-(0q I AGAOCEAI Oh 1T AT AA
attention worldwide for over a decade. Among them, nanometescale perovskite nanocrystals
(PNCs) haveexhibited attractive photophysical properties, such as tunable bandgaps, narrow
emission, strong lightabsorption coefficients, and high defect tolerance, because they combaihe
excellent optoelectronic properties of bulk perovskite materials with strorg quantum confinement
effects of the nanoscale. These materials possess a great potential to be applied in the optoelectronic
devices. For commercial applications in devices like solar cells (SCs), ligdmitting diodes (LEDS),
and photodetectors (PDs), tke stability of PNCs against ambient atmosphere like oxygen and
moisture, as well as light and high temperature is crucial. In this review, the synthetic methods and
stability issues of the PNCs are introduced first, followed by the introduction of the stragies for
improving their stability by encapsulation. The applications of PNCs in various optoelectronic devices
are then briefly presented. Finally, the remained challenges in improving the stability of PNCs

towards the PNGbased optoelectronics with hidh performance and great durability are addressed.

3.2 Introduction

Perovskite materials have attracted broad attention from different academic circles over a decade.
Regarded as the game changer in photovoltaitls these materials achieved a skyrocketing
improvement of the power conversion efficiency (PCE), increasing from 3.81%to 23.3%3! within

10 years, and hitting to 25.5% currentlyi4 Except the photovoltaic application&-121, these superstar
materials have also been developed for lightmitting diodes (LEDs)3-181, photodetectors (PDsI}7-191,

and as catalysts for photocatalysi&’-25], to name but a few. The perovskite materials possess great
potential to be applied in various commercial products in the future.

O0AOT OOEE OA b hto AdinevEEsi2ded tiith hé odmizd fornula of CaTiOIn 1839, the
German mineralogist, Gustav Rose (1798p yx o Qh Z£E 00O AEOAIT OA@AiAhe OEA

Russian Ural Mountains. In honour of L. A. Perovski (a Russian mineralogist, 1Z9P856), this type

I £ 1 AGAOEAT EO TAT AA AO OPAOI OOEE Oclystas struchi®Ar® 1 1 h

AO

AAI T AA ODAOI OOEEOAS ET 1 ET AOAI i .ouFigueBEafithe ligh OA A Al

temperature superconductivity, catalytic properties, magnetocaloric effectand ferroelectricity of
perovskite consisting of oxygen, named as perovskite oxides, are the previous research center. The B

site of perovskite oxides can be bivalent or tetravalent metal catiorig Due to the successful
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application of metal halide perosskite (MHPS) in photovoltaic device® 26, the scholars of different
research areas have focused on this type of material and made it one of the most studied research
subjects worldwide over the last ten years. MHPs are composed of monovalent organidrasrganic
cations (such as CkNHsz* (methylammonium, MA), CH(NH).* (formamidinium, FA), Cs, Rb, etc.) in
the A site, divalent metal cations (such as &e Ci+, Pl#*, Sr#*, etc.) in the B site, as well as halide

anions (Ci, Bror I-) in the X site.

With numerous achievements in bulk perovskite materials, research of MHPs has been extended to
nanoscale. Since the first report in 2017, perovskite nanocrystals (PNCs) have also aroused the
interest due to their specialties, whichpossess the excellent optoelectronic properties of bulk
perovskite materials and the quantum confinement effects of materials in nanoscale, showing the
properties of tunable bandgaps, narrow emissionand strong light-absorption coefficients. The
notable advantage of PNCs overaditional quantum dots (QDs), like sulphide and selenide QDs, is
their high defect tolerance. The dimensions and shapes of PNCs can be facilely adjusted to 0D QDs, 1D
nanowires (NWs) and nanorods (NRs), 2D nanosheets (NSs) and nanoplatelets (NPLs), and 3D
nanocubes (NCus) by modifying the reaction condition&s! Figure 31b shows a good example of

adjusting the dimensionality of CsPb)(where X = I, Br, Cl) NCs by using different organic ligands.

_Nanorods
S=

57 —O—p Tolerance Factor
VP, T4+ Ty

t) = ——F—

ETOI 5 V2 (rg +71x)

o &

A = Rb*(1.52 A), Cs*2(1.67 A), MA (2.17 A), FA (2.53 A)

*]
B = Ge*2(0.73 A), Sn*2 (1.18 A), Pb*2 (1.19 A)

o @

X = CI'(1.81A), Br (1.96 A), 1"(2.20 A)

(B), and anion (X). The ionic radii of diffent ions are also shown. The tolerance factor (t) for 3D perovskites should
be approximately 1 to attain an ideal clospacked cubic perovskite phase, wherg rs, and K are the effective
ionic radii for A, B, and X ions, respectivadReproduced with prmission(29! Copyright 2019, American Chemical
Society. b) Tuning the dimensionality of inorganic CsRIX = ClI, Br, I) NCs by varying the organic ligands used.
Hexanoic acid and octylamine for spherical quantum dots; oleic acid and dodecylamine fayaudies; acetate acid
and dodecylamine for nanorods; oleic acid and octylamine for fgmit-cell-thick nanoplatelets. Reproduced with

permission39 Copyright 2016, American Chemical Society.
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Although PNCs have shown outstanding properties and consider&blpotential for various
applications in the future, the stability issue of these materials is still the main challenge hindering
their roads towards commercialization. Researchers have devoted substantial efforts to understand
the degradation mechanisms oPNC#1-341 and develop effective strategies to protect PNCs for highly

efficient performance and longterm lifetime. [35-37]

This review comprehensively summarizes the latest advances of the synthesis methods for both lead
based and leadfree PNCs. Moreoear, elements that impact on the stability of the PNCs are introduced.
Srategies of encapsulation to protect PNCs are reviewed afterwards. Importantly, various
applications of the PNCs in optoelectronics are briefly reviewed. And finally, the challengesnained
for improving the stability of PNCs and the outlook to possible directions in developing PNfased

devices with high performance and great operation durability are addressed.
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3.3 Synthesis of Perovskite Nanocrystals

The facile methods for synthesizing®NCs with different dimensions and shapes have aroused huge
research interest in recent yeardss 39 In this section, we discuss the wet synthesis processes,
including hot injection method, ligandassisted reprecipitation (LARP) method, emulsion process
ultrasonic and microwave-based methods, solvothermal method, microfluidic method, template
assisted method, and electrospinning or electrospray method, as well as the dry synthesis processes,
chemical vapour deposition (CVD). In addition, the synthesis ethods for leadfree PNCs are
presented in this section, which is also an important research branch of PNCs in the process of
commercialization. Finally, the aniorexchange reaction, an important possynthetic method, is

introduced and discussed.

3.3.1 Wet Synthesis Processes of PNCs
3.3.1.1 Hot Injection Method

Hot injection method is a traditional synthesis method for metal chalcogenide or fluoride NC4L
Figure 32ashows the schematic of hot injection method? Typically, a cation precursor is prepared
separately before the injection, for example, Gsleate and methylamine are normally chosen for Gs
ions and MA ions, respectively. Then, a solution of metal hal@salt and organic ligands is dried under
vacuum and heated to a certain reaction temperature under nitrogen before injection. Alkyl chain
acid and amine are usually chosen as ligands. Upon quick injecting the cation precursor into the
mixture of metal halide salt and ligands, the PNCs form immediately owing to their fast nucleation
and growth kinetics. In 2015, Kovalenko et al. first used this method to synthesize PNCs, CsREX

Cl, Br, | or halide mixture)42 For that, the Csoleate precursor was injeted into PbX precursor
containing organic ligands at a specific high temperature (up to 250 °C) and operated under
protective gas, like nitrogen and argon. Then the reaction was instantly quenched by putting the flask
into an icewater bath. The reactingmixture became gel when the temperature suddenly fell, and the
growth of PNCs stopped at the same time. By modifying the temperature and time of reaction, PNCs

with different sizes and shapes can be obtained.

The asfabricated CsPbXNCus with 4- 15 nm lengths of edge exhibited adjustable bandgaps and
emssion spectra covering the full visible spectral area of 41:0/00 nm (Figure 32b), as a result of the
compositional modulations and quantum confinement. The photoluminescence (PL) of CsSRBYCs

was characterized by narrow full width at half maximum (FWHM) of 12 42 nm, radiative lifetimes
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in the range of 1- 29 ns, high quantum yields (QYs) of up to 90%, and wide loo gamut covering up
to 140% of the National Television System Committee (NTSC) color standéad.

CsPb(CI/Br), CsPb(I/Br),
CsPbCl, CsPbBr, CsPbl,

Norm. PL

500 550 650

Wavelength (nm)

700

Figure 32: a) Schematic of hot injection methodReproduced with permissio! Copyright 2017, Wiley/CH. b)

CsPbX. #0 8 € #1h "Oh )q Ali1TEAAT Oi1 OOETTO ET Gil1 OAT A ¢
= 400 nm for all but 350 nm for CsPhGlamples). Reproduced with permissigf. Copyright 2015, American

Chemical Society. Study of the infhee of reaction temperature in CsPbfrolloidal synthesis: c) At 150 °C, green

emitting 8 - 10 nm NCus are formed; d) At 130 °C, cyan emitting NPLs with lateral dimensions of 20 nm and
thickness of a few unit cellsf{3 nm) are formed; e) At 90 °C, bluengting thin NPLs are observed, along with
severathundred nanometers lamellar structures. NPLs growth along the lamellae (red arrow)dgcscale bars are

50 nm). Reproduced with permissiditl Copyright 2015, American Chemical Society
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The reaction temperature can affect the quality of final products. When the temperature is too high,
some unwanted variants can be obtained. For example, CsBh; and CsPbCk would be produced
when the synthesis of CsPbBiand CsPbGINCs was operated at 260 °@3 |n addition, some reactants
will precipitate when the temperature of solution is too high. For example, the reaction temperature
for synthesizing CsPbBy is around 190 °C. However, further increasing the temperature to a
threshold temperature of 195 °C lead$o PbBr. precipitation. 42l While the precipitation temperature

of reactant PbBg can rise above 195 °C by adding more ligands into the solutié. At low reaction
temperature, large CsPbByNPLs form with broad edge length distribution4s! Alivisatos & al. studied
the reaction temperature effect on the morphology of PNCs. They discovered that reactions at lower
temperatures between 90 and 130 °C tended to favour asymmetric growth of PNCs, producing quasi
2D materials (Figure 32c andFigure 32d).1481 The reaction time is another sensitive factor for hot
injection method. Normally, the reaction is completed within 10 seconds due to the fast nucleation
and growth kinetics of PNCdike CsPbX and MAPb.
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Capping ligands are often used in the hot injection method. They can solvate the metal halide
precursors effectively, alter the kinetic pathways to obtain PNCs with various morphology, and
stabilize the final products. The alkyl chain acids and amines plan important role on the crystal
growth and surface properties of PNCgzigure 33b shows the dynamic ligands binding on the surface
of CsPbBs NCs, where oleate or liomide anions bound to the surface caesium or lead ions, and alkyl
chain ammonium cations bound to surface bromides with weak hydrogen bonds or electrostatic
interactions.4”l To study the surface chemistry, Liu et al. have systematically changed alkyl tha
composition of amines and carboxylic acids. They realized that the amine and acid show independent
influence on the shape and size of NCs (sEgyure 33a). At a elatively higher temperature of 170 °C,
larger size CsPbByrNCus could be obtained when using a shorter chain acid. However, at the same
injecting temperature, a shorter chain amine resulted in a different shape of NPLs comparing to NCus
by using longer clain amine. At a relatively lower temperature of 140 °C, the length of acid had little
impact on the thickness of NPLs, but shorter chain amine led to thinner NPEsgure 33c-f show low-
and high-resolution transmission electron microscopy(TEM) images of CsPbBrNCs synthesized by
using different ligands at the temperature of 170 °CHigure 33c-e) and 140 °C Figure 33f). Based on

IH NMR and IR spectroscopic results, they indicated that botmanonium and carboxylate bound to
theasEAAOEAAOAA 0. #08 OOOEAAA8 (1 xAOAOh OEA £EET AT A
purification processing. When more polar acetone was used during purification cycles, ammonium
ligands tended to leave the srface, but would remain upon the utilization of nonpolar hexane solvent.

It confirmed that ammonium ions bound more weakly to the surface than carboxylate ligands did.
Additionally, the utilization of a more soluble caesium acetate (CsOAc) instead of commty used
CsCQ led to smaller particle sizes and improved processability without any detrimental influence
on the optoelectronic propertiesi4sl Recently, Manna et al. reported a novel route for the synthesis of
both hybrid organic-inorganic and alkinor ganic PNCs by choosing benzoyl halides as halide precursor
to be injected into the solution. The halide ions can be released swiftly, following by nucleation and
growth of PNCs. The final product synthesized by this method exhibited a good phase stability,

uniform particle sizes, and outstanding optical propertieg:e]
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Figure 33:a) Schematic of CsPbBwith different sizes and shapes synthesized under temperature of 140 °C or 170
°C and with different length of ligands. Reptoced with permissiofts! Copyright 2016, American Chemical
Society. b) The surface chemical environment of typical CsPbis.Reproduced with permissiol?”] Copyright
2016, American Chemical Society. Loand high-resolution TEM images of CsPBYCus from 170 °C reactions
using (c) C12AC18B, (d) C8AC18B, and (e) C6&18B, respectively. Insets in€g: Photographs of CsPbBNCus
colloidal solutions in hexane under UV light; f) Leand highresolution TEM images of CsPhBYPLs from the

140 °Creaction using C6AC18BReproduced with permissiol?! Copyright 2016, American Chemical Society.

