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ABSTRACT

The overall goal of the research projects herein is to fabricatedstvand efficient
thin-film perovskite and organic solar cells he fabrication of a planaheterojurction
perovskite solar cell wasst optimizedby investigating factors that inflaee perovskite
thin film formation. The optimized sequential sphtoating methodproduces uniform
perovskite thin films and yields devices aclgvpower conversion efficiencies beyond
13%. Secondlycheap, organic He-transporting materials basedatriphenylamine core
were investigateds alternatives to spHOMeTAD in perovskite solar cells, bygoor
solubility led to deficiencies iphotovoltaic performancekinally, it was shown that both
solution processing techniques and molecular designirdarence the morphology,
electronic properties and crystallinity of thin films consisting dtillerenefree donor
acceptorpair for applications in organic solar celldt was determinedhat solution
processing and the molecular composition of phrtea materials influences thin film

properties and device performance in perovskite and organic solar cells.
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CHAPTER 1 - INTRODUCTION
1.1Background: Solar Photovoltaic Technology

As the global demand for energy is projectedise over the next few decades,
clean, renewable sources of energy are becoming increasingly important. -Eagngye
systems such asgind, solarand hydroelectric are importatd offsetthe dependence on
fossil fuels forenergy conersion

Solar energy is particularly promising given the vast resource provided byrthe S
For example4.3x1#°J of energyfrom the Sin strikes the Eartkvery hour, which greatly
exceeds the amount of energy consumed in the United Stadeseintie year’® Other
strategies exist to captuemergy from theSun (e.g., solar thermal, solar fuettc), but
solar photovoltaic (PV) technology is the conversion of sobsrergy directlyinto
electricity.

There are three general typespbbtovoltaictechnology: first, second andthird-
generation.First-generation PV utilizes crystalline isibn as the active matal; it is the
most widespread PV technology and currently dominates the ma&@kebndgeneration
thin-film PV technologies, including CIG&opper indium gallium selenidgpaAs, CdTe,
can be made with lower quantities of materiblst typically constof scarce and/or toxic
elements Third-generatiorphotovoltaidechnologieaitilize soluble photoaive materials.
Thereforethe active layers can be formed giammon printing and coating technigdes,
offering the potential for rapidroll-to-roll (R2R) printingon an industrial scafe These
techniques can be performed at low temperatures, which opens the door for lightweight and
flexible substrates such as foils andgpics. In general, from firstto secondto third-

generatiorphotovoltaicsthe overall production cost can eeluced, but power conversion



efficiencies PCEs) also decrease. It is therefore a challenge to increaBEthef third-
generation P\o realize lowcost and efficient solar cells.

Two promisingthird-generation PMechnologies are perovskite solar c€RSCs)
and organic solar cellfOSCy9. PSCs have rapidly gained attentionthe scientific
communitysince their discovery in 2089To date, the most efficietab-scaleperovskite
solar cellsdelivera PCE greater than 196.” Although thesaveresmall area (10 mA)
devices they have the potential to compete withulti-crystalline Si solar cells, which
demonstrat®CEs ofca. 21 %n largerarea module$

Organic solar cellemployo r g a 4tdnjagatéd polymers or smatiolecules as
light-harvesters. \Nile less efficient than PSCand other inorganigohotovoltaic
technologiesOSCshave also seen great improvement®fficiency over the past three
decades. Since one of the first reports of a functional organic solar cell in 1986 by Tang,
the efficiency of devices hasiproved from under 1% to the record of 11% in 2815.

Despitesimilarities in operating principlepgerovskiteandorganic solar celleave
significant differences. Therefore, a discussion of both systetesns of materials and
device operation is warranted
1.2. Perovskite Solar Cells (PSCs)
1.21. Perovskite Materials

The term fAperovskited refers tothe he cl
Russian mineralogist Perovskn general, perovskites haaen fs;ABX hemi cal f or
where the A and B cations are-ldhd 6coordinate with respect to the X anion (X is a
halogen or oxygen). For years, inorgaarganic perovskites have remainatkeresting
materials in electronic applications for their abundance, conductivity and excitonic

propertiest®!! In these materials, the size of 0 cationgoverns the dimensionality of

2



the structure. Small monovalent cations such as ndsetilgonium (MA) and
formamidium form 3D structuré’$,whereas large aryl groups can form the 2D layered
structuret® 1> The 3D structure is more relevant in photovoltaics for its lower bandgap and
lower exciton binding energy.

In 2009,Kojima et al, demonstrated the successful fabrication of a solar cell using
methyl amnonium lead iodide (CkENHsPbk o r i M@ Rdthe lightharvesting
sensitizer (the crystal structure is showrrigure 1.1).° MAPbIs continues to be used as
the standard active layer for PSCs, improvanents indeviceand material design (e.g.,
the replacement of electrolyte with sefithte organic dle-transporting layers (HTL¥Y

have led to vast increases in performance and stability.

Figure 1.1. An image of the 110 projection of MARdimulated using Vesta software
from crystal structure information acquired by Stoumebal!® The Pb} octahedra are
darkened for visual contrasthe Pb, I, C and N atoms are represented by black,qurpl
brown and silveifcons respectively.
1.2.2. Photovoltaic Mechanisnin Perovskite Solar Cells

Photovoltaic performance in devices, whether in PSCs or OSCs, requires the

absorption of photonswhich is dependent on both the i) bandgap and ii) extinction

coefficient of the active material. Materials folhotovoltaicapplications are generally



designed and/or selected to match the bandgap with the region of the solar spectrum that
displays thegreatest flux, that is, the visible region whichregponds to wavelengths from
400 to D0 nm.

In general, gphotovoltaicdevice operates by absorbipyotonsand generating
charge carriers.Photoexcitation and charge generation occurs in the aciree \ehich
contains the photoactive materialhe operation of a PSC is illustratedrigure 1.2 a)

Since MAPb} has a high dielectric constafti~ 18),*° photoexcitation in the perovskite
generates free charge carriers; the electrons and holes separate imnédEketyrons
are the mobile charges and fhol esThefreeef er
electrons and holes move througinduction band minimum (CBM) and the valence band
maximum (VBM), respectively, ithin the perovskite thin film active layer. The electrons
diffuse to the interfacef the electrortransporting (ETM), are transferred to the CBM of
the ETM and are then collectat the cathode. In the PSCs used in the studies herejn, TiO
is used ashe ETM. Although TiQhas a very wide bandgap (~ 3 é\gnd may be viewed

as an insulator, thCBM of TiG aligns with the CBM of CENH3Pbk and is therefore
accessible for electron transférOn the opposite side of the active layales diffuse to

the interface of thdwoletransporing material (HTM)and are transferred the highest
occupied molecular orbitaHOMO) of the HTM. In Figure 1.2 @), holes are depicted as
moving charges, hogwver, a more accurate picture is movement of electrons from the anode
to fill the vacancies in the valence band maximum (VBM) of the perovskite left after
photoexcitation. Using ultraviolet photoelectron spectroscopy (UP®g ¥YBM for
MAPbDI; has beemeasuredto bel 5.43 eVversus energy of an electron in vacutimit

was also possible to determine the CBN3.93 eV) by applying the optical bandgap.
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Figure 1.2. a) An energy level diagram illustrating the mechanism of charge generation in

a PSC and b) a diagram depicting the device architecture of a PSC.

1.2.3 Device Construction

Thin-film perovskite solar cells (and organic solar cellsare constructed in

layere d ,

i s astyld device, tvith each layer contributing to the generation of current.

Complementary chargieansporting materials make contact with the active layer to extract

the charges and generate a current. Charge transport is facilitavedéyent of electrons

from the higherenergy levels of the active materialttee lower-energy levels of adjacent

materials along a gradient. For this reason, selection of materials with appropriate energy

levels is critical. Figure 1.2 b) depictsthe typ i ¢ a |
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however, these are not discussed herdihe devices are fabricated laydy-layer on a

glass substrate coated with a transparent conductive, axide as fluorineloped tin oxide

(FTO), thatallows light to enter the device. The active layer is positioned in the middle of
the device, with charggansrt layers making physical catdt above and below.

Infi n o r RSCldevices, FTO serves as the cathode, where electrons are collected.

The second layer is a dertben film of TiO2 which is both a holdlocking and electron

A

transporting layer (ETL). Thiwird layer is the perovskite active layer, which is the site of

(0]

r

nv



photoexcitation. Covering the perovskite is the hdlansporting layer (HTL) which

consists of a wide bandgap organic semiconduftog., 2 , 2 O-tetrakisil,B-di-p-
methoxymenylamine)9 , -§pivobifluorene (spirooOMeTAD), vide infra) that both

harvests free holes from the perovskite and blocks the flow of electrons wrdhg

direction (thus reducing the instances of recombingtidrastly, the top metal contact
(usuallyAg or Au) acts as the anode, which Acol |l
1.3. Organic Solar Cells

1.3.1 Organic Semiconductor Materials

Organic semiconductofsaveconjugatedstructureswith alternating doubleingle
bonds anda continuous oveap of porbitals. This results ire x t e n -®lectrom
delocalization and a narrowirad the bandgap energy, which is the difference in energy of
the HOMO and the lowestinoccupied molecular orbital (LUMO).These electronic
properties allow for thabsorption of photons.

Organic semiconductsexist in two categorieslonorsandacceptors In general,
acceptordavelower molecular orbitaknergy levelgrelative to the ionization energy of
hydrogen in vacuumand correspondingly higher electraffinity. Donorshave elevated
LUMO levels and thereforalower electron affinity The photoactive layer oiheorganic
solar cellconsists ofin electron donor arah electroracceptor irphysical contactFigure
1.3 depicts the structures of some common organic materials that functogaimc solar
cellss. Some of the begierforming acceptors are fullerene derivatives, such as phenyl
Ce-butyric acid or APCBM, 06 whi ch subsedquént be d
chapters. Also shown are examples of a polymer (pdlye3x y | t hi ophene or 0

smallmolecule ( 5 ;bi§(@-(7-hexylthiopher2-yl)thiophen2-yl)-[1,2,5]thiadiazoloB,4



c]pyridine}3 , -8i-8-ethylhexylsilylene2 6-Bith i o p h e n eTS(PGTH)20 1 Dionor

material.

=

PIHT

Figure 1.3 Exanp | e sconmjufated organic materials for OSCs.
1.3.2. Photovoltaic Mechanism in Organic Solar Cells

The photovoltaic mechanism in OSCs is illustrateBigure 1.4 a) In contrast to
perovskite materials, organic semiconductors have lower dielectristanty U )2 3
Consequently, lightibsorption of e donor in arorganic solar celgenerates a bound
electran-hole pair known as an exciton. The exciton migrates to theimderface, where
it canthendissociate into free charge carriétsHowever, dssociation of the exciton is
met by a Coulombic barrier known as the binding eneryy.shown by Hillet al,*° the
binding energy of organic semiconductors can be quite large (i.e., 0.4 to 1.4 eV) which
necessitates a sufficieahergy offset betweethe LUMO of the donor and theUMO of
theacceptor to induceharge separatiorAfter separation ttefreeelectrans and holes are

transported through the acceptor and donor, respectively, and collected at the electrodes.



a) PV Mechanism b) OSC Device Construction

Enesgy {eV}

Acceptor

Al
(Cathode)

. Light ak tion and

. Exclton generation
. Exciton dissociation

. Charge

N

Figure 1.4 a) An energy level diagram illustrating theehanism of charge generation in
an OSC and b) a diagram depicting the device architecture of an OSC.

1.3.3. Organic Solar CellDevice Architecture

In conventionabrganic solar celtlevices(Figure 1.4 b)), indium-doped tin oxide
(ITO) serves as the anodthe site of holecollection). The second layer is thH®le
transporting layer which is a mixture of conductive polymerspoly(3,4-
ethylenedioxythiophengndpolystyrene sulfonati& what is known as PEDOT:PSS. The
third layer is the active layeompased of an interface of the donor and accepidre two
materials come into contact at afDheterojunction, which is facilitated by the design of

the activelayer. It is important to notehat OSCs caralso be built with an inverted

architecture’! however these designs were not implemented in the projects herein and are

therefore not discussed.

Two main types of activiayers in OSCsxist: a planar heterojunction (PHahd a
bulk heterojunction (BHJ)depicted inFigure 1.5). Since the exciton diffusion length in
organic semiconductorsvery short(10-20 nm) PHJcells must haveery thin donor and
acceptorfilms to allow the excitons to reach the-B interface beforghey decay In

contrast, he BHJ consists of an intig@te mixture othetwo materialscreatingoercolating



newor ks within the FHABHXiM isdofmed simply isdolvinge |
the two materials in aommon solvent, casting the solution, and allowing the donor and
acceptor to seldssemble into distinct domain&dvantageouslyBHJ active layers can be
made thicke(~100 nm)than a PHJallowing for a greatequantity of lightabsorbing
material, and casequently higher current outputLastly, the top contact is a low waerk
function metal, such as Al as the cathode. Metals are typically deposited by thermal

evaporation under vacuum.

Bulk Heterojunction (BHJ) Planar Heterojunction (PHJ)

Al
A t

Donor 10 nm

PEDOT:PSS

100 nm

PEDOT:PSS

ITO ITO

Figure 1.5, Crosssectimal illustrations of OSC devices, comparing planar and bulk
heterojunction active layers in a conventiesiglle architecture.

1.4. Solar CellDevice Testing and Performance Metrics

Testing thephotovoltaicperformance is dical for the assessment ofsalar cell
and the quality of th&unctional material¢e.g.,hole-transporting materiali® aperovskite
solar cellor a DA pair in anorganic solar ce)l Measurement of the curret} produced
by the cell as a function of applied bias or voltadegenerates arV curve (illustrated in

Figure 1.6).

aye



Current

Light

v ( Vmax: lmax)

Figure 1.6. An illustration ofl-V curves for a SC tested in the dark and in the light (i.e.,
under illumination).

In many cases, current is reported per unit area of the cettrsest dengy (J).
By convention, the photogenerated curremtagativeon thel-V curve and the product of
| andV is the power generated by the deviBg: (

P=| V 1)

From thel-V (or J-V) curve, many important parameters can be determined. First,
the opercircuit voltage orVoe, occurs when no currefiows external tathe cell. The
maximumVoc Of a perovskite solar cells thedifferencein potential energpetweenthe
CBM of the ETL (e.g., TiQ) and the VBM ofthe HTL; in other words, th&/q is the
differencein potential energypf the excited electron and the collected F8l€omparably,
theVocof anorganic solar celk limited by potential difference between tHgMO of the
acceptorand the HOMO of the donorThe second parameter is the skortuit current

(Iscor Js¢) which occurs when the voltage equals zero and represents the maximum current

10



output of the SCMultiplying | by V givesP as a function of/ which gives the maximum
power Pmax) generated by the cell. The current and voltage at the maximum power point
on thel-V curve ardmaxandVmax, respectively. The power conversion efficienBZEor

d) i s tMwetotheapbweroof tlhiefincident lighi) and is given by thegriation

Pmax

8
Pin

PCE
(2)

Another indicator of the overall quality of the cedl the fill-factor FF), which is
represented graphically by the ratio of the areas depicted d#Vvtbarve. The fill factor
can be calculated by using Equation (3), which is given by:

Ima AV,
F F: ma>€\ max8
lc AVo ¢

3
In the absence of light, a solar cedin be modelled as a diode, watlrrentpassing irone
direction only (see circuit diagram Figure 1.7). When illuminated, the cell producas
photogenerateccurrent (). The total output current)(for an ideal cell is given by
Equation (4) and is the differencelp&nd the diode currenip). Equation (4) is given by:

I=lp  li=lo(e@V/NkH ) |g

4

In Equation(4), q is the elementary charge of an electrbi®10° C), k is the Boltzmann

constan{1.38x10?2 J/K) andT is the operating temperature in Kelvin.
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Figure 1.7. Circuit diagrams for an ideal solar celperating under dark and light

conditions and for a real cell, showing sources of parasitic resistaBge®nvention, the

anode and cathode are defined as the sites of hole and electron collection, respectively. The

A+0 and AT 0 s i gitysfthe applieddiasderieng soldr eell gperdtian.
However, in a reakolar cell there are voltage losses due to parasitic series

resistanceRs) and parallel or shunt resistané®&). Rsis related to the tbkness of the

active layerconductivityof the materialselectrode interfaces and carrier mobilitié&s

is reflective of the amount of structural and morphological defects in the active layer

defects decread®sy, thereby decreasirghotovoltaicperformancé? Taking these factors

into acount expads thediodecurrent equation to:

V+ IRs

8
Rs H

| =Ip  li=lo(e@ (VR Dk |+
(5)
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The effect ofRs andRsHon thel-V curve is represented Figure 1.8, Rs andRsH can be

calculated as the inverse slope of the curve and-opewit and shoktircuit, respectively.

a)

Voltage V. /!

