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Abstract

Since their emergence in 20X &rovskite solar cells have reached remarkable efficiencies exceeding
22%. Such rapid development of this technolbgyg beemossible in part,due to the feed of ideas from
previous research in organiphotovoltaics (OPVs) and light emitting diodes (OLEDs)his
comprehensive review discussksvarious polymer strategies tHaveled to the success of perovskite
devices: from holand electra transporting materials to polymer templating agents. This review further
covers how these strategies potentially sernva@veycomethe two major obstacles that stand in the way

of global implementation of perovskite solar cells; stability avdclirve tysteresisThrough referene

and compason of OPV, OLELand perovskitéechnologieswe highlight the need for a unified approach

to establish appropriate control systems and ageing protocols that are necessary to further research in this

excitingdirection.

1. Introduction

Since the emergence of rad-roll printable organiphotovoltaic{OPVs), OPVtechnology has attracted
attention due to its multiple advantages over conventional inorpased solar panels: they are flexible,
light-weight, inexpensive, produced in a facile and scalable macaehe madé&ansparent or semi
transparent, colotiunable and can be readily integrated into steel or glasponentsiuring building
constructio. However, therare oftendoubts about the marketability of such devices tb two major
concernslow power conversion efficiency (PCE) and stability. Indeed, the®®@stdevicesat the time

of writing boasted a PCE of 11.5%, whereas the maximum tesp@fficiency for cryslline silicon



panels $ 25.6%' The rapid development of perovskite orgaimierganic solar cells (P since 2013
hasalreadyachieved a remarkable PCE of 22,1%omparable to that of crystalline Si cellghich has
immediately placethrgescale printable PSCs as agmttial candidate to replacenventional inorganic
devices, or at least take their own specific niche in various applications from aerospace to consumer

electronics.

The most commonly used perovskite absorber is a crystal of compd3kidiHsPbX;, whereX = Cl,

Br or | (or MAPbXs, where MA is methyl ammoniumThe major properties of the perovskite crystal
rendering it so effective for light harvesting are discussed in great detail elséWhetgpical device
(Fig.1ac) consists of perowskite absorber sandwiched between two electrodes, where charge collection
is facilitated by two intermediate layers, namely a hole transport éagian electron transport layer.
The HOMO/LUMO levels of MAPHK] of -4.0£5.6 eV ensure a wide range of madésiadopted from
OLED and @V research is suitable for both electron and ldaction Although PSCs evolved as
another typ of dyesensiized solar cell (DSSE’, the materials that yielded the highest reported 9 CE
are those typically employed inR®s!! Similarly to OPVs, devices can be either of conventional (the
incident light arrives at the cathode side of the device) or inverted architecture (incident light arrives at
the anode sideMesoscopic devices emplamesopoous TiQ (or ZrO,, or AlLOs) layerasan electron
extractionscaffoldt?to increase the electramllecting interfacial areaGenerally, inverted devices have

demonstrate higher PCE values, even without the incorporatioandfiTL .25
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There are two major issues that prevent PSCs from global implementation: the-woiteage hysteresis
of varyingseverity with PCE values occasionally being dependent upon the scan direction anf speed
18 andtheir inherent instability® The firg reported devicewith high efficiencywere rather unstable,
with the perovskite absorber being espky susceptible to moisture theair. In the presence of water,

the perovskite decompostsgiveleadhalides reducing photon absorpti@nd its crystalline properties.

In OPV technology, polymers are widely employed throughout the entire device: from low band gap
polymers and block copolymers in the active layer to interfacial materials and crossfittkérke
modification of perovskite devices is performed mostly in the following directions: (i) improving the
quality of the perovskite absgoer films; (ii) enhancingcharge transport across thaterfaces; (iii)
eliminating hysteresis anlv) increasing the environmental stability of the devicEs. note, the
progression fronaliquid electrolyteto a solid thinfilm hole-transport material was tlggoundbreaking
stepthat allowedall solid-stae perovskites to achieve such higfficiencies® In this review, weocus

on reports othe use opolymers to boost the PCE and stability of BSEffortscan be divided into three
major groups: (i) polymeric hole transport materials (HTMs), (ii) polymddcten transponnaterials
(ETMs) and polymeric templislg agentsfor assisted perovskite growtlrig.2a). The first group of
materials, polymeric HTMs, has received more atterdiuth therefore a large component of this review

is dedicated to that area.
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FIGURE 2. (a) Schematic representation for main layers targeted by polymeric strategies to improve the

performance and stability of PSC&) for hole transport, (c) for electron transport and (b) for



improvement of the perovskite absorbemTiO,. (b) Layout of main energetic levels a generalised

perovskite device.

2. Hole transport materials

Hole transport in perovskite devices is one of the key processes that thigecterall PCEDespitethe
perovskite film can transfecharges efficiently across its bultq avoid chargegecombinationat the
interfaces HTMs should also establish electrblocking propertiesTwo major reuirements for an
efficient HTM is aHOMO level suitable to accept holes from the valence band gfettoeskite O-5.4

eV, Fig. 2) andhigh holemobility and conductivity.

Oneof themostprevalently used single molecule materialspiroOMeTAD (Fig.3), whichhas good
solubility and combines fluorene and triarylaminesmoieties enabling high hole mobilities in
corresponding polymeric materials. Sp@deTAD has ahole mobility~ 1.69x 10°cnm?V'istin a
thin film 26 andaHOMO level from-5.05 eV t0-5.33 eV’ The conductivityof spircOMeTAD is high
only in the oxidised state due high level of oxygen doping,with bis(trifluoromethane)sulfonimide
lithium (Li-TFSI) salf® or cobalt (I1) complexes®34-tert-Butylpyridine (tBP)has also beeemployed

to increase hole mobilityfhe sameadoparts (structures presented in Fijj&e also used to increase the

conductivity of polymeric HTMs.
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FIGURE 3. Chemical structures of polymers and small molecules, most often employed as HTMs.

