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CHAPTER 1

Introduction

Hybrid organieinorganicperovskites have made tremendous strides in the past five years
as a promising absorber material for next generatavskite solar cells (PSCsnproving in
device efficiency from 3.8% in 200%0 over 2% in 2016%° This vast improvement in
performance is dudoth to improved synthesis of defefiee perovskite films and to the
engineeing of electron and holeselective contacthatenable efficient charge separatidfvhile
a fewstartup companieseek to commercializeolar cells based on methylammonium lead iodide
(CHsNH3Pbk) as early as 2017, fundamental research on perovek#gis growing with the goal
of elucidating the underlying mechanisms of absorption and charge tratisgtogive hybrid
perovskites suchntriguing potential. The work presented in this thesis seeks to translate
phenomenological observations intaorphobgical insights fordirecting the synthesis of

CHsNHsPbk-type perovskites

This class of perovskiteterives its noveltys an absorber material ®olar cellSrom its
uniquecombination of strong light absorptiolow exciton binding energy, and efat charge
transport. Upon illumination of this semiconductor absorbegident photonswith energy
exceeding the bandgap (1-3% eV forCHsNHsPbk) generate excit@yor an electroiole pais,
by exciting a valence electron in the perovskite tactreuction bandThe bandgap in perovskite
is almost perfectly direct, achieving efficient absorption without the necessity of phonon coupling
and minimizing irreversible energy lossesBecause the photogenerated exdt@meof the

WannierMott type, the exciton binding energy is sufficiently lossi{imates range between 2 and



55 meV forCHsNHsPbk; for referenceksT is 25.7 meV a5 °C)® ° that the electramand hols
readilysplit and migrate toward their respiee electrodesBy substituting any of the AB2*, or

X components of the ABxXperovskite crystalone can engineer the lattice to be pseudogubic
tetragonal or stacks oftwo-dimensional sheetd? This structural variation affects the
optoelectronic properties as well, enabling tunability of the perovskite bandgap, exciton binding

energy,and carrier diffusion lengthis

Figure 1.1: Crystalstructure of hybrid perovskit@HsNHsPbk. When Br is substituted for I, the
lattice offsetn decreases from 15° to approximately 0°. Methylammonium cations rotate freely
in their octahedral holes.

Methylammonium lead iodideas emerged as the leadipgrovskitecandidate for future
solar cellsdue to its strong broadband absorptidrelow its direct bandgap of 1.6 eVfacile

synthesis from solutien and/or vapoiphase processing, and long diffusion lengths for



photogenerated electrons and hol€$i:NHsPbk films are readily synthesized using a variety of
onestep and twestep approaches. In the estep synthesis, a precursor solution obRdn PbCh)

and CHNHzsl salts dissolvedn a polar solventis generally spincoated onto the substrate;
CHsNH3Pbk crystallizes as thacceleration of rotation drives solvent evolution, and the film is
further annealed to remove all residual solvéihdwever, major differences in grain size and film
quality can arise from variations in Rlaind CHNHsl concentratior(especially deviations from
the stoichiometric ratio)substitution ofthe precursor solvent, or use of an antisolvent treatment
to induce crystallizatio® 13 In the twostep synthesis, Pbis spincoated fist, either onto a
planar surface or more commonly onto a high surface area, mesoporgusubsirate The
substrate is then immersed in a solution or vapor rich inNEH, in which CHNHal is
incorporated within seconds to form perovskitee to the hig diffusivity of CHsNHal in
CHsNH3sPbk. The remarkable mobility of CiNIH3" andl” ions through the perovskite lattice may
contribute to the unparalleled absorption and charge transport fHAbk-type materialg,

14 but much remains to be uncovered regarditigctural effects on thabsorption and charge

transportmechanisms

Despite the advantages as a solar energy mateegiadatiorof CHsNHzPbk in humid
atmospherehas remained a major obstacle the commercializationof CH3NHsPbk-based
devices'>’ Approaches to surmountighchallengenave included encapsulation©HsNHsPbk
devices in polymer¥ °addition d waterimpermeable electreror holeselective layers® 20 2
or controlled dopingf CHsNH3sPbk perovskites wittbromideions2#2” The addition obromide
reduces th perovskite lattice parameter due to its smaller ionic radius, which restricts the diffusion
of water into the methylammonium vacancies amgprovesthe moisture stabilityof the

perovskite?> As bromideconcentration is increased, the lattice structure shifts from tetragonal to



cubig decreasing the angle of offset of the lead halictahedrgfrom 15° for CHNHsPbk toward

0° for CHsNH3PIBr3).1t' 22 The decreased angle of offset promotes linear charge transport,
increasing the diffusion length/conductivity of carriers in the perovsKitging withBr ions also
provides an avenue to tune the bandgap of the perovskite for broadband light absamgti
increased open circuit voltag&sAlthough the increased bandgap with Br dopinGBENHsPbk
reduces the light absorptioseveral studies have suggested @idtNHzPb(h-xBrx)s perovskites

with Br composition, x, between 0 and 0@®vide an optimal balance betweeght absorption,

charge transport, and moisture stabfity?

