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Abstract

Mixed halide perovskites are ideal materials for tandem solar cells (solar
energy conversion), but they suffer from detrimental light-induced phase seg-
regation, which can affect their optoelectronic performance. In the course of
this thesis, the light-induced phase segregation in a FAqsMAq5Pb(Ip5Bro5)s
thin perovskite film was investigated. Specifically, the time evolution of the
emission spectra was studied at different laser irradiation conditions, such as
excitation intensity (> 1 W/cm?) and irradiation time. Optical spectroscopy
measurements revealed the co-existence of three perovskite phases, a mixed
halide phase, a bromide-rich phase, and an iodide-rich phase within the film,
due to the phase segregation effect under light excitation. It was observed
that at short irradiation times the photoluminescence (PL) from the iodide-
rich phase dominated the PL spectra, while at long irradiation times its PL
was significantly reduced and the PL from the bromide-rich phase was inten-
sified. These variations in PL intensity at different irradiation times could
be explained by effects such as, the accumulation of charge carriers at the
potential minimum (the lowest energy gap), PL quenching and band filling.
The light-induced phase segregation of FAqs;MAq5Pb(Iy5Brg5)s perovskite
was found to be suppressed, compared to other perovskite materials such as
MAPD(Ip5Brg5)s. In addition, it was found that strong PL quenching can
affect the reversibility of the phase segregation, which is evidence for iodine
expulsion (loss of iodine). Finally, the charge carrier recombination dynamics
during phase segregation at different excitation intensities was investigated
by time-resolved photoluminescence measurements.



Hepiindn

Or tepofonitec UTAC TEQEXTIXOTNTAC HAOYOVOU EVOL LOOVIXG UALXGL Y1ol NALOXES
xuperidec modhamAic enophc (HeTaTEOTH NAaXAC EVERYELNC), AR UTOQPEROLV
omo eMCAULO OTTLXG ETOYOUEVOU BLoy WELOUO QAoTC, To oTolo umopel Vo eTnpedoet
TNV OTTONAEXTEOVIXT| TOUC amOB00T). 2TO Thaiolo Tne mopolcas dlatel3hc, Olepe-
uVAlNXE 0 OTTING ey GUEVOC Blory wpetouoc pdong oe éva FAg s MA(sPb(1g5Brg5)s
AemtO Lo Tepofoxitn.  Luyxexpyéva, UeAethAUMXE 1 Ypovixh eCEMEN TwY
PUOUATOV EXTOUTAC OE OLUPOPETIXES CUVUHXEC axTVOBOANOTC He AEWLER, OTWC
évtaon diéyepone (> 1 W/em?) xou ypdvoc axtvofBéinone. Metphoec on-
TIXAC QOCUATOOXOTIAC amoxdhuay T cuViTaEEN TELOY PAcENY TepoBoxitn, uia
PAoT UXTAC TEQLEXTIXOTNTAC AAOYOVOU, WL QAoT TAOUOLH OE BEMULO XaL Lol
@domn ThoLoLo GE LWOL0 EVIOC TOU LUEVIOU, eCoutiog TOU (QOIVOUEVOU BlaywpELo-
uol @done und dlEyepon @wtoc. IlopotneNinxe Ot o Uxpole Ypdvoug oxTi-
VoPBOANoNC 1 @WToPuTUdYEL and TNV TAOUGLA O W00 QAo xUELEY0VoE GTo
PACUOTA POTOPWTAVYELNS, EVE GE UEYSAOUS YPOVOUS UXTIVOBOANOTC 1) PWTOPH-
ToOYELOL TNS UELOUTXE GNUOVTIXG X0 1) GOTOPWTAVYELN Tt TNV TAOVUGLOL OE Be®uLo
@domn evioyinxe. Autéc ol UETUBOAEC OTNY EVIUOT TNC PWTOPOTAYELNS OF Ol-
AUPOPETIXOUC YPOVOUC axTvoBoinone Ya uropolooay va e&nynioly and gotvoueva
HTOC 1 GUGGOPEVCT| POPENY PORTIOL GTO EAAYLGTO TOL duVoIXOU (TO YounAdTERO
EVEPYELXO YAoUa), AmOOPEO TS POTOPWTAYEWS Xat TAREwon Loviy. O ot-
T8 enarydpevog Saywplopde @done tou mepofoxitn FAgsMAgsPb(I5Bros)s
Beednxe va elvon xateo TahUEVOC, 08 GUYXELOT UE Ao TEpOBoXLTING LALXE OTIWE TO
MAPb(Iy5Bros5)s. Emnhéov, Swmotddnxe dt n toyvph andoBecn tne ¢utope-
T YELC UTOPEL Vo ETNEEJOEL TNV 0VAO TREPLUOTNTA TOL BLaty WELGUOU QACTC, YEYOVOC
Tou anoTeAEl amodexTind atoryelo Yl amoBoly| twdiov (ammiela wwdiov). Télog,
7 OUVOLXY| TNS ETAVAOOVOECNC POREWY POETIOU UTA T1) OLIEXELN TOU OLOY WELO-
Lo QaoNe O BLUPOPETIXES EVTAOELS DIEYEPONC OLEPELVIUNXE UE YPOVOELUOTOUEVEC
UETENOEIC PWTOPWTAVYELOC.



Acknowledgements

I want to thank my supervisor, Professor Nikos Pelekanos, for the extensive
help, the useful instructions and meetings, and also for giving me this project.
I also want to thank all the technical staff of the Microelectronics Group at
the ITE-FORTH Institute, especially Mrs Maria Androulidaki, and the PhD
candidates Manolis Manidakis, Nikos Hatzarakis, and Christine Saitanidou,
for their contributions to this work. I am grateful to Manolis Manidakis, who
fabricated and let me borrow the perovskite thin film for investigation, and
to Mrs Maria Androulidaki and Nikos Hatzarakis for their intense support in

the experimental work of this project.



Contents

1 Introduction

2 Organic-Inorganic Halide Perovskites

2.1 Optical and Structural Properties of APb(I;_,Br,)s; Perovskites .

3 Effects of Light-Induced Phase Segregation on the Optical
Response of Mixed Halide Perovskites

3.1 Spectral Changes in Emission . . . . . . . ... ... ... ....
3.2 Spectral Changes in Absorption . . . . . . .. ... ... ....
3.3 Spectral Changes in Transient Absorption . . . . . . . ... . ..
3.4 Light-Induced Structural Changes . . . . . ... ... ... ...

4 Carrier Dynamics and Suppressed Light-Induced Phase Seg-
regation

4.1 Carrier Lifetimes in Halide Perovskites . . . . . . . . . . . . . ..

4.2 Mitigation of Light-Induced Halide Phase Segregation . . . . . .

5 Theoretical Models for Light-Induced Phase Segregation

5.1 Phase Segregation Kinetics - Kinetic Model . . . . . . . . . . ..
5.2 Vacancy-Mediated Phase Segregation . . . . ... ... .. ...

5.3 Thermodynamic-based Unified Theory for Light-Induced Phase
Segregation . . . . . . . ...

5.4 Polaron-assisted Light-Induced Phase Segregation . . . . . . ..
5.5 The Role of Cohesive Energy in Light-Induced Phase Segregation

6 Experimental Methods

10

12

13
15
17
19

22

22
24

25

25
31

33
42
47

51



7 Experimental Results 53
7.1 Emission characteristics of FAg5MAq5Pb(Iy5Brg5)s Perovskite

Thin Film . . . . . . . . . . 53
7.1.1 Temperature-dependent Photoluminescence . . . . . . . .. o4
7.1.2 Fluence-dependent Photoluminescence . . . . . . . . . . .. o7
7.1.3 Photoluminescence (PL) Mapping . . . . . ... ... ... 57

7.2 Emission Dynamics of FAq;MAq;Pb(Iy5Brg5)3 Thin Film Dur-
ing Light-Induced Phase Segregation at Various Excitation Levels 60

7.3 Photoluminescence Quenching Effect . . . . . ... ... .. .. 69
7.4 Phase Segregation Recovery Kinetics . . . . ... ... ... .. 75
7.5 Spectral Changes in Reflection . . . . . . . ... ... ... ... 80
7.6 Charge Carrier Recombination Dynamics . . . . .. .. .. .. 83
7.7 Photoluminescence (PL) Imaging . . . . . ... ... ... ... 88
8 Conclusions and Future Work 91

Bibliography 104



Chapter 1

Introduction

Organic-inorganic hybrid mixed halide perovskites are potential candidates
for low cost, efficient and high performance photovoltaic devices. Due to
their tunable band gaps (i.e for CH3NH3Pb(I;_,Br,)s perovskites the energy
band gap can be tuned from 1.6 to 2.3 eV at room temperature by varying the
halide composition x, 0 < x < 1), the long carrier lifetimes (several ns to a few
us), the long carrier diffusion lengths, the high photoluminescence quantum
yields, the large absorption coefficients (10* — 10° cm™1), the excellent defect
tolerance, mixed halide perovskites can efficiently harvest the entire solar
spectrum, leading to certified power conversion efficiencies (PCEs) which to
date exceed 22% [1-8]. Noteworthy, mixed halide perovskites have already
been employed for light-harvesting layers in tandem solar cells [5-7,9].

Despite the unique properties and features, the progress in efficiency and
other achievements, mixed halide perovskites exhibit long-term instability is-
sue. In particular, moisture can lead to degradation of the perovskite through
a series of chemical reactions [10]. In addition, photo-instabilities occur when
the mixed halide perovskites are exposed to visible light irradiation, result-
ing in deformation of the mixed halide perovskite and degradation of the
perovskite-based photovoltaic devices performance [11-24].

Through optical and structural measurements, this phenomenon has been
attributed to light-induced halide phase segregation, which originates from
ion migration and causes spectral shifts in the absorption and emission, in-
dicating the deformation of the mixed halide phase and the formation of two
new phases (a phase rich in the first compound and a phase rich in the second
compound) within the parent mixed halide perovskite [16-22,25-30].

Remarkably, this phenomenon is reversible. With the removal of the light



source, the partial segregated perovskite slowly recovers to its initial mixed
phase [17].



Chapter 2

Organic-Inorganic Halide Perovskites

The chemical formula of perovskites is ABX3 where A contains one of
MAT FAT,Cs™ cations, with methylammonium MA*=CH3NH3" and for-
mamidinium FAT=CH(NH,);, B=Pb*" or Sn?" cation and X=I",Br~,Cl~
where X is a halogen anion. For these B cations and X anions, A should be
one of the cations mentioned above or a mix of them for double and triple
cation perovskites (and not, for example Na or K) in order to achieve the de-
sired tolerance factor to form a stable perovskite structure with phase stabil-
ity at room temperature [31-34]. For the formation of a stabilized perovskite
structure, the tolerance factor (t) should be within the range 0.8<t<1.0 and

is given by:

_ Ris+ Rx
T VAR R )

where R4,Rp and Ry are the radius of A B cations and X anion, respec-
tively. Usually double (or triple) cation halide perovskites are used by mixing
those A cations, with X containing two of the three anions mentioned above
in different fractions, hence the name mixed-halide perovskites. The crys-
talline structure of perovskites with chemical formula ABXj is depicted in
Figure 2.1 which contains the three possible phases of a perovskite mate-
rial. Organic-inorganic halide perovskites should appear in any of the three
phases at room temperature, depending on the tolerance factor. By varying
the temperature, halide perovskites can undergo phase transitions [35,36].

The A cation is located at the centre of the structure and is surrounded by
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Figure 2.1: The crystal structures of perovskites for the three different phases,whence A B
and X ions are given above. Source of the Figure : [36]

eight corner-sharing [BXg| octahedra with the B cation in the center and the 6
anions at the corners. Note that MAPDbI3 has a tetragonal lattice structure,
MAPDBr3 has a cubic crystal structure and the CsPbls perovskite has an
orthorombic structure, at room temperature [35,37]. Finally, for x>0.2 the
MAPbD(I;_,Br;)3 perovskites undergo a tetragonal-to-cubic phase transition,
which may play a critical role in phase segregation and which will be revealed
later on [17,38].



2.1 Optical and Structural Properties of APb(I;_,Br,);

Perovskites

Absorption and X-ray diffraction (XRD) measurements demonstrate the
tunable optical and structural properties of this class of materials.
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Figure 2.2: a) The energy band gap Eg(x) versus Br composition x and b) the pseudocubic
lattice constant and the (200) peak position versus Br composition x, for FAPb(I;_,Br,)s
(orange triangles), MAPb(I;_,Br,)s (blue triangles), CsPb(I;_,Br,)s (red circles) at room
temperature. ¢) The absorption coefficient of MAPb(I;_,Br, )3 versus energy(eV) by varying
the Br composition x, at room temperature. c¢)Inset: photograph of MAPb(I;_,Br,)s devices

for 0<x<1 (from left to right).
2.2¢): [17).
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Source of the Figure 2.2 a),b) : [25]. Source of the Figure



The broad range of values for the energy gap by varying the concentration
of bromide x, in Figure 2.2a, combined with the high absorption coefficient
values for a MAPb(I;_,Br,)s thin film shown in Figure 2.2c and the long
carrier lifetimes, suggest that these materials could be excellent candidates
for light-harvesting layers in solar cells. The respective energy band gap for
A=FA* A=MAT", and A=Cs™ cations varies between x=0 and x=1 from
1.48eV to 2.28¢eV, 1.58eV to 2.38¢V, and 1.80eV to 2.35eV, respectively |6,
17,33]. The origin of the high energy differences is related to changes in
average Pb-X bond distance, which is dictated by the ionic radius of the
halide species [25,39]. The bromide ion has a lower ionic radius than the
iodide, thus the average bond distance of Pb-X reduces as x increases, leading
to lattice contraction (smaller lattice constant) and a higher energy band gap,

as one can confirm from Figure 2.2a,b.
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Chapter 3

Effects of Light-Induced Phase
Segregation on the Optical Response
of Mixed Halide Perovskites

Light-induced phase segregation is a phenomenon which is often found
in solid solutions or semiconductor alloys (or in other mixtures) of two com-
ponents (A,;B;_,) and has the ability to demix an alloy, which is initially in
a stable mixed state at room temperature, by using light excitation. Due to
the demixing, two new phases are formed, a phase rich in the first element(A)
and a phase rich in the second chemical element(B) (instead of chemical el-
ements, could be also compounds). The phenomenon arises from variations
in the free energy of the system, specifically light excitation can increase the
free energy of the system by providing the requisite energy to overcome the
kinetic barriers for ion migration, leading to phase separation of the mixed
phase into two phases whose exact compositions are defined by thermody-
namics. The same procedure occurs also in our case when the mixed halide
perovskite thin film is exposed to light illumination, and one way to track the
phenomenon and its effects is via optical measurements(absorption,emission,
etc) [16-22,24,26, 30, 38].

Moreover, halide phase segregation can occur even via current injection,
external electric fields and inert build-in potentials in devices [11,13,40]. In
our work, we examine only the mixed halide phase segregation induced by
light soaking.

12



3.1 Spectral Changes in Emission

Primarily, Figure 3.1a depicts the time evolution of the emission (photolu-
minescence versus time) from a MAPb(Iy5Brg5)s thin film under continuous
wave (CW) illumination with excitation intensity and excitation wavelength
of 20 mW-cm™? (~ 1/5 of the Sun’s intensity) and 405nm, respectively [22].