Solid-statepolymerichole tranport materials have been thebject ofintensiveresearch ever since the

first repors of OLED and OPV tdmologies, thus by the tinfleSCs were introducetherewas awide

range of available polymerimaterials f r om convent i oRPEROT:PBS&toylowtbénd t i c
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gappolymers and polytriarylamines summary of diffeent materials, both doped anddoped, with

corresponding PCE values and device architectures is presented in.Table 1

It is important to note that due to the variety of available device configuratichpeanvskite layer
deposition techniques, comparing different HTMeectly remains a big challenge sindke slightest
alteration in perovskite deposition caften lead to aimproved (or dminished quality of film and
therefore drastically different#iciency valuesThus, authors often compare new HTMs to conventional
PEDOT:PSS, P3HT or spi©OMeTAD to demonstrate the superior performanctheir latest devices.
However, this does not imply that the same material will behave similarly in diffemrited
configuratiors or with perovskitedeposited by a different approadthe major differencearise from the
variation inquality of the perovskitelfn. In conventional planar devices, the HTM is deposited on top
of the perovskiteabsorber Then, high roughness the perovskit€or very small grainscreates voids
and gaps, allowing ingress of water and air into the active li@eover, theeontact betweetheHTM

and perovskitevill be poor andmpedehole transfer. Additionally, sughoor contactn inverted planar
devices, the underlying HTM will define the quality of the perovdkiyerdeposited on taf#*3Mingzhu

et aldemonstrated thapparent hole mobilitis differentin ahole-only deviceto a complete perovskite
device (from 1.91 x 10cn? V'1s'1to 4.9 x 16 cn? V't st for P3HT)* Thedifference vasattributed

to close intercalated contact between the HTM and the absorber, where the roughness of the layers, as

well as theirchemical interactions, plays an important role.
TABLE 1. Polymeric materials employed as HTMs in PSCs.

Charge Device( P-

HOMO /LUMO,
Polymer mobility planar, M i  Dopants/Additives

eV
cm?V'ts't  mesoscopil

Li-TFSI, BP

P3HT - 5.2x10° P gold nanoparticles 10.7 36
P3HT - - P - 10.4 37
PMC P3HT+ - 1.2x10°3 M Li-TFSI, tBP 17.7 34




Spiro-OMeTAD

PEDOT:PSS - - P - 11.7 38
PEDOT:PSS - P - 13.5 39
PEDOT:PSS 17.4 P DMSO 10.2 40
PEDOT:PSS - P PEO 16.8 33
PEDOT:PSS - P TiO2/M0oOs 13.6 41
PEDOT:PSS - P GO 13.1 42
PEDOT:PSS -5.4/- - P PFI 11.7 43
PEDOT -5.11/- 2.92 M - 12.3 44
Low band gap polymers
DPP (P) -5.06£3.68 1.95 P 10.0 45
PCDTBT -5.5/3.31 M 25 46
PCDTBT -5.45/- M Li-TFSI, tBP 4.2 47
PCPDTBT -5.3/- 1x10* M Li-TFSI, tBP 5.3 47
PDPP3T -5.3£3.74 4x102 M - 12.3 48
PDPPDBTE 5.4 - 1x10°3 M Li-TFSI, tBP 9.2 49
PTB7 -5.2/3.31 5.8x10* M - 127 46
PTB7 -5.2/3.31 M Li-TFSI, tBP 13.3 46
PBDTTT-C -5.12£3.35 2.4x10* P - 9.9 50
PTB-DCB21 -5.22- 5.0x10° M - 8.7 51
PDTSTTz-4 -5.0- 7.8x10? P Li-TFSI, tBP 15.8 52
Polyfluorenes
PFO -5.8£2.2 1.5x10%, M Li-TFSI, tBP 1.2 53
1.3x10°
PFB -5.1-1.9 3x104 M Li-TFSI, tBP 8.0 53
TFB -5.3F1.9 1x10?, M Li-TFSI, tBP 10.9 53
7x10°%

Polytriarylamines and derivatives




PTAA 5.2/ - 4 x103 M Li-TFSI, tBP 12.0 a7

PTAA M Li-TFSI, tBP 16.2 54
PTAA M Li-TFSI, tBP 18.4 55
(FAPbL)1«
(MAPDBT3)x
PTAA M (FAPBI3) - 20.2 56
(poly)TPD -5.4/2.4 P - 12.0 57
PTPD2 -5.24 - 4.7x10% Co(lll) complex, 5.1 58
Li-TFSI, tBP
HSL2 + -5.39/2.41 3.2x1078 P - 16.6 32
PEDOT:PSS
VNPB 5.4 P - 16.5 59
Other
PANI nanoparticles -5.27/- M Li-TFSI, tBP 6.3 60
PANI-g-PSS:PFI -5.39¢ P - 124 61
PVBT-SOs -5.19¢ 2.67x1C° P - 15.9

2.1PEDOT:PSS

PEDOT:PS$as beemadoptedy the perovskite communifyom that ofOPV devices, where litas been
successfully used as the most appropriate hole transport matasgato its high hole mobility
(17.4cnm?V'is'Y) and conductivity? PEDOT:PSSfilms are typically deposited froman aqueous
suspension of variouBEDQOT to PSSratios This has been a major advantage of PEDOT:PSS when
employed in OLEDs and OPVs since the deposition of subsequent layers from orthogonad (vedent

to a-dichlorobenzene/xylen@voidedwvashing awayhe underlying layers. For perovskites, however, this
property can be a drawback, depending on the device configuration. The perovskite layer is-moisture
sensitive, and although moisture treatment has been used to improve the film quality tortugred
erosion of the layef® any uncontrolledxposue candeteriorate the contact between layers dectease

the peformance of the device. Moreover, PEDOT:PSS devices will always be more susceptible to



moistureinduced degradatiodue to the hgroscopicnature of thematerial’®*%4In spite of the stability
concerns, PEDOT:PSS remains one of the most attractive and best studied materials for hole extraction
due to its availality in large batches, low cost ahigh transpagncy. Importantlymany modifications

are available to tunits properties: from altering the content by chemical or mechanical tre&trwent

doping??