3.3.1.2 Ligand-assisted Reprecipitation Method (LARP)

Although hot injection method gives the best morphology control on the synthestf PNCsso far, the
high cost of this method is not proper for commercial production. Consequently, other alternative
procedures should be developed to address this problem. LARP method is the most common used
method to synthesize PNCs at room temperature (RTFigure 34a shows the representative
schematic of the LARP method, in which the precursor is a mixture of perovskite reactants and ligands
in N\N-dimethylformamide (DMF). Then, a certain volume of precursor is dropped into toluene or-1
octadecene (ODE), which initiates PNCs formation and aggregation. Apparently, the types of ligands
and solvents in precursors are critical factors to control the sizes and shapes of PNTise LARP
technique is a lowcost and scalable process, which is suitable for fabricating both dflorganic and

hybrid organic-inorganic PNCg38]
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In 2014, PérezPrieto et al. reported the synthesis method of nanometesized, organolead halide
MAPDLBr perovskites. By using mediurength alkyl chain ammonium cations (e.qg.,
octadecylammonium) as ligands, they obtained PNCs with an average size of 6 nm. The PNCs were
stable for at least three months in solution and solid state. This process also allowed toriahte PNCs
thin films via spin-coating. Notably, they obtained luminescent PNCs both in solution and in film,
though thephotoluminescencequantum yield (PLQY was only ~20%/[271 In 2015, Zhong et al. further
optimized the LARP technique by changing octadecylammonium bromide and octylammonium
bromide ligands to noctylamine and oleic acid (OA) in the synthesis. Theactylamine can help to
avoid the fast crystallization and aggregtion, and the oleic acid can also suppress the QD aggregation
effects and make the colloidal solution stable. The colloidal MAPRBPDs showed great enhancement

in luminescent with absolute PLQYs up to 70%. They also illustrated that the size reductiondan
appropriate chemical passivation of Birich surface can increase exciton binding energy and P#.
Later on, Deng et al. adopted this strategy for synthesis of -a&tlorganic CsPbX (X = Cl, Br, I) PNCs
with controlled shape and achieved PLQY values up t80%. By using different types of ligands in
LARP process, CsPBXNCs could be modified into NCus, 1D NRs, and 2D NPLs with precise
morphology 39 Rogach et al. studied the sizaunability of the bandgap of MAPbBg perovskite
quantum dots (PQDs) by adjsting temperature to control over the LARP synthesis. The PL peaks of
as-synthesized PQDs can be tuned between 475 and 520 nm ($égure 34b).i50

a
Precursor
solution

AMABr @ Br ®Pb » DMF
Step 1. AAAS n-Octylamine

Drop-wise

Step 2. A i
Centrifuge v v—t v 475 nm ------- 520 nm [ "
..... —_—0 °C

Toluene | —20°C

" 450 475 500 525 550
Wavelength (nm)

Figure 34: a) Schematic of LARP method (Inset: starting materials in the precursor solution). Reproduced with
permission#®l Copyright 2015, American Chemical Society. b) photograph of colloidal MAPBBIDs solutions in
Oi 1 6AT A O1 ARO 56 1 AI P AgAmak OF $péctrajover the range wof wavelgngtls] A  OE L
Reproduced under the terms of the &Y licensé® Copyright 2015, WileywCH.
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)T OPEOAA AU : ETT ¢80 xIisupdidaturatddireCrysillizatidnl (FR) phoCeliieQA A A 2 -
fabricate CsPbX(X = Cl, Br, I) NCs (seeigure 3508 4 EA DBOT AAOO AT AOGT1 60 OANOEC
injection operation, thus can be completed very fast. They dissolved Pbahd CsX (X = ClI, Br, I, or

their mixture) in dimethyl sulfoxide (DMSO) or DMF, and added OA and oleylamine (OAm) as surface

ligands. Toluene was chosen as an ardblvent due to the poor soliility for these ions (< 107 g mL

1). Then, the precursor was dropped into toluene. Owing to the huge solubility difference, a highly
supersaturated state was produced at once and, consequently, fast recrystallization occurred under

stirring condition. OAmM and OA worked as dispersants for these PNCs and also helped to control the

particle sizelsl

However, polar solvents, like DMF, as reaction medium can severely degrade or form defective PNCs

and, therefore, decrease the production yield. For example, BI®¢ NCs often lose colloidal stability

and brightness of PL when polar solvents are added to separate thétfi.To address this issue, Pan et

al. reported a roomtemperature and gramscale synthetic strategy, based on a homogeneous

reaction in various norpolar organic solvents by using precursors containing long alkyl chain acid

salts of caesium and lead and quaternary ammonium bromides. The-pgepared PNCs exhibited a

tunable PL in the region from 440 nm to 682 nm and PLQYs of 50 to 85%.Recently, Madonald et

al. reported an oleic and amineacid-free RT synthesis of CsPbBand FAPbBg NCs by using a mixture

of diisooctylphosphinic acid and trioctylphosphine oxide. This mixture of ligands provided a stable

h Al EC
E vocg

platform for the polar-solvent-free synthess of fully inorganic CsPbByj & 7 ( - B pt1 |1
519 nm) and hybrid organicinorganic FAPbBgj &7 ( - B pw 11 h Al EOOEI

In addition, it was shown that compared to a traditionally used ligand combination, phosphine ligands

could be washed off easily, which would benefit the future development of optoelectronic devices.
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OAm

OA

Figure 35: @) The SR can be finished within 10 s through transferring the, @+, and Xions from the soluble to
insoluble solvents at RT without any protecting atmosphere and heating [C: ion concentration in different solvents.
Go: saturated solubilities in DMF, toluene, or mixed solvents (DMF + toluene)]. b) Clear toluene under a UV light.
Snapshots of four typical samples after the addition of precursor ion solutions for 3 s, blue (c, Cl:Br = 1), green (d,
pure Br), yellow (e, I:Br = 1), and red (f, I:Br = 1.5), respectivieproduced with permissioidl Copyright 2016,
Wiley-VCH.

3.3.1.3 Emulsion Method

As shown inFigure 36a and Figure 36b, Zhonget al. developed a facile nomagqueous emulsion
synthesis of PNCs by mixing a demulsifier with an emulsion of precursors. First, they created an
emulsion system by mixing DMF and 4mexane, which were immiscible to each other. Then, they
subsequently added eért-butanol into the initialized solvent mixture, which worked as the demulsifier
and induced the crystallization process. By using this method, they could control the crystallization
process and the size of PNCs by varying the amount of demulsifier, aheéy succeeded in obtaining
monodisperse MAPbBg QDs with size between 2 and 8 nmRjgure 36¢-f) and PLQYs of 80 to 92%,
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which were higher than sample fabricated by LARP method®g?® They also used the same method to
synthesize inorganic CsPbBrPNCs and obtained CsPbBNCus with the size between 920 nm[54

a (i) Emulsion (ii) QDs solution (iii) QDs powder

Demulsion l i‘E Purification
o *
tert-butanol tert-butanol

or acetone

precursor
in DMF

Figure 36: a) Schematical illustration of the QD emulsionrghesis, (i) formation of the emulsion, (ii) demulsion

by adding demulsifier, and redisperse into colloidal solution, (iii) purification into setithte powder. b) Optical
photographs of typical MAPbBremulsion, resultant colloidal solution, and solitate powder of MAPbBIQDs. (e

f) Low-resolution TEM image of MAPbBQDs with diameter of 2.6 + 0.6, 3.3+ 0.7,4.6 £ 1.1, and 7.2 £ 1.7 nm. The
amount of tertbutanol used were 1.5 mL, 2 mL, 4 mL, 6 mL, and 8 mL, respectively. Reproduced with perfission.

Copyright 2015, American Chemical Society.

3.3.1.4 Ultrasonic and Microwave -based Method

The ultrasonic and microwaveassisted methods show potential for large scale production due to the
polar solvent-free fabrication. Song et al. first reported ultrasounebssisted synthesis of colloidal
APbX NCs, where A represents EsMA, or FA, and X represents, IBr, or Cl. Figure 37a shows
CsPbBg NCs with the size of 10 nmTlhey added PbX MAX (or FAX, CsX), and OAm to toluene to make
a precursor. The reaction vessel of precursor was placed in a higlensity probe-type ultrasonicator.
The reaction temperature was kept at 20 °C by immersing it in a water jacket connected toieculator
with a temperature controller. Furthermore, they used the same method to produce a series of mixed
halides PNC##8l Bals, Urban, Polavarapu and their colleagues developed a petaivent-free
synthesis method of CsPhX(X = Ci, Br, and I) PNCs Figure 3.7b-d) with high quality, which was
based on direct tip sonication of the combination of capping ligands (OAm and OA) and precursor

salts (CsCQ and PbX) in a nonpolar solvent under ambient atmospheric conditions. The average
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crystal sizes were between 10 and 15 nm for CsPbBand between 8 and 12 nm for CsPhl It was

interesting that lower caesium content reduced reaction rate and strordg support 2D growth,

T T 5 T - T
b /i CsPbl, QY 90% ™,
| T
. X foud

thereby synthesizing NPL4g¢l

Q.
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Figure 37 a) High-resolution transmission electron microscoff{RTEN) image of monodisperse 10 nm CsPbBr
NCs. Reproduced with permissi6h. Copyright 2016, Royal Societyf Chemistry. b) Synthesis of CsPINCs
through singlestep tip sonication. c) Photograph of colloidal dispersions of CsM&s with different halide (X =
Cl, Br, and 1) compositions in hexane under room light (top) and 367 nm UV light (bottom). d)eSpanding
UV/Vis and PL spectra and PLQYs of the samples shown Regroduced with permissio® Copyright 2016,
Wiley-VCH.

Zhang et al. reported a rapid and efficient microwavassisted process to produce CsPbXICs with
controllable morphology and Hgh quality. The microwave heating has some advantages like low
energy cost and high heating rate, which are favoured by industrial communities. In addition, the-as
obtained materials possessed superior photophysical properties. The emission peak could be
adjusted in the region of 410 nm to 694 nm by altering the anion composition. The FWHM were very
narrow (9 - 34 nm), which showed their potential in lighting and display applicatiori®”l Nearly at the
same time, Na et al. used a simple microwave irradiation to synthesize CsPBPXICs with adjustable
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properties and morphology (NCus, NRs, NWs, quadrate NPLs and hexagonal NPLs). The precursor
was a solidliquid mixture containing PbX; (X = C] Br, 1), CsCQ, ODE, OA and OAm, which was placed
into a glass vessel and positioned in the microwave oven. Finally, CsRIPNCs were produced via
static microwave irradiation for ~4 min.®8 Zhang et al. modified the previous method by using
caesium aceate (CsOAc) and bis(2,44rimethylpentyl) phosphinic acid (TMPPA) as Cs precursor
and capping ligand, rather than commonly used &@Q and OA. The mixture of OA and TMPPA could
solvate CsOAc completely at RT, while £ precursor was insoluble. The reaon was that carbonic

acid was less acidic than acetic acid, correspondingly, it was harder for,C& than CsOAc to
coordinate and form soluble Cdigand complex monomers. Consequently, more soluble monomers

could be released by CsOAc, resulting in supatsiration, nucleation, and growth of NC§9l

3.3.1.5 Solvothermal Method

Solvothermal methods are one of the most used techniques to obtain weléfined NCs under
increased pressure and modest temperature. This method shows a relatively slow reaction,
comparing to the traditional hot-injection and LARP. Therefore, it can control the kinetics of

T OAT AAGETT AT A CcOil xOE POI AAOO AOOEIT ¢ OEA 0. #0868
high crystallinity and uniformity, controllable size and shape, as wkas simple, lowcost and scalable
synthesis. Typically, the precursor solution is added into a Teflon liner, which is held by a stainless
steel autoclave. Then, the sealed tank is put into an oven and heated at a specific temperature. The

reaction is nomally conducted at high temperature and pressure.

Zhang et al. first reported the successful production of highuality all-inorganic CsPbXNCs through

a simple solvothermal approach. The aprepared PNCs are shown ifigure 38a-e. CsPbXNCs were
cubelike shape with an average edge length of around 10 nm. They also found that the growth of
CsPbi NCs was faster than the other halides perovskite, legdi ¢ O1 OEA OAIl AOCEOAI
nm). The optimized CsPbXNCus showed a high PLQYs of over 80%. More importantly, CsPb(Bg/1)
ultrathin NWs could also be prepared through this approach with a high yield<igure 38f-g). The
concentration and aging effect of precursors determined the morphology of PNCs. As illustrated in
Figure 38i, the concentration of precursor ions was relatively low when precursor was directly
heated without predissolving. Then, precursors were gradually dissolved when the temperature
increased andlittle amount of PNCs nucleated at specific concentration. Under this condition, the

nuclei grew into NCus finally. In opposite, when precursors were predissolved and the concentration
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of ions were high at the beginning, more nuclei were formed, resultingn smaller nuclei. Here, by

increasing the reaction time, the morphology of NCs could change from NCus to NWs.

Figure 38: TEM images of a) CsPhBhb) CsPb@lc) CsPb(CI/Bg, d) CsPb(Br/1}, and e) CsPbNCs. (The iret in

(a) is the HRTEM image of CsPhBranocrystals. The scale bar in the inset is 5 nm.) TEM images of ultrathin f)

CsPbBg, g) CsPb(Br/I}, and h) CsPb(Cl/Bg)nanowires. Insets show the bright emission color of colloidal CsPbX

o011 60EIT ET EA@GAT A O1T AAO 56 EI1 01 ETAOET T sNCswitutaridw 1 1 Q8
with pre-dissolving stepReproduced with permissiol? Copyright 2017, WileyvCH.

Zheng et aléll and Chen et ak2l also reported a solwthermal synthesis process of Mydoped CsPbGI
PNCs nearly at the same time. Zheng et al. reported 2Ddloped CsPbGNPLs accompanied with the
phenomenon of a gradual phase segregation of pure CsMn@bm Mn:CsPbG NPLs by spinodal
decompositionléll Chen et al. systematically studied the effect of Cs/Pb ratio on crystal structure of
Mn-doped CsPbGlproduct. When the Cs/Pb ratio was low (0.3:1 or 0.6:1), rhombohedral ¢BbC}
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phase coexisted with cubic CsPbfphase. When the ratio increased (0.9:1 and.2:1), the as
synthesized products were pure cubic CsPbfphase without any obvious impurities. PNCs still
remained as the cubic CsPbgphase when further increasing the ratio (1.5:1 and 1.8:1). When the
Cs/Pb ratio was fixed at 1.2:1, undoped samplenewed tetragonal CsPbGlphase while all the Mn
doped PNCs were pure cubic CsPh@hase, which indicated that MA* dopants could modify crystal
structure. In addition, Mn-doped CsPbGINCs synthesized by this method showed better stability than
those synthesized by hotinjection method.63! Except leadbased PNCs, the solvothermal method

could also be applied to synthesize leattee PNCs, like CsSpi 651, CsGeEsl, etc.