The initial emission peak was at roughly 660nm (1.88eV) consistent with
the equation in Figure 2.2a for x=0.5 [38]. We can observe (Figure 3.1a)
that the emission from the mixed state (~ 660nm) reduces with time and
two new emission peaks are forming with sufficiently different intensities,
one peak at roughly 733nm which is consistent with emission from x~0.2
MAPD(IpsBrg2)s film and one more peak at roughly 530nm. The two new
features in the emission spectra denote the formation of I-rich and Br-rich
phases within the film. The emission of the I-rich phase dominates in the
emission spectra due to the favourable low energy band gap which behave as
a trap for carriers who finally recombine there [17,22].

In order to confirm that the observed changes in the MAPb(I;_,Br,)s
perovskites do not occur due to the local heat, wide-angle X-ray scatter-
ing (WAXS) experiment were conducted and the results showed zero spec-
tral shifts [30]. Earlier studies have shown that the final I-rich phase of
phase segregated MAPb(I;_,Br,); films is always consistent with emission
from x~0.2 film, regardless of the initial concentration x of the films [17].
Specifically, a final emission at 730-760 nm has been universally observed
[11,17-22,24,26,27,30,38,41,42]. This is a significant observation which the
following models for phase segregation will try to rationalize. Figure 3.1c
shows that the I-rich phase, even at low volume fractions can dominate the
photoluminescence spectra due to the diffusion of the photo-generated carri-
ers into these I-rich inclusions. The photo-generated carriers relax into lower
energy states and facilitate radiative electron-hole recombination from the
lowest band gap domains. The overall increase in emission spectra is due to
the high photoluminescence efficiency of these I-rich inclusions in comparison
to the rest phases (Br-rich and mixed phase) of the film [17]. At last, by

plotting the intensity of the I-rich phase (from the emission spectrum) with

13



time, one can obtain the segregation rate k foruward.em (571).
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Figure 3.1: a) Photoluminescence versus wavelength for different time intervals over a pe-
riod of 3sec for a MAPb(Iy 5Brg5)3 thin film under (CW) excitation with Io,,=20mW /cm? at
A=405nm. Inset: Emission peak at A~530nm. b) The absorption spectra of MAPb(Iy5Brg5)3
at different times of illumination with CW excitation (I.;,=25mW /cm? A=405nm). The dif-
ferent times of irradiation are Omin(blue), 1min(red) and 30min(green). Inset: Absorption-
based phase separation rate from absorption changes at A=720nm where the dashed red
line represents an exponential fit to the data. ¢) Schematic illustration of phase segregation
caused by photo-generated charge carriers (black circles for electrons and white circles for
holes), showing the co-existance of three different phases within the film, with their energy
band gaps pointing out the preferred emission from I-rich phase(xa0.2) domains. Source
of the Figure 3.1 a),b) : [22].
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3.2 Spectral Changes in Absorption

The halide phase segregation can also be tracked by the changes in the ab-
sorption of illuminated MAPb(I;_,Br,)s thin films. In order to obtain Figure
3.1b, a (CW) laser with A==405nm and I.,.=25W /cm? was used. Hence it de-
picts the changes in absorption at different irradiation times (before, during
and after CW illumination) in a MAPb(Iy5Bro5)s thin film [22]. The first
observation is that during 30 minutes of (CW) irradiation, the absorbance
changed slightly and not in the same dramatic fashion that emission spectra
did. Furthermore, one can observe the decreased band edge absorption at
around ~ 630nm and also the growth of a tail at around ~ 700nm. The
observed shifts in absorption wavelengths, compared to those in emission
wavelengths (i.e the emission wavelength of the mixed phase peak is at ~
660nm while the absorption wavelength of the same peak is at ~ 630nm) are
caused by Stokes shift (see Figure 3.2).

The insert in Figure 3.1b shows that only 8% of the mixed phase converts
into an I-rich phase, while other experimental works indicate 1,2 and 18%
conversion [11,17,19]. Consequently, only a small fraction of the mixed phase
undergoes phase segregation and despite the small fraction, the I-rich phase
can dominate and cause dramatic changes in photoluminescence spectra due
to the favourable energy band gap.

Moving forward, the following inequality should hold k orward.em >K forward,abs
(reminder: k is the phase segregation rate and can be measured either from
the emission spectra changes or absorption spectra changes) due to the fact
that the I-rich inclusions, apart from growing in fraction and size with respect
to time, also collect the generated carriers from the different phases. A criti-
cal point, is that kty.werq depends on the excitation intensity I, in general
K forward increases as I, increases. The exclusive degree of dependence will be
determined in the kinetic model description that follows. Another parameter
that affects phase segregation is the thickness of the film and the excitation
wavelength [30,41]. Notably, thick films (280nm) exhibit faster phase segre-
gation rates than thin films (70nm), while decreasing the h.,. of the source
also leads to faster segregation rates [30]. In addition, it is observed that

15
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Figure 3.2: Stokes shift. Within the first excited state, there are different vibrational
and rotational energy levels which are metastable and in about ~ 1073 sec (or a few ps) via
internal conversion (non-radiative process) the excited carriers (which are excited at a higher
energy level of the first excited state) relax into the lowest vibrational and rotational first
excited state from where the carriers recombination occurs (Agps<hem ). The arrows represent
the energy difference of each transition and not the absolute value of its wavelength.

higher energy excitation (compared to an excitation energy near the band-
edge) results in increased phase segregation rates [30]. That occurs due to
excitation wavelength-dependent penetration depth, which results in higher
carrier density for low penetration depths (low excitation wavelengths), but
the fact that thicker films exhibit faster segregation rates than the thinner
films remains confusing. Perhaps the influence of surface traps is more in-
tense in thin films and this may lead to relatively slower segregation rates [30].

Finally, the most exciting and contingency fact is that the light-induced
phase segregation is reversible when the light source is removed (under dark
conditions). A complete recovery of all spectra features has been observed on
time scales of several minutes (~ 5-30min, typically) [17-20,24,26,30,42]. The
exact recovery time depends on the excitation intensity, the exposure time
to irradiation, the quality of the film (crystallinity), the crystallite size and
the temperature [17-19,22]. The different time scales (minutes for recovery,
seconds for phase segregation) reflect that there is a deeper mechanism behind

16



this, which to date remains elusive. An interesting perspective is that because
the I-rich phase (x~0.2) has a tetragonal lattice structure, the ion migration
activation energies, in order to return to its initial lattice sites in the mixed
phase, are higher than those in the cubic structure [17,30,38]. Also, as it will
be explained later on, in the absence of illumination, the mixed phase of the
perovskites is preferred, as dictated by thermodynamics at room temperature.
Therefore, when the light source is removed, the system tends to recover to its
initial mixed state, but perhaps there is a fundamental difference, between the
transitions from cubic-to-tetragonal and from tetragonal-to-cubic. Adding to
this, the feature at A ~ 740-750 nm is found in all APb(I;_,Br,)s perovskites
(A=MAT FAT Cs* or mixed), despite the fact that structural changes (cubic-
to-tetragonal) at x=~0.2 occurring only in the MAPb(I;_,Br,)s perovskite.
Thus, the fact that the I-rich phase, in all MAPb(I;_,Br,)s perovskite films,
forms at x~0.2 due to structural transformation (cubic-to-tetragonal) and
also affects the dark recovery kinetics of the system is controversial [43].

3.3 Spectral Changes in Transient Absorption

Another way to probe halide phase segregation is via transient absorption
measurements [2, 17,19, 44-46]. A schematic of the experimental setup is
shown in Figure 3.3a, the pulsed laser with A=387nm has a low excitation
intensity in order to avoid phase segregation effects, while the (CW) laser
with A=405nm operates in order to induce phase segregation in the sam-
ple (MAPb(I; 7Br;3)). White light (usually a broad probe pulse) probes the
changes in transient absorption. The time (in picoseconds) that the Fig-
ures indicate is the delay time between probe and pump(pulsed laser). Note
that the pulsed laser excites carriers to the excited states and so the ground
state is depleted from carriers, which results in a reduction in the band edge
absorption compared to the initial absorption (without any pumping with

17



pulsed laser) leading to AA< 0 (bleaching). In other words, AA> 0 repre-
sents absorption from the excited states while AA< 0 absorption from the
band edge. The excited carriers can also absorb light to reach higher ex-
cited states. Consequently, in the transient absorption spectra one can see a
mixture of the ground and excited states. Figure 3.3b shows the bleaching
maximum at A=625nm, which matches well with the absorption peak seen in
the ground state absorption of the film(see Figure 3.1b), before (CW) laser
irradiation [19]. As the delay between pump and probe increases in time,
the electron-hole pairs recombine and so we see the change in absorption at
the bleach peak decrease (in absolute magnitude). AA = %, where A is
the initial absorption (before pump) and A’ is the absorption after the pump
with a pulsed laser.

Moving forward, Figure 3.3c shows that 1 min of (CW) laser irradiation
is enough to form two new bleaches, around A~530nm and A~700nm. The
new bleaches depict the I-rich and Br-rich phases. An important insight
arises from Figure 3.3d (after 40min of irradiation) as we can see the well
formed bleach at around 530nm (Br-rich phase), which was not so clear in
Figure 3.3c and we observe that within 5ps (after pumping) the bleaching
which corresponds to the Br-rich phase recovers while at the same time the
bleaching maximum corresponding to the I-rich phase increases (in absolute
magnitude). The excited behavior of preformed MAPbI;, MAPbBr3 thin
films have revealed that neither has a bleaching maxima with a lifetime less
than 1ns [19].

The difference in kinetic behavior and the fact that the decay of the Br-
rich phase during the first 10ps (after pumping) matches the growth in the
I-rich phase may indicate a pathway for energetic charge pairs from the Br-
rich region to transfer into I-rich sites [19]. There is a clear evidence for
that. At last, from Figure 3.3e one can observe the gradual decrease of
the mixed phase bleaching maximum (at 650nm) and the growth of a new
bleach at roughly 700nm (I-rich phase) with respect to time. The pump-probe
delay was steadily 5ps and it probes the changes in transient absorption (at
different time intervals) for the first 30 seconds of (CW) irradiation with
higher excitation intensity I.,.=1.7W/ cm?.

18
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Figure 3.3: a) Schematic illustration of sample excitation for pump-probe transient ab-
sorption spectroscopy, an additional (CW) laser is used in order to induce phase segregation
to the probed regions. b-d) Time-resolved difference absorption spectra of a MAPbI; ;Br; 3
film (xp, ~0.43), with a pulsed laser(pump) at 387nm excitation wavelength and a 405nm
(excitation wavelength) (CW) laser with I.,,=1.7W /cm?. b) before (CW) laser irradiation,
c) after Imin of (CW) laser irradiation and d) after 40min of (CW) laser irradiation. e) Fem-
tosecond transient absorption spectra of MAPbDI; 7Br; 3 film with 5ps delay between pump-
probe, under irradiation of a 405nm excitation (CW) laser with I.,.=1.7W/cm?.  Source of
the Figure 3.3 (b-e) : [19].

3.4 Light-Induced Structural Changes

The most convincing evidence that light induces halide phase segregation in
MAPD(I;_,Br,)s perovskite thin films comes from X-ray diffraction (XRD)
measurements that track structural changes under illumination. Figure 3.4b
depicts the (200) reflection peak of MAPb(Broglgy)s (x=0.6) at roughly
29.38° (pre-illumination) which splits into two new peaks at around 28.68°
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and 29.55° after 5 minutes of white-light soaking at I.,.=50mW /cm? [17,25].
These two new peaks fit well with the original (200) reflection peaks from
MAPbB(IygBrg2)s (x=0.2) and MAPb(I3Bro7)s (x=0.7) thin films, as shown
in Figure 3.4b. [17].

(@) ) I
m =06 —— Pre-illumination “—— Pre-illumination
T ) —— Post-ilumination o —— Post-illumination
= —— Post-dark relaxation E - (MAPb(Br_,I ).
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Figure 3.4: a) (XRD) pattern of a MAPb(Iy4Bros)s (x=0.6) thin film before(black),
after(red) white-light soaking for 5 minutes at I.,,=50mW/cm? and after 2 hours in the
dark(blue), while the green (XRD) pattern is from a MAPb(IysBro2)s (x=0.2) film for
comparison. b) The (200) reflection peak of a MAPb(I4Bros)s (x=0.6) film before(black)
and after(red) white-light soaking for 5 minutes at I.,,=50mW /cm? while the (200) reflection
peak of MAPb(IpgBrg2)s (x=0.2) film (dashed green) and of MAPb(Iy4Brgg)s (x=0.6) film
(dashed brown) are included for comparison. Source of the Figure 3.4 : [17].

Also, the percentage of the I-rich phase that exists in the lattice is esti-
mated to be 23%, while for the Br-rich phase the percentage is 77% [17].
Noticeably, all the XRD peaks recover to their initial positions (20 position)
under dark conditions (absence of visible light illumination), Figure 3.4a in-
cludes that information [17]. Also noteworthy, in the to-date literature, there
are studies which are consistent with the measured shifts in XRD [47-49], as
shown above, but on the other hand, there are studies which show negligi-
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ble peak splitting from (XRD) measurements under illumination, only peak
broadening has been observed, which is due to lattice strain [18,30]. Con-
sequently, (XRD) measurements seem to be sensitive to external parameters
such as excitation intensity and wavelength, duration of irradiation and also
to internal parameters such as film quality, grain size and film thickness [25].

Figure 3.5: Secondary electron (SE) image and a Cathodoluminesence (CL) image of a
MAPb(Ip1Brgg)s (x=0.9) thin film, collected after (405nm LED) light soaking for 5 minutes
at Tope=100mW /cm?. The yellow-colored bright spots represent the signal from the I-rich
clusters. The scale bar is 2um. Source of the Figure 3.5 : [20].

Finally, beyond (XRD) measurements there are also scanning electron
microscopy (SEM)-based Cathodoluminesence (CL) and energy dispersive X-
ray spectroscopy (EDXS) structural measurements which show that I-rich do-
mains emerge at perovskite’s grain boundaries (see Figure 3.5) [20,30,50-52],
and X-ray photoelectron spectroscopy (XPS) measurements on (FAggsMAg 15)
Pb(Iy.85Bro.15)3 films which show that Br-rich regions instead emerge at crys-
tal surfaces, pointing out that interfaces may be the preferred regions for

halide phase segregation [25, 28].
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Chapter 4

Carrier Dynamics and Suppressed
Light-Induced Phase Segregation

4.1 Carrier Lifetimes in Halide Perovskites

The carrier density (n) rate of change is given by the following equation

d
_d_?:_a+k1-n+k2-n2+k3-n3 (4.1)

where G is the carrier generation rate and k; is the first-order non-radiative
recombination (Shockley-Read-Hall trapped-assisted recombination) and/or
excitonic radiative recombination rate constant, ks is the second-order bi-
molecular radiative recombination (band to band) rate constant and ks is
the third-order non-radiative Auger recombination rate constant [35,53-55].
This equation is valid in the case where the density of electrons is equal to
the density of holes and ki, ko, kg are constants.