4 dv
RS=_’

Current

L 4

\ Increasing Rg

’SC

L J

b) Voltage Ve

L 4

Current

/ sC \

-~ .
e Decreasing Rgy

-
: dv
RSH=W

L 4

Figure 1.8 An illustration ofl-V curves showing the detrimental effects Fe with a)
increasing Rand b) decreasingsR

1.5. Thin Film Formation for Solar Cell Applications

In the contexperovskite and organic solar cels solidthin-film is formed after

nucl

eat i

on

of t he

materi al on a Ssubstrate

electronic, chemical and structural propertieshaf maerial in the thirfilm are heavily

dependent on the method of deposition. As mentioned before, the most attractive

techniques use solutions of the dissolved matedaproduce the active layelse.,

solutionprocessing).Among themyriad ofsolution deposition techniquehatexist (and

have been reviewed-aepth,3® spin-coating is usedimostexclusiely for both laboratory

work and research and developmeoh smaHlarea substratedVhile spincoating is

generally not used in commercial applications, it is an ideal technique fethinmighput

screening of materials (as is the case for the projects undertaken in this tidbis).

coating and printing methods such as slot die coasjrgy-coating,screen printing and

13



ink-jet printing are compatible with retb-roll (R2R) printing, which can be employed on
large rolls of flexible substrates.

In the studiexonducted herejrspincoating is used exclusively as the metlodd
film-formation (see illustration inFigure 1.9). Spincoding is accomplished by first
dispensinghe solution onto the substrate. The substrate is then rapidly rotated up to a
desiredrotat nal v el o-8p ¢ §6),omedsdres] m revolutns per minute (rpm).

Most of the overlying solution is immediat e
film of solution. As the solvent evaporates during the spin cyclentterial precipitates

or crystallizes on the substrate surfdoeming a soliddry thin-film.

‘ Solvent Evaporation

Solution Flow Solﬂw ,

4 T U
\-d e
=
Vrot
Deposition m Spin-coating = Solid Thin-film

Figure 1.9, An illustration of the stages involved in the spasting procedure.

Two characteristics of the resulting smast film that are critical to device
performance are: i) film thicknesk)(and ii) morphology, orite physical arrangement of
the nanescale domains. Both characteristics are largely dependent on theoapirg
parameters, such Sro, iBitial solution concentrationcg), viscosity €o), anddensity ().

Since film thickness has been shown to depend on inverse square root of spin speed and is

14



directly proportional tao, % h can be controlled relatively easily based on the relationship

given by Equation (6):

€o 1/C?0
J-/E3r0t e

(6)

However, the morphology is often more difficult to predict thanTherefore, controlled
experimentation and use of characterization tools to observe thrthimorphology is
necessary to optimize the spioaing conditions.
1.6.Project Goals

The overall goal of the research projects herein is to investigat¢hth film
properties of the active layers for the production of-tmst and efficienperovskite (e.qg.,
CHsNH3Pbk) and organic solar cells. The goal of the first proj&tapter 3) is to
fabricate an efficient perovskite solar cell. Timethodsinvolved in the deposition of
perovskite hin films from solution (i.e., the solutigorocessing conditiongye probed and
correlated to the morphology of perovskite thin films and the performance of the devices.
The second goal of the projéChapter 4) is reduce the overall cost of the perovskite solar
cell by using cheaperganicholetransporting materialsThe third goal is to assemble a
low-cost norfullerene donoiacceptor pair for the active layer of an organic solar cell
(Chapter 5). The effet of solutionprocessing techniques and molecular design on the
thin-film morphology, electronic properties and crystallinity are investigated for

complementary donegicceptor pairs.
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CHAPTER 217 CHARACTERIZATION TECHNIQUES

In order tounderstand how matials form thirfilms in perovskite and organic solar
cells, techniques that elucidate the physical and chemical properties of materials in both
bulk form and in thin films are criticdl. This sectiondescribes the characterization
techniques and procedures that are applied to perovskite and organic materials and used
throughout this thesis.

2.1. Optical Microscopy (OM)

One of the simplest forms of microscopy is optical microscopy (OM). Since images
acquired by this technique are of le@asolution, it is limited to detecting micromesized
topological film features for rapid screening. However, more powerful techniques are
required toview nanasized film features.OM images were acquired undearismitted
light using a Zeiss Axio Imager and processed using the Zeiss Zen software package.
2.2. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) allows the acquisition of higdseution
images than OM. A focused beam of elegsrsraster scanned across the sample surface
Secondary electrons are ejected from the sample and detectecttatgen20mageof
the film surface In this thesis, SEM was used exclusively to image the surfaces of
perovskite films as a tool to detgunholes and assess film coveragél surfaceSEM
images were acquired ugim Phenom G2 Pro benttp SEMwith backscatter detection,
in the laboratory oProf. Jeffery Dahn.

2.3. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is advaageous over the aforementioned forms

of microscopyor the ability toelucidatehethreedimensional (3D) topography die film

surface for quantification of domaisizes and height deviations. For thiagen, AFM is
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especially usefufor imaging the grfaces ofthe active layersn organic solar cell$or

which the domain sizes anihe degree of DA phase separation are critical to PV
performance. AFM is a form of scanning probe microscopy (SPM) in which a physical
probe traces a cface geserating @ 3DInsagepdagui@ 8.1). sAs the

probe or Atipo i s brought near the sampl e s
Van der Waals, electrostatic forces, magnetic forces, etc.) between the sample and tip cause
the cantileveto deflect. On the Bruker Innova AFM used hereihetdegree of deflection

is monitored by a laser.

A sample can be imag@&udone of two ways: under constant height mode or constant
force mode. In both casesa raster scan involveke tip tracingover the surface of the
samplein the xy plane During a scan in constant height modige z position of the
cantilever is fixed. Changes in the deflection signal are monitored using a piezoelectric
crystal and are recorded as a functidrposition. h constant forcenode,signalfrom a
feedback controller iapplied to a piezoelectric crystal which moves the position of the tip
(2) to maintain constami@antilever deflectionAll experiments herein were performed using

constanforce mode.

Lner_

X (um)
Figure 2.1. An illustration of the operation of an AFM.
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There are two common modes of AFM topography: contact and tappuoalg.
Contact mode is simpler; the cantilever deflectiostagicas the tigracesover the sample.
In contrastduring tapping modehe cantilever oscillateat a resonarfrequencyand the
amplitude of the oscillation is maintained by the feedback controlgince the tip
alternately contacts and lifts from the sample surfacang tapping moddrictional forces
are reducedjie resulis a lessdestructive technique

AFM experiments were conducted in tapping mode using a Bruker Innova
microscope and NanoDrive (v 8.02) softwarEhe AFM instrument wagocated in the
laboratoryof Prof. lan Hill. Square images of 5 um in dimensiorwere acquired by
scanning at a rate of 0.3 Hz and sampling 256 points per line. Each image was processed
using theNanoscope Analysis software package

Three parametersan beused to quantify the surface morphologyadhin film
using the Surface Roughness Tool in the NanoDpregram i) the 3dimensional image
surface area, iilRrms, the root mean square (RMS) average of height deviations relative
to the mean image data plane, Ry the average of the absolute values ofsiindace
height deviations relative to the mean plane, an&#¢), the vertical distance between
the highest and lowest data points in the imagjés the deviations of the heigfrom the
mean data planie theith pixel of the imageN is the numbeof pixels in the image

RrmsandRaare calculated from the following expressions:

Bz 1/ 2
Rrms= T) S and

(7)
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(8)
2.4. X-ray Diffraction (XRD)
XRD experiments i@ used toi) identify the materials present and ii) assess the
crystallinity of materials within the thifilms. Insight into the arrangement of molecules

within the crystallitesn the flmsc an be gained using Braggobs 1
ne= didn (9)

whereni s an i nteger, o is the wavel edigtheh of i
angle of incidence of Xayswith respecta the atomic planesf the crystalandd is the
separation distance of the atorpianes (i.e., spacing). The Rigaku dift@oeter used for
the XRD experiments has a ®U r adi ati on -rays prodoced hae@a t he
wavelength of 1.54 A8

XRD patterns were acquired using a Rigaku Ultima IMax diffractaneter
equi pped with a CuKU radiation source, ScCi
285 nm focusing slit. The filsoated substrates were mounted into the instrument on a
metal platform. Experiments were run using the RINT2200 Right softwakagaavith
divergence and receiving slit widths of 10 mm and 0.3 mm, respectively, and an offset
angle of 0°. Powder patterns were acquired by continuous scans, collecting data as counts
per second (cps) and scanning at a ra g@ier minute.The pattems in each data set were
normalized such that the level of the nasequivalentthat is, the intensity of the pattern
at a Bragg angle of 3.05°.

2.5.UV-Visible (UV-Vis) Spectroscopy
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UV-Visible spectroscopy (UWis) can be performed on conjugated organic
molecules in soligtate thin films or dissolved in solutioithe absorption profile provides
information about the energy of the light absorbed by the material, which is related to t
bandgap energygg), or the difference between the HOMO and LUMO energy levgls.
is determined from the waveidsgmgthehlongest t he

wavelength of visible light thas absorbed by the materiahd applying Equatio(l0):

Ey= h& 8
dnset
(10)
In Equation (10)his the Planck constant (4.136*1%eVA) andc s the speed of light
in vacuum (2.998x%0m/s). All UV -Vis spectra were acquired using Agilent Cary 60
spectrophotometewith the Cary Scan software program. For filim experiments, the
film-coatedglasssubstrates were mounted vertically into the instrument with the glass side
facing the radiation source. The instrument was first zeroed using a clean glass slide as a
blank. Spectra were acquired by scanning from 900 nm to 200 nm at a rate of 600 nm/min.
The spectra were normalized to the peak absorbance. valllesolution samplesvere
prepared by stirring a weighed quantity of each material in a vial with £6iCI
chlorobenzene (CB3as the solventintil dissolved After transferring the solutiongito
guartz cuvettesUV-Vis spectra were acquirdsy scanning from 900 nm to 200 nm at a
rate of 600 nm/min
2.6. Photoluminescenc¢PL) Spectroscopy
The term photoluminescence (PL) refers to the emission of photons following
photoexcitation. Photoexcitation occurs when electrons are promoted to-éingngy

states upon absorption of lightAs the electrongelax to the grounektatevia various
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mechaisms photons can be sadiated and detected by the PL instrumentring PL
experiments, the sample is irradiated by visible light of a particular wavelength (excitation
wa Vv el ee)antdnemission spectrusrecorded.

The flm-coated substrategere mounted vertically into the instrument with the
flim-si de facing the radiation sour cewast a 4°5¢
selected as the wavelength at which maximum absorption for the fartiaaterial occurs
in a thinfilm (determired from the results of thifilm UV -Vis experiments). Excitation
and emission slit widths were set to 20 nm. Spectra were acquired by scanning at a rate of

600 nm/min.

2.7. Cyclic Voltammetry (CV)

CV was used to measure the onset of oxidation and reduction of the materials, which
corresponds to the ionization potential (HOMO) and electron affinity (LUMO),
respectively. This information is critical in-B organic solar cellswhere the efficient
charge separation at theAdinterface depends on appropriate alignment of the HOMO and
LUMO energy levels.

CV experiments for organic material&ere conductedsing solution samplesA
BASI CV instrument was equipped with an bukbler as well as an Ag/AgCl electrode, Pt
wire and glassarbon electrode as the pseuderence, counter electrode and working
electrode, respectively. Measurements were conducted using the BASI Epsilon EC
software program. Samples were prepared withnaentration ©~1 mg/mL by dissolving
each materiah anhydrous CECl> with ~0.1 M tetrabutylammoniumhexafluorophosphate
(TBAPFs) as the supporting electrolyte. All solutions were purged wiilg)ind then

scanned at 50, 100 and 150 mV/dsaand atl00 mV/s after the addition of a ferrocene
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(Fc) standard.The resulting voltammograms were referenced to the oxidation potential of
Fc/F¢, which corresponds to the HOMO energy level at a value of 4.80 eV below the
vacuum levef® The values of the HOM@nd LUMO energylevels of the organic
compoundsvere obtained by comparing the onset of oxidagiod reductioniespectively,

to the HOMO energy of ferrocene.
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CHAPTER 371 THIN FILM FORMATION IN PEROVSKITE SOLAR CELL S
3.1. Background
3.1.1. Solution-Processed Perovskite Solar Cells
The combination of interesting material properties and the reported high
performance operovskite solar cebsmake perovskites an attractive field of study. For
this reason, it was a collective decision to develop a research program in the Welch and
Hill laboratories focused on the development and characterization of materials for PSCs.
Before the study of novel materials could be conducted, it was necessary to develop
an inhouse fabrication procedure for reproducible and-eificiency standard devisgo
serve as controls. While many reports in the literature exist, fabricating a PSC is not a
straightforward procesand ultimately depends on film formation of the active layiris
chapter serves as an accouhtte challenges encountered durihg development of a
functionalperovskite solar cell
3.1.2 Active Layer Componentsand Device Architecture
There ardwo generatypes of active layers for PSQdesostructured and planar
heterojunction(PHJ)(seeFigure 3.1). In mesostructure@SCsthe perovskite material is
housed within amesoporousscaffolding of semiconducting (e.g., T® or insulating
(Al,03)*%*! nanoparticles In contrast, glanar heterojunctioperovskite solar celfloes
not cortain the mesoporous oxide lay#re active layer is simplynaunsupportd thin film
of perovskite materid?*3 While preliminary mesoporous devices were fabricated (results
are not reported in this thesis), tAelJ architecturavas selected for funer optimization

due to its simplicity in construction.

23



Perovskite + MP-TiO, Perovskite + MP-Al,0,

Perovskite

%!
TiO,
FTO-coated Glass ; FTO-coated Glass . - FTO-coated Glass
L ' J
Planar Meso-Structured

Figure 3.1. Device architectures for planar and megocturedperovskite solar cells

For planamperovskite solar cellsmixed halide perovskite (GiNIHsPbk«Cly) is a
preferred material for planar architectures because of the |lehggronhole diffusion
lengttf* than its purehalide™ counterpart (CkNHsPbk). Nevertheless, puiealide (.e.,
MAPDIs) perovskites have been used in planar cells with high efficieffti€sFor this
reason, MAPHIis the perovskite material usgdthe studies throughout this thesis.

Regardless of the material selection, film uniformity of the perovskite active layer
is critical for high performancgevicesand is difficult to achievelt has been demonstrated
that controlled vapour deposititgan effective method that can achieve uniform films and
highly efficient planar cells with both mixednd purehalide perovskite active layet$*’
However,this methods expensie and challenging on an industrial scaf@n the other
hand, slution-processing is a cosfffective method foractive layer depositiomnd is
necessary to realize largeale R2R production @ierovskite solar cell$
3.1.3.Methods of Solution-Processed Perovskite Thidrilms

One of the mostmportant factors that influensehe performance o& planar

heterojunction perovskite solar cadlthe active layefilm morphology (e.g., crystal grain
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size, crystal distribution, overall unifoity and coverage, absence of pinholes, etc.).
Furthermorethe film morphology is largely dependent on the processing methods and
conditions applied during film formation.