3.3.1.6 Microfluidic Method

Microfluidic method is suitable for rapid mass and energy tinsfer, which allows to create or
homogenize both temperature and reagent on ultrashort time scales. This method can provide
researchers with the fabrication of NCs with diverse and complex composition, and a fast, accurate
and economical testing of paramers via varying volumetric flow rates of the precursor and

controlling sequentially addition of the reagentds7. 68]

In 2015, just after the first successful synthesis of PNCs by hot injection method, Kovalenko et al. used
microfluidic reaction systems © study the kinetics and factors on the formation of CsPBXCs. As
shown in Figure 39a, the setup was relatively simple for studying the formation of PNCs. The
precursors, which were put into precision syringe pumps, were mixed rapidly via a crossixing
junction and formed droplets that can be heated to a certain reaction temperature rapidly. The
obtained materials showed tunable PL and narrow WHM (Figure 39b and Figure 39c). Benefiting
from this simple and economic synthesis method, month®-years of time and between 10 and 100
kg of reagents cost were saved compared to standard batbly-batch screening routes. Depending on
the synthesis methods, they studied the rapid reaction kinetics and formatiomechanism for mixed
halide PNCs. Only a really short time (within 5 seconds) was needed to complete the nucleation and
growth of CsPbX. # Oh O1 OEA OEIi A AT OI AT80 AA OOAA Oi
syntheses. In addition, the temperatue used in hot injection method was between 1 and 10 °C lower

than that in microfluidic method.69l
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Figure 39: a) lllustration of the dropletbased microfluidic platform integrated with online absorbance and
fluorescence detection for the synthesis and real time characterization of CsPNs. b) Image of the generated
droplets after exiting the heating zone take OT AAO 5 6 A4DAMEN) #hnin brighit RL of CSPINCs.

c) Online fluorescence spectra of CsPBCs (X: Cl, Br, | and CI/Br and Br/l mixed halide systems) spanning the

whole visible spectral region with narrow emission linewidthReproduce with permissionsl Copyright 2016,
American Chemical Society.

3.3.1.7 Template-assisted Synthesis

Template-assisted approach is a versatile and straightforward method to grow monodisperse PNCs.
The crystallization kinetics and NCs formation are conducted ongarticular template instead of using
capping ligands. Yamauchi et al. used mesoporous silica templates to synthesize MARBBRCs. The
particle size was controlled by the pore sizes of the templates, which showed quantum confinement
effect as the samphO6 AT 11 O AEAT CAA AWa KalleRbfuinérEct 6. uged OOE AT A
nanoporous alumina and silicon thin films as templates to synthesize PNCs directly without the
utilization of stabilizers.l71] Recently, Li et al. used mesoporous &b as the tempate and developed a
high temperature solid-state confined growth strategy to prepare highly emissive CsPbBNCs. The
obtained CsPbB¢ NCs possessed excellent optical properties comparable with colloidal CsPbRICs,
such as high PLQY (70%), narrow emissn line width (FWHM = 25 nm), and much better thermal
stability. It is worth noting that large amounts of expensive and toxic organic solvents can be avoided

by using this method, which paves a new route for economical synthesis of high quality PN®@s.
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3.3.1.8 Electrospinning or Electrospray Method

Ogale et al. used electrospinning or electrospray method to synthesize MARBYCs successfully,
where instead of a solid substrate a bath of the antisolvent (without or with a capping agent) in a
metal-electrode contdner was used as the substrate. It was quite like LARP method but applying the
high electric field to the droplets of precursor solution, which broke them into a jet of nanodroplets.
The nanodroplets fell into antisolvent (toluene) bath, resulting in rapidcrystallization of the
perovskite leading to uncapped 0D NCs. Interestingly, the capping agent, OAm, also contributed to the

formation of 2D sheetlike layered perovskites by intercalation via hostguest chemistry(73]

3.3.1.9 Other Wet Synthesis Methods

Except he methods mentioned above, some novel wet synthesis methods have been also reported
recently. Kovalenko et al. developed wet ball milling method to synthesis APRBYCs (A = Cs, FA). In
detail, bulk CsPbBs or FAPbBE was added into a zirconia bowl! with rrconia balls. The diameters of
the balls are 4 mm and 5 mm. Then, OAmBTr (ligand) and mesitylene (solvent) were added into the
mixture. After milling at a certain speed for certain time, CsPbBor FAPbBE NCs could be obtained.
The optoelectronic quality of the products was as good as that synthesized by histjection method.
However, this method was not applicable to iodide systems like CsRnd MAPb.[74 To form
heterostructures, Xing et al. reported an issitu solution growth method to decorate MAPbBsNCs on
the surface of MXene (&G Tx) NSs, which was achieved by an optimal mixed solvent ratio. The surface
terminations of MXene NSs, such as fluorinexygen, and hydroxyl groups, are prone to interact with
OA and OAm, which would form kinetically favorable nucleation points. Then, MAPBBICs can grow

on these pointsl’sl

3.3.2 Dry Synthesis Processes of PNCs

3.3.2.1 Chemical Vapor Deposition

Chemical vapor depositon (CVD) is an effective method for fabricating traditional semiconductor
nanocrystals. In 2014, Xiong et al. first used this method to synthesize PNCs (MARBX= 1, Br, Cl or

halide mixture) in shape of NPLs, which possessed lateral dimensions from 5 o t i AT A
thicknesses from some atomic layers to hundred nanometers. The NPLs were fabricated via a-two

step CVD process. First, they grew PBXPLs on muscovite mica utilizing van der Waals epitaxy in a
vapour transport chemical deposition system. Nextthe asfabricated platelets were turned into

perovskites by a gassolid hetero-phase reaction with MAX. In addition, MAPb&€NWSs were also
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fabricated as byproducts during this process’6l To obtain perovskite NWs, Xiong et al. used silicon
oxide rather than mica as substrates and succeeded in synthesizing the singhystalline MAPbLCk,

x» MAPbBE, MAPDbE and NWs via a twestep vapour phase synthesis proces®] Song et al. reported
that the inorganic perovskite NWs of CsPhbgl CsPbBs, and CsPhl were synthesized by vapour
transport method. The NWs consisted of a singlerystalline cubic or pseudocubic phase with a
uniform [100] growth direction and straight surfaces. The bandgap of perovskite NW was
successfully adjusted covering a broad range by usitigree different compositions of halides?810 AT 8 O
group used vapor phase deposition method to grow alhorganic halide alloy perovskite NRs. They
placed an alumina boat with a combination of CsX and Pie¢ the heating area of the vapor deposition
system and placed some SiélSi substrates at the downstream of the quartz tube to synthesize the
CsPbX products. The asgrown CsPbX NRs had a single crystalline structure with super smooth
surface and precise triangular facet88 Yan et al. synthesized compsition-graded CsPbBds;x NWs

via desynchronized deposition of PbXand temperature controlled halide exchange reactiofi?l

3.3.3 Synthesis Methods of Lead-free PNCs

Despite the excellent optoelectronic properties of leadbased perovskite materials, the toxidy of lead
element remains a serious issue in the view of commercialization. The le#dised perovskites can
degrade to watersoluble lead ions, which bind strongly to sulfhydryl groups on proteins and damage
the central nervous systenisd Thus, great effot has been also devoted to synthesize leafilee PNCs.

Here, we briefly introduce the synthesis method for leadree PNCs.
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Figure 310: a) PXRD spectra of CsSi{X = Cl, GEBro.5 Br, Bb:slos, |) perovskite nanocrystalgb) Absorbance and
steadystate PL of nanocrystals containing pure and mixed halides. The PL spectrum of CsBn¢ek particles

was identical to the pure chlorideontaining nanocrystals.Reproduced with permissiol§t] Copyright 2016,
American Chemial Society. ¢) Synthesis of perovskite nanowire arrays in AAO. perovskite precursor solution
penetrates the AAO pores, followed by spin coating and annealing (I). Sample is exposed to a DMSO/chlorobenzene
solution followed by a short annealing step (Il).eBroduced with permissiof$2l Copyright 2016, American
Chemical Society. d) Schematic of procedures for the controlled synthesis of perovsiStes@anocrystals (left

panel) and photograph of the aprepared CsSnk samples under UV light (right panel{ei) TEM images of GSnk
nanocrystals with different shapes (the inset of e gives an HRTEM image :8h&spherical quantum dots).

Reproduced with permissioii3l Copyright 2016, American Chemical Society.

Same as Pb, Sn and Ge belong to Group 14 aan fulfil the coordination and balance the charge to
form a conventional perovskite structure. The tinbased PNCs (CsSaXX = ClI, GkBros, Br, Boslos, 1)
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are also the first reported leadfree PNCs Figure 310a).811 The absorbance and emission of the as
fabricated PNCs showed that bandgaps could be extended from visible to néRrarea by adjusting

the amount of different halides Figure 310b). Here, the hot injection method was a little different
with lead-based PNCs. The tin precursor was dissolved in4ni-octylphosphine, a mildly reducing and
coordinating solvent, to avoid the precipitation of CsX during its injection into the GEQ precursor
solution.l82l However, the easy oxidation of Snto Srt+ makes tin-based material hard to be directly
used in the environment. The tin(IVibased PNCs, like @SnX PNCs, are attractive as the
substitutions to tin(ll) -based PNCs due to their stability in the air. The first €Snk NWs were
synthesised by anodized aluminum oxide (AAO) templated-{gure 310c). So that, the perovskite
precursor solution was added and allowed to penetrate the pores of AAO. Then, the excess liquid was
removed from the surface followed by annealing to evaporate the solvent and obtain the final
perovskite NWsi82l Deng et al. obtained GSnX NCs with various morphology via a simple hot
injection method without using phosphine (Figure 310d-i). The Csoleate precursor was swiftly
injected into tin precursor containing OA and OAm in ODE at 220 °C. At the initial stage, the shapes of
the samples were QDs. Then NRs were obtaineflaa 5 minutes of reaction. The NRs grew into NWs
AT A OEA 1 ATCOE AQOAT AAA A/EOA Omipute rehckich PediddONWs OA A A O E
assembled side by side and nanobelts were formed, which could also be transformed into NP#ls.
The germaniumbased perovskite is another candidate to substitute lead in metal halide perovskite.
As far as we know, there is only one report about G@gased NCs, CsGgXvhich was synthesised by

the hot-injection approach/&4
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Due to the easy oxidation of leagubstitution from 14 group, AB>Xs PNCs, where B represents
trivalent oxidation state of Bi or Sh, have been considered as another choice for replacing ldzsed
PNCs. M@Bi-Xoj 8 E #1 h "Oh )qQq 1$30 xAOA ZEEOOO OADPI OOAA
(Figure 311a-d). Ethyl acetate and DMF were used as good solvents to solvate Big&nd MABr and
octane as poor solvent to precipitate MéBi>Xe QDs. Additionally, roctylamine was used to control
the rate of crystallization and OA was used to stabilize the colloidal solutid#¥l Based on this
achievement, further study was carried out on the @bassivation of MABI.Brg QDs, which led to a
bright blue emission with PLQY up to 54.1% at the wavelength of 422 nm. Unlike the lebased PNCs,
the halide exchange in M#Bi.Brs is not so fast that the coreshell or locally concentrated Clonto
MAsBIi2Bre QDs can be achieve@! Gamelin et al. systematiddy studied the CsBi-X compositions by
using a combination of hotinjection and postsynthetic anion exchange methods. €Bi»Xy (X = Cl, Br)
NPs, CsBiXs (X = CI, Br) NCs, and €Ri-lg (Dimer Modification) NCs were obtained by injecting
trimethylsilyl hal ide (TMSX) reagents into the hot precursors of Cs and Bi acetate salts. TheéBGXo

(X =Cl, Br) NPs could be formed when a high Bi/Cs ratio and a large excess of OA were used. However,
higher Cs/Bi ratios and less OA favored the formation of €BiCk over CsBi.Chk. Interestingly,
CsBiBrs NCs synthesized by hot injection method suffered from a persistent CsBr impurity
comparing to the one obtained by anion exchange using TMSBt.The CsShXy and RkShXs PNCs
were synthesized by hotinjection for the first time in 2017 (Figure 311e-g).[8] Nag et al. reported
that the NPLs and NRs morphology of the €3plg NCs could be obtained by varying the reaction
temperature, which was also reported for CsPbBMNCs. By using the same synthesis method, the 2D
layered structure of ReSklo NCs were obtained. All these samples showed emissions in the yelipw

red region 88l
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Figure 311: Optical image of a colloidal M#Bi2Brs solution under a) visible light and b) 365 nm UV light. c) HRTEM
image of a typical QD. The inset in the bottom right corner is the correspontistFourier transform (FFT)image.

d) Compositiortunable absorption and PL spectra of perovskite BB&Xo QDs by halide substitutiolReproduced

with permissionl&s! Copyright 2016, WileyCH. e) Schematic representation of the synthesis ¢Bi¢ls NPLs and
CsShlo NRs. ODE=tctadecene, OnA=octanoic acid, OAm=oleylamine. f) UV/Vis absorption and PL spectra of
C3Shls NPLs and GSkls NRs. Insets: photographs of colloidalsSkls NPLs (yellow) and GSkls NRs (red)
under visible light. g) Uwisible and PL spectrm of RRShkle NSPs1 (reaction temperature 180 °C) with the
diameter of around 7.5 nm and R8lxlg NSPs2 (reaction temperature 230 °C) with the diameter of around 17 nm.

Reproduced with permissioifé Copyright 2017, WileywCH.

3.3.4 Anion-Exchange Reaction

By virtue of ionic property and structural instability of PNCs, the aniorexchange reaction is a simple
and effective method to adjust the optical properties of PNCs. For example, the bandgap and the
absorption spectra of PNCs can be adjusted easily for difémt applications in SCs, LEDs, and PBE&.
Park et al. first reported the finding of reversible aniorexchange reaction of MAPb{where X = Cl,

Br, and ). The mixed halide MAPbBxCL or MAPbBrIx NCs can be synthesized by adding a starting
material (MAPDbBr3) into MACI or MAI solution, respectively. The composition of the final products
can be controlled easily by adjusting the molar ratio of starting material and MAX, enabling the

absorption and PL spectra of PNCs to cover a wide rangg.
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The anion-exchange reaction for alinorganic CsPbXwas also demonstrated by Manna et al, where

different halide precursors, such as oleylammonium halides (OLAM), octadecylammonium halides

(ODAX), tetrabutylammonium halides (TBAX), and lead halide salts (Pk)X were tested in the

exchange reactions. Interestingly, when TB&X was chosen as halide precursor, anieexchange
OAAAOET 1O AEAT 80 x1 OE A&OT i #1 Of " O Ilito®r. AoOdther " O O
halide precursor tested in this wok, the reversible aniorexchange reaction could be achieved. The

hard/soft acid/base interaction can explain this phenomenon. TBA cation prefers binding to softer

halide ions because it is a soft acid. The Bjor I-) ions are softer than Cl(or Br-) ions, thereby

remaining associated with TBA20!

Previous anion-exchange reactions were commonly performed by using OAtmalide precursors,
which needed to prepare in a Schlenk line at high temperature. Additionally, the optical performance
was prone to be damged due to unstable crystal structures of PNCs. Wang et al. reported a novel
precursor, which was consisted of OAreopper halide complexes. The reaction could be operated at
RT and the final products showed good structural stability and crystallinity impreement. The PLQY
and stability of PNCs treated with CuXshowed an obvious improvement?ll Chen et al. first used
MgX as a halide precursor to study the aniorexchange reaction in CsPbBNCs. The morphology and
crystal phase of the original CsPbBMNCsretained after the reaction. Also, the final products showed
good stability and tunable bandgap. Furthermore, they selected a series of metal halide salts; i\
=Cd, Pb, Sn, Zn, Sr, Ca, Cu, Ba, Mn, Ba) as precursors for{exiit@nge reaction to find a predication
rule of precursors. After comprehensive study, they concluded that the similar bonding dissociation
energy (BDE) values within the precursor anchost lattice can make the halide exchange proceed

easily[92
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3.4 Stability of Perovskite Nanocrystals

Stability is one of the critical issues for commercialization of PNCs. To solve the instability problem of
PNCs, we should have a deep understanding of thegin of degradation mechanisms. This section
reviews crystal structural stability, interface-induced stability, and environmental stability such as

oxygen, moisture, light, and thermal stability.