In order to examine the carrier lifetime and its dependence on carrier den-
sity we can write the following equation for the total carrier lifetime

1
]Cl + kz'n + ]€3'712

Tox =
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obtained through the nondimensionalization of Eq.(4.1). Thus, we can
define three effective lifetimes, 7 = kil for the first-order recombination life-
time, 75 = k%n for the bimolecular recombination lifetime and 73 = ﬁ for
the Auger recombination lifetime [55]. From the above assumptions, the 7y,
7o, T3 and 7, lifetimes decrease when carrier density (n) increases while the
71 is approximately constant with increasing carrier density. Consequently,
at low carrier density n=10'® cm™3 the first-order rate will have the shortest
lifetime compared to the other two recombination lifetimes, which will be
much larger [55]. When the carrier density is n=1017 cm ™ the three lifetimes
will be comparable and at higher carrier density n>10'® cm™ the Auger re-
combination lifetime will be the shortest and hence the dominant [55]. At
room temperature, excitons are dissociated in perovskite materials due to
the low binding energy (in the order of 0.2-0.3eV), and thus the first-order
recombination rate exclusively refers to the monomolecular non-radiative re-
combination.

Finally, in time-resolved photoluminescence decay measurements (TR-PL),
when more than one exponential is involved in the corresponding curve, we
fit the following equation to the experimental curve, in order to evaluate the

lifetimes

Ity = ) aj-en (4.3)

where a; are the weighted amplitudes and 7; are the corresponding lifetimes,
with

> i T
avg — ! — 4.4
T g Zz a; - T ( )

Thus, the photoluminescence quantum yield is defined as

Ky
kr + anr

(PLQY) = (4.5)
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whence the radiative recombination rate is denoted by k, and the non-radiative
recombination rates are denoted by k.

4.2 Mitigation of Light-Induced Halide Phase Segre-
gation

In this part, we briefly review the most significant efforts to suppress light-
induced halide segregation. An empirical method suggests that A-cation
alloying, such as partial substitution of (MA™) cation with (FA™), or mixing
(FA™) with (Cs™) cations, can suppress the phase segregation [5,11,21,56,57].
The improved stability was attributed to the reduction of electron-phonon
coupling, which is a critical factor for phase segregation due to the fact that
(FAT) and (Cs™) are less polar compared to (MA™) [18,20,21,24, 38].

Furthermore, improving the overall crystallinity (via morphological engi-
neering) by applying a nonwetting hole-transporting layer to MAPb(I;_,Br, )3
perovskite thin films, which enhances grain size, results in a reduced tendency
for phase segregation [25,27,58]. The improved crystallinity may reduce the
halide vacancies, which play a central role in phase segregation. Another
reported procedure is the partial substitution of (Pb?") with (Sn*") which
effectively suppresses the phase segregation. The reason for this is that (Sn?™)
is a smaller cation than (Pb?") which changes the internal bonding of BXg
octahedra [42]. Also, application of external pressure, and alloying (C17)
with iodide and bromide anions, is found to minimize the phase segregation
effects [59,60]. Moreover, trap states passivation can reduce the amount of
ion vacancies and suppress phase segregation [61,62].

At last, close-packed nanocrystal films do not undergo phase segregation
due to the significant reduction in the carrier diffusion length 1., which is
physically restricted in nanocrystals with domains size ~ 10nm [22, 23].
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Chapter 5

Theoretical Models for Light-Induced
Phase Segregation

5.1 Phase Segregation Kinetics - Kinetic Model

In this part, we will turn our attention to the kinetics of phase segregation,
emphasizing on the main processes which occur under light excitation, and
finally we will derive useful expressions and define significant parameters,
that have an impact on and affect the process of phase segregation. This
model was proposed by Draguta et al. [22] whose supposed that when the
phase separation occurs, three phases are formed (in total) and the fraction
of each one is ¢,,;, for the mixed phase, ¢; for the iodide-rich phase and ¢p,
for the bromide-rich phase. We can obtain then

Qbmz’x + ¢I + ¢Br =1 (51)

assuming that ¢; = ¢p, (phase segregation produces equal fractions of two

different phases), then one can write

¢mim+2'¢l =1 = ¢mix + ¢ps =1

5.2
= ¢mm =1 - ¢ps ( )
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where ¢, is the total fraction of phase-segregated domains (¢,s = 2¢7).
Moving forward, the first process that will be covered is carrier genera-

tion. The carrier generation rate in the excited state of the mixed phase

((MAPDB(I;_,Br,)*s3, where asterisk denotes excited state) is given by

a - ]eacc

a =

(5.3)

h " Vexe

whence [... is the excitation intensity (W-cm_2), a is the absorption coef-
ficient (cm™!) of the perovskite, h is the planck constant and v is the
frequency of the incident photon, while the carrier density by assuming only
generation is

N =G-T1 (5.4)

where 7 is the carrier lifetime.
The second process refers to radiative recombination in the mixed phase
which corresponds to emission. The radiative recombination rate is given by

Ry = (QY) ¢miz- G = (QY)- (1 —¢p) - G (5-5)

where the (QY') denotes the external quantum yield [22].
Continuing, the third process refers to phase separation under light ex-
citation and the rate of phase separation is taken to be first order to the

generation rate :

Ry = ky-bpin- G = ky-(1— ) -G (5.6)

where k9 i1s a unitless constant.
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The last process is the phase-segregation recovery in the absence of light
excitation (dark). The recovery rate is

where n is the average molar volume of the domains [22].
In the rate of change of ¢,s, only the rates Ry and R3 contribute, so we

obtain then

— Ry — Ry (5.8)

The negative sign indicates that the rate R3 tends to reduce ¢,s with time [22].
By substitution of Ry and Rs from Eq.(5.6) and Eq.(5.7) to Eq.(1.8), we
have

d¢ps k? -G

dt B n . (1 N ¢ps) - k?’ ' ¢ps = € — C- ¢ps (59)

where ¢; = 2% and ¢; = ¢1 + k3 [22].
The solution of this differential equation, using the initial condition ¢,(0)=0,
1s
1

s = (11—t 5.10
Oy = (1= (5.10)

In the limit that phase segregation occurs on a faster timescale than recovery
(1 > ks3), we have

bps = 1 — e ! (5.11)
¢ps 1 —e !

= — 8 — 12

6 =% . (5.12)
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It is experimentally proven that the phase segregation rate, as a rate which
increases the number of I-rich domains with time, and is calculated from
the changes in the absorption spectra with respect to time, is much slower
(2 orders of magnitude) than the rate of change of the I-rich phase emis-
sion, suggesting carrier diffusion from the mixed halide phase to the iodide-
rich phase [22]. This suggestion is enhanced by density functional theory
(DFT) calculations which indicate that mixed halide and iodide-rich conduc-
tion band edges are isoenergetic and that the iodide-rich phase has lower
valence band edges than the mixed phase, suggesting hole diffusion as the
dominant process taking place [22,62,63]. This implies that if within a vol-
ume, which is defined by the diffusion length 1. /5, there is an iodide-rich clus-
ter, then the excited carriers of the mixed state will diffuse (due to the lower
energy band gap) towards this cluster and recombine from there. Because
the diffusion length is typically 1./,=100nm (for MAPb(I;_,Br,)s films), the

2

Einstein relation can be used to evaluate 747y = I% with diffusion coeffi-
cient D=0.08cm?s~'. That gives 7y fr=1.25ns, which is much smaller than
the value of carrier liftime ~ 60ns in MAPb(I;_,Br,)s films [22]. As a re-
sult, Lipgige (from emission spectra) is proportional to the Poisson distributed
probability (P) of carriers encountering at least one iodide domain upon dif-
fusion [22]. The probability for the carriers to encounter a zero number of

domains is P, = ¢, and so
P =1 PFPpe =1 —¢e™ (513)

where n; is the average number of iodide domains within the diffusion volume

Vp, and by assuming ;44 < P one can obtain [22]

Iiodz'de - ]Sat'(l - e_nI) (514)
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But,

ny = . gb] (515)

where V,, is the average volume of the iodide-rich domains.
Using the linear approximation of Eq.(5.12), we obtain

t (5.16)

by substitution we finally reach to the expression

oo Vi -ko-G
]zodzde D2

7 ~ 1 — e ] =
]. sa.t (517)
todide ~ 1 . e— kfm“ward,em't
Isat
with
Vb -G -k
k orward,em — Tovr 5.18
prrien = 7 (515

which is experimentally estimable [22].

We are now interested in the intensity dependence of the phase segregation
rate constant krorward,em Which can be derived using a simple model in which
the probability of creating a phase-segregated domain within the geometric
volume Vp is the same irrespective of the number of carriers in this volume
[22]. Consequently, we assume that the kforpardem 1S proportional to the
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Poisson-distributed probability that at least one carrier exists within Vp [22]

kforward,em ~ 1 — e Vo-N (519)

where Vp - N equals to the average number of carriers within the volume Vp,
thus

kforward,em = ksat' (1 — e VD.N) (520)

and by substitution of Eq.(5.3),(5.4), we finally find

kforwm*d,em = ksat'(l — e ﬂ.Iem) (521)

where § = % and kg4 is a constant. If we evaluate (experimentally)
the kqut, 8 and the Eyeperse e Which is the recovery rate constant, then we can
find a [, threshold excitation intensity, below which phase segregation does
not occur, from the condition k,cperse.em = K forward,em 0T by setting kyeperse to
be at least one order of magnitude higher than &g yera-

Consequently, the phase segregation rate can be tuned by varying the
excitation intensity and the carrier diffusion lengths, a significant insight
revealed from the current kinetic model.

Before closing this section, it is worth noting that while this model can
explain the experimentally observed exponential dependence of & ¢orward,em o0
I.;c, it is only accurate to the limit of low excitation intensities, where the

linear dependence of carrier density N to I.,. is a good approximation.
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5.2 Vacancy-Mediated Phase Segregation

This model suggests that the driving force for phase separation is the ion mi-
gration via existing vacancies in the lattice of halide perovskites [13,19,26,30].
There are three types of vacancies in a MAPb(I;_,Br, )3 film, methylamonium
vacancies (Vara), (Vpp) for lead vacancies and (Vy, Vp,) for anion vacancies
which are supposed to have the same activation energies, E4(I) = E4(Br).
Activation energy is defined as the requisite amount of energy needed for
the ions to overcome kinetic barriers and migrate to the closest vacant site.
The vacancy activation energies of these species have been evaluated to be
E4=0.58¢eV for iodide vacancies, E4=2.31eV for Pb?** and E4=0.84eV for
(MA™) in a MAPDI; film [13]. Consequently, vacancy-assisted diffusion of
iodide anions is favourable [13]. The activation energies for vacancy-ion mi-
gration differ in perovskites with different A cations due to different lattice
structures, volume, strain, ionic radius and density of crystal defects [5,13,27].
Depending on perovskite, the experimental range of values is 0.17-0.25eV for
Vg, and 0.23-0.43eV for V; [27,64—66], whereas theoretical values for anion
vacancies are 0.09-0.27eV for bromide vacancies and 0.08-0.58eV for iodide
vacancies [13,64,67].

The diffusion coefficient of iodide ions is four orders of magnitude higher
than that of (MA™), hence we can assume negligible diffusion for the (MA™)
cation [13]. Also, halide ion mobility is known to be a significant factor
in the performance of solar cells [5]. It also seems that the phase segre-
gation rate (either calculated from changes in photoluminescence with time
or from changes in absorption with time) increases linearly with respect to
the vacancy concentration, which is reasonable due to the fact that as the
concentration of vacancies increases, there is availability and migrating ions
undergo fewer steps to associate with a Pb*" center [29)].

According to this model, the existence of an I-rich phase in the form of
MAPbD(IygBrg2)s (rather than MAPbDI;3) occurs due to the kinetically trapped
bromide anions within the I-rich region. In the growth process of the I-rich
region, the iodide anions continuously infiltrate inwards and the most vacan-

cies have been exported (meaning that when an anion occupies a vacancy
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site, a new vacancy site is created in the site from where the anion escaped),
a small concentration of Br~ within the I-rich region faces difficulties in es-
caping [29,30].

Finally, a key factor for ionic conductivity is the level of intrinsic anion
vacancies, which is sensitive to synthesis conditions and thermal processing
routes [13].

Pb-l plane

Figure 5.1: Schematic illustration of vacancy-assisted phase segregation under light exci-
tation, which leads to the formation of I-rich and Br-rich domains. Only the halide vacancies
in the Pb-I plane of mixed halide lead perovskite are involved.
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5.3 Thermodynamic-based Unified Theory for Light-
Induced Phase Segregation

We are going to describe the Unified Theory for light-induced halide seg-
regation, suggested by Chen et al. [68], which makes some improvements to
the previous models. The first thermodynamic model for halide phase sep-
aration was presented by Brivio et al. [16] which determined and calculated
using first-principles the thermodynamic quantities (such as mixing energy,
mixing entropy, Helmholtz free energy) of the system in the dark (absence of
illumination). Afterwards, Draguta et al. [22] took it a step further by adding
a new term, due to the excitation of the system, in the free energy (excited
state). Chen et al. [68] recently proposed a unified theory based on those two
earlier models but making some different assumptions, which led this theory
to predict more precisely the behavior of a mixed halide perovskite under
illumination conditions.

Preliminaries. To begin, we need to determine and define the corresponding

thermodynamic variables, starting from the calculation of the total energies of
the single-cation mixed halide lead perovskite of type APb(I;_,Br,)s (mixed
state), Enized; Eapvr,, Eapppr,. The mixing enthalpy (or internal energy) is
then calculated using AU = E,iveqd - (1-X)Eapir, - xEappsr,-
Then we calculate the mixing entropy which for ideal mixing is :
AS,, = -kg[xlnx + (1-x)ln(1-x)]|, where x is the bromide concentration.
Finally, we calculate the free energy of the system from

AF(z, T) = AU(z,T) — T-AS(z,T)
from which, therefore, we can construct the composition-temperature phase
diagram. This is for the ground state of the system (without excitation).

Moving forward, the calculation of the total energies in mixed halide lead
perovskites with chemical formula APb(I;_,Br,); where A=MA™* FA* Cs™
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starts with the construction of a periodic supercell of the pure I compounds
containing 2 formula units (FU), with a 2x1x1 expansion of a pseudo-cubic
perovskite building block [68]. Then follows the replacement of I anions by
Br anions at different concentrations. The total number of possible config-
urations is 26=64 (two anions I7,Br~, six lattice sites). For the Cs cation
perovskite with perfect Oh symmetry the three halide sites are equivalent, so
the total number reduces to 21 [68]. Also, accounting for the deviation from
Oh symmetry in case of the (MA™) and (FA™) cation perovskites leads to
36 inequivalent configurations. The total energy calculations are performed
within Density-Functional Theory (DFT).The whole procedure is described
in detail at Chen et al. [68] work.

In order to calculate the Helmholtz free energy within the quasi-chemical
approximation (QCA) of binary alloying theory, we first need to calculate
the configurational mixing enthalpies AU; per formula unit (FU) which are

given by

AUj = Ej — (1 — ZL’)'EAP()IS - Jf'EAPbBrg (5-22)

where j=1,..,J refers to inequivalent configurations, x is the relative Br con-
centration and E; the total energies per (FU) of configuration j. The A-
cation in this study will be one of the following MA™ FA™* ,Cs™, MA7/5Csy/s
or FA7/3Csq/s. The values of j will be, J=36 for A=MA™ or FAT and J=21
for A=Cs" as described above. The calculation of the energy of all possible
configurations of the anions in a supercell was held within density functional
theory (DTF) [68].