Three welldocumented methods exist forpeskitefilm formation from solution:

i) Co-Deposition The perovskite is formed 4situ by spincoating asingle

solution containing the two constituen{se., methyl ammonium iodide
(CHsNHal or iMAI 0 andlead (I1) iodide Pbk)).t"4°

i) Sequential DipCoating (SDC). Ailm of the metal halide is firaleposited on
the substrate via spitpating and themlipped into a solutiowontainingthe
ammonium salt. In this method, (whielas first documented by Liareg al),>°
Pbkand MAI react to form the final perovskite filnThis method has proven
to be an effective activiayer processing technique in perovskite solar cells,
helping to fabricte devices that achieve overta%fficiency?®>! In addition,
modifications to the twastep méhod to control Phlcrystal gowth via solvent
engineering have been discovered that yidices with over 16%%.

iii) Sequential SpiCoating (SSC). Similar to t®DCmethod, a thin film of Phl
is first deposited onto the substréte Subsequently, a film of MAI is spin
coated on top of the Pldayer. Heating the lgers stimulates the interdiffusion
of MALI ions into the underlying Pbfilm, forming the perovskiteMAPDIs.

The first goal m thisproject was to screen previousiported methods for perovskite
film formation. However, processing conditions vary from lab to Tabhe optimal
conditions for film formation reported in the literature are not universal. Furthermore, it
was found that many saithétlrea dteedc harrieq uoefst eann de >

experimatal sections ofihigh-impacd papers. For these reaspit was important to

25



identify variables and perform controlled sets of optimization experiments to develop a
custom irhousemethodfor perovskite film formation.Methods for both SDC and SSC
weredeveloped and discussed herein.
3.2. Sequential DipCoating Experimental Methods
3.2.1.Pblz and MAPbI3 Thin Films

Thin films of Pby and MAPbiwere prepared via spitnating on TiG-coated glass
substrates to determine the optimal processing condititims procedure famaking these
films was as follows.

25mmx 25 mm dass slides werfrst cleanedn the following orderi) scrubbing
with mixture ofdeionized DI) H20 and Sparklee® detergent, ii) rinsing with DI kO, iii)
rinsing with acetongv) rinsing with isopropanl) drying under a stream of air and iv)
UV/ozone treatment for 15 min.

The clean substrate was first mounted onto the chuck of a Laureltcgier To

form the dense Ti®layer, te precursor solutiorfsee Appendix A for prepaation

procedure)was dspensednto the center of th625mn? substrat¢ hr ough a 0.

PVDF filter using a 1 mL syringe in one aliquidt0.3 mL The film was then spun at 2000
rpom (ramp = 2050 rpm/s) for 45 seconds. The coated substrates wek iplatean
Pyrex® petri dishes anthenplacal in a sntering oven. The temperature was ramped up
to 500 °C at a rate of 30 A@in and held at 500 °C for 30 min. h& films were then
removed from the oven and cooleddom temperaturéRT).

To form the Pk films, Pbk solutions withN,N-dimethylformamide (DMF) as the
solventwere prepared (seppendix A for preparation procedure). At a concentration of
1.0 M, the solutionvas supersaturatest RTand had tobe cast ahnelevated temperature.

Thedilute solutiongi.e., 0.5 M and 0.75 Myere cast at RT.
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The TiOGx-coated glass substraigere used either heated (ohaiplate) or unheated
(at RT). After placing the substrate onto tieick of the spitoater goproximately 0.3
mL of solutionwasretracted from the vial using a 1.0 mL syringe aigpdnsednto the
center of the substrate through a 0.45 um PTFE filter in a single aliquot. Theospén
wasthenrun at speeds of either 1000, 3000 and 5@@0 for30 s For heated substrates,
the aveage elapsed time from removal of the substrate from the heat source and solution
deposition was 30 s.

The dipping solutions were prepared by weighingiited MAI (driedin avacuum
oven overnight prior to solution preparatjonto a 30 mL beaker, addjrthe appropriate
amount of isopropanol to form a 10 mg/mL solution and then stirring the solut®h at
(using a stir bar and a hotplate) for approximately 15 miime synthesis of MAI is
described iPAppendix B. To initiate the conversion into MAPbk perovskite film, the
Pbk films were briefly rinsed a beaker containing isopropanol, removed, and then
immersed in the beaker containing &l solution. The beaker was gently swirled by
hand for 60 s to promote uniform diffusion of tkié&\ | across the mtire Pb} film surface.
After 60 s, the substrate was removed from the dipping solution using tweermsed ina
beaker ofsopropanol and finally dried under a streanfiltgred air or N.. The perovskite
films were characterized 4s without furtrer processing and stored in an-fted

glovebox. The SDC procedure is illustratedfigure 3.2.
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Pbl, + MAI

Figure 3.2. Photographs depicting the stages of the SDC procedure.
3.2.2. Perovskite Solar CelFabrication Using Sequential Dip Coating

The 25 mm x 25nm FTOglasssubstrates were first cleaned by the following
procedure:i) scrubbing the surface with lab detergent (Sparkleen®) @20, ii)
sonicatingin a solution of DI HO and Sparkleen® for 15 mini) sonicatingin aetone
for 15 min, iv) sonicang in ethanol for 15 min, iv) rinsing in DI # and v) UV/ozone
treatment for 20 min.

The TiG film was depositednmediately following UV/ozone treatmeusing the
method described isection 3.2.1 Before entering the oven, the four corners of the
substrate were carefully wiped with a CleanS®&alampened with 37% HCI to expose the
underlying FTO. The substrates were then placed in a Pyrex® petri dish and then baked in
thesintering oven at 500 °@r 30 min. After cooling to rooriemperature, the substrates
were either heated on a hotplate to establish the d&singekeor usedunheated.

Only 1.0 M Pbb solutiors wereused to make Ppfilms for PSCs.For deposition
on heated substratesietsubstratesvere removed from the hotplate and quickly placed
onto the chuck of the spinoater. Approximately 0.3 mL of the hot Pbkolution was
retracted into a 1.0 mL syringe and thgarickly dispensednto the center of the heated

substrate through @45 pm PTFE filtein one aliquot The spircoater waghenrun at
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speeds of #ner 1000 or 3000 rpm for 30 s. The four corners were then wiped with
CleanSwal® dampened with DMF to expose the underlying FTihe Pb} films were
converted into MAPhQlin all devicedollowing the procedure outlined Bection 3.2.1.

To form the holetransporting layer the solution containing p-doped spiro-
OMeTAD (seeAppendix A for preparation procedurg)as dspenseanto the perovskite
layer through a 0.45 um PTFE filter atitenspun at a rate of 4000 rpm for 30 s under
ambient conditionsThe four corners were then wiped walCleanSwal® dampened with
chlorobenzene to expose the underlying FTO.

The top metal entact was deposited via thermal evaporatibhe substrates were
loadedtop-down into a metal mask artden mounted ira custorrbuilt bell-jar thermal
evaporator. A silveslug was used as the metal source in a tungsitenbasket. The bell
jar was eacuated using a diffusion pump to a pressure less4ka@® Torr. A 75-nm
thick layer of silverwas depositedonto the substratelsy thermal evaporation After
removal from the beljar, the devices werammediately transferred into an Ailed
glovelox where they were tested and subsequently stored.

3.3. Perovskite Solar CelDevice Characterization

For photovoltaic measurements, solar cell devices were illuminated using a
calibrated light sourceA National Institute of Standards and Technol@gy&T)-traceable
calibratedohotodiode (Newport 818V-L) in conjunction with anear infrared absorptive
filter (Thorlabs NENIR60A) was used to measure dbgutpowe densityof the Xe arc
lamp (Sciencetech SS0.5K)elow 800 nm, where the spectrum of tmurce closely
matches the solar spectrum asalers the absorption rangé all photoactive materials
used in this thesis. This prided a power densitgf 100 (¥1) mW/cn? of AM 1.5G

spectrum over relevant wavelengthos the equivalent of 1.00 Sung&ach devicehad an

29



area of 0.032n7¥ andwas tested in separate measuremedtse exposed FTO cornamas
contactedwith the negative(black) electrode andché Ag top contact of a device was
contacted by gently approaching a thin galde thatwas connected to the posgi(red)
electrode(illustrated inFigure 3.3). Currentvoltage (I-V) curves wereghen measured
using aKeithley sourcemeasure unit, scanning from +2.0 V to skortuit (0.0 V) unless

otherwise stated.

Top Ag contact

Positive Electrode
(Hole Collection)

-

Negative Electrode Exposed FTO
(Electron Collection)

Figure 3.3. A photagraph of a substrate with 16 completed PSC devidé® points of
contact to the positive and negative electrode are indicated by red and black arrows,
respectively.
3.4. Results and Discussiofi Sequential Dip-Coating

While investigating thesequentiadip-coating EDC) methodfor perovskite thin
film formation, it was found thathe morphology of the final perovskite film is largely
dependent on theorphology of the initiaPbk film. A major issue was the formation of
large, needkdike crystals of Bl>, which formed cloudy, nernontinuous filmswith poor

substratecoverageunsuitable for the active layer of PSCs. Perovskite active laydrs

maximum surface coverage are desired in devices to preventthiatays and shert
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circuits. Therefore, methods thgeneratedense perovskite layers with uniform
distributionof crystallitesare favoured.

Rapid cooling of the hot solution during spavating of the Phlwas identified as
acause fothelargecrystal growth Variousspin-coating parameters were systematically
controlled to investigate the effect on film morphology. TWwution concentration
(Csolution), Spinspeed &ot), andsubstrate temperatu(@supstrary Werefound to have the most
significant effect on filmmorphology. Conditions including the aution temperature
(Tsowtion, Figure C1) andatmosphez (Figure C2) were also investigated and are discussed
in Appendix C.

3.4.1. Solution Concentration Csolution) and Spin Speed

The most common $ation used in the literature for the depositiorthad Pbs film
during the twestep perovskite deposition method is a 1.0 M (461 mg/mL) solution in DMF.
While this solution has proven to vyielthick, uniform films in devices with high
efficiencies, its use is problematic: it is a supersaturated sokttimom temperature and
mustbe deposited at elevated temperatufes . e -c ,a s fFbBlowing this procedure,
thereis atendency for the Pbto rapidly crystallze on the substrate before the film is spun.
By reducing the concentration, it is possible to depositradgeneousolution of Pbj
without the need for hetasting Figure 3.4 depictsOM images of Phlfilms deposited
from solutions of different conogrations and different spin speeds onto substhretkekat
room temperature. It vgaobserved that film uniformity and coverage increasil
increasing spin velocity a phenomenon that wadso observed by Cohest al>* The
crystallinedomain sizes decrease with increasing spin velodtyis is attributed to the
higher rate of solvent evaporation as the spin speed is increds®an the optical

microscopemages, it is clear thg@ierovskitdilms cast from 1.0 M solutions provide better
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substrate coverage and are more desirable ag datiers in BC devices than those cast
from more dilute solutiongFigure 3.5). For this reason, all further modifications to

processing conditions in this study were performed using 1.0 M solutions.

Csolution =0.5M Csolution = 0.75 M Csolution = 1.0 M

Vot = 1000 rpm '! 7

Vot = 3000 rpm

Vrot = 5000 rpm

Figure 3.4. Optical microscope images of Rlilms spincaston TiO, compact films
showing he effect of pecursofsolution concentrationThe 0.5 and 0.75 M solutions were
deposited at room temperature and spun for 90 s. The 1.0 M solution was deposited at 70
°C and spun for 30 s. All films were cast onto remmperature substrates.

Csolution = 0.5 M Csolution = 0.75 M Csolution =1.0 M

\

Vrot = 1000 rpm F&3

Vrot = 3000 rpm

Vot = 5000 rpm

o
10 pm 10 pm

-«

Figure 3.5. SEM images of the GNIH3Pbk films after conversion of the Phiilms via
SDC, showingltie effect of preasorsolution concentration.
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3.4.2. Substrate Temperature {substrate)

To reduce the ratef cooling of the solution after idpensingit onto the cold
substrate,iflms werecast ontcheated substratégom 50 °C up to 150 °C) and compared
to those castntounheatedubstrategFigure 3.6). It is important to note that the substrate
cools considerablgetween the time of heating atie time when the solution is dispensed
To determinghe substrate temperatur@Supstraty, @ thermocouple probe was attached
the surface of the substrate using Kafiotape. The initial substrate temperature
(Tsubstrate,iniig Was recorded while the substrate was resting on the hotgthte surface
temperature ofThotplate These measurements were recordidr at least 10 minutes of
heating. The final substrate temperatUiQuktrate ing Was recorded 30 s after thabstrate
was removed from the heat source and placed on the chuck of theoafn The
measurements faubstrate temperatures are listed aile 3.1.

It was observed that glass microscope slides, which are considerably thinner than
the FTOcoated tass substratassed for device fabrication, have a higher rate of cooling
Forinstane, if a glass microscope slide and an Ft@ated glass substrate are heated to
100 °Cand 75°C, respectively, both will cool to a temperatureés0f°Cafter being plaed
on the chuck of the spicoater for 30 s (i.eTsubstrate,finalS ~ 60 °C).

Table3.1. Initial and final (i.e., after 30 s) temperatures of glass and FTO substrates heated
on a hotplate set @ surface temperature ®otpiate

Tsubstrate,initial Thotplate Tsubstrate,final Tsubstrate,final
(°C) (°C) (°C) (Glass)| (°C) (FTO)
50 66 40 46
75 92 49 59
100 117 60 69
125 135 65 85
150 160 73 105
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Figure 3.6 depicts he films cast on substrates heated to 100 °C just prior to
deposition are more uniform armbnsist of smaller domairthan those casin room
temperature substrates The additional heating step in the processing procedure is
beneficial for two reasons: iist, water is removed from the surface on the substrate,
allowing better contact with Phbibns and nucleation sites. Second, the heated substrate
helps to maintain the elevated temperature of the supersaturated solution, thus preventing
rapid cooling ofthe solution and corresponding crystallization of the solbte example,
it is observed that the filssspun on unheatadbstrate at 1000 rpm consief large needle
shaped crystalsvhereas the films cast tieated substradeonsist of significantlgmaller
grains. By spircoating at a slow speed and heating the substrate (e.g., 1000 rpm), thicker

films can be produced that provide comparable covemfiens spun at higher speeds

Tsubstrate = R.T. Tsubstrate = 100 °C

Pbl; — CH3NH;3Pbl3

Viot = 1000 rpm,

Vrot = 3000 rpmy#

Vrot = 5000 rpni

2 ym
Figure 3.6. The effect of spin velocity and substrate temperature. SEM images-of Pbl
films spincaston TiO; compact films at different temperatures and the corresponding
CHsNH3Pbk films after conversion via dippg. All films were spircastfrom a 1.0 M
Pbk sdution in DMF held at 70 °C and spun for 30 s.

34



Although the film cast on a R-Bubstrate consists of needilee crystals and large
voids, substrate temperatures of 50 °C and above resulted in more uniform surface coverage
and no needle growilseeFigure 3.7). Intermediate temperatures (50 and 75 °C) resulted
in a honeycomb Pbmorphology whereas the films cast on the substrates at the highest
temperatures (100, 125, 150 °C) consisted of larger grains. After conversion to the
perovskite via dippig into theMAI solution, the films casbn all substrates heated to
temperatures above 5 display similar morphologies that consist of micron sized

cuboidal crystallites

Pbl, »  CH;NH,Pbl,

L

Figure 3.7. The effect of substrate temperature. SEM images offfdak spin-caston
TiO2 compact films at different temperaturasd the corresponding GNH3Pbk films
after conversion via dipping. All films wespin-castfrom a 1.0 M Pld solution in DMF
held at 70 °C at a spin speed of 3000 rpm for 30 s.
3.4.3. Device Rerformance Using Sequential Dip Coating
Based on theptical microscopand SEM images acquired for the Plims, it is
clear that substrate temperature has a significant effect on morphology. To correlate the

morphological changes t®V performance, PHperovskite solar cellvere fabricated on

substrates heated to a range of temperatures.