3.4.1 Crystal Sructural Sability

As shown inFigure 31a, the typical structure of halide perovskite is a cube, where the divalent metal
cation is placed in the center, and monovalent cations and halide anions occupy the vedsxand face
centers, respectively. The center Bite cation coordinates with six halides and forms a BXctahedral
configuration. By sharing the corner halides, a continuous array can be obtained. Angsife cations,
which are bigger than Bsite cations,occupy the vacancy between Byoctahedra. That is the ideal 3D
framework perovskite structure. However, under normal conditions, perovskites tend to distort away
from a highly symmetric cubic structure, thereby forming an orthorhombic phase. Some reasonrca
cause this transformation {ide infra). Obviously, this distortion leads to different electronic and

optical properties and we will discuss them below.

To evaluate structural stability of perovskite materials comprising different cations and anions, we

canusetheweHET T xT ' 11 AOAEI EAO8O OI 1 AOANAA EAAOI Oh Oh x
5 O O o
nec O O

where ra, s and rx correspond to the radius of components A, B, and X, respectively. In an ideal

condition, the value of t equals to 1, that is to say, the crystal structure is a cube. Generally, the t value

EO EI OEA OATCA 1T &£ AOI O1 A mn8ngetal cBnsider tiat thedapge pf £l O o
nmdw S O S p8m EO EAAAT &£ O AOAEA PAOTI OOEEOA OOOOA
as likely formation of orthorhombic or rhombohedral structure due to distortion of BX octahedrons.

In other ccOAOh OEAO EO O -Serovekiiegructiirdd sudh ab NEEdCh-typd (1D

orthorhombic structures formed by the edgesharing of octahedra) or CsNiBs-type structures (1D

hexagonal structures formed by the facesharing of octahedra) are formed?4 These nonrperovskite

materials normally have large bandgaps and low electronic conductivity. The other semiempirical

geometric parameter to assess the structural stability of the BXoctahedra is octahedral factor, p,

which can be defined as
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i

l

The stable BX octahedral structure has p value between 0.442 and 0.895. These two empirical

ET AEAAOT OO0 AAT AZEEZAAOEOAI U AAOAOEAA AT A POAAEAO

to the conclusion that ionic radii of components play arucial role in the crystal structural stability.

Both MAPbC{ and MAPbBEg have cubic structures, and MAPhlhas a tetragonal structure at RT. As
for CsPbj, the cubic perovskite phase can be obtained at high temperature (315 °C), however, this
material changes to the nonperovskite phase at the temperature below 315 °C, which accompanies
with bandgap changed from direct to indirect with value from 1.73 eV to 2.82 eV, respectivet§ 97l
CsPbBg is one of the most studied PNCs which also shows superiorbility to CsPbk. However, the
binding energy and the effective Bohr diameter of WannieMott exciton of CsPbBsare 40 meV and

7 nm, respectively, which are inferior to CsPbI(20 meV, 12 nm). In addition, the bandgap of CsPhBr

is 2.0 eV which is alsoriferior to CsPbk (1.44 eV) in terms of photovoltaic applications. For FAased
PNCs, they have been synthesized by hot injection method and LARP method. Indeed, a tolerance
factor closer to 1 can be achieved with FA cation than MA and Cs ol#8slthough the sizes of MA (R
=2.17 A) and FA (R= 2.53 A) are similar. The fact is that the crystal structures of MAPS$ tetragonal

but FAPbkEO OOECIT 1T Al 1T O DOAOAtIAmvlehdi to)fotdPdrodeh Aokds O A
than MAr, thus more stable geudocubic structure can be obtaine@®! However, it has been reported
that FAPDbE exists in two kinds of polymorphs: one is a perovskiteaype material with trigonal

symmetry (P3mJ); the other is a yellow hexagonal nofperovskite material (P6;mc).[100]

Currently, using a mixture of different cations, like Cs/MA0L 102] Cs/FAL03-106] MA/FA107], Cs/RI3108-

1101, etc., as the monovalent cations in-gite of perovskite structure is widely adopted by researchers,
which can adjust the value of toleranceaictor close to 1 to make PNCs stable. Besides stability,
optoelectronic properties and shapes of PNCs can also be modified. A great review published recently
has comprehensively summarized the effect of doping and substitution in metal halide PN&5.
TheOA £ OAh xA AT160 O1l £ 1 A OEEO O PEA EAOAS
Low-dimensional perovskites, like 2D perovskites arranged in the Ruddlesdeopper phase, have
become the research hotspot recently due to their excellent environmental stability. 2D perovskites
have a general fornula RAn-1BnXsn+1, Where R is an additional bulky organic cation (such as an
aliphatic or aromatic alkylammonium) as a spacer between the inorganic sheets and n defines the

number of inorganic layers held together. These 2D perovskites are much more statittean 3D
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perovskites owing to the van der Waals interactions exited among organic molecules and
consequently, increased formation energy. In addition, unlike 3D perovskites which limit the radius
of the Asite cations to around 2.6 A, a wide choice oforganic cations is available for 2D

perovskites, which can also benefit the designing of new types of perovskite with desired properties

for various optoelectronic applications.

Importantly, structural stability of PNCs is slightly different from bulk peovskite. On the one hand,
the large specific surface area could speed up decompositiét?] On the other hand, the large surface
energy can stabilize the cubic phasél?l For instance, as mentioned before, bulk CsRkith a cubic
phase is only sable ahigh temperature, and it tends to transform into a norperovskite phase with a
larger bandgap by reducing the temperature. However, CsBRbNCs can maintain cubic crystal

structure for some months in airft13l

Pressure can significantly induce a structuraphase transition, thereby changing the optoelectronic
properties of the corresponding perovskite materials, such as bandgap, carrier lifetime, photocurrent,
electrical resistance, etd!14-1171 For example, 0D C#bBrs NCs which show initially nonfluoresent
property can obtain a distinct emission at high pressure (above 3.0G6Pa) The reason is the large
distortion of [PbBre¢]4 octahedra due to the structural phase transition from rhombohedral to
monoclinic. Moreover, the excitedstate structural reorganization, which is required to trap an
exciton, is considered to be smaller than the onef the ambient-pressure. Thus, C#bBrs NCs with

high-pressure monoclinic structural phase exhibit photoluminescencé&14

3.4.2 Interface -Induced Instability

Perovskiteinterface is crucial for stability and performance of devices like solar cells (SCs), PDs, and
LEDs. Here, we only focus on the interface between PNCs and their environments. The PNCs show
high ionicity and structural instability. So, the interaction betwen the surfaces of PNCs and the
capping ligands is ionic and labile, which is crucial to the stability of structure. First, we want to
introduce the Covalent Bond Classification (CBC) to classify metgjand interactions, which was
developed by Greerit1s. 119 According to CBC, ligands are classified agype, Xtype, or Ztype, which
depend on the amount of electrons that the neutral ligand contributes to the metdigand bond (2, 1

or 0, respectively).

Hens and Kovalenko et al. first studied the surte chemistry of CsPb2¢4”l They usedH solution

nuclear magnetic resonance (NMR) spectroscopy to characterize the purity of sample, clarify the
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surface chemistry, and estimate the influence of purification process on the surface composition. In
short, they found that surface ligands binding to the CsPbBNC surface are highly dynamic, that is to
say, ligands are lost during isolation and purification in an easy way. Both carboxylic acids and leng
chain amines were required to stabilize the surface duringurification, as well as sustaining optical
and material integrity. They also measured the diffusion coefficient D of a molecule in NC suspension
to further study the dynamic surface by using Diffusion Ordered NMR Spectroscopy (DOSY), because
the diffusion coefficient of a bound ligand can be considered as the same as that of the whole object
(PNC core with ligand shell). The diffusion coefficient D is associated with molecule size via the
StokesEinstein equation with ks the Boltzmann constant, T the abdate temperature, and f the

friction coefficient:
$ —— oD

The value of D for oleylammonium bromide without CsPbBrNCs and in the suspension was
measuredto be 361 and 166 + 18 ppsth OAOPAAOEOAI U8 4EEO ET AEAAOAA
solutions were not tightly attached on the surface but undergo a rapid exchange between free state

and bound. This dynamic stabilization mechanism with oleylammonium bromide can well elucidate

the fast halide exchange redon during device fabrication.

3.4.3 Environmental Sability

The environmental stability of PNCs has become a primary concern for their applications in the real
world. A comprehensive understanding of the degradation mechanism of PNCs including the
degradation under moisture, oxygen and light xposure, allows for a rational design of stable PNCs

implemented in qguantum dot solar cells (QDSCs), Quantum dot lighmitting diodes (QLEDS), etc.

3.4.3.1 Moisture

Moisture, which exists everywhere in our life, is considered to be harmful to the stability of RD¢.

Although some groups have reported that water can be valuable for perovskite device fabricatief-

2h EO EO AT 1 OEARAOAA AO A OOI gEAAT 06 O o0.#0h OAg¢

water.[123-125] The large perovskite crystals can & obtained with the assistant of moisture, because it
can be absorbed within grain boundaries and then induce grain boundary creep and merge the
adjacent grains together, as well as enhance the ion diffusion length by providing the aqueous

environment.i226l However, when exposed to the moisture atmosphere, the perovskite structure
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showed a fast degradation, characterized by color change from black to yellow for perovskite
structure like MAPbLCL. Snaith et al. attributed the color change to the trafisrmation of perovskite
crystal structure to OD system, where compounds are present as isolated octahedral. When water
molecules are introduced into the crystal structure, they form weak hydrogen bonds to hydroscopic
MA*, which lead to a bond dissociatioetween the crystal constituentdi2s Although there are some
discrepancies, an evident conclusion is that water worked as a catalysis in the process of degradation.
Therefore, water only speeds up the decomposition of PNCs by carrying the proton of MA |- and
liberating CHsNH.. Alberti et al. found that MAPKJ undergo a comparable degradation dynamics
pathway, where the crystal structure of MAPhRIchanged from tetragonal to cubic without hydration
taking placel’?2 For all-inorganic perovskite materids like CsPhbi, water also catalyzed the
AT T OAOOEGsPby ®1/A&CsPb illustrated by in-suit powder X-ray diffraction (PXRD)

measurement(12s]

3.4.3.2 Oxygen

The ground state leadbased perovskites show good stability in oxygen atmospheres. Li et al. repedt
that PL of CsPbBrNCs showed no obvious decrease when exposed to the relative humidity (RH)
levels of 60 and 80% for 8 hourg$t2él However, PL intensity increased under oxygen atmospheres,
xEEAE xAO AAI 1 AA OEA It ®ds eeuedd by dénkity OrdtnalkhesBABFIO 8
modelling that oxygen molecules effectively inactivated deep hole traps related to iodide interstitials
by forming reasonably stable oxidized products in MAPBI Upon illumination in an inert atmosphere,
some subband gap states are formed in MAPRI'29 Then, the oxygen molecules could attenuate the
trap density. Thus, suppression of traps led to brighter PL emission under oxidizing conditions.

(T xAOAOh OEA OAI PT OAl O1 @UCAT AT 1 @Qlmirki&ElFd O
continuous illumination, the green film of CsPbByr NCs would change to yellow soon (within 1
hour).l126 Haque et al. combined experimental and computational methods and proposed the
probable degradation mechanism as (sekigure 312a): (a) Oxygen diffusion and incorporation into
the lattice, (b) photoexcitation of MAPb{ to create holes and electrons (c) superoxide formation from
oxygen, and (d) reaction and degradatioto layered Pbb, HO, b and CHNH,.[130]

3.4.3.3 Light

The stability issues against moisture and oxygen can be avoided by using encapsulation strategies,

but the light stability of perovskite materials is still a serious topid!3!l For the application as absorer
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in SCs to capture solar energy and as convertor in LEDs to change the blue/UV light into various

visible light, PNCs need a lonterm stability under continue illumination. Thus, a deep understanding

of the original reason for the photedegradation of INCs is of great importance to enhance the
performance and lifetime of the PNG&ased optoelectronic devices.

The phenomenon of photeE T AOAAA OAOECEOAT EI C6 1T £ OEA DPAOT OOEEC
is widely reported in perovskite-based SCs andEDs. For bulk perovskite, PL intensity of MAPbHfilm

would increase up to three orders of magnitude and PL lifetime would increase from several
nanoseconds to several hundred nanoseconds upon light irradiation with an excitation power density

of 0.01 tol W cmz2. In addition, lightinduced PL enhancement is reversibly enabled by switching off

excitation light. The most interesting discovery is that switching the atmosphere between nitrogen

and oxygen would also reverse the photec T AOAAA O A Bgu@ BIOW.i3ZEHogaver, Mohite

et al. have observed that the oxygen had minor effects on pheibl AOAAA OAOECEOAT ET C8 A
grain perovskite structures, geventing direct exposition to the external atmospherédi3ll McGehee et

al. has reported a similar phenomenon in MAPBIBr, films. They also observed thé-ray diffraction

(XRD) diffraction peaks split with light soaking, which means the crystalsegregated into two

crystalline phases Figure 312c). After leaving for a few minutes in the dark, the XRD pattern reverted

to their original shapel32

The photoindOAAA OAOECEOAT ET C86 1T £ Al EOOH magnithdd tlecrdade AOOT A
in density of trap state, which was caused by ion migration under illumination. Stranks et al. used

confocal PL microscopy and timef-flight secondary ionmass spectromety to study this
phenomenon. Fromtime-of-flight secondary ion mass spectrometry (ToF-SIMS)image of iodide

distribution mapping and line scan Figure 312d and Figure 312¢), the areas exposed to high

radiation showed depleted levels of iodide (lower than the background iodide levels), while the

adjacent areas showed iodideich levels compared with the background iodide levels. This work

provides obvious evidence for photeinduced halide migration in MAPDb%. Thus, fieldinduced both

vertical and lateral migration allowed a large number of iodidego occupy the vacancies and yield a

decrease in density of vacancies, which can suppress the n@diative recombination and enhance

the intensity of PL(33]
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Figure 312: a) Oxygerinduced photedegradation. Schematic represéation of the reaction steps of Owith
MAPDs. Reproduced under the terms of the B licenséL30] Copyright 2017, Springer Nature. b) The atmosphere
effect on the PL enhancement of MARBIhe atmosphere was switched betweepnadwtd Q at the time momets
indicated by the gray vertical lines. The sample was continuously irradiated by 0.2 \W. dnset shows the PL
micrograph of the sample and the selected region (red square) taken for the analysis. The sample was kept in N
for 5 min before the experimeanReproduced with permissiol32l Copyright 2015, Royal Society of Chemistry. c)
XRD pattern of an x = 0.6 film before (black) and after (red) wHight soaking for 5 minutes at ~ 50 mW cin

and after 2 h in the dark (blue). The XRD pattern of an 8.2 film (green) is offset for comparisoReproduced
under the terms of the CBY licensé3? Copyright 2014, Royal Society of Chemistry. d) -RIMS image of the
iodide (I) distribution summed through the film depth (the image has been adjusted to shmximum contrast),
scale bar, 10 mm. e) Line scan of the blue arrow in ¢ to show the iodide distribution (right axis). The measured
spatial profile of the illumination laser (blue) is shown on the left axis. Reproduced under the terms of tBYCC

licensel33! Copyright 2016, Springer Nature.