This thesidocuses on the effect of added bromide ions to the structural and optoelectronic
properties of CENH3sPb(hxBrx)s perovskites within théetragonal regimed(O &0.33. In the
next chapter, I will discuss the morphologieCéfzNHsPb(h-xBrx)s films synthesized by various
spincoating procedures in both planar and mesoporous geometries. While grain size and film
thickness vary greatlylependingon precursorformulations the grainscale morphology is
independent of bromide content, an important consideration when comparing absorption and
charge transport across bromide concentratig@isapter thregorovides adiscussion of charge
trangort with respect to bromide content and grain morphology in planaNB#Pb(h-«Brx)s
films, focusing on evidence of electrbiole recombination extracted from steadgte(ssPL)
and timeresolved(tr-PL) photoluminescence experiments. A comparisoralforbance and
fluorescence spectra reveals thatftherescencénas dower energythan would be expected from
bulk absorbangéeninting that recombination is likely driven by variations in bromide composition
within perovskite grains. Finally, chapteuf introduces ongoing work in probing the absorption
dynamics of mesoporous titarsapported CeENHzPb(h-xBrx)s films with transient absorption

spectroscopyTAS). While charge injection lifetimes are constant across bromide compositions,



carrier thermbzation lifetimes decrease with increasing bromide content, indicating that added

bromide promotephononic coupling and subsequent heat transté&ese results conclude that

grainscale and latticecale morphologyave a profound effect on optoelectimperformance

especially forCH3NHsPb(h-xBrx)3, which is important to consider in the engineering of future

solar devices.
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Figure 1.2: Device schematics for (a) mesoporous and (c) planar perovskite solafMgplisal
electron and holesekctive contacts with close work function alignment control the direction of
electron (and holdyansport, as shown in the energy level diagram in (b).



CHAPTER2

Morphological Engineering of GilHsPbk-like Perovskites

Similar to other semiconduor electronics, perovskitsolar cell performancestrongly

relieson the minimization of defects and pinholes in each layer dbgfered device Thus, it is

imperative to design the perovskite active layer with maximum smoothness and co\Eadge.

on, the largest gains in perovskite solar cell efficiency came from templating the perovskite crystal

growthwith a mesoporous scaffold of Ti@r Al20s. Mesoporous Ti@givesthe added benefit
of a high surface area for injection of photogenerated elestroMore recently, frestanding
planar perovskite films havavertakenthe mesoporous architecture in device efficiengypart
because of the extensive research on the optoelectronic properties ellstangberovskite
crystals. This chapter provides detailed look at the grain structure @HsNHsPb(hxBrx)s3
perovskits in both planar and mesoporous architeguestablishingthe necessary control

morphologiedor our optoelectronic studies.

A. Planar Perovskites: A Comparison Girain Structures

A wide range of solutioprocesset?3! and vaporassistetf 323 techniques have been
reportedto achieve smooth yet highly cryBiiae planar perovskiteilms. An unintended
consequence of thisynthetic varietyis that the morphological differences between perovskite
films often goes undiscusd. The structural discussioroiféen overlooked ifiterature andsome

synthetic procedureas reportedould not possibly yield the pristine perovskite films depicted in

publishedSEM micrographs. Besides a strong reliance on film uniformity, planar perovskite



devices are particularly prone to impurities. As most planar depositions involvesteprepin
coatng procedure, any impurityn Pbb, CHsNHal, or CHsNH3Br salts ismore likely to be
immobilized within the film, introducing a lattice defect and/or a recombination trafy Siileese
reagents were purchased at the highest purity ava(lable Sigma Aldrch, 99.9999%; CENHal

and CHNHz3Br, Dyesol, 99%) to minimize impurity defect$he following paragraphs detail the
differences in film quality and grain size for a variety of precursor solvent and antisolvent

processing conditions.

Ear | y i n tiroization df glanaCsi:Nid:Bbk-type films, we realized that the key

to smooth, pinholdree crystallization is the use of an antisolvent extraction techni§uaply

a

Figure 2.1 SEM micrographs o€HsNHsPbk perovskite crystals from (a) DMF, (b) 3viv
DMSO:GBL, (c) DMF with toluene antisolvent treatment, and (d) DMSO:GBL with tolu
antisolvent treatment.



spin-coating 20QuL of 40 wt% stoichiometric precursor DMF at 4000 rpm yieldda spldter of
largerod-shaped crystalsSubstituting a 3:7 v/v mixture of DMSO:GBbr DMF as suggested

by Jeoret al'? the development of discrete grains reduced the roughness but made no progress
toward complete coveragéhe film quality improved remarkably when 4QQ of toluene was
drizzled during the spin rampnaé a smooth film was produced regardless of solvent when this
antisolvent was added as the glass substrate was spinning at approximately 2000 rpm. At this
speed, the fih is asuspension of nascent perovskite crystals in precursor solvent, slowly
crystalizing as solvent isentrifugedoutward When the toluene antisolvent is pipetted on top of

this suspension, perovskite crystals crash out due to their insolubility in toluene and deposit in the
same relative positions as they were suspended in theghid film. The precursor solvent is
extracted by the toluene and washed away as the spin speed increases. The resultant continuous
film of perovskite crystals is annealed at T@for 1 h toremove any residual solvenSEM

images of CHsNHsPbk produed wth and without theantisolvent treatmenhighlight the

importance of constraining crystal growthring perovskite film synthesis (Figure13.5 12 36