By applying the quasi-chemical approximation [69], one can obtain the
change of the mixing enthalpy AU(x,T), mixing entropy AS(x,T) and Helmholtz
free energy AF(x,T) as a continuous function of x and temperature T. The
main idea of (QCA) is the decomposition of the perovskite lattice into mi-
croclusters, which can be treated independently [68,69]. In the (QCA), the
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thermal equilibrium fraction of microclusters with configuration j is given by

n;(Br)-pp, — AU;
g enp(MEEA s
x] o le(B’I“)'MBT — AUJ ( ’ )
Zj gj - e;z:p( fg T )

where g, is the degerenacy and n;(Br)=0,1,2,3 the number of Br anions per
(FU) of the configuration while pp, is the Br chemical potential [68,69]. The

chemical potential should be determined by the condition

an(Br)-fj = 3z (5.24)

Finally, the change in mixing enthalpy and entropy per (FU) is given by

AU(z,T) = Zx—j-AUj (5.25)
AS(z,T) = —jSkﬁ-[(l—a:)-ln(l—x) + z-lnz + Zx—j.ln(g’oﬂ
: (5.26)
where asjo = g;j-2" - (1— x)3"
AF(z,T) = AU(z,T) — T-AS(z,T) (5.27)

where AU(z,T) and AS(z,T) are given by Eq.(5.25) and Eq.(5.26) respec-
tively. These equations are solved for different x and T values, numerically.
Note that, for condensed phases within the quasi-chemical approximation,
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AUz = AH,,;, because the term which separates them is close to zero
(P AVyie ~ 0).
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Figure 5.2: (a-e) : Atomic structures of the most stable configurations of the different
compounds at x = 0.5, where red spheres depicts : I, blue spheres: Br, white spheres inside
octahedra: Pb, green spheres: Cs. Cationic molecules in between octahedra: methylammo-
nium (MA) or formamidinium (FA). (f—j) : Mixing enthalpy and free energy of lead mixed
halide perovskites in the dark. Circles: values calculated for each mixed configuration. Filled
circles: values for the most stable configurations at x = 0.5, displayed in (a—e). Curves: re-
sults for the quasi-chemical approximation (QCA) at different temperatures. (k—o) : Mixing
free energy per (FU) as a function of Br concentration x. Source of the Figure 5.2 : [68].

The first thing we notice in Figure 5.2(f-h), is that the width of the mix-
ing enthalpy distribution AU (for different halide configurations) for the first
three compounds (single-cation case), increases in the order Cs——MA+——FA
of increasing cation size [68]. This is due to the different sizes of the halide an-
ions (r;=2.20Ang > rp,=1.96Ang [1,70]), the strain in the lattice for different
halide configurations is best accommodated by CsPb(I;_,Br,)s followed by
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MAPbDB(I;_,Br,)s; and FAPb(I;_,Br,)s [68]. Note that, the above sequence for
best accommodation originate from the following sequence of the ionic sizes
ros=1.67TAng < rp;4a=2.17Ang < rp4=2.53Ang and also the volume follows
the same sequence Vg < Vyra < Vg and therefore the same occurs for the
lattice constant. Another significant observation is that the free energy of all
five compounds in the dark at room temperature is negative, confirming the
stability of the perovskite mixed phase in the absence of illumination.

It is time to focus on the light-induced halide phase segregation. The
consideration that the total free energy in the excited state (under illumina-
tion) AF*(x,T), will be a combination of the mixing free energy in the dark
AF(x,T) and the free energy of photocarriers in the presence of illumination,
is a key component of this theory [68]. The excited carriers can reduce their
free energy by funneling to low energy band gap domains, this can be the
driving force for halide demixing [22]. If one combines it with the well-known
insight that halide anions in hybrid halide perovskites are quite mobile, then
one can reasonably assume that stochastic fluctuations in halide composition
would spontaneously arise regions which are rich in iodide and have a lower
energy band gap [68]. In other words, the lack of compositional uniformity
(locally) combined with the long carrier diffusion lengths and lifetimes can
lead to the accumulation of photo-generated carriers into these lower band
gap regions and efficiently stabilize and enrich them. Accumulation of diffus-
ing carriers in these regions will reduce their free energy, which can further be
reduced by inward diffusion of iodide into these regions, leading to nucleation
of an I-rich phase and consequently to phase separation [68]. From the above,
it is obvious that the energy band gap differences of perovskites with varying
compositions, play a central role.

Let us now define n as the density of photo-generated carriers (electrons,holes)
per (FU) in the mixed phase perovskite with bromide concentration x. When
n<< 1, Boltzmann’s distribution can be used for excited carriers. If we as-
sume that phase separation occurs into two phases with Br concentration x;
and xo, the generated carriers will redistribute over these two phases accord-

Eg(x1) Eg(zs)

ing to the Boltzmann factors : exp(-=2—) and exp(- 5T

TsT ) where Eg(x) is
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the energy band gap as a function of bromide concentration x [68].

N2 epp(— Eg(xz) — Eg(x1)

- T ) (5.28)

whence n; and no are the carrier densities in the two phases. Therefore, we
can derive the formula for the mixing free energy of the excited state AF*
per (FU) under illumination

AF*(x1,$2,¢1,¢2,T) - ¢1AF(I’1,T) + ¢2AF('/E27T)

+ 11 - ¢1 - Eg(z1) + no- ¢ - Eg(as) (5.29)

where ¢ and ¢, are the corresponding volume fractions of the two phases,
respectively. Also, neglecting the small volume difference per (FU) between
the two phases, the following conditions should hold : ¢ + ¢ = 1 and
G117+ ¢Po - w9y = T [68].

The sum of the first two terms in Eq.(5.29) is the volume-weighted compo-
sitional mixing free energy in the dark, while the sum of the last two terms
is the photocarrier contribution to the free energy [68]. Because the band
gap difference between the I-rich and mixed phase is much larger in general
than the thermal energy ( ~ 25meV at room temperature), even a low exci-
tation intensity can result in a relatively large change in AF*, according to
Eq.(5.28) [68]. In steady state, the rate of photo-generated carriers per (FU)
in the system should be equal to the sum of the rates of carriers annihilation
by monomolecular and bimolecular recombination in the different phases [68]

ny k-n? up k- n3

G=d-(—+ =)+ (- + =)

(5.30)

The Eqs.(5.28, 5.29, 5.30) are the basis of this unified theory for light-induced

38



halide segregation, and from Egs.(5.28) and (5.30) one can calculate the car-
rier density n; and ny, for a given G [68]. Then by substitution of n; and
ny in Eq.(5.29) one can calculate the mixing free energy under illumination
and can obtain the spinodal and binodal (for the phase diagram) for phase
segregation. Before moving to the phase diagrams, we need to determine the
difference in band gaps between the mixed and I-rich phase (which is assumed
to be APbl3). The formula (in eV) is

AEg(r) = Eg(x) — Eglx=0) = a-z + b-2? (5.31)

where a,b are constants. The Eg(x), a and b for each lead halide perovskite
of the form APb(I;_,Br,)s, with A=MAT FA™ or Cs™ have been obtained
from experiments [71-73] and are presented at Chen et al. [68]. The AEg at
room temperature increases monotonically with x and for instance reaches
the value 0.28¢V at x=0.5 for MAPb(I;_,Br,)s perovskite [22].

Phase diagrams. The importance of a phase diagram lies in the fact that it

contains the spinodal and binodal curves, from which we can extract informa-
tion about when a mixture is unstable, metastable and stable with respect
to temperature. Between the spinodal and binodal curves the mixture is
metastable while above the binodal it is stable and below the spinodal curve
it is unstable. To construct the x-T diagram, we first need to calculate the

mixing free energy AF(x,T) at constant T. The spinodal points therefore will
2
the compositions with a common tangent. We follow the same procedure by

satisfy the = 0 condition, whereas the binodal points are determined by
varying the temperature. That is the case for the ground state (absence of
illumination).

For the excited state the calculation of these points,curves is more com-
plicated. In this case, in order to find the binodals one should consider the
possibility, starting from the mixed phase with concentration x, of lowering
the free energy by demixing through nucleation of a phase with concentration
Ty # x with a small volume fraction 8¢=q, [68]. Then one has to calculate the
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difference in free energy between the demixed state : AF*(xy, z9, 1—0¢, 50, T)
and mixed state : AF*(z,x,1,0,7). When 0AF*<0, the demixed state has

lower free energy than the mixed phase, hence for a given carrier density n,
one can find the binodals by looking in x-T phase space for a value of xs of

a nucleated-phase for which SAF*=0 [68].
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Figure 5.3: (a-e) : Phase diagrams in the dark of the different compounds in the tem-
perature window 150-350 K. (f—t) : Phase diagrams for excited carrier densities n = 1077,
1077, and 1075 per (FU) where red lines: spinodals separating the metastable (grey) and
unstable (pink) regions, full blue and green lines: binodals separating the stable (white) and
metastable regions, with the blue (green) lines indicating the compositional (light-induced)
binodals. Compositional binodals are the corresponding binodals in the dark. When entering
the metastable region by crossing the compositional (light-induced) binodals, nucleation of a
phase with a Br concentration indicated by the dashed blue (green) lines becomes favourable.
The dots indicate the possible coexistence of three phases: the parent phase (black dots)
and two types of nucleated phases with different Br concentration (blue and green dots).

Source of the Figure 5.3 : [68]
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On the other hand, to find the spinodals one should consider the possibility
to decrease the free energy by generating a volume fraction ¢ of a phase with
a slightly different concentration xo=x+40x [68]. The free energies in the
demixed state can now be written as AF*(ﬁff,x + 0z, 1 — ¢,0,T) [68].
By taking the difference in free energy 0AF* to be equal to zero, one can

determine the spinodals in x-T phase space. For a more detailed analysis,
one should read the work of Chen et al. [68].

Figure (5.3 a~e) shows that the miscibility gaps which occur under a criti-
cal temperature T, (above the T., the mixed phases are stable) are far away
from the room temperature, which means that the mixed compounds should
be thermodynamically stable at room temperature in the dark. The last
compound has T. <150K. It is worth mentioning that the older model by
Brivio et al. [16] predicted T.=343K for MAPb(I;_,Br,)s, instead the cur-
rent model predicts T,.=266K, which agrees with the experimental results
which show that the MAPb(I;_,Br,); does not separate at room tempera-
ture, reflecting the improvements this model has taken into consideration. We
mention that n = 5- 1077 /f.u corresponds to an illumination intensity of one
sun (I=100mW /cm?). From the x-T diagrams, we observe that the spinodals
(red line) only slightly change with increasing carrier density, in contrast to
the binodals, which change dramatically with increasing n. The most signif-
icant observations one can make from the phase diagrams are summarized
below :

1. By increasing the carrier density n, which reflects the increasing exci-
tation intensity, the range of Br concentration x contained within the
miscibility gap increases, which indicates that by increasing the excita-
tion intensity, the two phases that will be established will have slightly
different concentrations (x;,x2)

2. There is a threshold carrier density below which phase separation does
not occur

Several experimental works, including ours (as shown in the following sec-
tion) are in agreement with the observation number 1), as all have found a
redshift to the emission peak of the I-rich phase with increasing excitation
intensity. The second observation 2), is consistent with the experimental find-
ings [74] and this is the reason that the current theoretical model stands out
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compared to the earlier models [16,22]. Note that, this model is applicable
to the onset of phase separation and it is not applicable to extremely high
carrier densities (such as at 2000 sun illumination intensity) because of the
Boltzmann approximation’s breakdown.

In summary, this model has made necessary improvements compared to
the previous models, which makes it accurate for predicting the behavior of
the system under illumination, but there is still one assumption which is not
correct and should be taken into consideration. This assumption has to do
with the energy band gap of the mixed phase, the pure I and Br phases which
is assumed to be temperature independent. This is an approximation because
the semiconductor’s energy band gap changes with respect to temperature.
Despite that, the term that contributes to the free energy of the system only
under illumination does have a dependence on temperature via the photo-
generated carrier density.

5.4 Polaron-assisted Light-Induced Phase Segregation

In this theoretical model proposed by Bischak et al. [20], stabilized polarons
are considered to play a major role in phase separation. It is suggested that
the high ionicity of the perovskite lattice combined with low electron-hole
binding energies results in the formation of polarons due to carrier localiza-
tion at stochastically created I-rich domains. This induces lattice strain which
in turn induces iodide migration to the polaron region, leading to an accu-
mulation of iodide that causes I-rich domains to grow in sizes of ~ 8 — 10nm.
Polarons have short lifetimes, so continuous excitation is needed (or high rep-
etition pulsed lasers) for stabilization and for a steady-state concentration of
polarons [20].

Hybrid perovskites also have reported high values of static dielectric con-
stant which results in strong electron-phonon coupling and large polarizabil-
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ities which in turn results in low electron-hole binding energies [20,34,75,76].
The theoretical description of this model starts with the assumption that
phase segregation of the halide anions follows the landau theory with strain
and excess charge and satisfies the Flory-Huggins solution theory :

He = [0 [1=6)) + T-[o(r) - nélr) + [1= ()] nfl — ()]

' (5.32)
where T is the temperature, ¢ is the local concentration of iodide relative to
bromide. The second term is the mixing entropy assuming ideal mixing. The
first term is the mixing enthalpy in Flory-Huggins theory. According to this
theory the difference in the mixing energy can be written as

€AA + €BB
AH, i, = N-z2X4-Xp- (€ — — ) = a-X4-X
A B (ean 5 ) A B (5.33)

=AH,i: = a-X4- (1 — XA)
from where the a can be extracted as

eaA + eBB)

a = N-z-(eap — 5

(5.34)

whence z depends on the crystal structure, N is the total number of the
atoms(molecules) and esp, e44 and epp is the energy of the A-B bond, A-
A bond and B-B bond respectively, while the A and B are two atoms(or
molecules). The term N - z- X4 - X represents the total number of the A-B
bonds, while the remaining term (in parenthesis) is the energy increment for
each A-B bond, taking into account that each of the A-B bonds occurs at the
expanse of the other two bonds. In our case X4 = ¢(r). Moving forward the
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strain field that will be used is in the following form

K- ¥2(r)

H, = i A
! L 2(1—v)

(5.35)

where X is the local strain, K is bulk modulus in the mixed phase and v is
Poisson’s ratio [20].

Adding those terms with one more bilinear to strain field term, to the
Hamiltonian of the system which by integrating out the strain fields and
expanding ¢ around 0.5, they finally derive the following equation for the
Hamiltonian in the ground state

Ho= [meo)-3 + o) -] (5.36)

Wherem:2T—a—% and u = 4 [20].
The free energy can be determined by evaluating the Hamiltonian within

mean field theory, by setting

dH
do(r)

then AF(x)=H[¢(s)] where ¢(s) are the solutions of the equation above.
Moreover, in order to evaluate the contribution that comes for optical
irradiation, we need to add another term to the Hamiltonian. By following
the deformation potential theory for electron-phonon interactions [20, 77],
the lowest order coupling between excess charge density and the strain and
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composition fields is used [20]

2

Ho = [a-20)- [0 + e-o0)- [ulr) (5.37)

where a is a dimensionless electron-phonon coupling constant and € is the
energetic bias of an excess charge to localize on the I-rich regions while |¢(T’) \2
is the excess charge density [20]. The final formula of the Hamiltonian in the
excited state with e = 0 is

1.2 14 2 1
H = [m-[o(r)=5] + u-[6(r)=5] — g [ [6(r) = 5] (5.38)
where g = 2a|n| and n = %. In order to evaluate the free energy, the phase

diagram and the extent of demixing, the mean field approximation can be
used as done before for the ground state [20].