35



When keeping the spin speed constant at 3000 rpm, increasing the temperature of
the substrate decreases cell performance in terms of efficiencym@madtaensity{Figure
3.8 andTable 3.2). However, the devices witRbbk films cast at 1000 rpm benefit from
substrate heating-{gure 3.9 andTable 3.3). By heating the substrate to 100 °C prior to
deposition, the resulting devices displafiighershunt resistance. This is in agreement
with theoptical microscopenages of the Pband perovskite films; films cast on the heated

substrates show visibly greater caage andcorrespondingly higheRs.

a) b)
5.00 / / 12.0
0.00 10.0
E 0.po 0.20 0.40 0.60 0.80 1.po
o
< -5.00 8.0
E g
= s
G -10.00 w 60
5 S t
; 4.0
g-15.00
S 20 °
-20.00 —100C
0.0 . . . . . .
—150C 0 25 50 75 100 125 150 175
-25.00 Voltage (V)
ge (V) Tuubstae ()

Figure 3.8. a)J-V curvesfor the besiperformingPSCs with Pblfilms deposited at 3000
rpm on substrates heatadd unheated substratels) A plot of the averagPCE of PSC
deviceswith Pbb films deposited at 3000 rpas a function of substrate temperature. For

each substrate temperature, error bar range extends from the towleshighesbbserved
PCEamong five representative devices.

Table 3.2. J-V performancenetrics forthe bestperformingPSCsfabricatedwith Pbb
films deposited at 3000 rpm on substrates heateldunheated substrateBhe average

metricsfor five sample devicegt each substrate temperature) are also provided with
standard deviations in the brackets.

$ot (rpm) Ts(‘fétgate Voc (V) Jsc(MA cm?)  |PCE(%)| FF
3000 RT Best Cell 0.97 1T18. 20 9.76 0.56
0 Average | 0.93(0.02)] 118.12(0.26) |7.48(2.010.44(0.11
Best Cell 0.93 1T14. 57 531 0.39
3000 1 100 Average | 0.92(0.01)] T 1 4 . 4 3 (|4.99(0.420.38(0.02
Best Cell 0.62 1T8.67 1.91 0.36
3000 150 Average | 0.56(0.07)] 1 8. 7 9 ( 11.76(0.14/0.36(0.00
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Toubstrate = R-T.

shown.

Toubstrae =100° C

5.00

Current density (mA cm?)

-15.00

—R.T.
—100C

15

Voltage (V)

Figure 3.9. J-V curves of the begperformingPSCs with Phlfilms deposited at 1000 rpm
on substratesdated to different temperatures. OM images of the active layers are also

Table 3.3. J-V performance metrics of the bgsrformingPSCs with Phifilms
deposited at 1000 rpm on substrateathd to different temperatures. The average
metrics for five sample devices (at each substrate temperature) are also provided with
standad deviations in the brackets. The shunt resistances listed are for the best
performing devices only.

3 T Shunt
rot substrate Vo (V) | Jsc(MA cm?) | PCE (%) FF resistance
(rpm) (°C) (q @m
1000 RT Best Cell 0.75 T11. 3 2.86 0.34 9.0x10*
Average | 0.72(0.08) 19.32(2.85) | 1.99(0.88)| 0.28(0.03) i
1000 100 Best Cell 0.99 T11. 6 3.94 0.34 2.1x10°
Average | 0.89(0.03) 110.54(2.92) | 2.67(1.09)| 0.27(0.04) §

3.5. Experimental Methodsi Sequential Spin Coating

Inconsistencies in device performance using the SDC method led to an investigation

of an alternative method of perovskite film formation: sequentialspating (SSC), which

is illustrated inFigure 3.10.

Pbl,

Spin-Coat #1

Pbl, + MAI

Spin-Coat #2

Figure 3.10. Photographs of films depictirgjages of the SSC procedure.
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TiO2 films werefirst prepared on cleaned glass substrates as per the procedure
outlined inSection3.2.1 After the substrates were cooled to ,FPbb films were spin
coated onto the Ti@coated substrates bysgensinghe hot(70 °C)Pbk solution(1.0 M
inDMF)ont o t he substrate through a 0.45 em PT
at 6000 rpm fo60 s. The substrates wenemediately removed from thepincoater and
placed on a hptate with a surfaceemperature of 70 °C for 5 mto remove excess DMF
The substrates were cooledR® before depositing the MAI layer.

MAI solutions of varying concentrations were preparedaivésg dry MAI crystals
in isopropanoin 4 mL glass Teflorcapped vials andtirring at room temperature. MAI
films were spircoated onto the dry Phiilms by dispensinghe MAI solution onto the
substrate through a 0.45 em PVDF filter us|i
60 s. The PbIMAI layered films were theannealed on a hotplate at 100 °C fér. IFilms
for all PSC devices are annealed in an Ailled glovebox, for reasons that are explained
in Section3.6.1.
3.6. Results and Discussioii Sequential Spin Coating
3.6.1. Annealing Conditions

After boththe Pb} and MAI layers have been deposited, heat is required to drive
the interdiffusion of MAI into the latticef the underlying Phl Lead iodide can be
descri bed adsi nae nfisgiucansail ot wwoat er i al since the
are arraged in layered stack8. The spaces between the atomic planes have been shown
to facilitatethe intercalation of small molecules, such as methylammonium iétlide.
confirm the presence of GNHsPbk in the thin films, the experimental XRD patterns were
compared against a simulated pattern oglHgPbk obtained from the crystal structure

data reported by Stoumpesal. (seeFigure 3.11). Annealing under inert atmospheat
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100 °C for 1 houresults in full conversion to the perovskite, as indicated by absence of the
110 Pbj peak (2= 12.6°) in thehin-film XRD patternsFigure 3.11 On the other hand,

the filmsthat wereannealed in ambient conditions foh&urcontained unconverteebk.

It is possible thathe moisture in aicontributes to degradion of the perovskite intiead
iodide, which has been demonstrated in a previous study by &edllyy® No significant
differences were observed in terms of morplglfor the films annealed in ambient versus
those annealed in inert atmosphi@exrigure 3.12). Based on these results, all subsequent

perovskite films were annealed in anfliled glovebox.

(110)

; (220)

e

8 (330)

= I

b A . Jl \

i * . A CH;NH,Pbl, — Inert

£

2 S Y S——— L D CH;NH;Pbl; — Ambient
M M A Jk A }u}\ « i__| CH,NH,PbI, — Simulation
(001) (002)

. . ) Pbl,
10 20 30 40 50

2-Theta (°)

Figure 3.11 XRD patternof aPbk thin film on TiO2 compared t&€H:NH3Pbk films after
annealing at 100C for 1 h in inert (black trace) or ambient (grey trace) atmosphidre
simulated powder pattern (blue trace) was obtained from thdl@sPbk crystal structure
data (in the form of a cif file) repa@d by Stoumpost al'® The corresponding lattice
planes for each of the diffraction peaks in the>Palktern((001), (002) and (003)kere
identified according to Burschket al®* The peaks corresponding toetimajor lattice
planes in the CENH3Pbk patterns((110), (220) and (330))ere identifiedbased on the
analysis performed bpualehet al>’
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Ambient

192.7 nm 1726 nm

-1535nnm -157.2 nm

0.0 Height 5.0 um 0.0 1 Height 50 um
Figure 3.12. 2D AFM topographical nas of the surface of two perovskite filfeemed
by the sequential spicoating method one wasannealed in ambient and one annealed in
aninert atmosphere.
3.6.2. MAI Concentrations
In order toestablish the correct stoichiometry between the Bbd MAI layers for
complete perovskite conversion, a seriesilHtPbk films were formed by sequential spin
coating using ifferent conentrations of MAI solution. For all films, the Blspin speed
(6000 rpm), Phbisolution concentration (1.0 M), MAI apspeed (6000 rpm), PbMAI
annealing time (60 min) and annealing temperature (100 °C) were kept constant.
XRD was used to detect the phases of the materials present in the fingFftjne
3.13). The intensity of the (110) Pippeak (2= 12.6°)decreasetinearly with increasing
MAI concentrations, indicating th&ssPbkremains unreacted in the fil(figure 3.14).
Visually, the films with a higher MAI loading appear darkandmore optically densdue
to the higher quantities of MAP{H(seephotographs of films ifrigure 3.13). As shown
in the XRD patternen Figure 3.13, perovskite thin films sphzoated with MAI solutions
less than 50 mg/mL altontained(001), (002) and (003pPbk diffraction peaksof
significant intensity. A plot of the relative intensity of the (001)xPlhk in the perovskite

powder patternas a function of MAI concentratiaa provided inFigure 3.14and shows

40



a linear decrease in peak intensity with increasing MAI conceniratThis provides
evidence for presence of unreacted starting material and incomplete perovskite conversion

when using dilute MAI concentrations.

_ 50 mgimL
3
8
¥y
% [MAI] = 50 mg/mL 40 mg/mL
E e t— A o~
lU J
@ 40 mg/mL
£
£ 30 mg/mL %0:mpmL
=
20 mg/mL
(001) 20 mgimL
10 20 30 40 50
2-Theta (°)

Figure 3.13 XRD patterns of MAPRI thin film formed via thesequential sphtoating
method with different concentrations of MAI precursor solutiéil.films were annealed
at 100 °C under inert atmosphere after smating the MAI and Pbllayers. A powder
patterns of #bbk neat film isincluded at the bottom of the plot for comparns Also shown
are photographs of the MARbiilms, showing progressive darkeniraf the film with
increasing MAI concentration.
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Figure 3.14. RelativeXRD peakintensites forthe highesintensity peak of a) Pband b)
MAI plotted as gunction of MAI precursor concentration. The relative peak intensity was
determined by dividing the integrated intensity of the (001) Pk (pbi2) by the sum of
Irbizand the intensities of the MARKL10)peak (2(= 14.1°). Areal peak intensitiesvere
calculated by applying a Pearson VIl function using Jade softwalthough error bars
are included in the plot, they are not visibMeasures of uncertaingssociated with the
calculated peak intensitiese listed inTable D1in Appendix D.
3.6.3. Device PerformanceUsing Sequential SpirCoating

Perovskite solar celbevices were fabricated to determine the optimal MAI
precursor solution concentration for tisequential sphtoating method All other
components in the devices were fabricatedbiing the same procedures used for the
devicesmade via the dip methodDevices made with the higher loading of MAI (50
mg/mL) were more efficient as indicated by th&/ curvesin Figure 3.15. These results

are comparable to devices made using similar procedures, in which the réjOHEedf

sample devicesre 13.4 9%°° and 15.4 %> Comparing the -¥ results to the XRD
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patterns inFigure 3.13, the higher device performance in tthevices fabricated with a

more concentrated MAI solution is attributed to the more complete perovskite conversion.

5.0

T ]

"E 0.po 0.25 0.50 1.5
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E 50l [MAIL V. (V) | 4. (mAcm2) | PCE (%) FF
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Figure 3.15. J-V curves for the begierforming PSC devices fabricated via the SSC
method using an MAI concentration of 40 mg/mL (red curve) and 50 mg/mL (blue curve).
Performance metrider the besfperforming device and the average of five sample devices
are given inthe table to the right of the curve3he values in brackets are the standard
deviations.
3.7. Conclusions
It has been demonstrated that simple adjustments in processing parameters can have

large effects on the morphology of perovskite thin films dubiath dip-coatingandspin
coatingprocedures. In particular, solution concentration and substrate temperature are key
variables to monitor during théip method. The dipping step in the SDC method was
difficult to reproduce for two reasons. First, the conversion rate fromt®Iperovskite
varied from batctio-batch. Second, drying of the film with the air gun led-narformity
across the substrates. These factlmd to batchio-batch inconsistencies and even
variations in performance among the devices on the same substrate.

In contrast, thesequential spitoatingmethod allowed more control over conversion

of the perovskite and morphology of thknf, producingmore consistent filmand high

performing devicesThereforethespincoatingmethod was selected for usesubsequent
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device fabricationss the project moved forward to the hekapter: investigating new
hole-transporting materialin PSCs.

It is important to consider the thermal properties o&HsPbkwhen investigating the
two aforementioned methods of perovskite film formati@H:NHsPbk has two known
phase transitions at temperatures of 162.7 K (~110 °C) and 326.6 K (~8%*®ince
the perovskite made usirtge dip method is not heated during or after the conversion
process, it remains in a single phase. In contrast, the perovskite is heatedsbpper
transition temperature (54 °C) following the sequential-sp@ting procedure, resulting in
a phase transitiothatmarked by a significant crystal lattice volume expan&fofihe work
by Bi et al® suggests that prolonged heating of aslHsPbk thin film above the upper
transition temperature (e.g., at 100 °C) promotes the growth of largsallites. The
result is a compact and continuous perovskite active layer with devices showing improved
deviceFF andPCE compared to those that were leghfor shorter durations. Thigork
provides evidence for beneficial changes in morphology upon heating above the
CHsNHsPbk and may explain the superior performance of devices made via the sequential

spin method over the dip method.
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CHAPTER 47 ORGANIC HOL E-TRANSPORTING MATERIA LS FOR
PEROVSKITE SOLAR CEL LS

4.1.Background

Achieving a robust and reproducible method for the fabricatiaeffmient planar
heterojunction solar cellsvas an important outcome @&@hapter 3. Although high
efficiency is amon@neof the top priorities in the development of PS@®therimportant
consideration is the cosiThe goal forChapter 4 is to investigateheaper alternativder
organichole-transportingmaterials inperovskite solar cells

Spiro-OMeTAD was the firssolid-state organitioletransporting materiatised in
perovskite solar ceft§ and continues to béhe industrystandard. However, spiro-
OMeTAD is expensive due to theultifacetedsynthesisof its starting material®® It is
therefore important to developconomical HTMs synthesized from lesest starting
materialsto reduce the overall cost of PSCs

Designof a new organic HTM requires the piecewise attachmentaoihjugated
functional groups.deally,a cheap building block, such tigphenylamine (TPA)is at the
centr e .oThe TPAcoreadopts a pseudotetrdiral threedimensional (3D)
geometry(seeFigure 4.1 a)).%* This structural motif has begrovento yield effective
hole conductors for a variety of organic electronic applicai8fs Each of the three
phenyl groups can be functionalizedpara positiors forming thethreefi s Famne units.
The result is 8D propellershaped molecule. This design mbifs proven to be successful

for other TPAbased HTMs in PSCs, yielding high efficienc{eseFigure 4.1).7%"%

45



H
a) -_N 0 = Side-arm .{I_; o.M __o
w
Thiophane Furan

Phthalimide

R P UNgLs
@E;@ @’5’@&

Figure 4.1. a) A structural representation of the design motif for HTMs with a TPA core.
Two examples of propelleshaped smalnolecule HTMs used in PSCs ((band (c¥%)
are also shown.

Using the motif depicted iRigure 4.1 a), sidearms can be desigdevith different
functionalities tdouild TPA-basedderivatives with different electronic properti@sThree
functional groupgommonlyusedfor organic” -conjugatednaterials are thiophene, furan
and phthalimide (shown iRigure 4.1); these groups can be adopted in the-aites A
discussion of the prevalence of thiophene as an eledtoating component in small
molecule(Figure E1) and polymerholetransporting material§Figure E2) in PSCs is
provided inAppendix E.

Herein,alow-costTPA coreis usedo builda series ohole-transporting materials
each with a different sidarmcomposition. The effect of both molecular composition and
film-forming properties on the performance TBaAsed HTMs irperovskite solar cells
investigated. By engineering sidarms with different functionalitiegi.e., a different
combination of electrowlonating lonor) and electrewithdrawing (acceptor) unitsit is

possible to tuneghe electronic propertiesTherefore the HOMO can be adjustetb a

suitable level conducive to heéxtraction from the perovskite active layer.
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4.2. Materials and Methods
4.2.1. Materials

The molecular structures of akganic materialsised in this study are given in
Figure 4.2. The molecular formula and molecular weight for each of the materials are
provided in Table 4.1. The first holetransporting materialis 5,5',5%(5,5',5"
(nitrilotris(benzene4, 1-diyl))tris(2-hexylthiopheng) desi gnat e HHTMODEis A HT MO .
the simplest and smallest molecule in the series with a TPA core flankethioplaene
unit for the purpose aéxtendn g -conjugation The hexyl chainsncrease solubility in
organic solvents. This compound has been previously synthdsiz#tiersvia lithiation
and transmetallatiof®. In Welch lah Arthur Hendsbee successfully synthesized HTMO01
via direct arylation aan alternatie and facile procedure

The second compounith this study is 5,5',5%(5,5',5"(nitrilotris(benzenet, 1-
diy)tris(furan-5,2-diyl))tris(2-octylisoindolinel,3-dione) or AHTMO 2aiso HT M
synthesized by Arthur Hendsbd®gs two structal differences compared to HTMO1: i)
replacement of théhiopheneunit with a furangroup and ii) addition of an el&on-
deficient phthalimidexcceptogroup. The fuyl units were selected for two reasons. First,
it is considered to be a thHophenes abuiidindbckand A
in functional materials since it is derived from biological feedstét¢k$. Second
subgitution of furanfor thiopheneas donomwnits in organic semiconductors can result in
an increase in hole mobility, as demonstrated by recent iwdahe Welch and Hill latd$
andby others’®"® The phthalimideyroups are electredeficientand stabilize the frontier
energy levels bthe molecule HTMO2 relative to HTMO1, resulting in a decrease in the

LUMO energy and a corresponding decrease in the bandgap energy.