The stark differencan grain sizebetween DMFprocessd and DMSO:GBLEprocessed
perovskite filmsis attributedto thelevel of complexation of the precursor solvent with Pblt
has been proposed that D M Stabfeormationl ohaPb-Osbbndu c t ur €
between Phlspecies and DMSO in solutid” The oxygen atom in DMF is stabilized by the
amide group, forming a weaker complex with ;Piohic species. Wu et al. predicts that the
difference in PEO bond length (and thus stability) drives DM&Gntainng precursor solutions
to nucleate perovskite crystatd room temperaturgshereas DMFoased precursor solutions
experience negligible nucleation. Largercleifrom DMSO:GBL solutiongemplate the growth

of larger, rounded grainsAny residual DMSO wou introduce an impurity trapite, enabling



trap-assisted recombination losses under illuminatibiowever X-ray diffraction spectra (XRD,
Figure 23) of DMSO:GBL-spun perovskites indicate high crystallite purity, suggesting that
DMSO evaporates compléyeduring annealing® DMF, however, is not observed to coordinate
as strongly with leadhalides!® yielding smaller nucleivhich promote the formation of a small
grainedperovskitefilm. AFM micrographs(Figure 2.2)show that smalgrained films exhibit

reduced roughness, which would be advantageous for layered devices.

180 nm

0 nm

Figure 2.2: AFM micrographof (a) perovskite film spircoated from DMFevealssmaller grains
with lower roughness tha) perovskite fim spincoated from a 3:7 v/v solution of DMSO:GBL
exhibitrounded grains with higher roughneSsale bars are 200 nm.

To compare the quality of perovskite crystal domaksay diffraction (XRD) spectra
werecollectedfor CHsNHsPbk produced from DMFiad from DMSO:GBLasdisplayed in Figure
2.3. The labeled peaks represent diffraction planes inNEHPbk perovskite as reported in
Oku,*® and the absence of other peaks indicate a high film puxibgably, the diffraction counts
for DMF perovskites artower, even if peak area is integrated. This could signify the presence of
an amorphous connective phase, as discussed further in Chafitee BroaderXRD peaks of

DMF-spun perovskitesndicate smaller grains, and the average crystallite diantketeras



estimated using the Scherrer equation with K
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Figure 2.3: Full XRD spectra o€HsNHs3Pbk perovskite films from DMF and DMSO:GBL, with
peaks of intergt labeled with corresponding crystajtaphic planes in tetragon@HsNHszPbk
perovskite. The peak labeled with (*) represents a minority phase gfliRbly due to surface
oxidation in air during spectral acquisition.
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When bromide is incorporated the synthesis of C#NH3Pb(hxBrx)s perovskite, the
grain-scale morphology is unaffected for either grain structlire precursor is mixed with a ratio
of Pbb, CHsNHal, or CHsNH3Br for the desired composition x in GNHsPb(hLxBrx)s3, and the
resultantcrystalcompositions revealed by EDS amactically exact The nearly identical SEM
images across bmide compositions in Figure 2pfovide visual evidence that the grain structure
is adequately controlled for optoelectronic experiments. This congysterxpected because all
crystals below x ~ 0.4 are most thermodynamically stable in the tetlageometry at room
temperaturé® Any subtle differences in focus or contrast liketem from inconsistémmachine
settingghighly dependent on substrate conductivity, beam settings, and chamber vad(timm)
these grains, the introduction of competing halogescogates compositional variations that give

rise to interesting optad phenomena, which will be discussed in Chapter 3.

500 nm

Figure 2.4 SEM micrographs o€HsNHsPb(h-xBrx)z show that grain morphology is consistent
across Br compositions. Images-(d) are topviews of perovskite films deposited from DMF
with x=0, 0.1, 0.2and 0.33, and (gh) are films deposited from DMSO:GBL with x=0, 0.1, 0.2,
and 0.33, respectively.
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Indirect evidencexistsfor an amorphous connective phase at grain ed@dgsssted by the
slower kinetics of bromide incorporation into perovskitRecentliterature has implicated a
chloriderich connective phase between grains insSH3Pb(h-«Clx)s perovskite for superior
device performance and sustained carrier lifetiomespared to CENHsPbk.*® The lower grain
boundary contrast in SEMoupled with Imger carrier lifetimeshint that bromide could
preferentially occupyattice edges to a similaffect. Furthermore, the (110) peak shift in XRD
toward the cubic structure (2d = 15A) with in
amorphous connective phase. This observed shift is generally attributed to a crystallographic
transition fromtetragonal to cubic lattice as bromide replaces iodide, as the larger iodide atoms
cause an offset of the PbXctahedra in perovskif&. Added strairfrom the abundance of edges