First of all, the content oPSSin PEDOT:PSS suspensions canvaeied to achieve tunable work
function® For instancesuspensionsiith higherPSS contenfl:20 PEDOT:PS$ yieldeda somewhat
reliable PCE of 11% with insignificant hysteres®oc £.9 V, c 9.26 mAcm?, FF 63%), resulting
from the increased work functiari 5.23eV (as compared to 5.@/ in 1:2.5 films). Raman spectroscopy
studiessuggestdthattuning of thework functionoriginates from conformationahanges in the PEDOT
chains leading t@n increase ints local conductivity.More recently,Sin et al reported the effect of
varying thehole mobility ofthe PEDOT:PSS layer atevice performangeshowing that devices with
1:2.5PEDOT:PSS suspensions had higher BG&toaremarkaky higher conductivity of 883 cnrt.4°
Slightly different results to those of Chaagal, are attributed to the fact that Sthalused DMSO to
improve the wetting otheir PEDOT:PSS suspensions, which obviously had an effect on the chain
packing andlecreasethe interchain mobility in the HTMThis observatiomighlightsthe sensitivity in
perovskite device fabrication, since slightest variations in the fabrication procednygsld drastically

different results.

Another option for tuning the properties of PEDOT:PSS is to dowéh nanoparticles or conductive
oxides. Li et al reportedan efficiet way to improve the conductivity ofBDOT:PSS by glycerol
doping®® resultingin a 127-fold conductivity increasén films with 6% dopant contenfhe surface
roughness increas&dth doping resulting in better contact of the HTM with the perovskite absorber and
therefore anenhancement of PCE from 8tGn undoped PEDOT:PS® 11.0%in 6% doped filimsvas

observed

A significant increase in efficiegcup to 16.5%was demonstrated when PEDOT:PSS was doped with

PEO (Fig.4).2® The mainreason for this increase wassociatedvith a remarkable improvement in



electrical conductivitfrom 0.2cn? V't S'2 for pristine PEDOT:PS® 348cn? V't Stin 1.2% doped
PEDOT:PSSTheexternal quantum efficiencgf the PEO-dopeddevices in the range of 450 to 800 nm
increasd from 60% to more than 80%Fig.4b), resulting in alsc value 0f2342 mA cnr2. Importantly

for large scale fabricationevices with doped PEDOT:PSS demonstrated improved reproducibility and
insignificant hysteresief only 1.4% deviation betaen different scan directiosig.4c). Moreover, the

low cost of PEO and thiacile fabrication process @ianar devices makes thisaterial very attractive

for large scale manufacturing.
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FIG URE 4. Effect of PEO doping ofa) electricalconductivitiesof PEDOT:PSS layer and device PCE
values at varying PEO contentfiémical structure of PEO is presented in the )ng@) the external
guantum efficiencygpectraand €) reproducibility of the overall devigeerformance (istograms of
photovoltaic parametefer PEGdoped (blue) and undoped (black) devjcéglapted froni33] with

permission from Wiley

Li et alreported thatan additioral ultrathin layer of graphene oxideleposited betweethe ITO and
PEDOT:PSS layearin aconventional architectusdlowed a PCE of 13.1% to be attained{\éf 0.96 V,
Jsc of 17.96 mA cnif and FF of76%).%2 The graphene oxidéayer has avery high electron blocking
capacity and, thus, leads to supressed recombination at the tekfaanilar approaclof using an
intermediate layer of molybdenum oxide (M9®@etween the ITO and PEDOT:PB%rovel thedevice
efficiency from 9.81%to 12.78%° This PCEfurther improved to 14.87% aftdi00 h storage under

ambient conditions ithedark associated witlsontinuing growth of the perovskite layer during storage.



Another approach demonstrated by Eiual exploited TiQ/MoOs core/shdlnanoparticles aa dopant

for PEDOT:PSSn planar device&! The doping resulted in a better, more compact morphology of the
perovskite laye(Fig.5a-b) deposited on top of this HTM, since the nanoparticles served as nucleation
sites for perovskite growth. The perovskite grains had less pinholes and reached 300 nm in diagneter.
overall increase ifPCEin 20% doped devices t18.63% (Jsc of 17.35 mA crt, Voc of 0.96 V, FF of
84%) is, however, difficult to attribute only to perovskite morphology, since the mobility and conductivity
of the resulting HTM were not studiett.is also uncleaif theMoOs outer shell contributed to the charge
carrier densitghrough ground state doping, which wel beembserved by other groups befot€The
devices also demonstrated improved stability, retgi82%of the maximum PCHRafter 400h of storage

in ambient air in the darlagainst only 19%retainedin undoped devicegFig.5c). The compact
morphology of the perovskite absorber, as well as the reduced hygsttpieof the doped

PEDOT:PSS layer,ra@ deemed as the major reasdor the higher stability.
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FIGURE 5. Application of TiQ/MoOs core/shell nanoparticles for improvement of perovskite
morphology.Top-view SEM images of CkNH3PbkClx films deposited on (a) PEDOT:PSS and (b)
20% TiO/MoOs-doped PEDOT:PSS layeréc) PCE as a function of storage time undambient
conditions inthe dark for devices with (red) and without (black) TiO2/MoO3 dopanPEDOT:PSS

layer. Adaptedfrom [41], Copyright 2016 with permission from Elsevier

PEDOT:PSS can be enriched wihbrfluorinatedionomes (PFI, Fig.6a) resultingin a selforganizing
HTM (also referred to aself-organised hole extracting layer, SOHENhichhas been shown tmprove
the efficiency t011.7% (Jsc of 16.7 mA cn?, Voc of 0.982 V, FF of 70.5%from 8.1%"* This

improvementwas associged with an increase imork functionof the HTM from 4.86 eV in pristine