The theoretical formalism above was applied to a MAPb(Iy1Brgg)s per-
ovskite film. The results are shown in Figure (5.4).

From the phase diagram (x-T diagram, Figure 5.4) we observe that the
miscibility gap at room temperature dictates the phase segregation of the
mixed state into two phases, one phase with x~0.2 (x is the Br concentra-
tion). This is consistent with the previous experimental findings which show
that the I-rich phase of all segregated MAPb(I;_,Br,)s films, independent of
X, is comparable to x~0.2 (MAPb(IysBrg2)s at room temperature [17]. The
phase diagram also confirms that the MAPb(I;_,Br,)s films are unstable un-
der illumination at room temperature for wide range of x concentration. In
the Figure (5.4 ¢) we notice that, by lowering the constant a of coupling,
it is possible to mitigate the phase segregation at room temperature. In
order to confirm that, they composed a CsPb(Brgilpg)s film. Since cae-
sium (Cs™) is less polar than methylammonium (MAT), the corresponding
electron-phonon coupling of the system is expected to be reduced. The re-
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Figure 5.4: a) Free energies per unit cell for MAPb(I,Bry,)3 with varying composition in
the ground (red) and photoexcited (blue) states, computed from MD simulations (circles)
and mean field theory (solid lines). (b) Mean field theory temperaturecomposition phase
diagram in the ground (red) and photoexcited state (blue) with the path through the phase
diagram from initial state (star) to demixed state (circle) observed experimentally. Areas
beneath the red and blue coexistence curves indicate demixed states. (c¢) The extent of
demixing (i.e., purity of demixed regions found by tracing the blue coexistence curve in b)
as a function of electronphonon coupling and temperature, computed from mean field theory
in the photoexcited state. Source of the Figure 5.4 : [20]

sults show as expected a smaller phase segregation rate than the one obtained
from MAPb(I;_,Br,)s films [20].

To conclude, this theory considers polaron-induced deformation field as the
driving force for halide phase segregation. Upon light excitation the weakly
bound electron-hole pairs (E, ~0.03eV [54]) dissociate and the free charge
carriers deform the surrounding lattice through strong electron-phonon cou-
pling, which enables the anion migration and leads to the formation of Br-rich
and I-rich phases. The carriers are localized in the phase with the lowest en-
ergy band gap, forming polarons which continuously accumulate more iodide
into these clusters.

The continuous growth of these clusters stops when they reach a maximum
size which is determined by the deformation region of the polaron, and also,
the number of clusters is limited by the number of photo-generated carriers.
The model also uses simulations which have predicted an average size for
[-rich domains roughly 8nm and a binding energy for the polaron roughly

0.08¢V [20].
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5.5 The Role of Cohesive Energy in Light-Induced Phase
Segregation

Following the thermodynamic model based on nucleation, Wang et al. [23]
consideration was to add the cohesive energy at interfaces as an extra con-
tribution to the free energy of the system. With this assumption, the free
energy can be described as

AGuri(x. T) = %W-r?’-[Ahmw(az,T) T A, T)] — 723 Wi (5.39)

1

where the first two terms are the volumetric enthalpy and entropy respec-
tively, and the third term refers to all cohesive energies, W; and ¢; are coeffi-
cients [23].

After optical illumination, the localized polarons bring in excessive strain
energy (AGy) and the difference in free energy in the excited state is given
as

4
AGlign(x,T) = AGaeri(x,T) + §7T a3 Ags(z) (5.40)

where x is the bromide concentration and Ag, is the strain energy per vol-
ume. The following Figure (5.5) shows how the excited carriers cause local
distortion to the lattice.

The strain energy (per volume) is given by [23]

Mgy = 07 = (1= )y (L -
5.41
R

a By
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where a, a; and apg, are the initial lattice constants for the pseudo-cubic lat-
tice of CsPb(I;_,Br,)s, CsPbls and CsPbBrj respectively, in dark, fiz, pr, psr
are the shear modulus of CsPb(I;_,Br,)s, CsPbls and CsPbBrj respectively,
notice that all of these parameters are determined through experiments in
CsPb(I;_,Br,)s films , and at last ¢ is the shrink or expand of the lattice
constant after light excitation. A value of 6=0.15Ang was used.
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Figure 5.5: a-b) Schematic illustration of the distortion of the lattices in the presence
of photo-generated carriers. a) In the ground state (dark) the lattices were displayed by
the faded-colored dots with pseudo-cubic lattice constant a while under light excitation, the
lattices were distorted due to the interaction of the free carriers with the lattices (forming
polarons) leading to the change of lattice constant a + . b) The photo-induced distortion
in the lattices would drive the smaller Br~ anions to the lattice-compressed region and the
larger I~ anions to the lattice-expanded area to release the localized strain energy. c¢) The
calculated AG g, per volume (solid line) is negative regardless of the Br content. The dashed
lines show the calculated volumetric enthalpy Ah,,;,, volumetric entropy term TAS,,;,, and
the cohesive energy. A relatively large grain size was used here (r = 35 nm). d) Under
illumination, the calculated free energy AGy;,,: becomes partially positive assuming the
same grain size. A threshold composition x~ 0.3 divides the mixed-halide perovskites into
stable (I-rich) and unstable (Br-rich) regions. e) To mimic the experimental conditions of the
CsPb(Br,I;_,)3/CsyPb(Br,l;_,)s composites, a small grain size (r = 7.5 nm) was assumed
and the cohesive energy was considered. Source of the Figure 5.5 : [23]
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The mixing enthalpy and entropy were calculated in the same way as in the
previous models, the only difference is that the current model assumes ideal
mixing in entropy (without a term proportional to 7; - In7;, see Eq.(5.26)).
The cohesive energies were evaluated from (DFT) calculations. For instance,
the cohesive at the CsPbBr3/CsPbl; interface is given by

Ecspvr,+ospory, — (Fcospor, + Ecspoprs)

Wi = 2A

(5.42)

where Ecgppr,+cspoBrs 15 the total energy at the ground state, Ecgppr, and
Ecspvpr, are the total energies of the individual pure compounds at the
ground state, while A is the relaxed interfacial area. The cohesive energy W,
was evaluated to have a value of W, = 0.43eV -nm ™2 at the CsPbl3/CsPbBrj3
interface.

Figure (5.5 a) depicts the lattice distortion caused by polarons, followed
by a change in the lattice constant a &+ § (shrink or expand), where Figure
(5.5 b) shows that the distortion in the lattice would drive the bromide an-
ions, which are smaller and have less mass compared to iodide anions, to
the lattice-compressed region and the iodide anions to the lattice-expanded
region, releasing the localized strain energy [23].

The diagrams in figure 5.5(c-e) were obtained, by applying the theoreti-
cal model described above, in the following two systems, the first consists
of a typical CsPb(I;_,Br;)s film and the second contains nanocrystals of
CsPb(I;_,Br,;)s embedded in the CsPb(Br,I;_, )¢ matrix.

In the case of the CsPb(I;_,Br,)s film, only one cohesive energy is assumed
and comes from the CsPbBrs/CsPbls interface before and after illumination
while for the domain size (grain size) the value of r=35nm was used. On the
other hand, in the case of nanocrystals, the CsPb(Br,I;_,)3/CssPb(I;_,Br,)s,
CsPbBr3/CsPbls and CsPbBr3/Cs Pb(I;_,Br, )¢ interfaces are assumed, which
further increase the total cohesive energy and a value of r=7.5nm for the
domain size of nanocrystals was used. The domain sizes were experimen-

tally evaluated, and weak illumination is relatively near the intensity of one
Sun [23].
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From Figure (5.5 c-e) one can observe that under light excitation at room
temperature, the film is unstable and phase separation occurs, but the nanocrys-
tals instead (with the same conditions) remain stable under weak illumina-
tion. These were confirmed by photoluminescence measurements in these
specific samples [23]. These results are attributed to the different sizes of the
domains r. While all the terms in the free energy are proportional to the
volume of the domains (o 7?), the cohesive energy is a function of the area
(< r?) and this means that the interface-to-volume ratio is sufficiently large
for the smaller domain size, which leads to the domination of the cohesive
energy over the total energy of the system and which can eliminate the photo-
induced phase segregation [23]. Notice that the total free energy includes the
cohesive energy with a minus sign because the cohesive energy at interfaces
is not in favor of segregating the mixed halide perovskite phase, but instead
reduces the total free energy. Large cohesive energies can effectively suppress
and eliminate the phase segregation.

Consequently, the only way to make the cohesive energy dominate the
total energy is by reducing the domain size. Under strong illumination, the
excessive lattice strain will be of greater magnitude and could still provoke
phase separation by shifting the free energy (AGigne) into the positive region
where AGyign: > 0.
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Chapter 6

Experimental Methods

In the experiments of this work, a FAqsMA(5Pb(I1g5Brg5)s perovskite thin
film was used. The perovskite solution was spin-coated on a glass substrate,
forming a perovskite layer, which was annealed at 65°C for 5 minutes. The
resulting sample has a thickness of 370nm.

The photoluminescence (PL) measurements were performed by exciting the
sample with a 325nm (CW) laser of power 25mW, focused to a diameter of
100pm. The excitation source is a He-Cd laser. In order to vary the incident
power density, neutral density filters (ND) were applied. The emission of
the sample is collected with a converging lens and guided to the entrance
slits of a spectrograph with 600 grooves/nm diffraction grating and a CCD
camera, after passing through a long pass UV filter (350nm), which blocks the
excitation laser scattering. The emission (PL) spectra were recorded using
the liquid-nitrogen-cooled CCD camera.

For the reflectance measurements, a Halogen lamp (200-1100 nm) was used
to probe the sample. The sample’s reflection is collected with a converging
lens and guided to the same spectrograph. In order to obtain the reflectance,
we compare the reflection intensity of the sample to the reflection intensity of
a reference sample (a mirror with 99% reflectivity), by dividing the two inten-
sities. The angle between the incident light and the unit vector perpendicular
to the plane of the sample, is a few degrees near (normal incidence).

The time-resolved photoluminescence measurements were performed with
a time-correlated single photon counting (TCSPC) system, and by exciting
the sample with a 410nm pulsed femtosecond laser with an SOMHz repetition
rate, focused by a microscope objective to a diameter of 2pum.

For the temperature control in the temperature-dependent measurements,
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we make use of a closed cryostat with a manually operated temperature
controller. The sample was mounted to a copper cold finger, in the vacuum.

! =
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Figure 6.1: Schematic illustration of the experimental setup for a) PL measurements and
b) Reflection measurements.
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Chapter 7

Experimental Results

7.1 Emission characteristics of FA;;MA(;Pb(Iy;Br(5);
Perovskite Thin Film

In this part, we focus on the optical response of a FAgsMA(5Pb(Iy5Brgs5)s3
thin film, presenting some of the main features of such a class of material.
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Figure 7.1:  Photoluminescence (black line) and Reflectance (red line) spectra of a

FAo5sMAg5Pb(I5Bros)s thin film, at room temperature. The PL spectra obtained by ex-
citing the sample with a (CW) UV laser with 325nm excitation wavelength and 3.2W /cm?
excitation intensity. The PL spectrum is obtained by lsec exposure.

53



To begin with, the energy band gap of this perovskite should lie at ~
1.90eV (650nm) at room temperature, based on the corresponding experi-
mental measurements of the MAPb(Iy5Brg5)s and FAPb(Iy5Brg5)s energy
band gaps, shown in Figure 2.2a) (in Section 2.1). In Figure (7.1), we notice
the emission wavelength at around 650nm, which is in agreement with the
aforementioned statement. The reflectivity spectrum is also marked by an
excitonic feature at 650nm, confirming that the PL emission is of excitonic
near-band gap origin.

7.1.1 Temperature-dependent Photoluminescence

Here, we present the photoluminescence spectra of the FAgsMA( 5Pb(Iy5Bro5)s
thin film with varying temperature, using a 325nm (CW) laser with excita-
tion intensity of I.,. = 3.2 W/cm?, as excitation source. In Figure 7.2(a,c),
we observe the red shift of the energy band gap with decreasing temperature.
The energy band gap of semiconductors can be shifted by varying the tem-
perature due to the expansion or contraction of the crystal lattice and the
electron-phonon interaction, which is influenced by changes in the tempera-
ture. According to these effects, Varshni derived an empirical expression for
the temperature-dependent energy band gap, which describes the reduction
of the energy band gap with increasing temperature. This is inconsistent

with our experimental results, which are in accordance with the literature,
— aEg
v dlnv?

where v is the volume) of hybrid perovskites [78]. In addition, perovskites

and is attributed to the positive band gap deformation potential ( a

undergo phase transitions with respect to temperature, which also induce
spectral shifts. Furthermore, in Figure 7.2a) we observe two emission peaks
at low temperatures, which are also observed in FAys;MA(;Pbls perovskite
and are attributed to bound (acceptor/donor) and free exciton radiative re-
combination [79].

Moreover, in Figure 7.2b), we observe the decreasing emission intensity of
the main peak by increasing the temperature, in a non-linear fashion. This
is likely to occur due to non-radiative mechanisms related to the presence
of defects. Shallow states yield at low temperatures due to the enhanced
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capability of trapping charge carriers, due to the reduced mobility of carriers.
At low temperatures, the mobility of charge carriers increases due to the
reduced density of phonons, while it decreases due to shallow states, which
can efficiently trap carriers.
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Figure 7.2: Temperature-dependent emission characteristics of FAgsMAq5Pb(Iy5Bros5)s3
perovskite film, using a (CW) laser at 325nm excitation wavelength with excitation intensity
of 3.2W/cm?. a) Normalized PL intensity spectra at various temperatures (from 20K to
300K), which are vertically plotted for clarity, b) PL intensity of the emission peak as a
function of temperature, ¢) Position of the emission peak in the energy (wavelength) axis as
a function of temperature, d) Full width at half maximum (FWHM) of the emission peak
as a function of temperature. The raw data is represented by black dots, while the red line
represents the total PL linewidth I'(T) (main text) using the typical values mentioned in the
main text.

55



At room temperature instead, the thermal energy allows them to overcome
the small potential barrier of a shallow state, so the carriers are detrapped
and are more prone to non-radiative traps. Hence, shallow states can enhance
the PL intensity with decreasing temperature. Also, excitons, which are
dissociated at room temperature, is another mechanism reducing the PL
intensity at high temperatures. Additionally, in Figure 7.2c), we observe
an abrupt change in the energy of the main PL peak at around 250K, which
may indicate a phase transition. Notice that the FAgsMA5Pbls perovskite
also exhibits a cubic to tetragonal phase transition at 250K [79].