and interfacesvith an anorphous phaskkely exacerbates that effect, explaining dwitional

shift away from the un®trained cubic | attice
a b &0
- = 0% Br @ DMF
-| bMF —10%8r| _ g0d @ @ DMsO:GBU
_ 20%Br| €&
5 —33%Br| £ 404 9 @ ?
8 Q
- N
= - » 301 o
0 ) c
- DMSO:GB =
g . “ | § - o 0
£ O 10- °
7 | 1 ] Ot+—T——T——T7—"
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Figure 2.5: (a) XRD peaks fromthe (110) plane oDMF-spun (top) and DMSO:GBL-spun
(bottom)perovskitefilms indicate astiit t owar d mor e eibhwithinaeased t al | i
Br contentand with larger grains(b) The grain size calculated from the Scherrer equoati
represents the average diameter of single crystals.

12



Table 2.6: Average grain diameters from AFM imageadysis and from the Scherrer equation.
Error from image analysis is the standard deviation.

Spin solvent | Method x=0 x=0.1 x=0.2 X =0.33
Image 55+ 10 nm 55+10nm 50 £8nm 50+ 10 nm

DMF Scherrer 26.4nm 13.3 nm 18.5nm 195nm
Image 20040 nm 200+£35nm 210+40nm 180 50 nm

DMSO:GBL | Scherrer 52.3 nm 41.7 nm 408 nm 43.0nm

The grain size calculateasing XRD peak widths 5 c h er r e r anslicatexgthea t i o n
DMF-spun grains are-3 times smaller thaBMSO:GBL-spun grainsand allScherrer diameters
aresignificantly smaller than thosestimated from AFM image analysis (see Tah&). Since
AFM micrographs did not reveal any observed differences in morphology between perovskite
films of varying Br content, we estimated a grdiameterof 50+ 12nm for the DMFspun films
for all Br-doped samples and 28%0nm for films obtained with DMSO:GBLthough crystallite
size is much smaller in both caseBhe Scherrer equationnderestimates the grain sizes due to
the polycrystalline natre of the perovskite films, and this effect is exacerbateBr-doped
perovskits due to the local variability of Br ion lattice positiofs. This compositional
inhomogeneity likely stems from imperfect mixinfjtbe precursor and from nucleation efi¢h
and Brrich domains present before spin coatifighe recent revelation that iodide and bromide
can diffuse througherovskite crystaleven in the absence of solvent complicates characterization,
as these iodie-rich and bromideich domains could bleighly mobile*® The clear peaks in XRD
indicate that any suctilomainscomprise a tiny fraction of the bulk grajisut the ones that are

present will playa major role in carrier recombination.

For future incorporation into devices, it is essdntieat perovskite active layers have
maximized physical and energeatignmentwith the electronand holeselective contactsA

complication to early device tests was the porosity inherent to antisolvent crystallized films; these

13



perovskite layers madeoor contact with the electrarollecting TiQ substrate, and the devices
shortcircuited from the deposition of spg@MeTAD hole transport material in these pores. To
eliminate this porosity, perovskite films were annealed in an atmosphere of DMF,emlicled

the crystals to slowly settle and reform in contact with the base layer, as shown in Figuree2.
solvent anneal incurred an additional 1 h at 30Qinderneath a 20 mL petri dish with 50 pL of
additional DMF. The resulting film had a highreughness due to uneven grain stacking, but the

gains in intergranular and substrate contact show promise in future device production.

500 nm

Figure 2.7: Crosssectional SEM of DMFspun perovskite films (a) annealed in nitrogen
atmosphere versus (b) annealed DMFrich atmosphere. The DMFaporallows the perovskite
crystals to melt and reform with lower porosity and improved substrate contact.

The thickness of planar perovskite films can be tuned by varying the molarity of the
precursor and the spin spegfddeposition. As precursor salts are diluted with additional solvent,
nucleation lessens and resultant grains are smaller (this is counterintuitive to many nucleation
arguments, but the antisolvent treatment causes more individual grains to crash@abisence
of nucle). The reduction of availablgerovskitealso causes the films to be thinndrkewise,
increasing the spin speed also generates thinner films, though this trend is somewhat limited by

the antisolvent treatment. The antisolventttresant only works as intended in a narrow range of

14



spin speeds (approximately 168000 rpm)ithe separation between toluene ganecursor phases
is compromised at low spin speeds, whereas massive polycrystalline formations have already

deposited at high gpspeeds. Full results of these optimizations are shown in Fidlre 2.
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Figure 2.8 Thickness of perovskite films spooated from DMF depends on precurs
concentration and spin speed.