10



PEDOT:PSS to 5.4V in a PFI/PEDOTRPSS composite layeFurtherPCE of 8.0%, remarkablior
flexible devices, was demonstrated for PS€posited ont@a PET/ITO substrate, with adé of 1.04 V,

Jsc of 15.5 mA cn? and aslightly decreased FF of 49.9%ig.6¢).
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FIGURE 6. Application ofa perfluorinated ionomeas anHTM. (a) Chemical structure of tHeFl. (b)
Schematic of the energy levels of each lag@rJ-V curve of the flexibld®SCwith SOHELZ2. The inset

showsa deviceon a flexiblePET/ITO substrateAdaptedfrom [43] with permission from Wiley

An interesting concept of fabricatinddacial device was reported by Xia al, who usecelectrogrown
PEDOT asan HTM.* The film was depositednto fluorine-doped tin oxidéglass substratby cyclic
voltammetry from aqueous solutioresultingin a PEDOT film approximately250-300 nm thick.
Further,a TiO2-perovskite phatanode was clipped to the PEDGTO electrodeand the gap was filled
with perovskite solutiof®. Interestingly, this vergimplebifacial device yielded a PCE of 12.3tder
the front endand 11.86 underrear endillumination. This is, to our knowledge, the firsticcessful

example of aifacial approach iPSCs

2.2P3HT

Other polymeric materiasdoptedrom OPV resarch ae p-type organic semiconductors, such as P3HT
and lowband gap donor polymerssenerally P3HT, when used asan HTM, has demonstrated
efficiencies superior to those of devices with low bgag materialswith PCE valus in the rangeof

10.4 to 17.79%6*3>3"The major reason for superior performance is the higher hole mobility and suitable
HOMO levels(-5.37eV), aligned with the valendeand of the perovskite absorl§&f°Notably, previous
studieshave shown thahe mobility of P3HT is highly dependenhdts molecularmass®®®® Reported

holemobilities are in the range @f° to 102 cn? V' s'1, which can be further enhanced by dopivith

11



tBP. Theobserveddopng effect is associated withorphologcal changes in the P3HT layers, induced
by the presence tBP, which is a high boiling point solvetitat enhanceshain packing and crystallinity.
Indeed, Guo and eworkers observeithcreased almsption at 561 and 610 nm in tBfoped P3HT® Li-
TFSI dopant has a similar, yless proounced effect on the orderingP8HT chains although it is welt

known to increase the charge carrier density rather than mdhiidygh oxidative doping.

Two examplesf particular notevhereP3HThas beensed a$iTM involve the use of soalledlocalized
surface plasmon resonance effedbere the gold nanoparticles are employ@tarvest red photorst
their resonant frequepc Wanget al demonstratedhiat the addition of up to 20%old nanoparticles
resulted ina PCE enhancemeility 25% (Jsc of 22.05 mA crf, Voc of 0.75 V, FF of 64.79 % and a
resulting PCE of 10.719% The efect of doping P3HTwas a complex one.ifStly, the nanoparticle
improved chain orderingas observed fromnincreased absorbance at 610 nrdaped P3HTilms, and
consequentlyed toa 2.5fold increasaén mobility. Secondly, th@anoparticleslecrease the reflectance
of incident light by scattering it within the device, tlaxdendinghe photon pathway arehhancinghe
absorption of the scattered photonghmperovskitgFig.7). This scattering effect is confirmed ay15%
increase ofincident photorto-electron conversion efficiendyn 20% doped P3HT deviceA. similar
approacthasbeenprovento beefficient in doping PEDOT:PSS withpld nanoparticlesbutfor organic

solar cells’@72
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FIGURE 7. (a) Reflectance spectra of devices with and without incorpogatiechanoparticlewith the

inset showing a schematilustration of the incident light path incampleted device. (b) Incident photon
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to-electron conversioefficiency curves for devices with different concentrationggofd nanoparticles

in P3HT.Adaptedwith permission fronj36]. Copyright 2015American Chemical Society.

In parallel,Longet alreportedPCEvalues of17.7%(Voc of 1.05 V, 3cof 22.9 mA cn?, FF of73.7%

in devices combining P3HT and spOMeTAD to exploit theplasmon resonancsffect in a different
way. This combinationresultedin a quasiperiodic microstructuid HTM, which, in combination with

the gold electrode=nabledhe absorption of moneed photons allowing even thinner devices (240 hym

to be fabricatedFig.8a-b).3* The authors increased the caviffeet of the gold electrode kigtroducing

a patterned HTM by simply mixintpetwo materials together and sginating the solution toige a self
assembled 3D cavity. Ifilms depositedrom a 3:1 spirecOMeTAD:P3HT solution, giro-OMeTAD
aggregatd into microembossements @00-600nm diametefsee AFM imagem Fig.8c). The authors
suggest thathe solubility difference is one of thheasons for sefissembly, where the higher solubility
of spiroOMeTAD in o-dichlorobenzendeads to sequential precipitation of the components, however,
the exact mechanis remains to be resolve@ - i nt e maycontiibatete the seHassembly
process. The esultingplasmonic cavity effect indeeshhancedhe absorptiorand tusincrease the
external quantum efficienci the red regioninterestingly, the simulated plasmonic resonance peak
originating from the seldssembled layer occurs at the same wavelength agotbenanoparticles
resonanc@eak from the study by Wargg al (at 530 nm). Furthermorehe selfassembled layer had an
increased mobility of 1.2 x 1®cn? V'! &1, almost one ater of magnitude higher than individual
mobilities of spircOMeTAD and P3HT, separately. Unfortunately, the reported devices showed
pronounced hysteresis of up to 8% in 240thiak devices, althougstill remarkably less hysteregtsan