47



The third compoung named HTM03 HTMOS is largest, most complex molecule.
Similar to HTM02, HTMO03 haduranphthalmide D-A units. A diketopyrrollopyrrole
(DPP) unit in the center of the stidem was inserted to stabilize the frontier energy levels,
particularly the LUMO, to reduce the bandgap energy relative to HTMa&je branched
alkyl chains (i.e., Zthylhexy) hel p to disirmpeér malreoonwgl a'r i
between DPP unif§,which improves solubility.1-ethylp r o p y | or fAswall owt .
were used in place of the hexyl chains present in HTM01 and HTMO2.

The fourthhole-transporting materiak 7 , -(@,8-bis(2ethylhexyl}4H-silolo[3,2-
b:45b6 ] di t h2,6aiglbis(®flaoro-4-( 5héxyl 2 ;bithidophen}5-yl)benzok]-
[1,2,5]thiadiazole)which isalso known ap-DTS(FBTTh)2, butislabelleda s A HT MO0 4 0
throughout this chapterThis material demonstrates higble-mobility! and has similar
HOMO energy levels as HTMOHTMO02 andHTMO03. For this reasqiit is appropriate
for use as &oletransportingmaterialin this study HTMO04 isalsowell-knownasahigh-

performancéwo-dimensional (2D) domomaterial in smatmolecule organic solar csff?
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Spiro-OMeTAD HTMO04

Figure 4.2. Molecular structures of the five HTMs investigated in this study. The TPA
cores are coloured blue atidopheneunits are coloured red.

Table 4.1. The chemical formula and molecular weight of each HTM used in the study.

HTM Chemical Formula Molecular Weight
(g/mol)
HTMO1 CagHs7INSs 74417
HTMO02 C72He6N40g 1131.34
HTMO3 Ci1aM168N100138 2263.01
HTMO04 CeaH72F2N4SeSi 1219.87
SpiroOMeTAD Cg1HesN4Os 1225.45

4.2 2. Thin-film Formation via Spin Coating
To characterize eadioletransporting materiahdividually, thinfilms werespin
caston glass substrates. Precursor solutions were prepared by combining the weighed solid
compound and the measured volume of sol{@ribrobenzenean a 4.0 mL Teflorcapped
vial with a stir bar. The materials were weighed using an analytical balancesawdvint

was measured using a 1660L mi c r dSplutigne af pire-OMeTAD, HTMO1 and
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HTMO02 were stirred overnight at Rand solutions of HTM03 and HTMO04 were stirred on

a hotplate set to 90 °C.

The 25mm x 25 mm glass substrates were cut framtroscope slides.

The

substrates were cleaned prior to use by scrubbing the surface with a mixture of lab detergent

(Sparklee®) andDI H20 and then rinsing thoroughly with IH20. The substrates were

then sequentially rinsed with acetone and ethanot o UV/ozone cleaning for 20 min.

Substrates were loaded onto the chuck of a Laureltcgater immediately after

UV/ozone treatment. The solutioasspiro-OMeTAD, HTM01 and HTMO2 were cast at

RT whereas the solutions diTM03 and HTMO04 were hetastdue to their lower

solubility. Each solution was retracted from the vial using a 1 mL syringe. Approxymatel

200 L of

PTFE filter in one aliquot.

solutiomt owatshée heentders pemstlhle

Thepin-coat program was then rursing the parameters

specified inTable 4.2. The high solubility of piro-OMeTAD in organic chlorinated

solvents permits casting froasolutiorthat is higher in concentration than the TPA HTMs

and HTMO04.

Table 4.2. HTM deposition parameters.

Concentration Dsemg;ii(t)ign Spin Deed Spin

HTM in CB P Pin Speed | b, ration

Temperature (rpm)
(mg/mL) o) (s)
SpircOMeTAD 80 25 4000 30
HTMO1 25 25 1000 90
HTMO02 25 25 1000 90
HTMO3 25 70 1000 90
HTMO04 25 70 1000 90
4.2.3 PSC Fabrication Procedure
All  devices were made with the samaearchitecture FTO/TIO,

compact/CHENHsPbk/HTM/M00O3/Ag. The FTO glass substratesd TiQ layers were
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prepared as described @hapter 3. The perovskite active layers were formed via the
optimalsequential spitoatingmethodalsodescribed irChapter 3.

After the active layers were converted to peroeskinedevices were removed from
the glovebox All HTMs were deposited onto the perovskite layer in air via-spiting
from chlorobenzensolutions and filterechtough 0.45 um PTFE filters. No dopants were
used inthe devicescomparingthe differentholetransporting materials However,a
detailed discussion of the effect of domann HTM performance can be found in
Appendix F with a comparison odV curves fordevices made with doped and undoped
spirooOMeTAD in Figure F1. Deposition parameters for each HTM are givef able
4.2. The top metal contact was deposited by thermal evaporation at < £.@xit a
custombuilt bell-jar evaporation system. A 40n layer ofmolybdenum (VI) oxide
(MoOs) wasfirst deposited followed by 75 nm of Agrhe purpose of using MoQs-Ag
top contact was to ptacethe commonlyusedAu contact and reduce the overall cost of
the systen§® Thefinal active area of each device was 0.032.cm

After fabrication, the devices were promptly transferred into afilked glovebox
which wasthe locatiorfor J-V testingand the site of pogesting storageTo account for
hysteresis in thd-V curves, each cell was scanned first frafiorward bias(+ 2.0 V)to
shortcircuit (0.0 V) and then in the opposite directioRach scan was repeated with three
different scan delays (5 ms, 10 ms and 100 ms) at a sampling rate of 0.01 V/step.

4.3. Results and Discussion
4.3.1. Material Characterization

Figure 4.3 shows an energy level diagram of the components of the PSC devices.

HOMO and LUMO energy levels of the @mgc holetransporting materialsvere

determined by cyclic voltammet(ZV plots shown irFigure 4.4). The onset of oxidation
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for each of the HTMs was measured asititersection of the baseline of the CV plot and
the line tangent to the first oxidation peak. These potential values were referenced to the
oxidation potential of ferrocene, which has been measured previously to be 4.&0deV
are listed inTable 4.3.3° Detailed methods for the CV experiments anduatons of the
energylevels can be found iSection 2.7. It was confirmed that the HOMO levels of all
five HTMs were similar (~5 eVand at an appropriate level for heéxtractionat the
perovskiteinterface
Energy levels of the other components aduded in the diagram for comparison
and are based on literature reports. Valence band maximuandthe conduction band
minimum of the perovskite (CENHsPbk) were previously determined by othets.The
conduction band minimumfo 1 5. 5 e-¥xpdsan film af Mo@asirepresentative of
n-type MoG; chargetransport layers used in organic electronic devitem perovskite
solar cells MoOzsis used as an-type material to asgisharge transfer from the HTMs to
Ag, a highwork-function electrode. Dense Ti@cts as the electremansport/hole
bl ocking | ayer wit h B3aThewakkundtianofdldoiineopedo f T 4 .
tin-oxide (FTO), the electrec ol | ect i ng e éVebaged andmegsurementsi 4 . 5

conducted using Xay photoelectron spectroscof¥PS)&°
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Figure 4.3. Energy level diagram for all components in the PS& HOMO and.UMO
levels for HTM0104 were determined byCV, with coloured bars representing the
bandgap.Only the HOMO level was pasured for spir@MeTAD. The CBM and VBM
for CHsNH3sPbk were determined by othefs.
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Figure 4.4. a) Full cyclic voltammogram<JVs) for each of the HTMs uslen thestudy.

b) A zoomed plot of the CVs for the HTMs$gpicting the onset of oxidation for each of the
five HTMs. All CVs were acquired by scanning at a rate of 100 mVis values of the
HOMO and LUMO levels were calculated by comparing the onset of axdaind
reduction (respectively) to the normal hydrogen electrode (NHE), assuming that the
HOMO of Fc/F¢ is equal to 4.80 eV? CVs for HTM01, HTM03 and HTM04 were
acquired by Arthur Hendsbee, Jetsuda Areephong and Seth McAfee, respectively.
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UV-Vis absoption spectra for the five HTMs are shownHigure 4.5, with a
summary of electronic parameters givenTiable 4.3. Optical bandgap energie&g
acquired fromboth solution and thifilm spectraare defined by the onset of absorption
( amse), Which was measured to be the wavelength at which the line tangent to the lowest
energypeak and the baseline intersedn all of the HTMs, the onset of absorption
wavelength for the thifilm spectra is dnger (i.e., reghifted) relative to that ofhe
solution spectragbnset,solutiop- This change is attributed to sebthte ordering within the
thin films, whichis known to enhance | ect r on del oc a lconpgated o n
backbone of organic smatholecule semiconductof$.Spiro-OMeTAD and HTMO1 have
similar absorptiomprofiles with maximum film absption (373 and 377 nm, respectively)
in the neaUV region. HTMO02 has an intermediate optical bandgap, with maximum
absorption at 445 nm for the thiitm. HTMO03 and HTMO04 hag the smallesEg with
onset of absorption at 715 and 759 nm, respect{feththin films). The narrow bandgap
and corresponding lownergy absorption of HTMO03 is attributed to the additional DPP

unit in the sidearm.
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Figure 4.5. UV-Vis absorptionspectra oHTMs acquired for a) solution samplesth
CHCIls as the solvent and b) thfilms on glass substrates.
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Table 4.3. Summary of optical and electronic parameters of HTMs.

HTM Eox VvS. Enomo Eg,solution Egfim |densetsolution| ensetfilm
Fc (V) (eV) (eV) (eV) (nm) (nm)
SpiroOMeTAD| 0.55 15.09 2.98 2.96 416 419
HTMO1 0.14 14.94 3.02 2.95 411 420
HTMO02 0.26 15.09 2.43 2.38 510 520
HTMO03 0.24 15.04 181 1.73 685 715
HTMO04 0.23 15.03 1.86 1.63 665 759

4.3.2.Perovskite Solar CellFabrication and Testing

All devices fabricated witbut anHTL displayed evidence of shorts and produced
no photocurrent, suggesting that the perovskite layer itself has piiirmsurce of shunt
pathways. On the other hand, all devices with HTLs displayed -dike&ld-V curves with
no evidence of shor{seeFigure 4.6). A summary of the device performance metrics for
the best and average cells is providedable 4.4 Furthermore, it may billing -in deep

pinholes in the rough perovskite active layer and may be blocking shunt pathways.
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0.00 4 + + +
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<
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Figure 4.6. J-V curves of the begterforming cells with different HTLs. Also shown is
an illustration of the configuration of the planar PSCs.
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Table4.4. A summary of perfomance metrics for the beslis(i.e., those with the highest
PCE) with different HTLs. The plots were obtained by scanning from +2.0 V to 0.0 V at

a rate of 10 ms per data point under an illumination of 1.5 averagenetrics for five
sample devices (each with a different HTL) are also provided with standard deviations in
the brackets.The shunt and series resistances listed are for thggédetming devices

only.

Jsc (MA Sr_]unt S_eries
HTL Voc (V) P PCE (%) FF Resistancg Resistance
cme) 2 2
(q/cm?) | (a/cm)
Spiro- | Best 0.88 17.16 6.58 0.43 1.65x16 0.04
OMeTAD|Averagd0.85(0.04{16.36(1.285.57(0.67/0.40(0.03 - -
HTMOL Best 0.97 8.84 3.51 0.41 2.49x1G 0.04
Averagq0.94(0.03 7.96(0.62)2.83(0.430.38(0.02 - -
HTMO2 Best 0.92 4.18 1.99 0.52 | 5.68x1G 19.98
Averagd0.88(0.08] 3.91(1.04)1.61(0.43/0.48(0.13 - -
HTMO3 Best 0.85 3.40 0.89 0.31 | 3.44x10 8.47
Averagq0.87(0.04| 3.34(0.36)0.88(0.06/0.30(0.01 - -
HTMO4 Best 0.89 10.02 2.76 0.31 1.74x10 0.02
Averagq0.80(0.08 7.47(3.04)1.79(0.9410.28(0.03 - -

HTMO1 performed the best among the TMletransporting materialand
displayedthe highestlsc andPCE Since thé/oc of all devices is similar)scis the major
contributing parameter to the observed difference®@E and overall performance
Interestingly, the two HTMs witthiopheneunits (i.e., HTM01 and HTMO04) displayed the
highestlsccomparedo the two HTMs wil the furarphthalimideunits. This may suggest
that the thiopheneanit plays a role in the holextraction from the perovskite or hele
transportto the metal contactCompared tspiroOMeTAD, all four new HTMs resulted
in devices with lower photocurrents, corresponding to lower overall performance.
4.3.3.Hole-Transporting Layer Surface Morphology

Figure 4.7 showsAFM images of théholetransporting layesurfaces acquired
after device fabrication and testing. An image of the bare perovskite layer is shown for

comparison. The bare perovskite film consists of migiaed crystalline grains with large

56



height deviations that s®s e mbll dee afl nhoyu, n ttah en ¢
conform to the rough surface of the perovskite and provide uniform coverage across the
entire active layer. Such morphology would result in devices of consistent HTL thickness,
and thereforegonsistent P\performance. It is ore likely, however, that the HTM will
tend to planarize the fil ms, partially fil
coverage on t he ,ARMovasnusedd assess the mokpleology iofreach
HTL in terms of grain size and overallirface roughness.
It is observed that Spirf®MeTAD forms the smoothest, most planar film over the
underlying perovskite layer with the lowest value of roman square roughned2:(s)
(seeTable 4.5). The spireaOMeTAD solution was also significantiyjore concentrated
than the others. Thimay explain how spir@MeTAD effectively fills-in gaps between
the large perovskite domains and fgmplanar surface over the perovskite cryst&lem
the roughness parameters listed able 4.5, the roughnessf the HTL appears to decrease
from HTMO1 toHTMO02 toHTMO03. Although error barsn theroughness parameters are
not provided, the uncertainty in the values is quite higé;area that was sampl@uhe or

two 55 um scans per samplis)very small relative to the entire HTL surface.
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HTMO1 HTMO02

300.1 nm 132.0 nm 721 nm
187 1nm -97.6 nm -54.7 nm
Height 5.0 um 0.0 Height 5.0 um o:o Height 5.0 gm
Spiro HTMO04
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-66.2 nm
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Figure 4.7. 2D AFM images of HTL surfaces of the fineletransportingnaterials under
study. Animage of a neat perovskite film (i.e., no HTL) is shown for comparison.

Table 4.5. Roughness parameters of HTL films on perovskites obtained from 2D
AFM images. The parameters were calculated over an area of 25 ym

No HTL Spiro-
(Neat. OMeTAD HTMO1|HTMO2|HTMO3|HTMO04
perovskite)
Surface Area (Um3) 26 24 28 24 25 24
Rrvs? (nm) 35 12 58 28 17 20
Ra” (nm) 28 10 40 21 13 14
Rmax® (hm) 246 86 445 | 228 132 170

2 Rrums, the root mean square (RMS) average of height deviations relative to the mean image dafa plane.
R., the average of the absolute values of the surface height deviations relative to the megriplartbe
vertical distance between the highest and lowest data points in the image.