3.4.3.4 Temperature

Temperature is another factor that causes the degradation of PNCs. Theialirganic PNCs have
shown better thermal stability than organicinorganic hybrid PNCs. For example, according to
thermogravimetric analysis (TGA) measurements, the sublimation of HX and eMH. for MAPbBF;

and MAPD} is around 220 °@s331 and 250 °@34, respectively. But for CsPhy( the decomposition
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temperature is over 500 °C because of the collapse of crystal stturesli34 In addition, high
temperature can even accelerate the degradation caused by oxygen and moisti#@.Interestingly,
Schaller et al. studied the reversibility of PL intensity of CsPbBQDs under the operations of multiple
heating and coolingsteps. The sample lost ~5% of original PL intensity at 300 K when heated to 400
K and lost ~20% for 450 K. However, when the sample was heated to a higher temperature, the PL
guenching was irreversible. The reason might be the desorption and decompositiofiorganic ligands
above 450 K135 The reversible PL feature is favoured by LED application, in which the operation of

devices always caused a certain amount of temperature increase.
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3.5 Encapsulation for improving the stability

Encapsulation is one of thenost potential strategies to enhance the stability of PNCs. Recently, some
great articles about encapsulation of PNCs have been published, introducing different methods and
materials. Chen and Huang et al. have reviewed these works and present a nice s@amnas you can

see inFigure 313.381 In this section, we focus on the most used materials for encapsulation.

Encapsulation methods Encapsulation materials
i ) fF—» Oxides
1. Sol-gel method o AT X
Monoacidic oxides:SiO2,TiOz2......
v Mild reaction condition s Binary oxide:SiO2/Al20s......
V Tightly coated protection layers \ Stable, transparent, water resistant
\ Single particle applicable \ Surface functionalization feasible
x Insulating

v Wide applicability .
x Expensive precursors Organic polymers

x Water or alcohol necessary ' g0 gggg;;s PMA. ERFES

2. Template-assisted method \ Stable, processable, light and flexible
,, Gas and moisture impermeable
x |nitiators necessary

- Inorganic polymers

\ Controllable growth
\ Good optical properties

\ Small size PQDs obtainable Ceramic:SiCO. SisN4 SiCN
* Partial encapsulation of PQDs I Glass:sodium borosilicate.....
x Aggregation of PQDs \ Tight, thermal and water resistant

\ Hard and transparent
x High temperature obligable

3. Physical method

\ Direct and simple

, . i > Inorganic salts

\ Facile and rapid Porous materials:MS, Zeolites......

\ Diverse : lons salts: KBr, ZnBr2, NaNOa......

x Excessive encapsulation materials = Others:Cs4PbBrs ,Cs2GeFs

* Inhomogeneous distribution of PQDs \ Stable, eco-friendly, tight and robust

4. Microencapsulation I % Size or lattice dependent

\' Self-organization of PQDs Metal-organic frameworks

\ Macroscale HKUST-1......

= Special encapsulation materials \ Porous, robust and insensitive to air
T Phase separation ) \ x Uncontrollable size of PQDs

Figure 313: Relations betveen encapsulation methods and materials as well as their advantages and

disadvantagesReproduced with permissioidé Copyright 2019, Wiley/CH.
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3.5.1 Organics Protection

The mixture of NPs and polymers as composite material has been practiced for decad®s.In the
early 1990s, Kamigaito et al.reported that the addition of mica to nylon can produce a fivdold
increase in the tensile strength and yield of the materia3”. 1381 Actually, polymers can also work as
surface coating to enhance the stabiltof PNCs.

Kovalenko et al. embedded CsPbXCs into poly(methyl methacrylate) (PMMA) polymer by a RT
photo-induced polymerization and fabricated multi shapes of PNGBMMA composite material
(Figure 314a). They also reported that CsPp{NCs accelerated the rate of photopolymerization when
comparing to the experiment with pure MMA421 Zhong et al. reported an irsitu synthesis method of
MAPbX NCs, which were embedde in polyvinylidene fluoride (PVDF) matrix. They dissolved MAX,
PbX and PVDF in DMF. Subsequently, DMF solvent was dried under low pressure and MARNGs
crystallized in PVDF film. A variety of composite films with colorful emissions on glass substrates
were successfully fabricated Figure 314b). Figure 314c andFigure 314d show the transmittance
and PL emission spectra of these MAPBERVDF composite filmsit39 Polyvinyl pyrrolidone (PVP) was
also used as caping ligand to protect PNCs, which was physically adsorbed and wrapped on the
surface of PNC#40. 1411 Fu et al. synthesized CsPbBNCs via a simple onetep solution selfassembly
process and used biocompatible PVP as ligand to control the-peecipitation of Cs, P¥+, and X
speciesit40l Recently, He et al. used hundredanometer cellulose nanocrystal (CNC) instead of
traditional ligands to synthesize MAPbBs PQDs paper using a vacuum filtration growth method. The
cellulose has a large amount 6HSQ- and -O, which can work as ligands to control the formation of
PNCs. After the solvent was removed, MAPLBE?PQDs were crystalized with the assistance of surface
ligands. In addition, the MAPbBy PQDs were also protected by CNC and their relative PL ingity
remained at around 80% after exposure to an environment of 60% RH and 20 °C for 8 mon#43.
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Figure 314:A q 0 ET Ol Q65 BrE) ofihighly luminescent CsPIINXCSPMMA polymer monoliths obtained
with Irgacure 819 as photoinitiator for polymerizationReproduced with permissior? Copyright 2015, American
Chemical Society. b) Optical images under a UV lamp (365 nm) of ¢almble MAPbXPVDF composite films
with different halogen constitutions on glass substrates (S1: MAPb£IB2: MAPbG#Br25, S3: MAPbBr S4:
MAPbBeB.7l0.3, S5: MAPbBrElos, S6: MAPDbBI, S7: MAPDBIsl1s, S8: MAPHR). ¢) Transmittance spectra of the
correlated composite films on glassubstrate. d) PL spectra of the composite films. Reproduced with permig&ibn.
Copyright 2016, WileyvCH.

99



ReviewArticle: Perovskite Nanocrystals: Synthesis, Stability and Optoelectronic Applications

3.5.2 Inorganics Protection

3.5.2.1 Silica

Among inorganic materials, silica is one of the best choices to cover the PNCs. Silica is widely
distributed in nature and also possess excellent stability in the environment. It can work as a template

and serve via a facile, complementary, neocolloidal, and ligandfree preparation routel'43 In
AAAEOET T h OEI EAA xEOE AT AgAATIIWAT20A A §TDAWEM EIl & OJA /
by the Food and Drug Administration (FDA). This material has been broadly utilized in cosmetics and

also as food additives approved by FDA, which can make application of PNCs indpplications

possible.

Liu et al. first usedsilica to protect PNCs. They mixed CsPhBQDs solution with the commercial

mesoporous silica particles in hexane to synthesize CsPhBnesoporous silica composites Kigure

3.15a). The pore sizes of mesoporous silica are approximately %215 nm. This treatment can avoid

halide exchange and increase the stability of QDs, which is of great importance for LED packa@frig

Kovalenko et al. used a related approach to introduce perovskite precursor into the pores of
mesoporous silica, where PNCs can crystallize ther&igure 315b). In addition, the sizes of PNCs

AT OT A AA AAEOOOAA AU i AOT pi 01 OO OEI EAA8O BHMOA OEU.
Li et al. developed a novel Sincapsulation method by choosing tetramethyl orthosilicate (TMOS)

as precursor to synthesize silica cover on the MAPPNCs. TMOS was used as the precursor, and its

hydrolysis rate is much quicker than that of tetraethyl orthosilicate (TEOS). Thus, it can avoid a higher

xAOAO AT 1T O0i POETT OAOAh xEEAE A After 4ildys, heggheerBidhO] O OE E «
emission of the pure PQDs solution totally disappeared, but the PQDs solutions with TEOS and TMOS

still emitted green light, in which TMOSmodified sample showed better stability Figure 315c).137]

Yu et al. chose (@aminopropyl) triethoxysilane (APTES) as both capping agent for inorganic PQDs

and precursor for silica matrix. They mixed APTES with PhXrecursor in a water-free system to

synthesize PNCs. But after crystallization of PNCs, the system was opened to air and stirred for three

hours for the hydrolytic reaction (Figure 315d andFigure 315e). The stability of the PNCs improved

that the luminescence of PNC with silica showed no obvious reduction after exposure to air for ninety

days[145]

Zhang et al. developed an interfacial syhesis of CsPbSiO, Janus NCs by treating a mixture of
CsiPbX NCs and alkoxide with water. The asbtained material exhibited significantly enhanced PL

stability against damages by air, water, and light treatment. However, the CsRMYCs were partially
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covered with oxides, the longterm stability of product remained as an issuéi4sl : EAT C6 O COT OF
focused on the PNCs/Silica combination strategies and designed a facile g synthesis of
CsPbBg@SiQ core-shell NPs. They injected a mixture of CsBr, PBBOA, OAm, DMF, and ammonia

solution into toluene containing TMOS and successfully obtained monodisperse CsPI@6iQ core-

shell NPs, which showed excellent stability in humid air or even under ultrasonication in waté’]

Pure |TEOS | TMOS Pure |TEOS JTMOS

MP-CsPhBr, PQDs

CsPbBr

msso—S 0, APbX,@meso-SiO,
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Figure 315: a) The synthesis process of mesoporous silica green PQD nanocomposie@M&Reproduced with
permission144l Copyright 2016, WileyvCH. b) Schematic of the templagéssisted synthesis of APHXCs (A = Cs

MA*+ or FA; X = Bror I) in the pores of mesoporous silica (up) and the photographs of mesoporous silica
impregnated with CsPbBr(left) and CsPb(Bas2slo.75)3 NCs (right) under daylight and under UV illumination
(down). Reproduced with permissidif3l Copyright 2AL6, American Chemical Society. c) Optical images of the
colloidal MAPbBg-QD solutions with TEOS and TMOS before and after 4 days. Reproduced with perrision.
Copyright 2016, American Chemical Society. d) Schematic illustration of formation of QA sibenposites. €) XRD
patterns of Si@Q Red QDs/SDand Green QDs/SiOReproduced with permissidis] Copyright 2016, American
Chemical Society.

3.5.2.2 Salts

Except for silica, Zhong et al. used NaN@s the matrix to protect MAPbBg PNCs owing to the virtue
of its transparency, low refractive index, and nortoxicity. The NaNQ could also be dissolved in DMF,
which made the onestep reprecipitation procedure achievable for fabrication of MAPbBfNaNO;
nanocomposites Figure 316a). This strategy was extremely fast, facile and efficient that the

MAPbBr/NaNO; composites could be formed immediately after pouring the poor solvent toluene
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into the precursor. The sizes of MAPbBrNCs were 30 to 50 nm and they were homogenously
distributed in the matrix. The NaNQ@ matrix made PNCs highly resistant to heat, light,na polar
solvent, like chloroform[t48] Chen et al. realized the irsuit crystallization of CsPbBg QDs among a
particularly designed TeQ-based glass matrix Figure 316b). In addition, the melting temperature of
TeO-based glass could be lowered down to 650 °C, comparing to high melting temperature (up to
1100 °C) of other commonly used glass hosts, which could avoid the volatilization of Br sources and
increase theamount of crystallized CsPbBy QDs in the glass. The CsPhBRD-embedded glasses
(QDs@glass) showed a high PLQY D¥0%, superior photo/thermal stability and excellent water

resistancel14

d
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Figure 316: a) Scheme of a onstep reprecipitation procedure for synthesis of MAPBBtaNOs hanocomposites.
Reproduced with permissio#48! Copyright 2016, Royal Society of Chemistry. b) Glass crystallization strategy to
fabricate QDembedded glass: CsPdxtystal structure and luminescent photograph of QDs@glass powder under
irradiation of UV lamp (365 nm) are also provided. Reproduced with permissiéth Copyright 2018, American

Chemical Society.
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Hou et al. chose magnesium silicate as the protector for MAPBR(Ds because this material is a
transparent and ecofriendly inorganic material, with a unique structure and good thermal stability.
They developed a simple strategy that incorporated MAPBXPQDs into magnesium silicate hollow
spheres (MSHSs) in toluene via anodified ligand-assisted reprecipitation method at ambient
condition. These nanocomposites (MAPBXQDsMSHSs) showed outstanding PL that the emission
peaks were broadly tunable in the blugo-red region and the quantum yields (QY) was above 50%,
which also had surprisingly high thermal stability and high photostability Figure 317).[250]
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Figure 317: a) Scanningelectron microscope(SEN photograph of magnesium silicate hollow spheres (MSHSS). b)
SEM photograph of MAPbBQDsSMSHSs nanocomposites. ¢) TEM and d) HRTEM photographs of MAQDRr
MSHSs nanocomposites. €) PL spectra and f) optical absorption of MARBS and MAPBXQDsMSHSs
nanocomposites with different halide componenteproduced with permissio° Copyright 2018, American

Chemical Society.