in spirccOMeTAD devices (up to 48%
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FIGURE 8. Strategy to enhance the red light deficiensing LSPR effect from seissembled layer of
P3HT and spirdDMeTAD. (a) Schematic illustration of sedfssembly process ar(td) the resulting
plasmonic cavity, formed by the se@l§sembled HTM and gold electrode. (c) Formatiothefmicre
embossments(Ali C1l) AFM surface morphologies, (A22) surface relative potentiahd (A3 C3)
roughness of the HTM films of spk©OMeTAD, P3HT andesulting plasmonielTM. Adaptedfrom [34]

with permission fronThe Royal Society of Chemistry

2.3Low band gap polymers

A wide range of low band ggmlymers has beemlesigned and tested for application in GPWith the
major aim to improve the absorption of neadrared photonsThe structures of theow band gap

14



polymers employed in perovskite Iao cells are presented in Fig.Bow band gappolymers have
reasonably high hole rbdities in the range of 1®to 10° cn? V'! §'1, where the mobilitystrongly
depends on the organisation of the polymer in the fileni¢s crystallinitythain packing), and thuen
the proessing parameters. Experiments@PV optimisatiorhavedemonstrated that changes in solvent,
additive or processing temperatwaed timehavea huge impact on the crystalliniof low band gap

polymersand development aftructure inpolymer films.”
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FIGURE 9. Chemical structures of low band gap polymers, used as HTRRS@s For full polymer

names the reader is directed to the glossary of this review.

Low band gap thiophenebased polymers, such &CPDTBT, PCDTBT or PCBTDPP were
systematically studied as HTMs in PSCs, thidt not show any significant improvements in the PCE of
mesoscopic perovskitdevices, as shown by Heo and othéfé$Maximum PCEvaluesreported for these
polymers were in rang® 4.2-5.5%.The authors a®ciatedow PCEswith reduced chemical interaahs
between the polymers aperovskite as well as with lower HOMO levelsy(3 eV for PCPDTBT and

5.45 eV for PCDTBT,)

On the other hand, a differemtiaphenebaseddonor polymerPTB7, demonstrated remarkably better
device efficiency of 13.29%Jsc of 20.2 mA cn?, Voc of 0.94 and FF of0%) after doping with LiTFSI
and tBP and device optinaison*® PTB7hadthreefold higher conductivity than P3HT (9.5 S/cm against
3.0 S/cm for P3HT) and almost fifeld higher than corentional spiroOMeTAD (2.0 S/cm).
Importantly, the authors showed that anneptihthe perovskite layer iair led to an increase in grain
sizeandconsequentlyo better contact between the WO, andabsorberPTB7 without dopants aair
treatmentresulted in @ CE of only 6.8% (with doant 12.27%), wheragust air treatmerttoosted the
PCEto 9.57%.Theseobservatios confirm the need to decouple the HiiMluced effects from those

arising from improvements itihe perovskite morphology.

Similar results were observetbr anotherthiophene-based lowband gap polymerPBDTTT-C.5°
PBDTTT-C was employed as an HTM combination with conductive Mafn a planadevice, which
allowed a maximum PCE of 9.95%0 be achievedJsc of 17.68 mAcm?, Voc of 0.87V and FF of
64.83%).Leeet alreported the synthesis afmore elaborate thiopheiterived polymedenotedPTB-
DCB21 (Fig.10), with its mobility reaching 5.0k 10° cn¥ V! s*. Thedichlorobenzendunctionalised
polymerdemonstrate@ higher PCE irmesoscopic devicdban its norfunctionalised analogue (8.7%
against 7.%).%* The functionalised version exhibitefdster electron transfer and leswecombination
rates whichwasattributed tdbetter contact betenthe perovskite layer artdTM, originating from the

" -cation and dipoleation interactions between dichlorobenzenemardvskite absorber.

16



A number of researcgroupshaveexplored the holéransporting propertiesf diketopyrrolopyrrole
basedbolymers and their effect on the efficiency and stability of devigdsiet al achieved efficiency
of 10.8%(Jsc of 18.47 mAcm?, Voc of 0.88 Vand FF 067%) in simpleETM-freeplanar devices where
DPP(P)was used as a thiTM capping layef® Another DPPbased polymel?DPPDBTE, delivered
a device efficiency of 9.2%dsc of 14.4mA cm?, Voc of 0.855 V and FF of 74.9%)vhich was higher
than that of spirdMeTAD (7.6%)and P3HTFcontainingdevices (6.3%3° Moreover, PDPPDBTE
basedcells demonstrated a signifanty improved stabilitywithout encapsulationhaving lostonly
approximately9% of the initial PCE valuafter 1,000 h of agein{fig.10a). This stabilisation was
associated with the water repelling characfePDPPDBTEwith a contact angle of 105 muchhigher
than that of spirdMeTAD. Importantly, P3HT having the same contact angés PDPPDBTE
demonstrated siilar levels of stability inambient conditionssuggestingthat HTMs with higher
hydrophobicitycould be beneficialfor maintaining high prformance of the devicdsr longer Later,
Dubeyet alreported better mesoscopic devices with 12.32% P&F6{20.5 mA cn?, Voc of 0.98 and
FF of 61.2%), incorporating undop&DPP3T as HTM, however, evices also had marginally higher

stability inair (Fig. 10b).*®
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FIGURE 10. (a) Longterm stability of spireMeOTAD (black), P3HT (red), and PDPPDBTE (blue)
containingPSCsstored in 25% RH atmosphefeorresponding water contact angles on an FTO substrate
are given on the righfdaptedwith modifications fron{49] with permission fronTheRoyal Society of
Chemistry (b) PCE as a function of storage time in ambi@ntfor PDPP3T and spirO@MeTAD-based

devices. Rpiintedfrom [48], Copyright 2016 with permission from Elsevier
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Alternatively, copolymers based dithienosilole and thiazolothiazol®DTSTTz-4) were studied as
HTMs in inverted planar devicesin order to increas@bsoption in the ultraviolet regiaf? These
polymers haveenhanced backbone planarétgd thus improved chain stacking and increased mobility
(upto 7.8 x 16Gcn? V't s 1), To compensate for charge carrier diffusion and facilitate electron extraction,
Wangetal also introduced a thin layer of Cé@lerenebetween the-@iO, and the active layer.This
combinedstrategyof employing two intermediate layeaiowed to reacla PCE of 15.8%Jsc of 22.39

mA cn?, Voc of 0.97 V, FF of 72.6%jlue to enhanced light harvestingtie 300600 nmrange and

decreased interface resistance.