4.4. Conclusions

A design strategy foorganicholetransporting materialeas been demonstrated
with applications in PSCs using a TfAre and highly modular sielems By keeping
the HOMO level constant among the HTMise effects oshape, size, and conjugation
lengthon thinfilm morphology anddevice performanceould be compared Following

this approach, the molecular structures of the HTMs could be easily modified, such as the
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exchamge ofelectronrich (e.g.,thiophene anduran)sidearm functionalities. As a result,
electronic propertiesuch as the HMO level can be tuned to an appropriate value for hole
extraction from the perovskiteFurthermore, a trend was observed in the performance of
the TPAbasedoletransporting materialand the type of functionalities used in the side
arms: deices with the HTMncluding a thiophenanit (HTMOL1) in the sidearm produced
higher photocurrent than thosgth HTMs containing the furaphthalimideunit (HTM02

and HTMO03). The bandgap energy of the HTM does not appear to have a significant
influence on PV performancéense HTM02 and HTMO3 display similar performance, yet
HTMO3 has a significantly smaller bandgap. Comparison of the-Gé@&&d donors to
HTMO04 confirmed that anothehiophenecontaining molecule (albeit, linear in shape)
generated greater ploaurrent tharthose with furarphthalimide Furthermore, HTM04

has a significantlparrowerbandgap than HTMO1 yet displays a similain PSC devices.

It was shown that the surface roughness ofhible-transporting layeformed by
HTMO01, HTMO02 HTMO03 and HTM04 wasot significantly different and therefore was
not a major factor in the observed differences in PV performance. However, it was
observed that spir@MeTAD forms a smoothdayer than the other four HTMsyhich
may be attributed tthe high solution conegration The high solubility of spirdlODMeTAD
gives it he ability to better plamize the rough perovskite film and contributes to the high
PCE

Development osimple TPAbasedhole-transporting materialgia facile synthetic
methods is commercially relant. Having identified a unique structyperformance
relationship, further investigation of the effect of heterocycles in the sidearm units of such
HTMs may proceed.Future optimiz&éon in the molecular design of PA-based HTMs

couldfocus onadjustmets to the siderm units including
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I. The use of sulfubasel heterocyclic functionalities;

il. Exchanging Rgroups (e.g.methoxy) to enhance kmility, affording the
preparationof solutions with higher concentrations, which would lead to
thicker HTL film-formation andbetter coverage of the perovskite surface

4.5. Future Work
Two other important factors to consider in thevelopment of alternative HTMs
are air and thermal stability. In order to be viable as a commercial material, the HTM must
be able to operate in humid and at elevated temperatures. For this reason, it is proposed
that the following comparative experinmsie conducted for the series of HTMs:
i.  Thermogravimetric analysis (TGA) to monitor physical changes to the
materials under heat exposure;
i. Photovoltaic performance (e.gJ-V) measurements under controlled
atmospheric conditions (e.g., elevated humitditsels).
From this study, it was discoverdtht the molecular structure of the sigens of
the TPAbasedholetransportingcan influence performance iperovskite solar cells
Modifications to HTM01 and HTMO02 can be made to further ingeast the effecof
thiophene, furan, ihalimide and combinations of the threeFigure 4.8 depicts the
molecular structuresf two new HTMs. HTMO1 is modified by replacinge thiophene
unit with furan, whereas the furamit in HTMO2 is replaed by thiophene while kping
the phhalimidegroup present. It is proposed that by fabricating devices with four different
hole-transporting materialsnder the same, controlled processing conditions, insight into
the relationship of hol&ransport inperovskite solar cellandthe functional groups in the

HTM can be gathered. This methoalgy is advantageous withodular designs such as
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HTMO01 and HTMO2 since new derivatives can be readily synthesized and screened for
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Figure 4.8. Proposed modifications 8TMO1 and HTMO2 for future studies in TPA
based HTMs.

In a separate studgliscussed iPAppendix G, norntconjugated polymersvere
investigatedas inert additivef holetransporting layers of perovskite solar cells. It was
shown that addition of neconjugated polymers caimncrease the performance of devices
(Figure G1 for J-V curves)by improving theplanarity of thehole-transporting layer
formed by HTMO04 (seé&igure G2 for AFM images) This strategy is a proposed as a
viable technique to enhandeviceperformanceén perovskite solar cellsnd can be applied

to new TPAbasedholetransporting materialas well
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CHAPTER 517 STAR-SHAPED DONOR MATERIA LS FOR SMALL -
MOLECULE O RGANIC SOLAR CELLS

5.1. Background
5.1.1.Transition from Hole -transporting Materials to Donors

It was shown irChapter 4 that the molecular compositi@md film-forming properties
of the TPA-basedhole-transporting materialsaninfluence deviceperformance in PSCs
Ultimately, the seleclTPA-based compounds were not ideal candidatesiiavis i all
three displayed significagtllower performance thaspiro-OMeTAD in perovskite solar
cells Howeverthese materials mighie better suited for oth@hotovoltaicapplications

The three newly designed small molecules used as HTMs is &St@ve appropriate
energy levelsand absorption profiles to be consigléfor use as donor components in
organicsolar cells In some instancesuch compoundsan serve in botPSC and GC
devices. For example, in a recent paper by Chen@l. a single organic compound was
used for the dugburposeas aholetransporting materiah a perovskite solar cedind & a
donor in abulk heterojunction organic solar c&l Similarly, HTM04 (aka p-
DTS(FBTTh),) is a highperformance donor material in O§&° but it wasshownin
Chapter 4 to also function as an HTM in PSCs.
5.1.2.Selection of a Complementary Acceptor

It is of interestto develop fullerendree organic solar cel In smaltmolecule

organic photovoltaisystemsfullerene derivatives, such as phe@gh-butyric acid methyl
ester (Pe€BM or PCBM), are the golestandard electreacceptors.However, fullerenes
are expensive, difficult to synthesize and display weak absorption of visibl€%ht;
factors that are disadvantageous in OSTsse goal hereirs to investigate theaew TPA

small molecules as donors with custbuilt non-fullerene acceptors.
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Fullerenes, such as PCBM, have a spherical itiireensional (3D) shape and a 3D
"-conjugated pathwaysee Figure 5.1). As result, charge transport in fullerenes is
isotropic?? charge carriers are transported in all directitm®ugh the fullereneThe
success ofullerenesas acceptors inrganic solar cellss largely attributed tats shape,
which allows for high electron mobility in three dimensiofis. In fact, the high
dimensionality and 3D shape is a sougftér trait for the design of nefallerene acceptors
(seeFigure H1 in Appendix H for examples of 3D ncfullerene acceptors).

In contrastplanarorganic moleculeare twedimensional (2D) in shape, yeave
a’ -conjugated pathway that reim one pland i . e . -conjagatddpathway along the
length of the molecule} A well-knownexample of an organic molecule with a 2D shape

is HTMO4,  apkDA S(FBTTh)20 (Figure 5.1).82

Donor Acceptor

3D| ° )

D1 N

2D

"p-DTS(FBTTh,),"

L.

Figure 5.1. An illustration of the ancept of opposing molecular geonyein donor
acceptor BHJ OPVs.
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Some of thebestperforming smalkmolecule OSE& consist of a 3D fullerene
acceptor with @lanar 2Ddonor®* For clarity, these types of systems will be referred to as
A2-BDO0 syst eimikatetd kyraedd arroW iRigure 5.1). The dissimilarity in
shape between the twammplementary materialis thought to drive selisembly and
produce a soligtatemorphology inbulk heterojunctioractive layer that is conduciie
efficientcharge transfer, separation and extractibimese pathways are essential for charge
transportation and collection at the electrod8snilar to PCBM, TPAbased compounds
also demonstrate high dimensionality and assume a 3D shape. Evidente fop-t
hybridization of theN-atomat the TPA corén other related organic semiconductors has
been demonstrated by others using density functional theory (DFT) calctatiodsis
suggested to be the result of steric interactions between tharsidenits’®> As a result,
the molecule assumes a 3D propefieapewith “ -conjugated pathwayextenthg in three
dimensionsTo date, all TPA donor materials reported in the literature for use in OSCs are
accompanied with a fullerene acceptor (e.go, €G1BM, PC1BM, etc.), While there
have been some examples in the literature of 3D TPA ddndDSCs achievingnodest
PCEs between 39%'°” and 4% the issue bthe use of fullerene acceptors remains
unaddressed.
5.1.3.Custom-Made D-A Pairs

Developingfullerenefree OSCs requires aB pair with the following criteria:

i) Distinct geonetrytopology to engrephase separatioallowing for the
formation ofhomogeneous percolation pathwayishin the active layeand
charge transport to the electrodes,

i) Complementary lighabsorptiorto maximize phototarvesting,
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iii) HOMO/LUMO energy levels that are offdetensure efficient electron
transfer(LUMO of donor to LUMOof acceptor and HOM®f donor to
HOMO of acceptor)
iv) Thermaland airstability,
V) Low cost with a low embodied energy,
Vi) Photostability.
The goalherinis to utilize theTPA-based holdransporting materialdeveloped in
the previous chapter as donor molecules in fullefezeorganic solar cedl It is now
repored how the molecular structure of such compounds will affect the electronic,
structural and morphologicploperties in thirfilm D-A systems. In this casgD trigonal
pyramidalconjugatedmolecules such as those with a TPA coagg ideally paired with a
planar2D acceptortd or m -AD @ 3 ®y s datesfyntheafinsidcriterionifdicated by
the blue aww in Figure 5.1). Althoughthe geometriesf these compoundse agreeable
the absorption, electronic properties and {iim morphologymust be characterizetd
ensure that the other criteria are met.
5.2. Materials and Methods
5.2.1. Materials
Molecules D1, D2 and Atvere synthesized in the Welch lab by Arthur Hendsbee.
The structures of the compounds are depicteéignre 5.2. The D, TPA-based donor
compounds are named fAibDlo and AD20 for si mp
namel 1A HT MGBapter 4.nD1 and D2 differ only in the terminal alkyl chains; D1
has bulkyl-et hy!l propyl (aka fAswall owtail o) group:
A linear, 2D acceptor with a DPP coreas selected as the acceptoilhis

compound, whic i s named @AAl10 f or , théseeemppeavipusls e of
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reported to have favourable optoelectronic properties for electron trafspdricontains

two bridging thiophene units that connect the DPP core to the eleetteiicient
phthalimideendcaps. The terminal and core alkyl groups are swallowtail and octyl chains,
respectively. The design of this compound allows for the substitution of a variety of R
groups that can influence molecular interactions andassémbly in the $id-state (vide
infra).

In order to purify the organic compoundsed in this work, standard @nmjc
purification techniques were applied by Arthur Hendsbee, includiggnic extractions,
column chromatography, filtrations and recrystallization$d and**C nuclear magnetic
resonanceNMR) spectroscopynd mass spectrometwereused to confirm the identity
of the moleculs as well as to deteotganic impurities.In addition,elemental analysisas
used to confirm the absence of impurities such as inorgampounds (e.g., SkPwhich
is a potential contaminant during chromatograyhgj are not visible using other methods
The samples of each material used herein \waaditativelydeemed to beure wherthe
analytical methods listed above detected no extraneous sighas.ecognized that this
method of purity assessment is dependent on the detection limit of each instrument.
Although each of the analyses provides a qualitative assessrhes#mple purity,

guantitative measurements of purity were not conducted.
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Figure 5.2. Molecular structures of D1, D2 and Al.
5.2.2 Thin-film Formation via Spin Coating

All thin-films were formed via spHeoating from solutin. Unless otherwise stated,
singlecomponent thirfilms were spun from solutions using CHG@k the solvent with a
concentration of 10 mg/mL. D1:Al and D2:Al blefilch solutions used CHGlas the
solvent with a total solid concentration of either 30 or 20 mg/mL (e.g., 10 mgafd10
mg of Al per 1 mLfor a 20 ng/mL blend solutiop Neat solutions (i.e., no solvent
additives) were prepared by combining the weighesing ananalytical balance) solid
compound(s) and the measured voluosr(g amicropipette) of CHGlin a 4.0 mLTeflon
capped vial with a stir bar. Solutions were gently heated for 10 min under stirring and then

allowed to stir overnight at rooemperature to dissolve the materials.
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The films were spirtastusing a spin speed of 1000 rpm for a duration of 98 s.
description of the sphaoating procedure faorganicthin-films can be found irBection
4.22.
5.2.3 Organic Solar Cell Fabrication Procedure

OSCdevices were fabricated on &tm x 25 mm pre-patterned ITGcoated glass
substrates. Substrates were cézhhy gently scrubbing the surface with a solutiolbf
H>O and Sparkleen® lab detergent using a soft toothbrush. The substrates were then
sonicated vertically in a solution of DI2B and Sparkleen® for 15 min after which they
were rinsed thoroughly withl H2O, dried under a stream of filtered air, and then sonicated
vertically in acetone for 15 min. The process was then repeated, but using ethanol as the
solvent. The substrates were then treated under a UV/ozone lamp for 20 min.

Immediately followirg UV/ozone exposure, a layef PEDOT:PSSvas deposited
as the HTL from a chilled aqueous colloidal suspension purchased from Heraeus (Product:
CleviosM Al 4083). The substrate was mounted onto the chuck of thecepier and
approximately 0.3 mL of the dispersion whispensed nt o t he sur face thr
PVDF filter before spinning at 2000 rpm for 45 s. The film was removed at the edges of
the substrate using a lisfitee Texwip® dampened with DI KD to expose the ITO
contacts. Th@EDOT:PSSilm was then annealed on a hotplate with a surface temperature
of 140 °C for 10 min Annealing the PEDOT:PSS film at such temperature has been shown
by athers to increase its conductivitgsuling in betterperforming devices®

After cooling the substrates to roelemperatre, the active layer was deposited by
spin-coating the surface using blend solutions. The total salwhcentration of the
solutions was 20 mg/mL with a 1:1 weight ratio of donor to acceptor, usingz:@si@ie

solvent. For each active layer, 0.2 mLsofution was filtered directly onto the substrate
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through a 0.45 em PTFE syringe filter fol
contacts were then exposeddayaping awayhe blend film using a razor blade. Once all
active layers were s, the substrates were prompttycled into the glovebox and
mounted into a substrate holder with a metal shadow mask.

The top metal contactas deposited using animouse designed thermalaporator
equipped with two evaporation sources.lolem was loadd into an alumina crucible as
the first sairce and aluminm pieces were secured to a tungsten filament as the second
source. Once the substrates were transferred into the evaporation chamber, the system was
pumped down to <1x1®torr. The metal cathodeias formed by sequential thermal
evaporation of 7.5 nm of Ca and 100 nm of Al. The chamber was allowed to cool for 30
min under vacuum before the substrates were transferred directly into the glovebox where
they were promptly tested.
5.2.4. Organic Solar CellTesting

Device testing was performed using a Keithley 236 SelMteasure Wit in an Ar-
filled glovebox under 10Q:1) mW/cn? illumination (AM 1.5G). J-V measurements were
collected for each of the 18 devices on each substratmhypisg first from 1.2 V te0.2V,
1.2 Vto-6.2 V and finally from 1.2 V t60.2 V, at a rate of 0.05 V/step with a delay of 5
ms between steps.
5.3. Results and Discussion, Part |
5.3.1. Materials Characterization, Part |

The first step inhestudy wago select a suitable solvent for the preparation of thin
film precursor solutions. Ideally, solutions with high concatiins are preferred for spin
coaing to ensure uniform coverage of the substrate and adequate film thigke.ed900

nm). For this reason, itis favourable to use solvents in which the active materials are highly
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soluble. The approximate solubility of each of the three materials in three different solvents
with varying polarity (in order of decreasing polarityethyl acetitg 2-methyl
tetrahydrofurapand chloroform (CHG)) were determined bgn undergraduate honours
student Liz Kitching. The solubilities were quantified from a calibration curve constructed
using solution UWVis data. All three of the materials dispdalythe highest solubility in
CHCls. For this reason, all subsequent solutions in this study were prepared using CHCI
as the solvent.

UV-Vis absorption spectra for the three materials are plottEgyure 5.3a). The
absorption profiles of D1 and Da&re almost identical. This can be explairBdthe
structural similarity of the two materials; both contain #emelighttabs or bi ng
conjugated backbone. The absorption of A1l extends to longer wavelengththah
the donor materialand is refledve of its narrow bandgapThis can be explained by the
presence of the DPP chromophaglectrons are localizeish low-lying molecular orbitals
at theDPPcorel®! and lowenergy photons are sufficient to induce electronic transitions.
By combining either D1 or D2 with Al, the materials absorb across a broad range of the
visible-light spectrum fulfilling the secondcriteria for a DA pair. complementary light
absorption.