Finally, the annealing temperature plays a role in resulting morphology. Both DMF and
DMSO:GBL solvents are said to fully evaporate from perovskitendua 1 h anneal at 10,
which was confirmed by XRD. However, multiple studies of temperature effects on film
crystallization noted tha€CHs:NHsPbk undergoes a phase transition from tetragonal to cubic
around 140C and posited that this reversible pp@hangencourages defect removal. As shown
in Figure 29, annealing at 150C for 30 min provoked a graiscale rearrangement, forming
definite tetragonal crystals after cooling. The roughness of these films was significantly higher,

prompting the adation of the 100C covered solvent anneal for optoelectronic studies. Besides,

15



Figure 2.9 SEM micrographof CHsNHsPbk perovskite film from DMF annealed at 150 °
shows rearrangement into angular tetragonal crystals.

the mobility of iodide and bromide is predicted to increase at higher temperatures, and the high
temperature anneal may result in more rearrangement into 4odidand bronmde-rich phases.
While other groups have published efficient planar devices using botlatmhhightemperature
annealing processes, the temperature effect on ofp@electronic performance of our

CHsNH3Pb(k-xBrx)3 films is unclear and merits furtheniestigation.

It is well established that smooth films with few grain boundaries are desirable for planar
CHsNH3Pbk solar cells. After a discussion of synthetic techniques faNEHPbk-type planar
films, tunability of film thickness and grain struatuis demonstratedChapterthreewill deeply
examine two of these morphologie§£00 nm thick films from 40 wt% precursor in DMF versus
from 40 wt% precursor in 3:7 viv DMSO:GBL, inferring further detail about the crystalline
substructuref mixed halideperovskitedrom steadystate and timeesolved photoluminescence

experiments.

16



B. Mesoporous Perovskites: Control of Optical Density and Bromide Concentration

Mesoporous titania scaffolds provide an avenue for repeatablstépsynthesis of high
performanceCHsNH3sPbk-like perovskite films. In the first step of device synthesis, a thin
blocking layer of compact Ti©is deposited on FT@lass substrates to prevent hole injection
directly from perovskite into the FTO electrode. The compact @&posiion step is preserved
in our synthesis of freestanding films on glass as it promotes adhesion.ofafhidparticles in the
formation of the mesoporous scaffold. Next, a suspension of ~20 remdmOcrystals in 2:1 v/iv
Uterpineol:ethanol is spinoatedonto the substrate and subsequently fired at 80® fuse the
nanocrystals into a rigid mesoporous matrix. The thickness of this mesoporous scaffold can be
readily tuned by varying the spin rate and concentration of nanopatrticles in susgegioa
2.10). Typical devices require a-mO:2 layer that is ~30600 nm thick: when coated with
perovskite, this is the minimum thickness for reamplete (99%) light absorption in the visible

range.
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Figure 2.10:Thickness of mesopous TiQ is controlled by Ti@ nanoparticle concentration and
spin speed.
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The perovskite is deposited in two steps. A solution of @HCb is often used in other
studies in the literature) is pipetted onto the substrate, and several seconds adefatltivedead
halide to seep into the pores before spinning. As the spin rate increases; thsidRbthe pores
crystallizes in increased surface contact with th€@p support, and excess Rl top of the m
TiO2 film is mostly centrifuged off. Aelatively high spin rate of 6000 rpm is used with the goal
of minimizing the perovskite capping layer that forms on top of the mesoporous scaffold. This
capping layer can be detrimental to solar device performance by increasing roughness and
inhibiting hole transport out of the active layer. For the second step, theddied mesoporous
substrate is immersed in a 0.8 M solution of:MHal in isopropanol. The substrate turns from
yellow to dark gray within seconds, signaling that:8Hsl successfully mcorporated into the
Pbbk crystals to form CeENHsPbk. Prolonging the soak for a minute or more allows for complete
reaction of CHNHzsl with Pbbk; while the diffusivity of CHNHzsl in Pbhand CHNH3zPbk s high,
the nanoscale nature of the porous matnsuees that the crystallization reaction is mass transfer
limited. The isopropanol solvent does not interact withr Bbperovskite (P¥D coordination is
weak for the secondary alcohol, so solubility is minimal), which is essential for constraining the
perovskite crystal growth. The perovskite is annealed for 30 min at 70 °C. In full devices, a hole
transport material of jdoped spiretOMeTAD (2 , 2 NetrdkisN,NNfi-p-methoxyphenyl
a mi n espi@hiflfdokgne with addebis(trifluoromethane)sulfonimide lithiurand cobalsals)
is subsequently spicoated, and a gold counterelectrode is thermally evaporated to complete the
device. Devices dahis basic design have achieved power conversion efficiencies of up to 8% in
our lab, compared to about 14% for highly performing devices in liter&itfite.

For optoelectronic characterization, it is benefictal ferovskite films to have a reduced

optical density so changes in light absorption can be effectively quantified. A 100 mg/mL solution
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of Pbk is spinrcoated onto a 200 nm thick mesoporous titania scaffold at 6000 rpm, resulting in
the correct amount ¢tbk deposition for full perovskite coverage. Then the substrate is immersed
in a saturate@€HsNHal solution in isopropanol. The grain size of the perovskite depends on both
the amount of available P4and the concentration of tH:NHsl soak solution High availability

of both species promotes perovskite nucleation, so the minimum grain size-20A.00n is
achieved using maximum concentration @H3NHzl and coverage of Pbl The crystallite
dimensions are limited inside the mesoporous layer, isogthin size refers to the perovskite
capping layeas viewed with SEM (Figure 2.11A small grain size is preferred to reduce the film
thickness and limit the roughness of the capping layer. Photophykittee capping and
mesoporous perovskite layesisould badentical, but the charge injection into i3 a function

of geometry so the capping layer is engineered to be thin compared to the mesoporous scaffold.