Finally, the full width at half maximum (FWHM) increases with decreasing
temperature, as is shown in Figure 7.2d). This behavior is in accordance with
that of other studied hybrid perovskites in the literature [35,75,80]. The PL
linewidth broadening with respect to temperature is attributed to the inho-
mogeneous broadening due to imperfections, strain inhomogeneities, and the
homogeneous broadening that arises from longitudinal optical (LO) phonon
(Frohlich) scattering. The first mechanism is constant (I'o) with respect to
temperature, while the latter is temperature-dependent and follows the Bose-
Einstein distribution yo/[eF0/*T-1], where v is the charge carrier-phonon
coupling strength, while E;¢ is the energy of a (LO) phonon, which depends
on the frequency, and k is the Boltzmann’s constant. The final PL linewidth
['(T) can be expressed as

O(T) = To + — 22—

e r — 1

These are the two main contributions to the total PL linewidth I'(T).
The contribution from scattering due to acoustic phonons is found to be
weak (~ 20% of the total linewidth at room temperature) and thus negligi-
ble [75]. Typical values (in the literature) for v.0 and Epp are yro ~40meV
for FAPbI3 and MAPbI3, and v,0 ~60meV for FAPbBr3, MAPbBr3, while
the Erp ranges from 11meV to 15meV in these perovskite materials.
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7.1.2 Fluence-dependent Photoluminescence
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Figure 7.3: a) Excitation intensity dependence of the photoluminescence PL intensity of
the perovskite film, using a (CW) laser with 325nm excitation wavelength, b) Integrated PL
intensity of the emission peak at various excitation intensities.

In the absence of non-radiative recombination centers, the PL peak intensity
increases linearly with increasing excitation intensity. In comparison, Figure
7.3b) shows a non-linear dependence of PL peak intensity on the excitation
intensity, at room temperature, confirming the existence of the non-radiative

recombination centers in the FAysMA(5Pb(Iy5Bro5)s perovskite.

7.1.3 Photoluminescence (PL) Mapping

In this part, we performed PL measurements at different positions in the
sample with a constant excitation intensity of 3.2W/cm? at room tempera-
ture, in order to observe possible shifts in the PL peak wavelength and
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Figure 7.4: Photoluminescence (PL) mapping is performed at different positions in the
FAo5sMAg5Pb(I5Brgs)s thin film, using a (CW) laser at 325nm excitation wavelength with
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intensity. Figure 7.4 shows a macroscopic inhomogeneity, with a maximum
shift of ~10nm in the PL peak wavelength of the FAy5sMAq5Pb(Iy5Bros)s
perovskite, which reflects the composition inhomogeneity across the sample.
Furthermore, there are intensity variations from point to point, which reflect
the sample inhomogeneity in terms of crystallinity and defect density. Inho-
mogeneity on such a macroscopic scale is commonly observed in perovskite
films. It is worth noting that there may be some errors in the measurements
due to the limitation in exposure time to light, which makes it difficult to
record the maximum possible signal.
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7.2 Emission Dynamics of FAO'5MAO.5Pb(IO.5BI'()_5)3 Thin
Film During Light-Induced Phase Segregation at
Various Excitation Levels

In this section, we examine the time evolution of photoluminescence (PL)
spectra in a FAg s MA(5Pb(Iy5Brg5)3 perovskite thin film under light-soaking
at various excitation intensities, with a 325nm excitation (CW) laser source,
at room temperature.

Figure 7.5 shows the time evolution of PL spectra for a variety of excitation
intensities. The total time interval of photoirradiation is 100 seconds. We can
observe the co-existence of three perovskite phases within the film due to the
phase segregation effect: mixed halide phase (at around 650nm), I-rich phase
(at around 770nm), and Br-rich phase (at around 525nm). We also notice the
differences in PL spectra at the corresponding times caused by the different
excitation intensities. For instance, in Figure 7.5a, we observe the emission
from the mixed and I-rich phases, with the mixed phase being dominant at
earlier times, while at later times the I-rich phase emission is dominant. The
emission of the Br-rich phase has insignificant PL intensity counts. In figure
7.5b instead, we observe the co-existence of the three phases with a signif-
icant emission intensity from the Br-rich phase, while the higher emission
intensity corresponds to the I-rich phase, after a time interval of 100 seconds.
Finally, in Figures 7.5¢ and 7.5d, we observe a significant emission intensity
from the three phases at earlier photoirradiation times, while at later times
the emission from the Br-rich phase becomes dominant (especially in Figure
7.5d). Moreover, we observe a gradual shift in the emission wavelength of
the I-rich phase, with respect to time, which indicates the gradual increase
of the iodide content in the I-rich regions until it reaches a maximum value,
which has already been mentioned in the theoretical background. Notewor-
thy, the emission from the mixed perovskite phase decreases with respect to
time, due to phase segregation, but does not vanish, indicating the partial
phase segregation of the mixed phase. This result is in agreement with the
experimental studies, shown in the introductory sections.
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Figure 7.5: Time evolution of photoluminescence (PL) spectra of a FAgsMAg 5sPb(Ip.5Bros)s
perovskite thin film, excited by a 325nm (CW) laser at excitation intensity of a) 3.2W /cm?, b) 10W/cm?,
¢) 100W/cm? and d) 320W /cm?, for a time interval of 100 seconds, at room temperature.
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In order to examine the differences in emission spectra and to reveal the

underlying mechanisms behind them, a more detailed analysis of the corre-

sponding PL spectra, follows in the next figures.
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Figure 7.6: Photoluminescence (PL) intensity of the peaks that correspond to the Br-rich
phase (green dots), Mixed phase (black dots), and I-rich phase (red dots) as a function of
photoirradiation time, at excitation intensities of a) 3.2W /cm?, b) 10W /cm?, ¢) 100W /cm?,
d) 160W/cm? and e) 320W /cm?.
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Figure 7.6, shows the time evolution of the PL intensity of the three phases
for different excitation intensities. In this Figure, we observe a specific behav-
ior that is the same for each excitation intensity, but with different rates of
change. Initially, in each case, the emission from the I-rich perovskite phase
increases exponentially in intensity and dominates in the (PL) emission spec-
tra. This is in accordance with the kinetic dynamics of phase segregation,
discussed in the theory sections. When the intensity of the I-rich phase emis-
sion reaches a maximum value, it starts to decrease exponentially in intensity
at a rate that is strongly dependent on the excitation intensity. The PL inten-
sity quenching of the I-rich phase with the lowest energy band gap (potential
minimum), gives rise to the Br-rich phase emission peak to increase in in-
tensity and under condition dominate in the PL spectra. In Figure 7.6a we
observe that the emission from the Br-rich phase fluctuates at low PL in-
tensity counts, and at the time interval of 100 seconds, there is no increase
in the emission, in contrast to the high excitation intensity cases in Figure
7.6(b-e). In order to explain that, we first need to focus on the Br-rich phase
emission behavior at different excitation intensities. In Figure 7.6(b-e) we
observe that when the emission from the I-rich phase starts to decrease with
respect to time, it is not accompanied by an immediate increase in Br-rich
phase emission but instead there is a delayed growth in the Br-rich phase
emission. Specifically, we observed that only when the PL intensity from the
I-rich phase is reduced to one fourth of the maximum PL intensity of the
I-rich phase (I< IM%) approximately, we get a continuous increase in the
Br-rich phase emission with time.

In order to further examine this observation, we increased the duration
of photo-irradiation from 100 seconds to 300 seconds, while we also reduced
the excitation intensity from 3.2W/cm? to 1.6 W/cm?. 1In figure 7.7a we
observe that the PL intensity of the I-rich phase is reduced to a value of
33% of Tprax at t=100s and I.,.=1.6 W/cm?, while in the case of I.,.=3.2
W /cm?, the PL intensity is dropped to a value of 32% of Iy;ax at t=100s.
At t=130s (in the case of 1.6W/cm?) the PL intensity of the I-rich phase
is further reduced to a value of 24% of Iy 4x and at this time the Br-rich
phase emission intensity starts to increase. Thus, this means that if we
extend the duration of photo-irradiation, there will be a continuous growth

63



of the Br-rich phase emission in intensity with respect to time, even at the
low excitation intensities regime. Consequently, the Br-rich phase emission
depends on the PL intensity quenching of the I-rich phase, which in turn
depends on the quality of the film and the excitation intensity, and as such,
there is a threshold excitation intensity below which the PL quenching rate of
the I-rich phase emission is so low that it cannot lead to emission intensities
of Iy icn, < IM% in the limit of t — oo and hence it cannot lead to an increase
in the Br-rich phase emission, which will be constant (or fluctuate) at low
PL intensity counts. This is a significant experimental result obtained by the
current experimental work.

Figure 7.7b illustrates the observed mechanisms that take place during
light-induced phase segregation. After the formation of Br-rich and I-rich
phases within the film, the first stage includes the accumulation of photo-
generated carriers in the potential minimum of the I-rich phase, which leads
the emission of the I-rich phase to be dominant in the PL spectra. Afterwards,
the second stage includes the band-filling effect and the PL intensity quench-
ing of the I-rich phase, which under condition (relevantly high PL quenching
rate) leads to the charge carrier recombination in the Br-rich phase and the
corresponding emission becoming dominant in the PL spectra. The band-
filling effect of the I-rich phase has also been reported in [41].

Moving forward, Figure 7.8 depicts the exponential fits to the experimen-
tal data. This allows us to obtain the phase segregation rate and the PL
quenching rate at various excitation intensities. At low excitation intensities,
we fit an exponential in the form of I = Iy/ax (1 — e Fforvardem 1) "in order
to evaluate the phase segregation rate, following the standard kinetic model
that was presented in the theoretical part. At high excitation intensities,
the experimental data is best fitted by an exponential in the form of I =
I, — Iy(e Fsorwardem ¥y In order to obtain the (PL) quenching rate, we fit
an exponential decay curve to the data, which is in the form of I = I, +
[’y (e Fauenching *) " which can fit well to the data, at low excitation intensities.
At the high excitation intensity regime, a double exponential decay curve is
fitted to the data, due to the insufficient fit of a single exponential decay
curve to the data. The results are shown in table 7.1.
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Figure 7.7: a) Photoluminescence (PL) intensity of the peaks that correspond to the Br-
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Figure 7.8:

(a-e): Photoluminescence (PL) intensity of the peak, which corresponds to
the I-rich phase of a phase segregated FAgsMA(5Pb(Iy5Brg5)s perovskite film, as a function
of time, at various excitation intensities. Black dots correspond to the PL experimental data,
while the red lines correspond to the exponential fittings as described in the text. f) The
time at which the PL intensity of the I-rich phase reaches its maximum value as a function
of excitation intensity.
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I-rich phase
Excitation Phase PL quench- | PL quench-
Intensity segrega- ing rate | ing rate
tion rate (kquenching,l + (kquenching,Q +
(kforward,em + 5kquenching,1) 5kquenching,2)
5kf07'ward,em) (S_l) (S_l)
(s™)
3.2 W/cm2 0.143 £+ 0.004 | 0.014 £ 0.004 (—)
10 V\/'/cm2 0.372 £ 0.019 | 0.019 £+ 0.002 (—)
100 VV/(:m2 0.780 £ 0.080 | 0.115 £+ 0.003 (—)
160 W/cm? || 1.504 4 0.263 | 0.601 £ 0.075 | 0.102 4 0.011
320 W /cm? (—) 0.313 4 0.024 | 0.054 4 0.006

Table 7.1: Phase segregation and PL quenching rates at various excitation intensities,
obtained by exponential fits to the PL experimental data of the I-rich perovskite phase.

Remarkably, the phase segregation rate of the FAgsMAgsPb(Iy5Bros)s
perovskite thin film is much lower than the phase segregation rate of a
MAPD(Iy5Brg5)3 perovskite thin film as reported in the literature, indicating
that the double cation (FAMA) perovskite can efficiently suppress the halide
phase segregation, in agreement with other experimental studies in the sub-
ject, which are mentioned in the theoretical background. For comparison
purposes, the phase segregation rate of a MAPb(Iy5Brg5)s thin film at exci-
tation intensity of 20 mW /cm? is approximately 0.71 s7! (evaluated by [22]),
while in our case this segregation rate occurs at an excitation intensity of
roughly 100 W/cm? and the minimum value which is evaluated in our work
is Krorward.em = 0.14s ' at I.,. = 3.2 W/ cm?. Notice that the methodology
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for extracting the value of phase segregation rate in MAPb(Iy5Brg5)3 was the
same.

Moreover, in Figure 7.8, we observe that by increasing the excitation in-
tensity, the PL quenching rate increases, and interestingly it splits into two
rate components, indicating that as the excitation intensity increases, there
are likely more than one mechanism that contribute to the PL quenching
effect. Finally, Figure 7.8f suggests an exponential dependence of the time at
which the PL intensity of the I-rich phase reaches its maximum value, which
is dependent on the phase segregation rate, as a function of excitation inten-
sity. This exponential dependence of phase segregation rate on the excitation
intensity, is predicted from the kinetic model in the theoretical background
and is experimentally observed in [22].

Finally, it is worth noting that the observed experimental condition I<
If‘{% which was found at the relevantly low excitation intensity regime, was
also tested in a second FAgsMA(5Pb(Ig5Bros)s thin film, using the same
excitation intensity, confirming this result. Even though reproducible exper-
imental result, its origin remains ambiguous and might also depend on other
factors, such as film preparation, quality of the film, and excitation intensity.
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7.3 Photoluminescence Quenching Effect

In general, there are two plausible mechanisms that might be responsible for
the observed photoluminescence quenching of the light-induced I-rich phase
in the FAg5sMAg5Pb(Ig5Brgs)s thin film. A gradual increase in the non-
radiative recombination of charge carriers, in the I-rich phase, accompanied
by a reduction in the radiative charge carrier recombination, is necessary
to explain the reduced emission intensity and the PL quenching. A pos-
sible mechanism that can lead to PL quenching, is the degradation of the
crystal lattice of the I-rich perovskite phase at high intensities. In the pre-
vious analysis, we observed that the PL quenching of the I-rich phase could
increase the emission from the Br-rich phase. This is a significant insight
that can be used to clarify the mechanism behind the observed PL quench-
ing. An increase in the non-radiative carriers recombination, in the I-rich
phase, would still provoke accumulation of photo-generated carriers in the
I-rich phase due to its favourable energy band gap and the emission of the
Br-rich phase should not increase with time. This implies that a mere in-
crease in non-radiative recombination in the I-rich phase, cannot explain the
increased emission of the Br-rich phase. On the other hand, a reduction in
the number of I-rich regions within the film, instead, accompanied by the
band filling effect, which can easily occur when the total number of I-rich
regions is reducing with time, could efficiently lead to an increased emission
in the Br-rich phase. Notice that the MAPbI3 perovskite is known for its
PL quenching behavior, especially at high excitation intensities. Specifically,
previous works have shown that atmospheric molecules such as O, and Ny
(mainly the O3) can be adsorbed on iodide vacancies (and Pb vacancies),
on the perovskite surface, during light irradiation, leading to passivation of
defects (PL enhancement), but also leading to increased electron-hole non-
radiative recombination (deep-level defects) and PL quenching [81-83]. Other
related works have shown that when a perovskite is in contact with a liquid
solvent (or electrolyte solution), the iodine anions of the I-rich perovskite
phase migrate and selectively dissolve into the solution, leading to an iodine

expulsion that causes the depletion of iodine from the perovskite film, during
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light irradiation [84-86]. The final phase-segregated perovskite is a Br-rich
perovskite, and the process of iodine expulsion is irreversible. This process
is also attributed to the halide anion migration of mixed halide perovskites,
and contributes to the PL quenching effect by inducing crystal damages (de-
composition of the I-rich phase) and by reducing the number of I-rich regions
within the film.