The CV plots for the three materiage shown ifFigure 5.3. Asexpected, D1 and
D2 exhibit very similar CVs, owing to their similar molgar structures. The oxidation
potentials of both donor compounds are vdefined by the sharp oxidation peaks
allowing accurate elucidation of the HOMO levekhe bandgagnergiesEg.cv) for each
of the materials are listed ihigure 5.3 d) and were obtained by taking the difference
between the calculated HOMO and LUMO energy levels. These values are in good

agreement witlthe values of the bandgaBy(nse) that weremeasured from the UWis
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onsets of absorptiofl gse). A description of howEgonseti S € al C U longettise d
provided inSection2.5. Al has a high oxidation potential, corresponding to a deep HOMO
level. Theenergy offset between the LUMO levelsif and A1 and D2 and Al are 0.53
eV and 0.48 eV, respectivelyn order for charge separation to occur, the offset must be
larger than the exciton binding energ€omparison othe energyoffsets to the binding
energies of other organic small molecui®syggest that theoffsets may be sufficient for
charge separation. Therefothe third criterion for a D-A pair is fulfilled: appropriate

energy level alignment.
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Figure 5.3. a)UV-Vis absorption spectiar solution samples of D1, D2 and Al using
CHClz as the solvenb) CV plotsfor D1, D2 and Alc) An energylevel diagram for D1,

D2 and AL, showing the HOMO and LUMO energy levad§ A table summarizing the
optoelectronic properties of the three materiatsereEg cvandEg opticaiare the bandgap
energies determined by CVand Wi s, r e s p exkeids the vealelength atthd &
onsetof absorption, that is, the longest wavelength absorbed by the material.
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5.3.2. Thinfilm Characterization, Part |

The DXA1 and D2A1 systems meet the criteria for a suitablé Pair and can be
investigated in thin film systemslt is important to understand the properties of each
material in independent systems before blend films are made. Neat films of D1, D2 and
Al were spincaston cleaned glass substrates for the purpose of-sialid thiafilm
characterization. Each filnvas thermally annealed at incrementally higher temperatures
for a duration of 10 minutes in a procedveéerredtoa s fAsequent i al thernm
Thermal annealing is a commomopessing technique applied thin-films in OPV
applications to inducenorphological changesand dramatic increases RCE!02104
Furthermore, it is important to understamalv an organic materialesponds to heat in a
thin film solar celj under normal operation in futlun exposure, thtemperature of a solar
cell will inevitablyrise

Figure 5.4 depicts U\WVis absorption spectra for neat films of each of the three
materials before and after sequential thermal annealing. The absorption spectra of D1 and
D2 exhibit only slight changes upon therranhealinga slightblue-shift in the lowenergy
band of D1 and an overall decrease in the intensity of the absorption of both D1and D2 is
observed with increasing annealing temperature. In contrast, A1 exhibits significant
changes in the band structuriéea annealing, suggestirntat electronic changesccur
within the material. Most notably, three bands merge in theegidn of the spectrum

(between 550 and 700 nm).
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Figure 5.4. UV-Vis absorption spectra acquired by Liz Kitching for neatdilofia) D1,

b) D2 and c) Al during the sequential thermal annealing experimEm. absorption
spectrum was first acquildor each asast film. Each film was then annealed by placing

the substrate onto a hotplate heated at 100 °C for 10 min after avsmtond absorption
spectrum was acquired. This process was repeated, sequentially annealing at incrementally

higher temperatures.

Thin-film blends of D1 and A and D2 and Al were sptaston glass substrates
by Liz Kitching. Similar to theonecomponentilms, sequential thermal annealing was
applied to theblend filmsand U\:Vis absorption spectra acquired after each annealing

step. The absorption spectra of the blend films are depictédure 5.5.
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Figure 5.5. UV-Vis absorptiorspectra acquired for blend films of a) Al and b) D2
Al during the sequential thermal annealing experiment. Solutions for both blends were
prepared using the donor and acceptor compounds$oii Iveight ratios.

73



The spectra of both unannealed (i.e-¢ast) blend films reveal two distinct bands
in the region between 550 and 700 nm that are absent in theoatageat film (seigure
5.3 ¢). The resolution of these bands suggests that the presence of the donor influences
the solidstate ordering oAl in the thinfilm blend. Similar to the phenomenon observed
in the neat film of Al, thermal annealing results in a change in the band structure of Al
within both blend films; three bands emerge upon anneakngm the U\AVis spectra in
Figure 5.4, it is clear that the absorption of the donor and acceptor is unbalanced in the
blend films; the magnitude of absorption of D1 and D2 is considerably greater than that of
Al. For this reason, blends with higher quantities of Al relative to the deec
investigated. UWis spectrgFigure 11) and XRD powder patterr(&igure 12) for films
with varying ratios oflonor and accept@reprovided inAppendix .

The interactions between the donors and Al within the blend films were further
probed usinghotoluminescenc@PL) spectroscopyFigure 5.6). In this experiment, the
thin film sampleswere i rradi ated with monochdgoAnati c
photodetector collected he emi tted | i ght acref@revidieg r ange
evidencefor fluorescence.PL spectra of D1 and D2 neat films were first acquired using
an excitation wavelengtbf 443 nm and collecting emitteddiation from 500 to 900 nm.
The Al neat film displayed minimal fluorescence when excited at the wavelength of

maximum absorbance (i.e., 587 nm). For this reason, the PL spectrum of Al is not shown.
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Figure 5.6. PL spectra comparing the fluorescence of-cmmaponent donor films with
two-component doneacceptor (1:1 weight ratio) blend films.

o

As illustrated inFigure 5.6 a) and b), both D1 and D2 exhibit significant
fluorescencen singlecomponent samplesThat is, theelectrons are effectivelgxcited
from the LUMO to the HMO and subsequently relaxttte ground state, emitting a photon
in the process.Howewer, the blend films with equal quantities of donor and acceptor
display negligible fluorescenceThis indicates that the exciton dissociates at th& D
interface separating into free charge carriers. The electrons are effettaredjerred from
D1 orD2 to Al,and are provided with alternate relaxation pathways. As a result, electrons
do not relax from the LUMO to the HOMO of the donor and the intensity of the
fluorescence iseduced ofiquenched. PL quenching provides additional evidence fer D
A interactions within the blends, which is a favourable trait for materiadsganic solar
cells

Thus far, all experimentdescribed wereonducted on both DA1 and D2A1
systems in parallel. For thgurpose of streamlining the optimization of tfilms for
application inorganic solar cellsone system is subsequently studied in greater depth.
SinceD1 and Al have identical alkyl exahps (i.e., swallowtail), which suggests molecular

compatibility,the DEA1 system waselected for further optimization.
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It is important to consider the crystallinity of the materials within the active;layer

formation of wellorderedcrystalline domairtanenhance charge transptft The changes

in the absorption profiles of the blend films induced by thermal annealingitpee 5.5)

are indicative of electronic changes that may be related to the crystallirstfidstate
ordering of the materials. To further probe the structure of the films, XRD experiments
were conducted. XB patterns of thin films of DaAndA1l are shown irFigure 5.7 a)and

b), respectively, and are compaied two-componenblend film (11 weight ratio of D1

and Al Figure 5.7 c) before and after annealing at an intermediate temperature (150 °C).
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Figure 5.7. XRD patterns of oneomponent thifilms of a) D1 and b) Al and c) a two
component D4A1 blend film acquired before and afteetmal annealing for 120 min at
150 °C. The scans were acquired with a range betwéam®20°, however, no diffraction

peaks were observed abow#=210°. Thw, only narrow range is used to clearly the show
the peaks

Based on the absencediffraction peakdgor any of the asast films, it is assumed
that the materials are amorphous within the filmsonsist of sutimanometre grainsUpon
annealing, the pattern @f1 does not changep diffraction peaks are observed in the as
cast nor theannealed film, indicating that theaterial remains amorphous. However, a
single diffraction peak is observed for the Al film af 2 4.3° after annealing an
indication of solidstate ordering. After annealing the bldiith, a peak emerges at the

same position as in thelAilm, indicative of crystallization of A1 domains.
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In a separate experiment, the effect of annealing temperature on crystallinity of the
blends is illustrated by comparing XRD patterns of films annealed at 150 °C and at 180 °C
(seeFigure 5.8). Annealing at a higher temperature results in a diffraction peak at the same
angle as the film annealed at 150 °C and of the annealed Al film. This suggests that A1
assumes the same crystalline phase regardless of the annealing temperature. However, the
film annealed at high temperature displays a peak of higharsity; an indication athe

growth oflarger crystallites.
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Figure 5.8. XRD patterns of separate films of BM1 blends (1:1 weikgt ratio) comparing
the effecbf annealing temperaturen crystallinity The films were annealed for 30 minutes
at either 150 or 180 °C.
5.3.3 Organic Solar Cell Testing, Part |

Based on the differences in the absorption speEtgaie 5.5) and XRD patterns
(Figure 5.7 and5.8) of the blend filmsit is clear thaklectronic and structural changes
occur upon thermal annealing.To determine the effect of thermahnealingon PV
performanceQSCswere fabricatedn threeseparate substrates using D1:Al active layers
employing a convential device architecture (sdegure 5.9 b)). A detailed fabrication

procedure can be found Bection5.2.5 Before deposition of the metal cathode, each
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substrate was annealed on a hotplate in kbnefox at a different temperature (esed
without annealing.
All devices displayed lineal-V curves, with very higlseries resistance and very low

Jse Regardless of annealing cotoin, very little photocurrent veagenerted suggesting

that the system vganot operational in 8C devices.
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Figure 5.9. a) J-V curves of representative devices with-B1 activelayer blends in a
i1l ustrati on -styleardhitecurel )a yakle o d

l:1lratio.b)

An

b)

D1:A1 Active Layer

ITO-coated Glass

As-Cast 150 °C

performance metrics. d) Photographs of the completed devices.

To gain insight into theause of the poor device performance, AFM images of the

active layers were acquired after device tesfifigure 5.10). The images reveal the

180 °C

i c

topography of the active layer surfaces and allow for quantification of the domain sizes.

The ascast film conssts of verysmall domainsvith minimal phaseseparation Annealing

at 150 °C induces growth of larger features that are likely crystalline domains of A1 which

correspond to the diffraction peak observed in the XRD pattern. The film annealed at 180

°C casists of large columnar crystallites up to a micron in breadth. These images correlate
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well with the XRD patterns and confirtme growth of larger crystallites updrgh-
temperatur@annealing. The large features observed in the images of the annleadeat &

likely crystalline domains of Al.
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>
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Figure 5.10. 2D AFM images of the D1:Al activayer surfaces of th@SCdevices.
5.3.4 Conclusions Part |

The binary blend of D1 and Al was determined to be a pgstem for use in
organic solar cells Despiteevidence for PL quenchinffFigure 5.6), and therefore
molecular compatibility as a-B pair, preliminarydevices performed poorly.

AFM reveals very different morphologies betweestast and annealed filmspyme
of which are likely to display good perfoance as the active layer@5Gs. Based on the
AFM and XRD data,t can beconcludel that: i) the amorphous nature of thecast films
consists of few charggansport or percolation pathways and ii) the esrgstallization of
Al upon annealing forms domains that are too large for efficient charggation

For this systemc¢ontrol of the D-A film morphologywas used as a strategy to

improve the PV performance. Two strategies that camdaelto influence the film
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morphology arei) solutionprocessing techniquesnd ii) molecular engineering. Two
examples of solutionprocessingtechniques arghe addition of solvent additives and
solventvapour annealing (SVA) In a preliminary studglescribed irAppendix J, it was
observed thaaddition of solvent additivesF{gure J1) and solvenwvapour annealing
(Figures J2 and J3) modifies the absorption properties of tineaterias. However, the
focus of the project herein is to apply a molecular design strategy to tune thssseifbly
of the acceptor and enhance the morphology of the thin films.
5.4. Results and Discussion, Part Il
5.4.1. New Acceptors: A Molecular Design Strategy

Moving forward, the unfavourable overcrystallization of the acceptor was
addressed through molecular designhe molecular structure of th8D acceptowas
modifiedto influence its setaissembly withinke thin film. D1 continued to be used e
donorin the systenfor its 3D shape and amorphous nature.

One of tke simplest approaches to changing the-asdembly and crystallinity of
Al is by modifying the alkyl chaingaking advantage of the facdgnthetic procedure and
infinite tunability of this molecular framework. By substituting different alkyl chains for
the octyl and swallowtail groups at the central and terminal positions of Al, respectively,
the solid-state seHassemblycan be controlié to change the morphologyf the resulting
thin films. Following this approach, anothgraduate studeméesearcher ithe Welchlab,
Arthur Hendsbee, synthesized a series of derivatives ofFAdure 5.11), each with
different functional units and/@lkyl chains Table 5.1). Eachderivative was designed to
be less crystalline than Al to avditelargedomain phase separatiobserved in the D1

Al system (recalFigure 5.10. Sincehe maj or driving force
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conjugated material i-'s i'n bns bedwedniadjacent molecules, side chains were

selectedtodir up t” tihnet eandreduce tbertendency to crystallize.

e Na

Figure 5.11 Molecular sructures of Al and the four neacceptoderivatives.

Table 5.1. Molecularcomponents used in the acceptor derivatives.

Central R-groups | Terminal R-group End-Cap Unit
Al Octyl 1-Ethylpropyl Phthalimide
A2 2-Ethylhexyl 1-Ethylpropyl Phthalimide
A3 2-Ethylhexyl Octyl Phthalimide
A4 Octyl Octyl Napthalimide
A5 2-Hexyldecyl Octyl Phthalimide

Similar to Al, A2 has terminal swallowtail-&oups, but has a branched
ethylhexyl chain stemming from the DPP core as opposed to the linear octy aaifh.
A3 differs from A2 with the substitution of the swallowtail groups fotybchains. The
bulky branched chains at the core are expected to increase the spatial separation of the DPP
units of adj acent mol e€ulienst erlfaent el oyns waalde
tendency to crystallize. In comparison, the linear octyinshaf Al display strongander
Waals forces, which drivehe molecules into a stacking crystalline arrangem8&iilar

to A3, A5 has terminal octyl chains, but larger branching central grazpexyldecyl).
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A4 is unique with &argernaphthalimidegroups as the terminal electrewithdrawing unis
in place ofphthalimide Compared to phthalimigeaphthalimidegroups induce a greater
torsional s tconpugated badkhore] resultindhire a iptanarmolecule and
weak-eri hteractions
5.4.2.Materials Characterization, Part II

To determine if eacbf the new acceptors is electronicatlgmpatible with D1, CV
experiments were conducted and the HOMO and LUMO energy levels were calculated
based on the oxidation and reduction potentigspectively A description of how the
energy levels were calculated is providedsection4.3.1 The energy level diagrarm
Figure 5.12 a) shows the relative positions of the frontier molecular orbitals compared to
those of D1. Normalized CV pletire provided irFigure 5.12 b). The similar energy

levels of the all five acceptors can be explained by the similar conjugated backbone
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Figure 5.12 a) Energy levels of the frontier molecular orbitals of D1 and theafieeptors
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5.4.3. Thin-film Characterization, Part Il

Thermal annealing was applied to tfiim blends of DXAx systems as a
processing technigque. The higgmperature condition (i.e., 180 °C) was selected to gain
insight into the robustness of the system against crystallization:Vis/\épectra were
acquired on two separate films of each blend: i) one unanrfdadehd ii) a different film
annealed at 180 °C for 10 min after spasing. All flms were spiacastonto glass
substrates from CHeglIsolutions at concentrations 80 mg/mLwith a donor:acceptor
weight ratio of 1:1 (D1:X).

The UV-Vis absorption spectra ammpared in the lefhand column ofigure
5.13. For all unannealed/asstblend films, the absorption of D1 (3®D0 nm) is
considerably more intense than the absorption attributed to the acceptatO®B0n).
Significant changes in the absorptiomfies of the blends with A2 and A3 are observed
after annealindFigure 5.13 b) and c), respectively). For the DA2 blend, three notable
changes occur with annealing. First, the two kegkrgy bands attributed to D1 are blue
shifted similar to what iobserved in the DAL blend. Second, a third band is observed
in the A2 region, increasing the overall breadth of the absorption. Third, there is an overall
relative increase in intensity of thew-energy absorption.