2.4 Polyfluorenes
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FIGURE 11. Chemical structures of other polymers used as HTMs in PSCs.

Polyfluorene (see structures in Fig.1andtheir derivatives are also capablefakt and efficient hole
transport, as observed @LED research® The simplestpolyfluoreng PFO, has a very low oxiation
potential of-5.8 eV, whichis bdow the valece band of the perovskiteenderinghole extraction
inefficient (PCE ofdevicesonly 1.2299.> However, changing the structure of PFO to incorporate an
electronrich triarylaminecomonomeincreass the HOMO levelof the polymer TFB) to -5.3 eV. With
amoresuitableHOMO level forthe valence band of perovskité.@ e\), TFB providedbetter interlayer
hole transferMoreover, TFB demonstrated (iyamarkably higher hole mobility (1 x 16cn? Vits?)
than that of PF@r spirccOMeTAD and(ii) an excitonquenching efficiencyery similar to that in spiro
OMEeTAD devices (0.91 against 0.94). The combination of these factors resut&CE 0fL0.926 (Jsc
of 16.7 mA cn?, Voc of 096 V andFF of 65%)in a mesoscopidevice obtained bya singlestep
perovskite depositiatHowever, inwo-step deposition devices, TREas not superior tepiroOMeTAD
(11.72% against 12.16% average PQ¥tably, PFB, ananalogue of TFB witlaneven higher HOMO
level of-5.1 eV, showed a slightlynferior efficiency 8.03%in onestep deposited devigeghich was
attributed to areductionin photovoltage resulting fronan excessively highHHOMO level. These
observatiosagain streshow important is to decoupjeerovskite bulk efcts frominterfacial effects and

their contributions to the overall device performance.

2.5 Polytriarylamines

The use of plytriarylaminegor poly(tetraphenylbenzidind)PTAAs) in PSCshave beemprompted by
the OLED researckvhere they are often employed as HI8e to their low ionization potential and
exceptionaklectron blocking propertiebuttypically low hole mobilities owing to the lack of lofgnge
order and generdy high amorphousontentof the material®® Interestingly, éspite PTAA being
largely amorphous, its1obility in various casedepends on itmolecularmassanddispersity, a®ften
observe for semicrystalline materiat®’98 The mobility of PTAAs can also be increased by

incorporating planar moietiesncouragingrder in the films*

Neumannet al studiedthe hole transporting properties of sevePalAAs with different side chain®®
Firstly, doping ofthe PTAAs with a wbalt (Ill) complex led toan order of magnitude increasehale
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mobility. Oxidation of the polymer was concluded to be the doping mechantsioh resultedn a higher
density of cationic charge carrieas showty UV-Vis measuremestindeed, PTB2 doped with cobalt
salt when employed as an HTMd toanincrease itV oc. Further doping with LLITFSI and BP improved
the efficiencyfrom 3.59% in undoped devices to 5.10 % of 10.64 mA crf, Voc of 0.805 V and~F
of 60%)in doped devicessecondly PTAAs with ahydrophilic side chaimesulted inless pronounced
V hysteresis thaRTAAs with a hydrophobic alkyl chairDeviceswerealsomuch morephotcstable in
air, with PCEs slightly increasingrom 6.50 to 6.59% aftdive minutes of illumination(which could
actually bethe evidence of hysteretic behaviquhereas th®TAAs with hydrophobic side chaslost
almost 50% of the initiaPCE valuein this time This studyhighlightsthe importance of tuning the
polymer sidechains not onlyto adjust HOMO/LUMO levels and morphology of the laybut also to
increase the compatibility with uadying layers taserve towards improved stability. This concept of
careful adjustment of the poher side chains has been widelytm for OPVsbut not yet fully explored

for PSCs”’

The best PCE values so faave been obtained from devices incorporatimyple methylsubstituted
PTAA: from first reported by Heet al PCE of 12.0%0 20.26 two years latef’5>%¢ For examplea
PCE of 18.4% was achieved whestable MAPbd with a more efficient lowband gap absorber
formamidinium lead iodid¢=APbk).>>82This nodificationled to a PCE of 18.4%4dJof 22.5 mA cn¥,

Voc of 1.11 V and FF of 73.2%jue to a significant improvement in the quality of perovskite layer
(Fig.12)°® Unfortunately, thidatterapproach gave rise fivonounced hysteresigesulting in variatios

in PCEbetween 19.0% and 17.8%different scanning directions.

FIGURE 12 SEM images of (FAPB)..x(MAPDbBI3)x films with different content of x $0, 0.05 and
0.15 Reprinted by permissiofrom Macmillan Publishers Ltd5p], copyright2015.
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A remarkable example by Woon Seok Yarigal demonstrated that perovskite layer exploiting FAPDI

in an intermolecular exchange procagth DMSO achieved a PCE of greater than 2(26.2%, Jc of

24.7 mA cn?, Voc of 1.06 V and FF of 77.5%With outstanding reproducibility® Formation of the

highly crystalline perovskiteccurred through a diact intermediate phase ofAF Pbbi DMSO, arising

from noncovalent bonding between inorganic crystalline material and guest solvent moldtides.
formamidinium ion has a similar size to thaeddMSO moleculeso DMSO molecules wiin aforming
perovskite crystatan easily exchander formamidinium ionwithout creating voids, pinholes or causing
expansionThis strategy allowed smooth perovskite devices to be produced with large absorber grains

and hysteresiess photovoltaic @racteristics.