In order to examine the influence of the surrounding atmosphere on the PL
quenching effect of the I-rich phase emission, we conducted (PL) measure-
ments in the FA s MAg 5Pb(Iy5Brg )3 thin film inside a cryostat. We mounted
the perovskite thin film on a copper cold finger of a closed cryostat, which
was connected with a vacuum pump, as mentioned in the experimental meth-
ods. We then illuminated the perovskite film with a UV Lamp with 385nm
excitation wavelength and an excitation intensity of roughly 40 W /cm?, at
room temperature. The spot diameter on the film was 90 ym. The lamp
was connected to a microscope with a PL camera, through which we also ob-
tained PL images. Initially, the perovskite film was excited by the UV Lamp
for 21 minutes in the air, in order to induce phase segregation. After 21 min-
utes of light excitation, the iodide-rich phase emission intensity is sufficiently
reduced compared with earlier irradiation times, due to the PL quenching
effect, while the Br-rich phase emission intensity is increased, as Figure 7.9a
shows. At this time, we opened the vacuum pump and we conducted PL
measurements over time.

At first, we observe the annihilation of the emission spectra after 5-6 min-
utes in vacuum. We conclude that chemical reactions between the perovskite
and atmospheric molecules, are essential due to the efficient passivation of
perovskite defects, which reduces the density of defect states and leads to
PL enhancement. Moreover, we obtain a significant insight from Figure 7.9a,
which shows that in the early times in vacuum, the emission from the I-rich
phase immediately increases, which may reveals that the underlying mecha-
nism of the PL quenching is related to the I-rich perovskite phase interaction

with air molecules (such as Oy) or moisture.
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Figure 7.9: a) Time evolution of FAgsMAqsPb(Ig5Bros)s PL spectra, excited by a UV
Lamp at 385nm excitation wavelength with 40W/cm? excitation intensity, at pressure of
one atmosphere (left) and at pressure of 10~?mbar, 10~ >mbar in vacuum (right). (b-e): PL
images from an optical microscope with a PL camera, which is connected with the UV Lamp,
at different photo-irradiation times in air and in vacuum. The images depict the 90x90pm?
area of the UV Lamp’s spot on the perovskite film.
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In addition, it has been reported in the literature, that variations in the
pressure can provoke changes in the phase segregation characteristics, such
as changes in the phase segregation rate and in the final composition of the
Br-rich and I-rich phases, which originate from the change in the enthalpy
of the system due to the term PAV. Thus, it is more likely that variation
in pressure induces further phase segregation, which results in an increased
number of I-rich domains within the film. The rise of the PL peak, which
corresponds to the I-rich perovskite phase, originates from further phase seg-
regation within the film. This result underlines the sensitivity of the phase
segregation to pressure variations, and implies that this should be taken into
account in the evaluation of the free energy of the system. In conclusion,
it is still unclear if the observed quenched PL of the I-rich phase upon light
excitation originates from the interaction of the perovskite with air molecules
or moisture. A proposed experiment is to add a layer on top of the perovskite
film, such as for example polymethyl methacrylate (PMMA) (in order to ex-
clude the atmospheric effect) and study the emission behavior over time.

In the next experiment, we excite the FAgsMA(5Pb(Iy5Br5)s perovskite
thin film with a (CW) laser at 325nm excitation wavelength and 32 W /cm?
excitation intensity, in order to induce halide phase segregation and we record
the PL spectra at different irradiation times. At time t=ts, the emission from
the Br-rich perovskite phase is more intense compared to the emission from
the I-rich phase due to the PL quenching of the I-rich phase emission with
time (see Figure 7.10). For t>t9 we increase the excitation intensity to 100
W /cm?, in order to further excite the perovskite, which in turn leads to the
further generation of Br-rich and I-rich domains within the film. In this way,
we manage to increase the density of I-rich domains within the film, at a
time of tz3=to+dt. As we can observe in Figure 7.10, the increased density
of I-rich domains within the film led to an increase in I-rich phase emission
and a decrease in Br-rich phase emission, indicating the partial diffusion of
photo-generated charge carriers in the Br-rich phase into the newly gener-
ated I-rich domains in which they finally recombine. The emission from the
I-rich perovskite phase also increases at t=t3 due to higher excitation inten-
sity, which leads to a higher concentration of charge carriers in the I-rich

72



perovskite phase. For t=t4 >t3, we observe once more, the PL quenching of
I-rich phase emission, which is accompanied by an increase in Br-rich phase
emission. This experiment reflects the strong dependence of the Br-rich emis-
sion on the I-rich emission behavior and enhances the possibility of an existing
PL quenching mechanism that reduces the number of I-rich phase domains
within the film.
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Figure 7.10: PL spectra of a phase-segregated FAqsMAq5Pb(Iy5Brg5)s perovskite film
at different photo-irradiation times and different excitation intensities. At the times t,ts
(to >t1) the excitation intensity is 32W/cm?, while at the time tz=ty+dt the excitation
intensity is changed to 100W/cm?, until the time t; >t3.
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Electron-hole radiative recombination in the Br-rich phase.

Based on the analysis and results, presented in section 7.2 and in the current
section, we conclude that the two aforementioned mechanisms (atmospheric
effect, decomposition of the I-rich phase) which could lead to PL quenching of
the I-rich phase are likely to occur in the FAgsMA 5Pb(1g5Brg5)s perovskite
film, upon light excitation, especially in the high excitation regime, where we
have observed (in the previous section) that a double exponential function
fits better to the PL experimental data. Notice that, the main difference be-
tween the two PL quenching mechanisms is that the increased non-radiative
recombination decay due to the photo-induced chemical reactions of the I-rich
perovskite phase with air molecules is, with respect to time, reversible under
dark conditions, while the expulsion of iodine from the I-rich phase, is an
irreversible process. Thus, in the next section, we examine the reversibility
issue in order to confirm that the PL quenching of the I-rich phase at least
partially originates from iodine expulsion, which may occur due to a remain-
ing solvent on the perovskite surface. A residual solvent on the perovskite
surface, reflects the sensitivity of the phenomenon to the material process-
ing and preparation. Particularly, factors such as temperature and time of
thermal annealing play a major role, and a further research on this subject
is essential in order to avoid the degradation of the perovskite film. Another
evidence for iodine expulsion, would be the reduction of the I-rich phase
absorption with irradiation time. Consequently, in this section, we observed
that pressure variations could induce further phase segregation to the already
phase-segregated perovskite film, however,no clear evidence was found to de-
clare that the atmospheric effect has an impact on the PL quenching observed
in air, when the perovskite sample was placed in vacuum. To the contrary,
ambient air could only enhance the PL. We also clarified the main features
of the possible mechanisms, which could provoke the quenching of the pho-
toluminescence, and we deduced that further research on this subject needs
to be done in order to answer the question: why do photo-generated charge
carriers facilitate radiative recombination in the Br-rich perovskite phase at
longer light excitation times, rather than diffuse and finally recombine in the
[-rich perovskite phase, which is energetically favored?
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7.4 Phase Segregation Recovery Kinetics

In this part, we turn our attention to the phase segregation recovery kinet-
ics in a FAqsMAq5Pb(Ip5Brg5)s thin film. Specifically, we will attempt to
evaluate the reverse phase segregation rate, which corresponds to the recov-
ery rate, from the emission spectra. The recovery rate k,eperse.em 18 strongly
dependent on the excitation intensity and the exposure to illumination time.
Thus, in most experimental studies on the subject, which can be found in
the literature, the recovery rate is evaluated at low excitation intensities (<1
W /cm?) and at photo-irradiation times ranging from Imin to 30min, and in
the majority of cases, the time needed for the phase segregated perovskite to
recover to its initial mixed halide phase, in the absence of light, was in the
range of 30min to 1-2hours. Instead, we followed a different approach. We
wanted to evaluate the phase segregation recovery rate, after the PL emission
quenching of the I-rich phase and the rise of the Br-rich phase in emission
spectra had taken place. Hence, we used high excitation intensities in order
to accelerate the above mechanisms, to occur at short illumination times.

Moving forward, we will briefly describe the process we followed in or-
der to evaluate the recovery rate. Firstly, we irradiated the perovskite film
with a (CW) laser at 325nm excitation wavelength with 3.2W /cm? excita-
tion intensity for a time interval of 1 second, in order to collect an initial
PL measurement, before we used a higher excitation intensity and induced
phase segregation. Continuing, we excited the sample with 32W/cm? and
160W /cm? excitation intensities for 60s and 30s, respectively. Finally, we
left the sample in the dark (absence of light) and we periodically measured
its (PL) emission spectrum at different times, by using an excitation intensity
of 3.2W/cm? for 1s (the time needed to acquire PL spectra). This excita-
tion for such short time is incapable of provoking further phase segregation
due to the low segregation rate, estimated in section 7.2. The results are
shown in Figures 7.11 and 7.12. In general, we observe a tendency toward
recovery. Specifically, in Figure 7.11, we observe the partial recovery to the
initial mixed perovskite phase at a time of ~ 190min (/3.2 hours, after clos-

ing the light source). The recovery process seems to saturate, since the PL
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intensity of the mixed phase remains constant after some time at a lower PL
intensity, in comparison to the PL intensity before the halide phase segrega-
tion occurred. In the case of 160W/cm? excitation intensity (Figure 7.12),
we observe a tendency to fully recover to its initial PL spectra before phase
segregation occurs. Now, in order to evaluate the recovery rate in each case,
we plot the PL intensity of the mixed perovskite phase as a function of time,

2. The results are shown in Figures

at an excitation intensity of 3.2W/cm
7.11c and 7.12c. In the case of lower excitation intensity and long irradiation
time, we observe a similar kinetic behavior as in the phase segregation effect
but at different time scales, and now is the mixed perovskite phase emission,
which increases exponentially, while in the phase segregation was the I-rich
perovskite phase, which behaved in this way. Furthermore, in Figure 7.11c,
we fitted a single exponential in the form of I(t)=I;— Ipe Freverscemt to the
experimental data and we evaluated the phase segregation recovery rate as
Kyeverse.em = (0.52 & 0.08)-1073 s71 | which is one order of magnitude lower
than the typical values, which exist in the literature, at the low excitation
intensity regime.

In the second case of higher excitation intensity and shorter irradiation
time(Figure 7.12c¢), interestingly, we observe a linear behavior of the PL in-
tensity with time from 60min to 280min under dark conditions.

Summarizing, we monitored the kinetics of phase segregation recovery in
the absence of light for two different excitation intensities and times of irra-
diation, and we observed the recovery to the initial mixed perovskite phase
before phase segregation occurred, but at a slightly shifted (identical) emis-
sion wavelength and lower emission PL intensity, in the case of lower (higher)
excitation intensity. Specifically, in the first case (I.,.=32W /cm?), we observe
recovery to a slightly blue-shifted emission suggesting less I-atoms in the re-
covered mixed phase and to a significantly lower PL intensity, with a low
phase segregation recovery rate, while in the second case (Io,.=160W /cm?)
the phase segregated perovskite recovers to its initial emission wavelength of
the mixed halide phase and also tends to return to its initial PL intensity in
a linear fashion. We estimate that the recovery rates are of the same order of
magnitude, and we speculate that the long-term irradiation, might be more
harmful for the perovskite sample in terms of recovering, and also that the
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recovery of the perovskite is likely to have different dependence on the exci-
tation intensity and the irradiation time. Notice that as the irradiation time
increases, more crystallites undergo phase segregation, while as the excitation
intensity increases, the density of the phase segregated domains within the
film also increases, indicating that both conditions lead to an increased num-
ber of phase segregated domains. However, the observed reversibility of the
phenomenon, indicates that the free energy of the system in the presence and
absence of illumination are different and depend on the illumination time.

Finally, it is worth noting that the observed recovery at a significantly
lower PL intensity (20% of initial intensity), compared to its initial, and in a
slightly shifted emission wavelength (Figure 7.11), are evidences for iodine ex-
pulsion during the phase segregation process at long irradiation times, which
could easily occur if there is residual solvent on the surface of perovskite
thin film. I also observed that positions in the film, which were excited with
high excitation intensity for a long irradiation time, could not recover even
after days in the absence of light. Therefore, an amount of solvent on the
perovskite surface is the most prominent cause, which can explain the ob-
served PL quenching of the I-rich perovskite phase and the rise of Br-rich
phase emission, as well as the observed partial recovery of the phase segre-
gated perovskite to its initial mixed halide phase. Hence, the PL quenching
effect of the I-rich perovskite phase can considerably affect the recovery of
the phase-segregated film. For a future work, it would be useful and mean-
ingful to examine, if the recovery rate remains constant, for constant I.,.-
tirrad products with different I.,., t;--.q values as initial conditions.
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Figure 7.11: a) Photoluminescence (PL) spectra of FAqs;MAg5Pb(Ip5Brg5)s thin film
excited at I.,,=3.2W /cm? (initial) before phase segregation occurred, and at I.,,=32W /cm?
at different times during phase segregation. b) PL spectra of FAgsMAq5Pb(Ig5Bros)s thin
film at I.,.,=3.2W/cm? and at different times in the dark (absence of light). ¢) PL intensity
of the peak which corresponds to the mixed halide phase, as a function of the time the
sample was left in the dark. Black dots correspond to the experimental data, while the red
line corresponds to the exponential fitting of the experimental PL data.
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Figure 7.12: a) Photoluminescence (PL) spectra of FAgsMAgsPb(Ip5Bros)s

thin film excited at I..=3.2W/cm? (initial) before light-induced phase segregation,
and at I.,.=160W/cm? following phase segregation. b) Recovery PL spectra of
FAgsMAg5Pb(Ig5Bros)s thin film at I.,.=3.2W/cm? and at different times in the dark.
c) PL intensity of the peak at 650nm, which corresponds to the mixed halide phase, as a
function of the time the sample was left in the dark.
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7.5 Spectral Changes in Reflection

In the current experiment, we expose the FAqsMAgsPb(Ig5Bros)s per-
ovskite thin film under 325nm (CW) laser excitation for a certain time in
order to induce halide phase segregation, while at the same time we moni-
tor the changes in the reflection spectra. A description of the experimental
setup follows. A Halogen lamp emits white light through a fiber to the sam-
ple, while at the same time a (CW) laser with 325nm excitation wavelength
excites the sample. A monochromator, which is connected with a CCD cam-
era detects and analyzes the reflection light from the sample, after passing
through a converging lens and a slit with 50pm width and 50pm height, in
order to maximize the ratio of the incoming signal from the phase-segregated
region to the total incoming signal, which corresponds to the total exposed
area. The reflectance is calibrated by using a 99% reflecting mirror. When
we measure the reflection from the sample following different exposure times
to (CW) laser irradiation, we turn off the (CW) laser to ensure that the
detected signal exclusively corresponds to the sample’s reflection. At last,
the laser spot size on the sample is roughly 100pm, while the white light
spot size is around 2mm. The sample’s PL and reflection are collected by
a lens and focused to a diameter of roughly 80pm and 1.6mm, respectively.
Since the final spot diameter from the phase-segregated area is larger than
the corresponding width of the entrance slit, we can detect the signal from
the phase-segregated area exclusively and minimize the incoming signal from
the surrounding exposed area. Finally, for the first measurement at (t=0),
we measure the reflection of the sample before the operation of the (CW)
laser. The results are shown in Figure 7.13.