Figure 2.11: Scanning electron micrographs of mesoporous >-Eiipported CHsNH3Pbk
perovskites produced with (a).® M versus (b) saturated 1.2 KHsNH3l soak solutions. A
saturated soak solution reduces the grain size and promotes full coverage of the titania support.

To produceCHsNH3sPb(h-xBrx)s, mesoporous Ti@substrates are coatedrsiarly with
Pbkthen immersed in an appropriate mixtur€séiNHsl andCH3NH3Br. Control of the resulting
perovskite composition is complicated by tdoenpetingkinetics of each of these ions. By starting

with stoichiometric mixtures o€HsNHsl/CHsNH3Br and Pbb/PbBp, it was revealed that the
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incorporation of iodide occurs atslightly fasterrate than bromide. However, bromideh
perovskites are known to be thermodynamically favéfethe mechanism of crystallization from
mixed CH3NH3zl/CHsNH3Br soak solutions therefore has two steps. First, iodide is incorporated

into the lattice at a faster rate than bromide by the following reactions:
Pbbk + I + CH3NHs" A CH3NH3Pbk
Pbbk + Br + CHsNHs" A CHsNH3PbbBr

As time progresses, the crystal composition moves toward (and eventually past) the solution
concentration of iodide and bromide until it reaches an equilibrium in which the crystal is more
bromiderich than the solution. Whendmide displaces iodide, it reduces the diffusivity of ions
through the lattice, especially limiting the diffusion of the larger iodide ions. Bromide is

incorporated by the following mechanism in the presence of efitédéHs":
CHsNH3PW(l11.xBrx)z + Br A CH3NH3zP(l1x Brx s+ I

A 1 min soak time was chosen to limit compositional variability introduced by the second reaction.
The final composition was verified using EDS, and the soak concentrations used for optoelectronic
experiments are shovas starsn Figure 2.12 The final concentration falls between the traces of
kinetically-controlled crystallization (lower line, assuming equal rates of iodide and d@eomi

incorporation) and equilibrium crystallizationgper line, assuming crystal composition rmag
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Figure 2.12 Mixed halide perovskite composition as a function of soak solution concentr:
The lower line represents the composition &xpeé from kinetic incorporation of halides, ai
the upper line represents compositional equilibrium with the solution. The starred compc
were used for optoelectronic characterization.

solution halide ratio). For low bromide concentrations, the effect o$ubstitution reaction is
muted. As bromide concentration is increased, the crystal composition deviates from the solution
compositionat an increasingly monotonic rate asdiceed by equilibrium thermodynamics.
Notably, the kinetic and thermodynamic traces are not absolute limits, as faster iodide
incorporation kinetics and enhanced bromide thermodynamic stability permit data points outside

the pictured range.

Because thébromide composition was more difficuldo control for the mesoporous
geometry than for # planar geometry, the ratio of halides in the soak solution was chosen by
interpolation of the data in Figure 2.12. This correlation is only valid for the reactR0aim
titaniasupported Phl films immersed in a saturated solution GHsNH3l/CH3NH3Br in

isopropanol for 1 min.The final perovskite composition can be modifiethe concentration of
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methylammonium halide is decreased, the soak time extended, &bkhthicknessvaried.

Further study on varying Pidubstrate thicknesses/geometries is warranted to determine detailed
kinetics of templated perovskite formation. For theppse of the optoelectronic study of
absorption dynamics, steady compositionthir 2% of the target were the primary goal of the
optimization. The crystallography, a purely composki@pendent property, is expected to be
similar for mesoporous and planar mixed halide perovskites. However, the templated nature of
the twostep peovskite synthesis should reduce compositional variation within the film, especially
for longer soak times. The TAS experiments performed on these mesoporous samples are
discussed in chapter fguHuminating exciteestate dynamics introduced by bromidspahg and

the presence of a mesoporous electron acceptor.
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CHAPTER3

Charge Transpodnd Recombinatiom PlanarCH3NHsPb(L-xBrx)s Perovskites

Grain structure and lattice uniformity both play a major role in dictating charge transport
in perovskite fims, wherein weliconnected grains with defefree crystallinity are generally
desired for higkperformance device§*® This chapter builds upon ther evi ous chapt
morphological discussionsf planar CHsNHsPb(hL-xBrx)z perovskite films by incorporating
optoelectronic  observations, including absorbance, sts@ady and timeesolved
photoluminescence. To explain an anomaly in photoluminescence behavior, a morphology
dependent recombination mechanism is psgl, and SEM and STEEDS evidence folow-
bandgapecombination centers is presented.