Recently a triarylaminepolymernetworkof more elaborate structure was demonstratedh &Té to
enhancestability of PSCs. The triarylamine small molecOWeNPB (see structure in Fig.11¢quipped
with two vinyl moieties was crosslinked to give a polymeric netwogkotecting the underlying
perovskite layerfrom external stregs® The crosslinked materialso deliveredanother impotant
advantagé it was solventesistant andvould allow further deposition of layers in a hybrid devica
property that nowerosslinked materials do not possesghin layer of MoQ was deposited on top of
VNPB to provide fee hole density and therefore highesc\through efficientgroundstate electron
transfer doping in the holgansporting contactCorrespondingly,a charge transfer complex was
observed inthe UV-Vis spectum in the nearinfrared region at 800 nm and diwmed further by
guenching othe photoluminescence MoOs/VBPB films (Fig. 13). The very same charge transfer can
also be observed in spildeOTAD films doped with lithium salts. élvever, as Xwet al have pointed
out in their work, the major advantagetbé VBPB/MoO; composite HTM is that only thieinctional
interface isdopedrather than the bulk film. The dopirstyategy resulteth a PCEof planardevices as
high as 16.5%Importantly, no hysterés was observed in crosslinked devic@fe device with
crosslinked VBPB retained more than 95% of its initial efficiency after an hour of annealing at.100 °C
After 30 days in moist heat it ditbt show any stressduced changes in the perovskite absorbeese

findings show the potential afosslinkedHTMsto improve the efficiencand the stability oflevices™®
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Interestingly, U\fcrosslnkable material wit added photoinitiatordeliveredan inferior performance
compare to that of spireOMeTAD devices. This was attributed to the erosion of the perovskite layer by

the byproducts of the degradation of the UV initiator.
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FIGURE 13. (@) Absorption spectra of Mof) VNPB and VNPBMoO3 films, illustrating the charge
transfer complex formed at the interface) Fhotoluminescencspectra of VNPB and VNPRI0O3
films. Photoluminescencguenching effect isnduced by the interface chargansfe-complex and
observedin transient and steaebtate measurements (inset) of VNPReproduced froni59 with

permission from Wiley

A combinaton of hole transportingnaterials including a layer of PEDOT:PSS and polytriarylarmine
polyfluorene derivativesvas very recently reported by Xaeal, boosting the efficiency afonventional
planar devices up to 15% and 16.6%, usingionfluorinated and fluorinated derivatives the
polytriarylaminepolyfluorenemateria) respectivelyeroted as HSL1 and HSL2NewHTM layers ha
similar surface energids the perovskite layerwhich helpedo improve the crystallinity and increase
the grain size of the deposited absorBetter aontact between the HTM aradtive layerwith a reduced
number of interfacial trapsed to insignificant (less than 1%) hysteresising observedHowever, as
standalone HTMs, these polymers hgsborhole mobilitiesof only 8.1 x 10°and 3.2 x 1®cn?V'is't
for HSL1 and HSL2 respectivelwhich resulted in ba@Dhmic contact between the lageand poor

photovoltaic performance
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2.6 Polyanilinesand other polymers

Polyanilines (PANI) have also beentested fortheir hole transporting properties due tiheir high
conductivity®384 For example, Ameeat al exploited PANI in theform of nanoparticles synthesised by
oxidative chemical polymerisatipwith an average size @ nm®° These nanoparticles peraedinto

the perovskite thin filmresulting in a smoother surfaeed significant increase in the light absorbance

of the deviceThe comimnation of these factors resulteda maximum device PCE of 6.2%@e to alsc

of 17.97 mAcm?, Vocof 0.877 V and FF of 40%Suchlow fill factor originated from very high series
resistance, as determined by impedance spectros@#ty5 andD4 1 . 2withqand without PANI,
respectively. The authors also suggedtthat due to their shape, the PANdnoparticlesnay increase

the light scattering and thus, the absorbance of the incident light, however, no clear evidence for this was

observed.

While improving the performance of their OLEDs, Chbaldeveloped a highly conductive PAIRhsed
HTM, alsocontaining PSS and PFI, where the Riyer seforganised on top atPANI:PSSlayer upon
deposition by spitoating. This thin layer of PFIdgto an increase iwork functionfrom 5.19 & (in
PANI:PSS only) to 5.98 eV iRANI:PSS:PF(1:6:13.48ratio).®° This conceptvas further developed for
application in perovskites where PANI was grafted onto PSS avitt6 PANHo0-PSS ratid* The
resultingPSSg-PANI polymer had avork functionof 4.99 e\, similar to that of PEDOT:PS®ut the

Voc of devices withPSSg-PANI was higher than that in PEDOT:PSS devices (1.04 V and 0.923 V,
respectively. Accordingly, he overallperformancewvas betterwith a PCE of 9.7% (against 7.8% in
PEDOT:PSSlevices). The increase ino¥ was associated withhe higher HOMO level (5.39 eV)of
PANI-g-PSS and alownshiftin density of states below the Ferhavel. Doping of PSSg-PANI with
fluorinated PFI causefdirther dowrshift in surface energy below the Fermiéd and the \icincreased

to 1.07 V.Pristine PSSg-PANI layers suffered from partial dissolution when the perovskite precursor
Pbk was depositedn it, due toits high solubility in polar solventshusresulting in a decreased fill factor

of 67.3%. However, when PSSPANI was doped witlPFl, which provided chemical resistancegolar
solventsthefill factor washigher than that dPEDOT:PSS devices (77.6% and 73%, respectjvahd

a PCE of 12.4%vasattained
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A remarkable example of employingoly(arylenevinyleng-based electrolye PVBT-SO; (see
structure in Fig.11)as an HTM was reported by Liu et al, where PVY8®; was deposited from an
aqueous solution in a planar inverted device and used further without any anffe@hiegpolymer
improved not onlcrystallinity of the perovskite layer, deposited onodgthe HTM, butalso the quality,
resulting in a pinholéree perovskite layer. Moreover, having a higher work function than PEDOT:PSS,
PVBT-SGO; resulted in higher builin field across the devices. Thus, the average PCE of PS®&T
devices was 15.9%/pc of 0.97 V,Jsc of 21.2 mA cm? and FF of 77.4%, 26% higher than that of

PEDOT:PSS devices.