Interestingly, when the sample was exposed for 120 seconds upon (CW)
laser excitation with 3.2W /cm? excitation intensity, negligible changes in the
reflection spectra were observed, as shown in Figure 7.13(a,c), while for the
same excitation intensity and exposure to irradiation time, the changes in the
PL spectra were significant and decisive. This can be attributed to the rela-
tively slow rate of change of the absorption (and hence the reflection) spectra,
compared to the rate of change of the PL spectra, as mentioned in the the-
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Figure 7.13: (a,b): Reflection spectra of FAgsMAq5Pb(Ig5Brg5)s perovskite thin film at
different laser irradiation times. The phase segregation is induced by exciting the sample
with a 325nm (CW) laser at a) I.,.=3.2W /cm? and b) I.,.=160W /cm?, while the reflection
spectra are acquired periodically with the laser turned off. The black line (initial t=0) corre-
sponds to the initial reflection spectrum, before phase segregation occurs. (c,d): variations
in the reflection spectra AR = R(t) — R(t=0) at different laser irradiation times, at c)
I.2e=3.2W /cm? and d) I.,.=160W /cm?.

oretical background. On the other hand, in Figure 7.13(b,d), at 160W /cm?
excitation intensity, the changes in the reflection spectra with respect to time
of laser irradiation, are noticeable. Specifically, Figure 7.13(c,d) shows the re-
flection changes AR = R(t) — R(t=0), at different times of irradiation with a
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(CW) laser, which induces halide phase segregation in the sample. In Figure
7.13d, we observe the reduced reflection at approximately 650nm, which cor-
responds to the mixed halide perovskite phase of the FAg5sMAq 5Pb(Io5Bro5)s
film, while at the same time we observe the increased reflection at approx-
imately 580nm and 730nm, which correspond to the formation of Br-rich
and I-rich phases within the film, respectively. The observed changes are in
the order of 1 to 2% in agreement with previous experimental works on the
subject, which are mentioned in the theoretical part.

Lastly, we notice that the PL quenching effect, which is prominent in the
PL spectra at the time scales used in this experiment, is not observed in
the reflection spectra at the irradiation time of ~120sec. This effect should
reduce the absorption (and thus the reflection) of the I-rich perovskite phase
with time due to the iodine expulsion. We claim that the PL quenching of
the I-rich phase takes more time to be observed in the reflection spectra due
to the lower rate of change of the reflection spectra with time, compared to
the rate of change of the corresponding PL spectra. In fact, it needs hours
of laser irradiation in order to observe a reduction in the absorption of the
[-rich phase, as shown in [84].

In conclusion, we conducted reflection measurements with time in order
to monitor the changes in the reflection spectra due to the halide phase seg-
regation effect, and we confirmed that the phase segregation indeed induces
spectral changes in the reflection, changes which are small in absolute mag-
nitude (approximately 1 to 2%), and smooth with time, in comparison to
the dramatic changes in the PL spectra, and which apparently lead to lower
phase segregation rates, compared to the corresponding rates that were ex-
tracted from the emission spectra. We speculate that such small changes
in reflection spectra combined with the noisy signal (large fluctuations) ob-
served in Figure 7.13(c,d) may be due to insufficient signal detection from
the phase-segregated region, meaning that the detected signal comes mainly
from the exposed area around the phase-segregated region. Since only a small
portion of the detected signal corresponds to the phase-segregated region, the
experiment may not be conclusive.
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7.6 Charge Carrier Recombination Dynamics

In this part, we conducted time-resolved photoluminescence measurements
in order to study the carrier dynamics in the FAgsMA(5Pb(Iy5Bro5)s per-
ovskite thin film, during halide phase segregation. The instruments used in
this experiment are mentioned in the experimental methods. We excite the
FAgsMAg5Pb(Ip5Brg5)s perovskite film with a pulsed laser at 410nm exci-

2 excitation intensity for approximately 15

tation wavelength and 49W /cm
minutes. The laser spot on the film has a diameter of 2pm. After 15 min-
utes of irradiation at 49W /cm?, we conduct PL spectroscopy measurements
and time-resolved PLL measurements on the phase segregated perovskite thin
film at various excitation intensities. Figure 7.14(a,b) shows the PL intensity
of each perovskite phase (Br-rich, mixed and I-rich phases) at various light
excitation intensities. The Br-rich pervoskite phase corresponds to the PL
peak at 535nm, while the I-rich phase corresponds to the PL peak at 780nm.

Moving forward, we have to notice that in such complex materials, it re-
mains challenging to clarify all the physical mechanisms, which are involved
and dictate any of the decay time components of a PL peak. This is definitely
not trivial. However, by exploiting the results from previous works in other
perovskite materials and the qualitative analysis, which was made in section
4.1, we managed to empirically identify the physical mechanisms behind the
observed fast and slow decay time components of each PL peak. As we men-
tioned in section 4.1, at low excitation intensities the first-order (monomolec-
ular) recombination process is dominant, which in these perovskite materials
mainly consists of a non-radiative recombination via recombination centers
(SRH traps). The first order monomolecular recombination is expected to
be constant with variations in excitation intensity. On the contrary, the sec-
ond order bimolecular recombination is carrier density-dependent and hence,
depends on the excitation intensity, as mentioned in the theoretical back-
ground. Figure 7.14(c,d) shows the time-resolved photoluminescence of the
PL peaks at 535nm and 780nm, which correspond to the Br-rich and I-rich
phases, respectively, at different excitation intensities. Furthermore, Figure
7.14(e,f) depicts the decay times of each PL peak as a function of excitation
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intensity. The decay times were extracted by the corresponding exponential
fits to the data, as shown in Figure 7.15. The time-resolved PL curves of the
Br-rich phase could be fitted by two exponentials, while the corresponding
curves of the I-rich phase could be fitted by a mono-exponential function. In
addition, we observe that the slow decay component 7 of the Br-rich phase
and the decay time of the I-rich phase are fluence-dependent and as such,
we attribute them to band-to-band radiative charge carrier recombination.
The fast decay component 7 of the PL peak that corresponds to the Br-
rich phase, on the other hand, only slightly changes (a few picoseconds) with
variations in excitation intensity, so we speculate that it originates from some
carrier diffusion process out of the Br-rich phase region. Moreover, the rising
delay of the peak, which corresponds to the I-rich phase, in Figure 7.14d),
indicates carrier injection from the Br-rich and mixed-halide phases to the
I-rich phase. The maximum of the TRPL intensity (I-rich phase) occurs at
different times after excitation, depending on the excitation intensity. With
increasing excitation intensity, the fast decay component 7 varies from 0.82ns
to 0.63ns, while the slow decay component varies from 7.6ns to 3.4ns, in the
Br-rich phase. In the I-rich phase, instead, the decay time varies from 8.7ns to
2.1ns with increasing excitation intensity. Finally, in Figure 7.15(f,g), for the
I-rich phase, we notice that for excitation intensities higher than 24 W /cm?,
the mono-exponential decay fit to the data becomes insufficient, and a multi-
exponential decay curve is in fact needed in order to obtain the PL decay
time.

Summarizing the above analysis, we conducted time-resolved PL measure-
ments in order to investigate the charge carrier recombination dynamics in
both Br-rich and I-rich inclusions within the perovskite film, and we deduced
that the dominant charge carrier recombination process is the bimolecular
(band-to-band) radiative recombination. However, in order to study deeply
the recombination dynamics, we need to further investigate the decay times
of the PL peaks, which correspond to the Br-rich and I-rich inclusions, versus
temperature and at different irradiation times.
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Figure 7.14: a) PL spectra of a phase-segregated FAq sMA( 5Pb(Iy5Brg5)3 perovskite film,
excited with a 410nm pulsed laser at different light excitation intensities. b) PL intensity
of the peaks, which correspond to the Br-rich, mixed and I-rich phases at various excitation
intensities. (c,d): Time-resolved photoluminescence decay curves of ¢) the Br-rich phase and
d) the I-rich phase, at different light excitation intensities. (e,f): Fast and slow-component
decay times of the PL peaks, which correspond to the Br-rich and I-rich phases, as a function
of excitation intensity. The fast decay component corresponds to the charge carrier diffusion,

while the slow decay component corresponds to the radiative recombination.
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Figure 7.15: Experimental PL data of the Br-rich and I-rich phases accompanied by
exponential fitting, for a) 0.6W /cm?, b) 1.2W /cm?, ¢) 3.7W/cm?, d) 6W /cm?, e) 12.3W /cm?,
f) 24.6W/cm?, g) 49W /cm? excitation intensities, respectively.
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7.7 Photoluminescence (PL) Imaging

In the final part of this work, we present photoluminescence images of the
phase-segregated FAysMA(5Pb(Iy5Bros5)s perovskite thin film. We illumi-
nate a random area on the perovskite sample (the spot diameter is 90pm)
using a 385nm UV Lamp with excitation intensity of I.,.= 40W/cm?, for
a certain time, in order to induce halide phase segregation. The UV Lamp
is coupled with a PL camera, which is used to acquire images of the sam-
ple’s luminescent emission. Afterwards, we periodically acquire PL spectra
and PL images, during the phase segregation process. Additionally, we use
a shortpass filter with cut-off at 532nm and a longpass filter with cut-off at
600nm in order to acquire PL images from the Br-rich phase emission and
from the mixed, I-rich phase emission, respectively. Then, we use the ImageJ
application in order to overlap the two distinct, spectrally separated PL im-
ages into a single PL image. The results are shown in Figures 7.16 and 7.17.
Figure 7.16 depicts the procedure that was followed in order to extract a
single PL image. In Figures 7.17a and 7.17e, we observe the PL quenching of
the red (mixed halide phase, I-rich phase) emission. Interestingly, in Figures
(b,d) and (f,h), we observe that with increasing irradiation time (to >t;), the
emission of the Br-rich perovskite phase originates from smaller and smaller
individual bright spots within the film, indicating that the temporary PL
peak originates from small nano-domains. Finally, we observe that at long
irradiation times, using high excitation intensity, there is only one perovskite
phase within the film, emitting light, due to the PL quenching of the per-
ovskite phases with a lower energy band gap, compared to the energy band
gap of the Br-rich phase.

In conclusion, the results of the current experiment reveal that the green
spots, which correspond to the Br-rich perovskite phase, are more localized
than the red spots, which correspond to the I-rich phase, suggesting that Br-
rich spots have a tendency to localize whereas the I-rich areas are widespread
on the surface of the sample.
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(a) Emission in red (b) Emission in green

L]
-

(c) Emission in red (d) Emission in green

(e)

Figure 7.16: PL image of the phase-segregated perovskite film, excited with a 385nm UV
Lamp with I.,. = 40W/cm?. a) PL image using a longpass filter (cut-off at 600nm) which
depicts the sample’s emission in red. b) PL image using a shortpass filter (cut-off at 532nm)
which depicts the sample’s emission in green. (c,d): Spectrally-resolved PL images with the
intensity scale bar ranging from zero (red) to one (purple). e) Combination of the PL images
in a) and b), using the ImageJ application. The images depict the 90x90pm? exposed area.
The green spots are roughly 2pm.
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Figure 7.17: (a-b,e-f): Spectrally-resolved PL images with the intensity scale bar ranging

from zero (red) to one (purple) at exposure time: (a,b) t=t; and (e,f) t=t,. ¢) PL emission

spectrum at t=t;. PL image containing red and green spectral components: d) at t=t;, h)

at t=to, with to >t;. g) PL emission spectrum at t=t,. The images depict a 90x90pum? area.
90



Chapter 8

Conclusions and Future Work

Concluding this research, we investigated the light-induced phase segrega-
tion in a FAgsMA(5Pb(Iy5Br5)s perovskite thin film by monitoring spectral
changes in emission and absorption. The emission dynamics of the mixed-
halide perovskite at various excitation levels showed that partial substitution
of methylammonium (MA™) with formamidinium (FA™) suppresses the phase
segregation by more than one order of magnitude, and also revealed the ex-
istence of a mechanism that quenches the PL of the iodide-rich phase with
illumination time, and this is accompanied by an increase in the emission of
the bromide-rich phase. Furthermore, we investigated the emission behavior
of the phase-segregated perovskite at room temperature in vacuum, where
an initial PL enhancement of the I-rich phase was observed. Moreover, we
managed to monitor the phase segregation recovery kinetics of the mixed-
halide perovskite, which was phase-segregated with relatively high excitation
intensity for a certain irradiation time, until the emission of the Br-rich and
I-rich phases was prominent in the PL spectra, and it was observed that
strong excitation intensities for long irradiation times (strong PL quenching
of the I-rich phase) could affect the reversibility of phase segregation, which is
evidence for iodine expulsion or loss of iodine in the phase-segregated region
of the thin film. Additionally, we investigated the charge carrier recombina-
tion dynamics of the phase-segregated FAysMA(5Pb(Iy5Bro5)s perovskite,
and it was found that band-to-band radiative recombination is the dominant
charge carrier recombination process in these inclusions, but further research
on this subject is needed in order to obtain more insights. Finally, we ob-
tained PL images of the phase-segregated region of the perovskite thin film
using a PL camera to track the spatial distribution of the corresponding PL
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spectra of the sample with irradiation time, and it was observed that with
increasing irradiation time, the emission of the Br-rich phase was originating
from smaller and brighter localized green spots whereas the emission of the
I-rich (and mixed) phase was originating from more extensive areas on the
surface of the sample.

For future work, the emission dynamics of the FAgsMAqsPb(Io5Bros5)s
perovskite at the low excitation intensity regime should be investigated in
order to determine the power threshold for PL quenching. Moreover, it is
essential to monitor the changes in absorption spectra at different irradiation
times, in order to get more insights about the changes in emission spectra
and the PL quenching effect. Also important is examining if the PL quench-
ing of the I-rich phase in ambient air originates from light-induced chemical
reactions between the I-rich perovskite phase and molecules that are present
in the atmosphere. A proposed experiment is to add polymethyl methacry-
late (PMMA) on top of the film in order to exclude the atmospheric effect
and study the emission behavior or even the absorption spectra over time.
Furthermore, evaluating the phase segregation rates as well as the phase seg-
regation recovery rates under constant I.,.- t;-q products would provide us
more information on how exactly these parameters affect the aforementioned
rates and if they both have the same dependence on the excitation intensity
and irradiation time. At last, the temperature-dependence of the PL spectra
of the phase-segregated mixed-halide perovskites, as well as the time-decays
of each PL peak, which correspond to the Br-rich and I-rich phases, versus
temperature and irradiation time, would provide us additional insights about
the charge carrier recombination dynamics of this system, which is consisted
of three different perovskite phases, and could shed light on the clarification
of the PL quenching mechanism, which quenches the emission of the I-rich
phase.
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