A major advantage of dopirgHsNH3Pbk with bromideis the ability to tune the bandgap
of the absorptive layer of the solar cellsitMncreasindgromideconcentratn, excitons are more
tightly bound by thelead and bromide ionic nuclei, leading to a bandgap increase that is
advantageous for solar cells with higher operating vait&#g® Absorbance spectra (FiguBel)
of CH3NH3Pb(h-xBrx)s films show that the absorption band edge shifts from around 770 nm for
pureCH3NH3zPbk films into the visible range for CdIH3PbbBr. The corresponding increase in
absorptive bandgap, i.e. the photon energy needed to areiectronhole pair in the perovskite,
is approximately linear with increasing Br content (FigBr8), as shown previously in the
literature®? 2650 Notably, the band edge blueshifts similarly for perovskite films fRiviF and
from DMSO:GBL. Differences in subandgap extinction, namely any absorbance at wavelengths

longer than the band edge, signify reflection or refraction from surface roughness. TrepDMF

23



perovskite filmabsorbance gives cleaer view ofband e€lge shiftingwith increasing bromide
content but the rougher DMSO:GBkpun filmsshow nearly identical baretige indicating that

perovskite with the same bulk composition wasduced irrespective of solvent.
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Figure 3.1: Absorbance spectra of (a) DMipun CHNH3Pb(h-xBrx)s films and (b) DMSGspun
CHsNH3sPb(h-xBrx)3 films show a band edge blueshift with increasing bromide composition,
corresponding to an increase in bulk bandgap.

However the fluorescence peak shifts with increasing Br compositiggu@3.2) are
considerably less pronounced compared to absorbance, an anomalous effect previously attributed
to bandgap variation within the perovskite fi#i?® In mixec-ion perovskites, the photons emitted
from the recombination of electrdrole pairs are released at a lower energy than would be
expected from the absorption band edge. Park#tsalggested thaHsNHzPbk nuclei within
the crystalline films of mixed halide perovids act as recombination centers of lower bandgap
energy, which would predict that the fluorescence emission for all bromide concentrations would
remain near 1.6 eV. However, the fluorescence peaks still shift for both film structures, indicating
that gran morphology and bromide content both contribute to the minimum conduction band

energy. The discrepancy between the absorption and fluorescence bandgaps can be attributed to
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the kinetics of recombination in mixed halide perovskites, as elebtlenpairsare most likely to

undergo recombination in regions of the film whereldhedgap is the narrowet.
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Figure 3.2: Fluorescence peaks of (a) DMpun CHNH3Pb(LxBrx)z films show a more
pronounced blueshift with increased bromide content than (b) Dsf8@ CHNHsPb(h-xBrx)3
perovskites.

@ Absorbance

1.80 — @ DMF Fluorescence o
; 4 @ DMSO:GBL Fluorescence
@ 1.75-
o 4
® ° °
_g) 1.70 °
c p
S 1.65 °
8 3

1604 8

| LA L DL |
0.0 01 0.2 03

Bromide content (x)

Figure 3.3: Bandgaps calculatefiom absorbance band edges and fluorescence peaks show a
marked difference in recombination energetics for B3pEn and DMSO:GBlispun films.
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While the absorbance profiles of DMipun and DMSO:GBIispun perovskés are nearly
identical, photoluminescence behavidFigure 3.2) shows a strong dependence on grain
morphology. The polycrystalline DM§pun perovskites exhit amore pronounced blueshift in
their fluorescence peaksr increasingoromidecontent than di the largegraina films deposited
from DMSO:GBL,indicating that the minimum bandgap@i:NHsPb(k-xBrx)3 films from DMF
is closer to the mixed ion bandgap than in equivalent films from DMSO:GRjure 3.3) As
CHsNH3Pbk nuclei are inherently preseint the precursor before spaoating, we attribute the
discrepancy in peak shift to the size differenceiadiderich domaing as schematically
represented in Figu@4. In this depiction, the DMBpun perovskites contain smaller iodiileh
recombinabn cores with a wider fluorescence bandgap, whereas DMSO<pBh perovskites
exhibit larger recombination cores with a diffuse edge and a narrower bandgap. This structural
difference results from DMSO complexation wiRbb in the precursor: we predithat though
larger CH3sNH3Pbk nuclei are expected, diffusion bfomideions into the nuclei during film
crystallization creates an energy gradient in the conduction and valence band levels that
encourages carrier recombinationThe carrier lifetimes as edlermined from timeesolved
photoluminescence (discussed at the end of this chapter) are significantly longer fer DMF
produced perovskite films, supporting the proposed nuaeusn recombination modellt is
worth noting that pur€HsNH3Pbk andCHsNHsPbB#s crystals are undetectable in absorbasce

XRD spectra, so preormedCHs:NH3Pbk nuclei comprise only a small fraction of the film.
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Figure 3.4 Schematic depicting the proposed nudeven recombination mechanism. DMF
spun crysta contain smaller discrete iodideich nuclei, which limit recombinationDMSO
complexation forms larger nuclei while allowing a bromide concentration gradient as DMSO is
evolved and this gradient favors carrier trapping and subsequent recombination.

The slight but cotnuous increase in fluorescence bandgap energy implies that

recombination aCHsNH3sPbk centers is likely influenced by the surroundimgmide content.