103



ReviewArticle: Perovskite Nanocrystals: Synthesis, Stability and Optoelectronic Applications

3.5.2.3 Perovskite

Some stable perovskite materials can also serve as protectors for PNCs. Sun and Zeng et al. reported
a ligandfree low-temperature solution-growth CsPbBg&/CssPbBrs perovskite nanocomposites
(Figure 318). They incorporated CsPbBy QDs into matrix of CsPbBrs PNCs by low temperature
solution-phase synthesis, which could significantly improve the thermal stability and photostability
of PQDs. CsPbRBICsisPbBrs nanocomposites showed high PLQY of up to ~55% and CsPbEBIDs
exhibited a steady stimulated emission profile irrespective of temperature change, which was
beneficial to longterm stable operating optoelectronic device$tsll Zhong et al. also used a slow
cooling method to grow CsPbBrs assisted by HBr. They foud the nonstoichiometry of original
CsPbBrs crystals led to the formation of CsPbBrNCs in C&PbBrs matrix, which was supported by
evolution process and structural characterizations. They combined highly luminescent £5Brs
crystals with embedded CsPbBrNCs as green emitters, 4Sik:Mn#+ (KSF) phosphor as red emitters,
and GaN chips as blue emitters to fabricate White LED devices, which generated white lights of high
quality with luminous efficiency of ~151 Im W and color gamut of 90.6% Rec. 2020 at 20A. These
devices had improved efficiency and stability than LEDs based on traditional PNCs with comparable

color quality.[152]
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nanocompositesReproduced withpermission151 Copyright 2017, WileywCH. d) Schematic illustration of the

setup for crystal growth. e) Solubility curves of86Br1s in mixed HBFDMF solution, inset: the afabricated green

emissive crystal. The grid in the inset is 1 mm. f) TypicaMIiEhages of the particles processed from green emissive

CsaPbBrs crystals with embedded CsPhBYCs. g) HRTEM image of a typical particle. The inset in the bottom right

corner is the corresponding FFT image of CsPb&md the top right corner is the corrggnding FFT image of

CsaPbBrs crystals with embedded CsPbBXCs. Reproduced with permissiBP?l Copyright 2018, Wiley/CH.
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3.6 Application

Perovskite nanocrystals possess excellent optoelectronic properties, i.e., tunable bandgaps, narrow
emission, stronglight-absorption coefficients, high PLQYs, and high defect tolerance, which pave the
way for designing highly efficient PN&based optoelectronic devices, for exampléaseri1s3. 154, field-
effect transistor (FET)%5-158], SCs, LEDs, and PDs. The promgsiprogress and recently reported
achievements in the application fields of SCs, LEDs, and PDs are briefly @axd in the following

sections.

3.6.1 Solar Cells (SCs)

Perovskite photovoltaic technology achieved a rapid and breakthrough development since 2006 tha
the first application of these materials in SCs was reportgé] The power conversion efficiency (PCE)
of single-junction perovskite solar cells (PSCs) has hit 25.595 which is comparable to the
performance of other photovoltaic technologies (23.35%dr copper indium gallium selenide, 26.7%
for crystalline silicon, and 29.1% for GaAs solar cell§?). Significantly, the lowcost solution
processed fabrication of PSCs shows priority to those traditional photovoltaic devices, which appeals
to both academic communities and industrial corporations. However, different issues such as, most
importantly, the stability needs to be addressed towards PSCs commercialization. As already
discussed in section 3, the main problem of instability is the perovskite striigre, originating from
their low lattice energies and intrinsic ionic bond properties. In this regard, applying the PNCs instead
of bulk perovskite as lightabsorber in solar cells can be a potential route towards increasing stability.
For example, CsPhIQDs with a high specific surface area have more stable cubic structure at RT
comparing to bulk CsPhi, due to the large surface energy? The performance of PN&ased SCs

reported in recent years is summarized inrable 3.1

Luther et al. led the researh on substituting bulk perovskite materials with PNCs as lighibsorber
in PSCs. They used the hatjection method, which was developed by Kovalenko et &g, to
synthesize cubiephase CsPhINCs and improve the purification method via the utilization of methyl
acetate (MeOAc) as amnsolvent to wash off excess unreacted precursors without causing
agglomeration. The purified CsPhl QDs retained the cubic structure in air and even at low
temperatures for some months, and also showed efficient ddb-dot electronic transport. First, the
CsPbt QDs dispersed in octane were spin coated to deposit the pheaative-layer films. Then, films

were dipped in a saturated MeOAc solution of Pb(ND or Pb(QAc), to enhance the surface

106



ReviewArticle: Perovskite Nanocrystals: Synthesis, Stability and Optoelectronic Applications

passivation. The champion solar cell possessed an opeincuit voltage (Vod of 1.23 V and a PCE of
10.77% with an active area of 0.10 céxcell characterized in ambient conditiong!13l The same group
further optimized the quality of QDsbased photcactive layers via Asite cation halide salt (AX)
treatments, where A represents FA MA, or Cs and X represents-lor Br-. This posttreatment tuned
and greatly enhanced electronic coupling among QDs. Consequently, the carrier mibpiland
therefore the short-circuit current density (kg of device were enhanced. The FAI treated device
obtained the highest PCE of 13.4%, which was a receefficiency for QDSCs at that time. A notably
reduced hysteresis between reverse and forward scanand a better agreement between the
stabilized power output (SPO) and revers&V scan were obtained after the FAI postreatment.[160]

To better understand the surface chemistry of PQDs in this system, they employed various
spectroscopic techniques to pesent a molecular picture of QD surface according to the results.
Interestingly, they found that controlling the atmospheric moisture was paramount for fabricating
high-efficiency QDSCs because water assisted the process by hydrolysis of MeOAc to makeaneth
and acetic acid. Then, oleate ligands on the surface of QDs were replaced by acetic acid, while the
native oleylammonium ligands remain until exchanged with smaller FAduring the final treatment.
They also realized that the time for the final treatmat should be controlled because the treatment

led to a tighter coupled QD regime, which would turn into a perovskite film after longer treatmerfite1]

Using a different strategy, Liu et al. used high mobility micrometetOE UAA COAPEAT A jt' 2Q
crosdink CsPbk QDs. The conductivity was enhanced by designing an effective channel for carrier

transport. Meanwhile, the stability against moisture and high temperature was also improved by

keeping QDs from agglomeration. Consequently, the performance of ti@sPbt QDst ' 2 x AO
improved by over 12%, reaching an 11.4% PCE compared to 10.17% PCE for control device. In regard

to stability, over 98% of the initial efficiency of optimized device remained after onenonth storage

in N2 atmosphere. For moisture stabity, when exposed to relative humidity of 60%, PCE of control

devices decreased by 90% of initial PCE while the pGR/Csptevice decreased by 10% only. For

thermal stability, optimized pGR/CsPhi solar cells maintained 85% of its initial PCE after they we

heated at 100 °C for 3 hours while the reference cell performance decreased to only 20% of the initial

value after the same treatmentté2l

However, the Csbased PNCs have a relatively larger bandgap and short carrier lifetime compared to
the organicinorganic hybrid ones. For photovoltaic application, the FAPblhas a more desirable
bandgap of around 1.5 eW63-165] Yang et al. developed the FAPPRQDSCs for the first time. The
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absorption edge of FAPBIQDs is 1.55 eV, which is superior to CsRIf)Ds (.80 eV). Furthermore, the
time-resolvedphotoluminescence (TRPLYlecay showed the FAPRBIQDs has a longer carrier lifetime.
By solventtreatment to control ligands of FAPb} QDs, the best device yielded a PCE of 8.38% with
the SPO of 8.05%. Surprisingly, FAPXDDs and devices showed better stability than bulk FAPMilm
and devices, which can turn to yellow phase easily under ambient atmospheriéss] In another work
published by Yang et al., the PCE of FAPQIDSCs was boosted to 12.7% by adding a conjugated small
i171AAOQI A -[[6,6,12, 12-teteakis(4 -hexylphenyl)-6,12-dihydrodithieno[2,3 -A d, ¢-8 &% &
indaceno[1,2b:5,6-A 8 ¥ A E O EZBidig&idinethylidyne(3 -oxo-1H-indene-2,1(3H)-
diylidene)]]bis[propanedinitrile] (ITIC) into QDs film, which can effectively enhance charge

separation[164]

Perovskite materials are tunable in A, B, or X sites, which gives them exceptional optoelectronic
versatility. For the Xsite, Konstanatos et al. synthesized mixedhalide (CsPbBrt) NCs by using halide
exchange reactions of concentrated CsPhBNCs solutions with . To study their photovoltaic
performance, solar cells were fabricated by coating CsPbsx NCs layer through either a sigle-step
method or layer-by-layer coating method. The best device showed the PCE of 5.3% along wittoa

of 1.31 V via the singlestep deposition of CsPbBgNCs. However, the devices were curredimited
confirmed by the external quantum efficiency (EQE9pectrum, and also showed an obvious hysteresis
in both types of deviceg!6sl

Luther et al. reported the tunable Asite alloys of CsxFAPbI; NCs by the catiorexchange approach.
The Cs.«FAPDI; NCs showed adjustable emission in the red and ne@frared region from 650 and
800 nm as the value of X increases from 0 to 1. They estimated the activation energy related to the
alloying process to beD0.65 eV, which is higher than that associated with halide exchan@é] A
controllable synthesis of Cs«FAPDI; QDs film with the whole composition range, even in the form of
spatial heterostructure, was achieved by using GgFAPDI; QDs solution. In this regard, Luther et al.
used a layerby-layer deposition method to fabricate PQSCs. They demonstrated SCghvabrupt
compositional changes throughout the perovskite film, by which they can control the composition of
the photo-active layer to form an internal heterojunction. By optimizing composition of each
heterostructure-component, more efficient charge sepation at interface was achieved, resulting in
enhanced photocarrier harvesting. As a result, they obtained a record PCE of 17.39% with a SPO of
15.52%]1671 Wang et al. reported an OA ligandssisted catiorexchange strategy to synthesize s

FAPDIz QDswith high quality. They found that crossexchange of cations is facilitated in an GAch

108



ReviewArticle: Perovskite Nanocrystals: Synthesis, Stability and Optoelectronic Applications

environment, enabling a fast formation of GsFAPbl; QDs with decreased defect density. The best
CsxFAPDI; QDSCs achieved a certified PCE of 16.6% without obwsohysteresisiiésl Finally, it is

worthwhile to mention that the PNCs are also used in dye sensitized solar cells as an absofses71l

Besides directly serving as the absorber in a photovoltaic device, PNCs are also used as raw materials
to fabricate bulk films.[161, 172176] Kamat et al. deposited CsPbBIQDs layer by layer, followed by
annealing to cast stable films of desired thickness, which solve the problem of CsPh@position via
solution processing due to the poor solubility of CsB#73! In addition, PNCs have been used as the
interface modifier to engineer the band alignmentt77-179] Liu et al. developed a bulknanosheer
quantum dots or 3x2Dz0D dimension profiled interface, which promoted carrier extraction by
introducing an electric field in the device, leading to increased current and a PCE as high as 12.39%
for bulk CsPbBrh PSCégt78l
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Table 3.1 Performance of representative PN@ased solar cells.

Na”giczrg’Sta' < Voc ke FF | PCE | SPO | Area
PNCs Synthesis Method Device Structure _>can Ref.
direction
(nm) (eV) | (mAcm?) | (%) | (%) (%) | (cm?)

CsPbg Hot injection 10 FTOITiO2/CsPbls/Spiro -OMe TAD/MoG/Al R 1.23 13.47 65 10.77 | 8.16 0.1 [113]

CsPbj Hot injection 30 FTO/TiO./FAI -coated CsPhk¥Spiro-OMeTAD/MoG/Al R 1.16 15.25 76.6 | 13.58 | 13.43 | 0.058 | 10
R 1.18 15.5 73.0 | 13.47

CsPbi Hot injection ~20 FTO/TiO./CsPbls/Spiro -OMeTAD/Au 12.37 | 0.058 | [68]
F 1.17 15.2 66.0 | 11.75

CsPbs Hot injection 10 FTO/TiO:/CsPbls-{ GR/IPTAA/AU - 1.18 13.59 72.6 | 11.64 - 0.09 1162]

CsPbs Hot injection ~8 FTO/TiO./CsPbls/PTB7/MoO3/Ag - 1.27 12.39 80.0 | 12,55 | 12.35 | 0.0725 | (89
R 1.04 16.98 67.2 | 11.87

CsPbg Hot injection 9.86 FTO/c-TiOX +CsPbi/Spiro-OMeTAD/Au 11.00 - [181]
F 1.03 16.64 62.2 | 10.70
R 1.25 14.96 75.6 | 14.10

CsPbi Hot injection - FTOITIO/CsPbl/PTAA/M0oOs/Ag 13.90 | 0.0725 | (82
F 1.25 14.89 75.3 | 14.00

CsPbg Hot injection 10 FTO/TiO./Yb-doped CsPhd/PTB7/MoOs/Ag - 1.25 14.18 74.0 | 13.12 - 0.0725 | 183

CsPbg Hot injection 12 FTO/TiO,/CsPbls/Spiro -OMeTAD/Au - 1.11 14.80 74.0 | 12.15 - 0.16 [184]

CsPbg Hot injection 9.3 FTO/c-TiO./CsPbls/Spiro -OMeTAD/Au - 1.10 11.30 66.0 | 8.10 - 0.11 1185]

CsPbi Hot injection 10 FTO/TiO,/CsPbls/Spiro -OMeTAD/Au - 1.11 14.40 70.0 | 11.20 | 10.60 | 0.12 1186]
R 1.11 11.80 73.5| 9.60

ITO/PTAA/CsPbk/C60/BCP/Ag 9.20

F 1.10 11.62 739 | 9.42

CsPbi Hot injection 9 0.054 | 187
R 1.09 10.90 57.5 | 6.80

ITO/PTAA/CsPbk/C60/BCP/Graphene 6.40

F 1.08 10.79 57.7 | 6.73

CsPb} Hot injection 10 FTO/c-TiO2/CsPbls/Spiro -OMeTAD/MoG/Au - 1.18 15.21 742 | 13.3 - 0.096 | 188
R 1.06 17.77 75.8 | 14.32