For the D2A3 film, there is a largeed-shift in thelow-energy (A3)absorption
upon annealing. The two bands also become more distinct with a greaterssEamption.
Like A2, a third lowintensity absorption band emerges at the ‘t@gérgy (blue) end of
absorption (580 nm). Alsworthy of noteis a blueshift in the lowenergy band of D1

from 445 to 425 nm.
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In contrast, the blend with A4 shows no change in absorption when annealed. The
absorption of A4 is characterized by a single broad band and absorbs weakly compared to
the other five acceprs in blends with D1.

For the D1A5 system, only slight differences are observed in the absorption of the
annealed film versus the-aast film. A new shoulder in the A5 absorption is observed at
low-energy, which increases the onset of absorption 88mto 715 nm. No change is
observed in the higknergy region of the spectrum, indicating that the absorption of D1 is
not influenced by annealing conditions in this system.

The XRD powder patterns for all of the blend films are also shovamure 5.13
(g-K) in the righthand column. Similar to the DA1 system, all other blend films display
no diffraction peakbeforeannealing. When annealdtie blends with A1, A2 and A3
display a single diffraction peak at angles of 4.25, 5.75 and 6.15°, regbect\lthough
a value ford can bedeterminébasedonth RD patt er ns wumBocmhysial Br agg
strudure data for these compounds wet#ained (attempts were made to grow single
crystals, but yielded no crystals with large enough dimensionsifglesrystal XRD
experiments). For this reasdangcannotbe conclude whether the peak in each of the three
powder patterns corresponids -~ alkiyl-alkyl spacing.

Even after annealing at high temperature, no peaks are observed inAldebzhd
film. These patterns are in agreement with-U¢ spectra, suggesting that neither
electronic nor structural properties of either material in the blend change after annealing.
A single broadened peak can be distinguished from the noise in thenpesttd D1A5
film. The breadth and lowntensity of the peak suggests that crystalline domains form

upon annealing, but are of very small dimensions.
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The AFM imagesreveal the morphology of the thfilm blendsand are shown in
Figure 5.14. When unannealed|ldlend films display a featurelessorphology with no
indication of phase separation; tiésn agreement with thack of diffraction peaks in the
XRD patternsSimilar to the D1A1 blend (shown again iRigure 5.14 for comparison),
the DXA2 and D1A3 blendsdevelop large crystalline domaimpon annealingThe D1-

A2 annealed blend consists of large mountainous domains measuring microns in lateral
dimension, with height deviations up to 200 nm. TheA3lblend has smaller, more
compact pebblike features.

The annealed film of the DA4 blend becomes moreektured after annealing
however, the features are very small. Based on the lack of diffraction peaks in the XRD
pattern Figure 5.13))) these features are likely to be amorphous or too smedktdt in
diffraction peaks Similarto the blend with Adthe A5 blend film roughens upon annealing
with large waves spanning microns across the substrate. The roughening is likely formation
of the crystalline domains that give rise to the broadened diffraction peak observed in the

XRD pattern inFigure 5.13 k).
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5.4.4. Organic Solar Cell Testing, Part Il

To compare the Pyerformance of eachew donoracceptorsystem as the active
layer in OSG, a batch of devices was fabricated on five different substratesawith
conventionaldevicearchitecture. The fabrication procedure is outline@éction5.2.5
The metal cathode was deposited onto uhannealed (i.e., asast)active layers All
devices were tested-aast and then annealed on a hotp&td80 °C for 10 minn the
glovebox before r¢esting the annealed devices. Thé curves of all devices were linear
with very high series resistance and minimal current; no effect was observed from
annealing. However, only one batch of devices was made for thededdmbinations.
Sincethe control devicesvith (p-DTS(FBTTh)2 and PCBM ashe donor and acceptor,
respectivelyhad poorePCEs than in previous batches, it is possible that other materials
in the cells (e.g., PEDOT:PSS) could have been defective.

5.4.5 Conclusions Part Il

In Part Il of this projectit wasdemonstratethatmolecular design (e.g.,-§oups
andnaphthalimide units) influencesthe electronic and filafiorming properties of a series
of DPRbased smalmolecule derivatives paired with a 3D Tiased donor.

Based on the absorption spectra, XRD and AFM images, conclusinrse drawn
about the effect of Rroups on the selissembly the materials within scektiate thinfilm
blends. Among the five acceptor derivatives studied, Al, A2 and A3 clearly regpond t
heat most significantly as indicated by i) changes in the absorption propertiegig))V
and ii) development of large crystalline domains (XRD and AFM) upon annealing. These
conditions are not favourable forganic photovoltaiapplications the morfology needs
to be robust and resistant to heat in functional solar cells since the cells will increase in

temperature during regular cell operation undersut exposure.
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In contrast, thesolid-stateordering of A4 appears to be quite resistant to.h#at
can be speculated that the substitution ohtihalimideunit for phthalimidereduces the
ordering of the molecules and is responsible for the lack of crystallinity in the film.
However, the lack of order in the thitm may not be ideal; if n@rdered domains exist,
chargetransport pathways will not be formed and no current will be generated by the cell.
In this case, chargeobility measurements would be needed for confirmation.

A5 exhi bi-of-bothivbe | @b 6s & cenarrphousashsy but f i | m
develops crystalline networks once annealed at-tegiperature; a processing condition
that can easily be implemented into the fabrication of cells on an industrial scale. These
properties suggest that the blend contains chaagesmwrting percolation networks and that
the morphology and electronics will remaintatt under normal cell operation
5.5. Outlook and Future Work

Ultimately, fabrication employing each of the blends using a convenistylal

architecture yielded nefunctional organic solar celtlevices. The reason for the poor
performance and low current immknown based otihe currentata. Neverthelessseveral
approaches exist for troubleshooting ffanctioning systems:

i) Device engineering’ investigating alternatey device architectures. For
example, other memberstife Hilll ab have di scovselared t he
cell designs can perform better than conventional cells when using the same
active layer blends.

i) Applying additional experimental techniques to further characterize the blends
and provide a better understanding of the materialor example, charge
transport properties of the materials (e.g., frotebility) of D1 and D2 by

fabricating thinfilm trangstors (TFTs) are important to understandingddagse

89



of the low photacurrens generated Y the preliminary deviceslt is also of
interest to investigate the thermal stability of the materials using TGA,
especially when higllemperature annealing is usedagsrocessing technique.
These data aralso relevant to the application of D2/HTMO02 as tiwe
transporting layein PSCs Chapter 4).

iii) Synthesizing more acceptor derivatives with differegrdips The organic
semiconductors presented in this stadginfinitely tunablei using the results
gathered in this study and the trends observed in the effect otlmade
engineering on the electronic and structural propergéfferts can now be
focusedon derivatives with the best properties. For exanifple&s beeshown
that branched chains at the DPP affectively reduce crystallinittand domain
sizesin solid-state thin films

iv) Continuing to optimize processing conditions of the existing materials to tune
theblend properties This strategy includes the application of techniques such
as solvent additivessolvent vapour annealingnd inert polymer additives.
Preliminary investigations adolvent additives and solvent vapour annealing
were performed and adéscussed i\ppendix J.

V) Substitution of other functionalities For example, Al has three types of
functional units: i) DPP, ii) thiophene and iii) phthalimidéach of these units
can be replaced by analogous ufetg., furanthat can alter both theegtronic
properties (e.g., absorption, bandgap, etc.) andassémbly (e.gg-spacing,
crystallinity, domain sizes, etc.).

While each of these five possible directions holds prorsisategies iv) and v) were

selected while continuing to work wigiimilar materials It is dear that the DPBased
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compoundsdemonstrate interesting electronic and structural responses to processing
conditions. For this reason, a related compdiited AX in Figure 5.15) was selecteds

an electron donor pairadith a promising nonrfullerene acceptor. t&ategiesoutlined in

iv) were applied to this new systerSolutionprocessing techniques were shown to change
the electronic, structural and morphological properties offthits and could be used to
enhance devicperformance when appli to the fabrication ajrganic solar cells

Jd
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Figure 5.15. A comparison of the structures of A2 ald with thiophene and furan units
highlighted in red and green, respectively.
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CHAPTER 617 CONCLUSIONS

The first step in thgprogram was tadesigna fabrication procedure for high
efficiency perovskite solar cell@Chapter 3). Reproducible drmation of dense, uniform
perovskite filmsvia the dip-coating methodis inherently challenging. Methods that
increased control @r theperovskite conversion step (e.g., deposition via sequential spin
coating ultimately improved both film quality and reproducibility, leading to better control
devices. The first goal in the proje¢seeSection 1.6 was achievedthe bestperforming
devices fabricated using the established procedure acragueder conversioefficiency
of 13.43% (see\ppendix F), which is comparable teeports made in the literatute.
Development of a detailed protocol foerovskite solar cefabrication was important for
not only these projest but for future endeavours in the Welch and Hill laboratories
including the development of novel orgahimle-transporting materials

Once a reproducible fabrication procedtoe efficient perovskite solar cella/as
establishd, new economicdboletransporting materialwere investigateto addres the
issue of tle highcost of piro-OMeTAD (Chapter 4). Triphenylaminebased hole
transporting compound$iTM01, HTM02 and HTMO3were selected along with wellk
known small moleculdonor(HTMO04) used in higkperformancerganic solar cells The
simplestholetransporting materig]HTMO01) was shown to give the best performance in
perovskite solar cedlamong theariphenylaminecompounds. The bandgap of thhole
transporting materialwas shown to have little &ftt on device performance. For example,
HTMO03 and HTMO04 both have narrow bandgaps yet display signity different
performance. Compared to thrigohenylaminebasedHTMs, spircOMeTAD formed the
smoothest film over the perovskite active layer, suggesting that it provided better coverage

and mayexplain its better performance bele-transporting materiah perovskite solar
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cells In order toachieve the goal oflevelopng a lowcost and efficientHTM for
perovskite solar cellgsing the triphenylamine core, efforts should be focused on imtgeas
solubility in order cast thicker and more uniform htiEnsporting layers.

Despite the relatively pogrerformance of theustombuilt triphenylaminebased
compoundsas HTMs inperovskite solar cellsshey demonstrate potential denors in
organicsolar cels (Chapter 5). The TPA holetransportingcompoundsvere paired with
custombuilt acceptors te@reate fullerendree donoracceptor pairsBy characterizing the
absorption properties (using WVis spectroscopy) and energy levels (usiogglic
voltammetry, organic materials could be assessed for compatibility as donors and
acceptors in organic solar cellshe final gal of the project was achievetiyo non
fullerenematerialswere selected (i.e., D1 and Al) that metttiree of the fivecriteria for
a promising doneacceptor pair.Thermal annealing was shown to have an effect on both
the electronic and structural propertiedfAl blend films. However, the morphologies
of the DXAL thin films were not appropriate farganic solar celicive layers; the large
domain sizescontributed to thepoor PV performance. To address the challenge of
achieving thin films with a good morphology, new 2D acceptors were tested for
compatibility with D1. Molecular design and alkyl chain modifications weshown to
significantly change the se#fssembly ofthe Al derivativesin solid-state thirfilm
systems. Although thegkin film blends were shown to giyor PV performance, the
design strategy demonstrates the tunability of organic semiconductorgeased of
modifying the properties of organic thiiims.

In summary, the processing conditions used tlan-film formation affects
electronic, structural and morphological properties which ultimately influelesgce

performance in solutioprocesse perovskite and organic solar cellsnderstanding how
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spincoating techniques influence the film properties of both perovskites and organic
semiconductors is messary foi) optimization of solar cedl and ii) developmerdf new
functional materials.  Throughfurther investigation of processingonditions and
development of new derivatives of organic semiconductorsctmstand efficient solution

processegberovskite and organic solar catsn be realized.
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APPENDIX A T SOLUTION PREPARATIONS

TiO2Precursor Solution Preparation

To form the compact Ti@layer, a precursor solution containing titanium (1V)
isopropoxide (Ti(iPrQ)), purchased from SigmaAldrich, Product No0.37799625ML,
99.999% puritywas prepared using a modified procedure outlined by Abetist?> Two
solutions were prepared in sepafdte mL vi al s. The first vial
and 35 €L of a stock solution of 2.0 M HCI
2530 €L of et han o ls(prepardd irBtie @lovebbx). ol he firbtisdlutioR r O)
was added dropwe to the second solution while the second was stirred in air to form the
final solgel solution.
Pbl2 Solution Preparation

A 1.0 M Pb} solution was prepared by weighing 461 mg of:Rlirchased from
Alfa-Aesar Product No. 12724, 99.9985% pujitg a4- or 8-mL Teflon-capped vial and
adding 100G L of dry DMF and a stir bar. The solid was dissolvegdeating and stirring
on a hoplate and maintained at the desired temperature throughout the deposition
procedure. The temperature of the solution vea®rded by attaching a thermocouple
probe to the outer wall of the vial. The 0.5 M and 0.75 M 8tilltions were prepared in
a similar fashion, but dissolved btirring atRT.
Spiro-OMeTAD (Doped) Solution Preparation

The HTM solutionwas preparedsing the recipe described by Lét al*®: 80 mg
of spircOMeTAD (purchased from Sigrealdrich, Product No. 792071G, 99% puirity,
28.5 pL of 4tert-butylpyridine (tBP, purchased from Sigmddrich, Product No. 142379
25G, 96% purity and 175 pL of a 520 mg/mL solution of lithium

bis(trifluoromethangsulforimide (Li-TFSI, purchased from Sigmaldrich, Product No.
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5440945G, 99.95% purity in acetonitrile was combined and dissolvédmL of
chlorobenzene.The solid spireOMeTAD was weighed onto a weigh paper and then
transferred to a 4.0 mL Tefl@capped vial. tBP, chlorobenzene and theTlESI solution

were transferred separately into the vial using micropipettes. The mixture was dissolved

using a stibar and stirring at RT.
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APPENDIX BT SYNTHESIS OF CHsNH3l

The synthesis o€H:NHzl was performed using the procedure documented by Im
et al as a guideliné®® A 250 mL roundbottom flask was loaded with 2iL of 55 wt%
Hl@ag (BC Scientific, Product No. 01521), 30 mL of a 40% aqueous solution of
methylamineg(Fisher Scientific, Product No. 00988nd a stir bar. The reaction mixture
was stirred in an ice bath in air for 3 h. The solvent was removed using a rotary evaporator,
leaving behind a brown solid. The solid product slagried in dethyl ether for 30 minutes
and filtered using a Buchnéunnel. This process was repeated twitareto wash the
product. The washed final product was recrystallized from a minimum amount of ethanol,
cooled, and filtered to recover white crystals. The crystals were washed with diethyl ether
and dried in asacuum oven overnight. The solidystalline productvas stored in an Ar

filled glovebox prior to use.
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APPENDIX C T OTHER FACTORS INFLUENCING LEAD IODIDE FILM
MORPHOLOGY

Solution Temperature (Tsolution)

It was determined that the minimum valueTgfiuionfor complete dissolution of a
1.0 M solution of Pblin DMF was 50 °C. Increasinglsotion above the threshold
temperature (i.e., 50 °C) results in perovskite films with smaller crystalkigaré C1).
However, there are no significant differences between the films cast from solutions held at

70, 90, 110, and 130 °C in terms of crystallite size and distribution.

Figure C1. The effect of solution temperature. SEM images of Rlods spin-caston
TiO2 compact films at different temperaturasd the corresponding GNH3Pbk films
after conversion via dippindlhe solution was spinoated using a spin speed of 3000 rpm
for 30 s ontdriO,-coatedsubstratetieatedat 100 °C.
The Effect of Atmosphere

By depositing onto a hot substrateperforming the deposition under an inert (i.e.,
Ar) atmosphergfilm coverage can be drastically improvedd.both cases, the films exhibit
smaller grain sizes and better coverage than the unheated féimbrent. Itis also
observed that the film sp under ambient conditions withheated substrate had a lower
frequency of pinholes than the one spun in the glovebox Fsgpaere C2). This

demonstrates that inert conditions are not required for uniformfékmationi simply
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