The relevant distance where recombination occurs is within the Bohr exciton radius (2.8 nm in
CHsNH3Pbls),®! and the relative presence bfomide ions within this radiuss expected to
contributeto the blueshifting gbhotoluminescengeeaks.Because of their larger size and internal
bromidecortent,low-bandgap nuclei iIDMSO:GBL-producedCH3NHzPb(L-xBrx)3films are less
influenced by bulkbromide composition, andhe fluorescence peak positionsore closely
resemblethe bandgap ofCH3NH3:Pbk. DMF-produced films, on the other hand, are more
influenced by bromide composition, as the emitted photon is expected to carry the energy of the
bandgap averaged over the Bohr exciton radiBecause hole density is limited in the
CHsNHsPbk nuclei due to a very stable valence bahacombination is favored at the interface
betweenCHsNH3sPbk nuclei andthe bulk perovskite. For recombination to occur, tipasicles

need to interact; an electron and hole need to come in proximity to one another as welleas coupl
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with a phonon to dissipate tlecesenergy. This threbody interaction is more common in the
largee DMSO:GBL grainsbecause thermalization is expected to occur on a longer timescale; thus,
recombination in DMSO:GBispun films occurs more quickly thaacombination in DMFspun

films.

While the presence of these nualan be interpreted from spectral analyd@ne, visual
evidence of these nuclegrtainlyenhancsthe understandingf recombination dynamics in mixed
halide perovskites STEM-EDS maps of CHsNH3zPb(b.9Bro.1)s from DMF-spun perovskites
(Figure 3.59 reveal compositional variation angbrovide visual evidence o€HsNHszPbk
nucleation Although color differences in the bulk are likely a result of signal noise, the bright
green area ithe lower part of th@erovskite grain picturesh Figure3.5arepresents an iodide
rich core of ~5 nm diameter. Bromidieh spots toward the right edge of the pictured grain also
identify compositional variatiys whether these indicat€HsNH3PbBrE nucla or simply edge

regions of disproportionately high Br content is inconclusiidowever, no compositional

Figure 3.5 STEM-EDS mag of (a) DMF-spun and (b) DMSO:GBLEspun
CHsNH3sPb(b.9Bro.1)3 grains. Compositional variation including an iodideh subcrystal is
evident in the smaller DMBpun grains but may also exist in the thicker DMSO:&pun
perovskite.
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variationis visiblein theDMSO:GBL-produced perovskite (Figure 3.5b), apart from a blue glow
around the edges that may or may not represent a deorh passivating layer. This is not
alarming because the thickness of the pictured grain-Z000nm) would obscure subtle
compositional variations on the predicted-dilonm scale. Because STHADS is a transmission
technique, EDS intensities are imtgrated along the transmitted beam with no vertical
differentiation. A drawback to STEMDS is that the electron beam can severely damage
perovskite crystals; methylammonium is vaporiaémhg with some halogengithin minutes (at

the standard beam setig;nof 200kV accelerating voltage200 nA probe current), limiting the
EDSmap integration timeNeverthelessany compositional variation leads to bandgap variation,

where regions of lowest bandgap are the dominant sites for recombination.

SEM micrograhs of CHsNH3Pb(hLxBrx)s films from DMF (Figure 3.6) provide further
evidence of the presence of localized recombination ceriteB=M, the image is generated from
reflected electrons, and contrast is generatesubface features such as grain edgHse bright
spots, shown in low contrast, represent electron scatteringdedact sitef finite size. Their
presence in only Bdoped films supportsur hypothesithat these spots represent the low bandgap
cores rather than some other type of defbtitreover, these bright spots gradually disappear with
prolonged beam exposure, indicating that they are not a product of beam daotaidy, SEM
did not revealistinct lowbandgap nuclei in grains from DMSGBL, whichlends credence to
the hypothesighat nuclei from DMSO:GBL precursor solutions can incorporate Br ions and

compositionally blend with the bulk as depicted in Figtire
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Figure 3.6: High-resolution SEM micrographs of (&H:NHsPbk, (b) CH3NH3Pb(b.9Bro.1)3 (c)
CHsNH3Pb(b.gBro.2)zand (d)CH:NH3PbbBr films from DMF. Imaging over a low contrast range,
we identify bright spots in Bdoped films from DMF, which we attribute to electron scattering
from low-bandgapCHsNH3sPbk nuclei.

While ssPL provided a qualitative look at energyrial variations with Br dopant and grain
sizes, trPL provides a complementary quantitative evaluation of charge transport, illustrating the
lifetime of individual carriers between excitation and relaxation events on@asasecond time
scale. Initial etctronic excitation of the perovskiath a 400 nm laser pulggenerates electren
hole pairs which separate and propagate through the perovskite lattice. When anletdejpair
recombines, a photas emitted and thetime between excitation and emisnis recordedas the
lifespanof the photogenerated carriefsor this experimenthe excitation laser and single photon
avalanche diodeollectorwere focused on a highly luminescent area of the crystallineitma

spot size of ~Jum. A number dstudies have correlated the lifetimes of methylammonium lead
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