CsPb} Hot injection 9.1 FTO/c-TiOa/s -m-TiO2/CsPbla/Spiro -OMe TAD/Au 13.87 - [189]
1.06 17.73 74.0 | 13.89
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Nantsaiczré/stal S Voc e FF | PCE | SPO | Area
PNCs Synthesis Method Device Structure di can Ref.
irection
(nm) (eVv) | (mAcm?) | (%) | (%) (%) | (cm?)
CsPbg Hot injection 9.5 FTO/NiOJ/CsPbls/C60/ZnO/Ag - 1.19 14.25 77.6 | 13.10 - 0.056 1190]
CsPb}Br Hot injection 13 FTOI/TiO,/CsPbl:Br/Spiro -OMETAD/Au - 1.30 5.32 77.0 | 534 - 0.0314 | [e8]
R 1.20 14.22 713 | 12.2
CsPbiBr Hot injection 10.3 ITOITiO2/CsPblBr/P3HT/Au 10.20 - [191]
F 1.13 13.07 58.0 8.5
R 1.54 5.65 62.4 | 542
CsPbBg One-step injection 15-20 FTO/c-TiO./CsPbBrs/Spiro -OMeTAD/Au ~3.60 | 0.0935 | 1192
F 1.31 4.77 38.1 | 237
CsPbBg Hot injection 10 FTO/c-TiO2/CsPbBrs/Spiro -OMeTAD/MoQ/Au - 0.90 7.38 40.0 | 2.65 - 0.06 193]
R 1.12 11.81 64.0 | 8.52
FAPbk Hot injection ~20 FTO/TiO./FAPDIs/Spiro -OMeTAD/Au 8.83 | 0.058 | [165]
1.12 11.85 68.0 | 9.01
FAPbEk Hot injection 12.8-17.7 ITO/SnG,/FAPDbIs/Spiro -OMeTAD/Au - 1.10 11.83 64.4 | 8.38 8.05 - 1163]
FAPDbk Hot injection 14 ITO/SNG,/FAPDIs (ITIC mixed)/Spiro-OMeTAD/Ag - 1.10 15.40 748 | 12.7 | 12.70 - [164]
R 1.15 14.36 68.0 | 11.14
Cs.75FAo.2sPbls Hot injection ~20 FTO/TiO2/Cso.75FA0.25Pbls/Spiro -OMe TAD/Au 10.93 | 0.058 | (69
F 1.14 14.23 66.0 | 10.77
R 1.22 17.26 74.0 | 15.60
CsPb/FAPDI3 Hot injection - FTO/TiO:/CsPbls/FAPbIs/PTAA/M0oO3/Ag 15.10 | 0.0725 | (194
F 1.20 17.21 72.0 | 14.90
N ITO/TiO2/Cso.25FAo.7sPbls/CsPbls/Spiro - [167]
C9.25FA0.75Pbls/CsPbls Hot injection - OMeTAD/MoG/Al - 1.20 18.91 76.0 | 17.39 | 15.52 | 0.059
Cs.xFAPDIs Hot injection 14 ITO/SnG,/Cs1.xFAPDI/Spiro -OMeTAD/Au - 1.17 18.30 78.3 | 16.60 - 0.058 | 1168]
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3.6.2 Light-emitting Diodes (LEDs)

In the past few years, wurtzite or zinc blende Cthased QDs, for example, CdS, CdSe, CdTe,
Cudoped ZnInS, and INP@ZnSeS, have been the dominant materials for quantum dot
based lightemitting diodes (QLEDSs), which cost lots of time and efforts to synthesiZe5!
PNCs have the merit of facile synthesis procedure and superior optical performance, like
adjustable emission wavelength, high brightness and color purity, and high defect
tolerance. These adantages make PNCs a promising alternative to conventional
materials. Comparing to the bulk perovskite LEDs, where the excitons formed by injected
carriers (in electrical excitation) are able to dissociate back to free charge carriers easily,
the charge cariers are confined in a small domain by the grain boundary and surface
ligands in PNCs with particle size from several to tens of nanometers. This importance

can significantly increase the luminescence efficiency.

The initial attempts to fabricate perovskie-based lightemitting diodes (PeLEDs) should
date back to over twenty years ago; however, electroluminescence could only be obtained
at liquid nitrogen temperaturelt%l and at very high applied voltagel®?l The massive
research on PSCs triggered a hugeogress also in the field of PeLED, started from 2009.
In 2014, Friend et al. highlighted the truth that an efficient photovoltaic material can also
be a good light emitter. They reported higkbrightness LEDs based on solutiofprocessed
perovskites and denonstrated electroluminescence in the neainfrared, red and green
by adjusting the anion compositions of perovskitél3l This work started intensive
research on PeLEDd able 3.2summarizes the performance of PN®ased LEDs in recent
publications. In the following, just a few examples of important strategies and

achievements are reviewed.

In 2015, for the first time, Zeng et al. reported the QLED based on-@brganic perovskite
cesium lead halide (CsPp{X = ClI, Br, I) nanocrystals. The typical QLED dasvcomposed

of ITO/PEDOT:PSS/poly(Yinlycarbazole)(PVK)/QDs/TPBI/LiF/Al exhibited blue,
green, and yellow electroluminescence, which was achieved by controlling the particle
sizes and varying the anion element composition. In more details, PL peak shiftéo
shorter or longer wavelength sides when the size of QDs was decreased or increased,
respectively, and the PL peak shifted to longer or shorter wavelength sides when the |
anions or Cl anions were introduced into the CsPbBPNCs. These devices showeale
luminance of 742 cd n?, 946 cd n®, and 528 cd r?, with EQE of 0.07%, 0.12%, and 0.09%

for the blue, green, and red LEDs, respectivelysl
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The surface ligands of PNCs play a crucial role in the performance of QLEDs. Normally,

surface ligands of PN€have doubleside effects on QLEDs, for instance, a certain amount
of ligands are required to provide sufficient surface passivation but excessive ligands will
lead to low conductivity. Bakr et al. introduced a halide ion pair (e.g.,-diodecyl dimethyl
ammonium bromide (DDAB)) to cap CsPyQDs by ligandexchange strategy. DDAB is a
relatively short ligand, thereby facilitating carrier transport in the QD film to obtain high
performance PeLEDs. As a result, the device based on these haiatepair-capped
CsPbBg QDs achieved a maximum EQE of 3.0% and luminance of 330 cd, mvhich is
much better comparing to allinorganic PQD LEDs without ligand exchand&?! Except for
replacing longer ligand with shorter ligand, Zeng et al. succeeded in controlling tligand
density of QDs film to balance surface passivation and carrier injection by a highly
efficient solution-processed treatment. After screening various solvents, they chose the
combination of hexane and ethyl acetate as solvent for QDs treatment tontml surface
ligand density. With proper treatment, the QDs solution stability, PLQY's, film uniformity,
and microstructure were all improved. At the same time, the EQE and current efficiency
were also increased from 0.12% to 6.27% and from 0.43 cd'Ao 13.3 cd AL, respectively,

comparing to the QDs using one cycle of acetone treatme#t]

On the other hand, PNCs are believed to be potential alternative doveonversion
materials in phosphorconverted light-emitting diodes (pcLEDs) for lighting andnext-
generation display technology. The advantageous properties such as narrow emission
bandwidth and high PLQYs, enable PNCs to work as color converters inlteDs. In 2015,
Dong et al. used the LARP method to synthesize brightly luminescent and cesafjustable
MAPbX (X = Br, I, Cl) QDs with absolute QY up to 70% at RT and low excitation fluencies.
The asfabricated MAPbBg QDs with the patrticle size of 3.3 nm had a Bich surface with

the Br/Pb molar ratio of 3.5. Through analysing the temperaturadependent emission
spectra, they reported that the MAPbByQDs possess an exciton binding energy DB75
meV and an optical phonon energy d42 meV. They also fabricated the wideolor gamut
prototype pc-WLED devices via the combination of green emissive MAB QDs, red
emissive rare-earth phosphor KSik:Mn4+ (KSF), and blue emissive GaN chigg.: AT C8 O
group developed a facile method to synthesize CsPHX = Cl, Br, I) inorganic PQDs, which
based on supersaturated recrystallization could be carried outtaRT in a fast and simple
way, without inert gas and injection operation. The synthesized PQDs had the QY's of 80%,
95%, 70%, and FWHM of 35, 20, and 18 nm for the red, green, and blue emissions,
respectively. They also measured the exciton binding energy €sPbBg QDs as 40 meV,

which was found to be much higher than those of GaN (25 meV) and RT thermal
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disturbance energy (26 meV). This means that excitons in CsPBEYDs can have a rapid

recombination at RT, inducing excellent PL propertie§ll
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Table 3.2 Performance of representative PN@ased lightemitting diodes.

ELUFWHM | Vi | EQBum ‘;;”.fe“t | Peak
PNCs Synthesis Method Device Structure Morphology efliciency | luminance | pefs
(nm) () (%) (cd AT (cd m?)
(FA)1x(MA),PbBr: LARP ITO/PEDOT:P$S/(FAq)x(MA)beBr3 NPs WI‘thOUt electrolyte NPs 550/~20 17 2 0013 2 201]
matrix and with electrolyte matrix/Al
MAPbBRB Emulsion Synthesis ITO/PEDOT/MAPbBE/TPBI/CsF/AI QDs 524/~26 2.9 1.1 4.5 2503 154]
MAPDbBr - SOCP/MAPbB#/TPBI/LIF/Al NPs ~547/20 ~3.6 8.53 42.9 Z [202]
455/23 5.1 0.07 14 742
CsPbX% Hot injection ITO/PEDOT:PSS/PVK/CsPRXIPBI/LiF/Al QDs 516/29 4.2 0.12 0.43 946 [198]
586/21 4.6 0.09 0.08 528
MAPDBxIx RT solutiongrowth ITO/PEDOT:PSS/ MAPbBkI«/F8/Ca/Ag NRs 533/26 Z Z Z Z [203]
MAPbBF LARP ITO/PEDOT:PSS/MAPbBITPBI/LiF/AI NPLs 436/~30 3.5 2.31 8.1 8.5 1204]
MAPbX% LARP ITO/PEDOT:PSS/PVK/MAPbBITPBI/LIF/Al QDs 520/21 7.8 1.06 3.72 2398 1208]
CsPbBg Hot injection ITO/PEDOT:PSS/PolyTPD/PFI/CsPbBr/TPBI/LiF/Al NCus 516/18 2.5 0.06 0.19 1377 [206]
CsPbBgzCsPhbBrs Hot injection ITO/PEDOT:PSS/CsPbBiCsPhBrs/TPBI/LiF/Al NPs 527/24 4.6 2.21 8.98 3853 1207]
688/36 1.9 7.25 0.49 435
648/33 1.9 6.3 3.42 2216
CsPbX Hot injection ITO/ZnO/PEI/CsPbX/CBP/TCTA/MoOx/Au QDs [208]
516/20 2.4 0.4 1.32 3019
404/14 34 0.61 0.0049 11
515/19 3 3 - 330
CsPbBxChx Hot injection ITO/PEDOT:PSS/PVK/DDABDACsPbX/TPBI/LiF/Al NCus [199]
490/19 3 1.9 - 35
698/31 - 5.7 - 206
CsPbX Hot injection ITO/ZnO/CsPbX%-TMA/TFB/MoOs/Ag NCus 619/29 - 1.4 - 1559 [209]
523/19 - 0.19 - 2335
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EUFWHM | Vr | EQBw | SUTEM Peak
PNCs Synthesis Method Device Structure Morphology efficiency | Iluminance | pefs
(nm) () (%) (cd AT (cd m?)
480/17 - 0.0074 - 8.7
CsPhxSnBrs Hot injection ITO/PEDOT:PSS/polyT PD/CsPh«SnBra/TPBI/LiF/Al QDs 508/ - 5 - 3.6 5495 [210]
650/35 2.6 0.05 - 90-930
CsPbX Hot injection ITO/TiO2/CsPbX/F8/MoO 3/Au QDs 510/25 2.8 0.325 - - [211]
495/21 4.1 0.075 - -
CsPbBg Hot injection ITO/PEDOT:PSS/polyTPD/CsPbBe/TPBI/LiF/Al QDs 512/20 3.4 6.27 13.3 15185 [200]
445/ - 4 - 0.025 15.2
CsPbX% Hot injection ITO/PEDOT:PSS/NPB/CsPhXBCP/LIiF/Al QDs 510/ - 5 . 0.308 51.7 (212
640/ - 4 - 0.027 21.7
CsPbBg - ITO/PEDOT:PSS/Ag rods/NPB/CsPbBITPBI/LiF/Al QDs Green 3.8 0.43 1.42 8911 [213]
CsPbBg LARP ITO/ZnO/CsPbBr/TFB/M0oO x/Au QDs 510/20 3 0.06 - - [214]
CsPbBg Hot injection ITO/NiO/CsPbBrs/ZnO/Al QDs 516/21 2.4 0.11 0.57 3091 [215]
CsPbBg Hot injection ITO/PEDOT:PSS/PVK/CsPbBIPMMA/TPBI/LiF/Al QDs Green - 0.25 0.96 637 [216]
CsPbBg Hot injection ITO/PEDOT:PSS/polyTPD/CsPbBe/TPBI/Lig/Al QDs 512/17 2.6 8.73 26.2 1660 [217]
CsPbBg Hot injection ITO/PEDOT:PSS/polyTPD/CsPbBe/TPBI/LiF/Al QDs 515/18 4.6 1.194 3.1 12090 (18]
511/20 4.2 1.49 6.4 9971
CsPbX Hot injection ITO/PEDOT:PSS/polyTPD/CsPbX:Mn/TPBI/LiF/Al QDs [219]
685/42 4.1 1.04 0.15 132
CsPbBg Hot injection ITO/ZnO/MZO/CsPbBr/CBP/TCTA/MoOJAuU QDs Green 2.9 1.1 3.66 3059 1220]
CsPbBg Microwave ITO/PEDOT:PSS/PTPD/CsPbBPVK/ZnO/Al NBs 520/17 2.2 1.1 - 590 [221]
CsPlh.s7S.33Brs Hot-injection ITO/PEDOT:PSS/TFB/ CsRk7Sr.2:Brs/TPBI/LiF/Al QDs 517/ - 3.6 4.13 11.63 12500 (222)
PEABr:CsPbBy - ITO/PEDOT:PSS/PEABr:CsPbBTPBi/Ca/Al quasi-2D 514/20 3 1.97 6.16 9957 [223]
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EUFWHM | Vr | EQBw | SUTEM Peak
PNCs Synthesis Method Device Structure Morphology efficiency | Iluminance | pefs
(nm) () (%) (cd AT (cd m?)
CsPb} Hot-injection ITO/PEDOT:PSS/CsPHITPBI/LIF/Al QDs 693/32 3 0.21 0.012 7.2 [224)
520/20 3.8 1.1 - 7317
CsPhXs - ITO/PEDOT:PSS/TFB/CsPXs/TPBI/LiF/Al quasi-2D [225]
693/30 4 0.14 - -
IDA-CsPb} Hot-injection ITO/PEDOT:PSS/polyTPD/IDA-CsPby/TPBI/LiF/Al NCs 688/33 4.1 5.02 - 748 [226]
OPACsPbB§ Hot-injection ITO/PEDOT:PSS/polyTPD/OPACsPbBE/TPBI/LIF/Al QDs 516/19 2.8 6.5 18.13 7085 227)
CsPbBg Hot-injection ITO/NiO/CsPbBrs/Zn 1xMgO/Al QDs 519/19 2.8 3.79 7.96 6093.2 [228]
Ce*-Doped CsPbBy Hot-injection ITO/PEDOT:PSS/polyTPD/Cedoped CsPbB#/TPBI/LiF/Al NCs 515/19 25 4.4 14.2 >3000 [229]
CsPbBg LARP ITO/ZnO/CsPbBr/TCTA/M0oO3/Au NCs 460/ - . 1.7 5.8 4428 [230]
CsPbBg Selfassembly ITO/PEDOT:PSS/PVK/CsPbBITPBI/Lig/Al core/shell QDs 510/21 3.9 15.17 40 18600 [231]
CsPbBg Hot-injection ITO/Li:TiO2/CsPbBr/TiO 2/Au QDs 530/25 2.3 2.38 3 2210 (232]
CsPbBg LARP ITO/PEDOT:PSS/PTAA/CsPbBITPBI/LIF/Al QDs 515/18 2.75 11.6 45.4 55800 1233]
FAPbBg Seltassembly ITO/PEDOT:PSS/FAPbBIPO-TOT/Ca/Al NCs 5325/2?26 2.2 134 57.6 56000 [234]
ITO/PEDOT:PSS/PolyTPD/CsPbBg/TPBI/Lig/Al 508/18 5.6 0.17 - -
CsPbBeg Hot-injection ITO/PEDOT:PSS/PolyTPD/CsPbBg + OAMI /TPBI/Lig/Al QDs 649/31 2.8 21.3 10.6 500 (23]
ITO/PEDOT:PSS/PolyTPD/CsPbBg + An-HI /TPBI/Lig/Al 644/29 2.7 14.1 11.6 794
CsFAwxPbBr3 - ITO/NiO/TFB/PVK/CsxFAizxPbBr/TPBI/LiF/Al NPs 483/ - 3.3 9.5 12 700 [236]
(PEAXPbBI4 LARP ITO/PEDOT:PSS/PVK:TAPC/(PEA)bBr/TPBIi/Ca/Ag NPLs 408.8/18 4.2 0.31 0.19 147.6 [237]
469 3.8 0.65 0.47 30
479 3.2 1 0.94 119
CsPbBkCk-s Directly mixing ITO/PEDOT:PSS/PolyTPD/CsPbBkCk.«TPBi/Ca/Ag NCs [238]
489 3.4 1.8 2.4 182
496 3.2 2.6 4.5 603
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3.6.3 Photodetectors (PDs)

The PDs have the functions of capturing optical signals and converting them into electrical
signals, which are crucial for various industrial and scientific applications, including
biomedical sensing, imaging, defence, and optical communicatiofd&-2411 Perovskite
material has the merits of excellent optoelectronic properties, such as highly efficient
absorption, ambipolar chargetransport characteristics, long carrier diffusion length, high
dielectric constant, and ferroelectric polarization, making it a potential candidate for PDs
application. Additionally, the low-cost solution-processed fabrication methods benefit the
large-scale production and commercialization, to some extent, which makeit more
competitive comparing to the most widespread inorganic semiconductors such as Si and
GaNul

The PDs can be classified into three types: photodiodes, photoconductors and
phototransistors. Figure 319 shows the two-terminal devices including photodiodes and
photoconductors, and the threeterminal devices including phototransistors, which have
the source, drain and gate electrodes. Regarding the spati@jout, the photodetectors can
also be classified as vertical and lateral types. For photodiodes and phototransistors, they
only show vertical and lateral types, respectively. However, photoconductors have two
kinds of typesl?42l Depending on the width of the spectral response window, the
photodetectors can also be classified as spectrally broadband or narrowband PDs.
Broadband PDs can sense a broad spectrum of light, for instancerays, U\Vlight, and
visible light, while narrowband PDs can only sense @arrow range of light, for instance,
red, green, blue, etc. PNCs have a narrow spectrum, which is really suitable for
narrowband PDs. The spectrally selective PDs are favoured by the market, where only a

small spectral range of light can be detected.

The photodiodes show similar device structures as solar cells, but work under reverse
applied field with low dark currents. Both electrons and holes can be extracted through a
built-in potential, inducing a high responsivity and a rapid response speed. In coast,
the photoconductors only transfer a single carrier. A long response time is one of the most
critical restrictions of photoconductors. In photoconductors, potentially, if the opposite
photo-generated carriers get trapped by inner defects or material stace, transporting
photo-generated carriers recirculate multiple times during the lifetime of the trapped
ones, inducing a high photoconductive gain. Unluckily, a photoconductive gain is
beneficial for achieving a high responsivity but also drives to a®lv responsell? In this

case, the high responsivity othe photoconductors may resultfrom the generation of a
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secondary photocurrent and photoconductive gain. Furthermore, the detectivity in
photoconductors is usually small due to their high dark currerg and noises. As mentioned
above, photoconductors have vertical and lateral device structures. It could be
challenging to implement the PNCs in the vertical type devices because of the high
requirement of film uniformity to perfectly cover the surface of &tive layer. In contrast,
the lateral structure devices can be simply fabricated using 1D nanowires and 2D
nanosheet perovskite.Table 3.3presents a summary of the performance of recent PNC
based PDs.

The 1D architecture of perovskite NWs has provided a eli-confined carrier transport

channel for application as PDs due to their less grain boundary, morphological anisotropy,

and good mechanical flexibility2431 However, the large surface area of MAPANWSs could

cause much easier carrier recombination andnaterial decomposition, which would be

detrimental to the performance and stability of the device. Tang et al. used OA soaking to
passivate MAPb) . 7 08 OOOZEAAA AAEAAOO O AT EAT AA OEA
perovskite NW-based PDs. By this treatmd, the carrier lifetime was improved from 28.1

to 51.3 ns. As a result, a high responsivity of 4.95 A-\\detectivity of 2 x 103 Jones, and

response time of less than 0.1 ms were achievé&d

In 2016, Lee et al. first demonstrated the alinorganic PNCsbased PDs. They chose CsEbl
NCs as active material for PDs, which is a red emitter. The-@stained PNC solution was
drop-casted on a doped Si substrate with prpatterned gold electrodes. The device
showed good photosensitivity with an on/off photoairrent ratio of 105 and relatively fast
rise (tise = 24 ms) and decay times (tcay= 29 mMs)[2451 Zeng et al. applied the 2D CsPbBr
NSs for solutiorrprocessed flexible PDs for the first time. These CsPhBXSs with a
thickness of~ 3.3 nm and edge leng | A& x  prop¢r to béAaSskmbled into high
guality, large-area films via a solution process. The flexible, 2D CsPhBisible-light PDs
showed excellent charge transport properties, a high photosensitivity with an on/off ratio
higher than 1(.[248 Liu et al. used a simple twestep vapour transport chemical
deposition method to grow MAPbt. 0, O xEOE 1 AOAOAIT AEI AT OETT 1
SiQ/Si substrates. The thickness of these 2D materials was distributed in the region of 5
~ 300 nm, which depended on the controlled growing time. They further studied the
thickness-dependent photoresponse of the devices and concluded that the sample with a
thickness of around 30 nm exhibits the best performance due to the dominant longest
lifetime of perovskiDA AGAEQT 0 § B t8uv 1008
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And finally, to obtain compact and smooth carrier channels for the PD devices, Zeng et al.
reported a recyclable dissolutiorrecrystallization method for CsPbBg PNCs. Specifically,
the large particles could be gradually dissdwed from the surface, and the PNCs could be
obtained by adjusting the ratio of the dissolved part. In addition to the size decreasing
behaviour, the PNCs would aggregate after washing off the highly dynamic surface
species. The agabricated films exhibited large numbers of holes and gaps. Then, they
used a combination of toluene and ethanol as washing solvent to form a liquid
circumstance in films. The surface and sharp parts dissolved, and the liquid matters filled
the holes and gaps. After solvent evapation, the dissolved species between isolated
particles would be attached on the surfaces of particle and recrystallized. The film treated
by this micro-self-healing method showed decreased hole size and smooth morphologies,

which benefited the performanae of PD device&48l

Two-terminal device Three-terminal device
I3 '
r X A
*Photodiode *Photoconductor (metal-semiconductor contact) *Phototransistor
Au/Ag A
Interface layer Au/Ag P kit
Interface layer Perovskites Srovses
Perovskites
Perovskites

Interface layer

" fofo | io/r10 Substrate
\ Z
Y
*Vertical type +Lateral type
(electrode spacing < 500 nm) (electrode spacing > 5 um)
= i
v'Low driving voltage ®High driving voltage
v'Short response time ®Long response time
\ ’
\"

®Low photocurrent v High photocurrent
(photogenerated charges) (photogenerated charges + injected charges)
®Low responsivity (R) v'High responsivity (R)
v'Low dark current ®High dark current
v High detectivity (D*) ®Low detectivity (D*)
v’ Small noise equivalent power ®Large noise equivalent power
(small noise current) (large noise current)
v Large linear dynamic range (LDR) ®Small linear dynamic range (LDR)

Figure 319: Schematic of architectures for perovskigased photodetectors and the characteristics
of photodetection performance for different devicd®eproduced with permissiol8 Copyright 2017,

Royal Society of Chemistry.
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Table 3.3 Performance of representative PN@ased photodetectors.

Input light Bias
intensity & It Responsivity | on/off Rise/decay time Detectivity
PNCs Synthesis Method Morphology Devices Structure wavelength | VO'129€ atio Ref
(mW cm?/nm) (V) (A WD) (ms) (Jones)
CsPhb} Hot injection NCs Au/CsPbk/Au 1.98, 405 1 - 105 24/29 - [245]
Onestep
MAPbL NWs AU/MAPbI3s/Au 2.36, 530 1 4.95 250 <0.1 2 x 103 [244]
self-assembly
CsPbBs Hot injection NSs ITO/CsPbBE/ITO 10, 442 5 0.64 >104 0.019/0.024 - [246)
CsPbBg Dissolutionzrecyrstallization NCs Au/CsPbBr/Au 1.01, 442 3 0.18 8 x 10 1.8/1.0 6.1 x 100 | [248]
Solution process & -, 405 22
MAPbL NSs Ti&AU/MAPDI 3/Ti&AU 1 102 <20/<40 - [249]
vapor-phase conversion -, 532 12
MAPbk Vapor phase deposition NPLs Cr&Au/MAPbDI3/Cr&Au 60, 633 1 23.3 - 150 - [247]
MAPbL Dissolutionzrecyrstallization NWs Ag/MAPbIs/Ag 1, 532 3 - 13 120/210 - [250]
CsPb(Br/l)s Hot injection NRs Au/CsPb(Br/1) a/Au 20, 532 1 - 2000 680/660 - [251]
CsPbBg LARP micro CsPbBE/CNTs -, 400 10 31.1 10° 0.016/0.38 - [252]
Saturated vaporassisted
MAPbk NWs Au/MoO3/MAPDI3/MoOs/Au - - 460 - 0.18/0.33 2.6 x 103 | [253
crystallization
Oxygenassisted
CsPbi.«Brx QDs Au/CsPbkxBriMoS2/Au -, 532 0.1 7.7x104 104 590/320 5.6 x 101 | 254
chemicalvapor deposition
CsPbGgraphen Hot injection NCs Au/CsPbCt-graphen/Au 8.17x103, 400 0.5 106 - 0.3 x1(/1.35 x 103 2x 1083 1156]
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3.7 Summary and Outlook

Metal halide perovskite nanocrystals possess excellent optoelectronic properties, which make them
a competitive candidate for the nextgeneration optoelectronics and photonics. This article briefly
reviewed the synthesis methods, stability issues, encapkion strategies, and few photoelectronic
applications of PNCs. Although great contributions from worldwide multidisciplinary researchers
have made this field more and more mature, there are still different critical issues to be addressed in

further research, which will be briefly discussed here.

Various processes for synthesis of PNCs are described here, among which the ligands are always
necessary to form nanoscale structures. However, it is not still wellnderstood how surface
passivation and stabilityof PNCs are affected by different types of ligands. Comparing to conventional
nanoscale semiconductors, the precise control of the size and shape of PNCs needs further effort. In
addition, the mechanisms of how ligands control the size and shape of the ®Nare needed to be
elaborated. A systematic exploration of the novel ligands for the sake of stable surface termination in
PNCs and a deep understanding of their functionality are highly demanded. Besides, it is also of great

interest to study the impactof ligands on the electronic band structure of PNCs.

Lead-based PNCs are the most studied due to their better optoelectronic properties comparing to
other MHPs; however, the evegrowing concerns about the toxicity of these materials has
encouraged many raearch groups to develop leadree PNCs substitutes. Unfortunately, replacing
OEA 1 AAA AU 1T OEAO OEITCIA 1T AOAT Al Ai A1 OO #AO 1 EIE
perovskite materials show inferior properties when comparing to leadbased one.Despite tin(ll)-
based perovskites have a suitable bandgap, their easy oxidation from Sn(ll) to Sn(VI) impedes the
application of these materials. In recent years, the scalled double perovskite materials appear on
the scene, represented by GAgBiX perovskite. Supported by computational studies on the elements
screening for a possible combination of A B, B+, and Xions, eleven optimal materials were screened
out and three of them showed the appropriate direct band gaps of 1.68, 1.77 and 1.83 eV (for
CsAgSbk, CsAgBiIls, and CsAuBIBrs, respectively)2s51 To date, just a few new double perovskite
materials have been reported, but not in the nangized form. This is also an exciting direction for

future research.

One of the most significant challengefor the commercialization of PNCs is their stability. The interior

and exterior factors that may cause the degradation of PNCs are summarized in this review. For the
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interior factors like perovskite structural stability, doping a small amount of other meal cations into
perovskite structure is an effective way to improve stability. However, the structurgroperty
relationship needs further investigation both in theoretical and experimental fields, especially for the
lead-free PNCs. The function of ligandsorking as the surface passivators, on the other hand, needs
to be systematically studied in order to achieve stable surface passivation with least effect on the

optoelectronic properties of PNCs.

Numerous studies on coating and encapsulation of PNCs withrious materials have been discussed

in this review. However, these protectors are mostly chemical and environment stable but insulated.
That means even if the stability can be improved dramatically, these materials act as barriers for
charges at the sama time and could be detrimental to the optoelectronic properties of PNCs. To
AAAOAOO OEEO EOOOARh 11 OAT OOOAOACEAO OET O1 A AA
and doping the insulated protectors might improve the carriers transport.

Although they are still in the development phase, PNCs have shown high potential in various
optoelectronic and photonic applications. However, a much longer lifetime and durable performance
are required to ensure a bright industrial future for PNGbased tetinologies. Additionally, the toxicity
issue of the leadbased PNCs should be ideally resolved no matter what fields these materials are used
for. Exploring the novel PNCs with nottoxic properties and soluble in water will extend their
application to further fields such as bieapplication and water-splitting. With numerous efforts from

the researchers and global cooperation among the chemists, physicists, materials scientists and
engineers, this field has shown great progress with the skyrocketing numberd cesearch works in
recent years and the breaking record presented in every few days. We believe that the PNCs have very
high potential to be implemented as one of the mosaised materials in different echnologies in the

near future.
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