Such a wide range of polymeric solutions is a result of extensive previous research in OPVs and OLEDs,
which prompted the best ideas and helped the PSC technology to achieR€Righlues just in 3 years.

It would not be unexpected if the feed started to work in the opposite diredtidrering successful
ideasthe OPV research, helping to boost currently poor performance of the organic flexible devices

through incorporating me donor polymers or HTMs.

3. Electron transport materials

The configuration oflevices dictatesost appropriate approacHesefficiernt electron trasport inPSG.

For instancejn mesoscopic devicemp-TiO, acts as an electron transpoyt@hereas @ompact non
porous TiQ layer provideshole-blocking properties. Efficiency of such devices can be improved by
employing a thin interlayer, for exampeself-assembled monolayer affullerene derivative which can
efficiently passivate surface traps inCkiand results irPCEs as high as 17.3% The structures of
polymeric ETMs discussed further in this review goeesented in Figdl and their properties are

summarised in Table 2.
TABLE 2. Polymeric materials employed B3 Ms.

Device type (Ci

HOMO/LUMO, :
Polymer conventional, |7 PCE, %

eV

inverted)
PN4N PEDOT:PSS C 15.0% 88
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PFN-OX -
PFEN-OX+ZnO -1-4.20
PFN-2TNDI -5.58£3.78
N2200 (NDI20OD -3.935.66
T2)

N2200 (NDI20D @ -

T2) + PCBM?

PNVT-8 -3.91/5.60
PNDI2OD-TT -3.87F5.73
PPDIDTT® -3.90£5.90

(a) The polymer was employedas a blend with PCBM.

SpircOMeTAD +
LITSFI+tBP
SpircOMeTAD +
LiITSFI+tBP
PEDOT:PSS
PEDOT:PSS

PEDOT:PSS

PEDOT:PSS

PEDOT:PSS
PEDOT:PSS

11.1%

15.5%

16.7%
8.78%

10.57%

7.74%

6.47%
16.1%

(b) The polymer was employeds an interfacial layer between perovskite and PCBM.
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FIGURE 14. Chemicalstructures of polymers and small molecule PCBM employed as ETMs in PSCs.

In conventional planar devicdsTMshave many important functions beside transferring and transporting
electrons. Firstly, thETM serves as a substrate for depositiotheperovslte layer and thus, itsisface
energy defines the final quality of the films, among other factors. Secondly, its solvent resistance also

plays an important role since any erosion of the underlying layer during deposition disrupts the
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crystallinity oftheformed perovskite and creates shuntsraedmbination sites #tte interface. Thirdly,

in inverted planar deviceshe ETM is deposited onto the perovskite layer and should mediate good
contact betweethe two layers byenetrating intolte grain boundaek. Finallythe ETM is considered

as ore of the essential barriers agaimstisture and aipenetratiorinto the perovskite absorber, thus it

should be highly hydrophobic to repel water.

Oneapproacho improve bth performance argtability of PSGis toemploy highly crosslinkablETMs,
such aghosedemonstrated by Qin Het al® Their aosslinked layer playetivo major roles (i) reduéng
the ingress of moisturénto the device and (iincreasingsolvent resistanct avoid layer dissolution
during the subsequent perovskite deposition from polar solveath as DMSO. To this end, a
polyfluorene derivative furnished with axetanegroup(PFN-OX) wassynthesisedwhere the oxetane
groupwas capable of thermal crosslinkinigterestingly, ahough pristiné®FN did not show solvent
resistance to chlorobenzeneaesslinkedPFN-OX did, PCE valus obtained for planaconventional
deviceswith PFN-OX wereonly marginally bettet 10.2% forPFN and 11.1% for PF®X (Jsc of 18.7
mA cm?, Voc of 0.94 V andFF of 63%).The PFN-OX/perovskite interface was further modified by
depositing a thin (30 nm) layer of ZnO nanopatrticles okierRFNOX. This modification ld to an
increase irwork functionof theETM to -4.2 eV, ideally suited tdyoththe perovskitework functionof -
3.9 eV and that of ITO44.4.eV).Modified devices demonstratdiCEs of 15.5%, primarilyowing to a
significant increase in fill factor (fro®3% in PFNOX device to 3% in PFNOX/ZnO devicejand shint

resistant.

Xue et alalsoattempted to employN in planar inverted devicdgHowever it was not found suitable
for interfacial modifications due to decomposition of the perovskite absorber by methanol, sineaPFN
deposited fronthis solvent ConsequentlyPFN was syntheticallymodified to producean IPAsoluble
PN4N, which was used as a cathode interlayer betwe®&CBM ETM and aluminium elecbde.
Introduction of PN4N ledo an enhancement of PCE from 12.4%4 %500%,due toa significant increase
in fill factor (from 62.5% to 72.5%f The authors suggested theduced leakage at theodifiedcathode

interface was major reason fotheimprovemenin fill factor.
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Another example employingn aminafunctionalisedpolymer consisting of fluore and naphthehe
diimide units PFN-2TNDI) achieveda PCE of 16.7%with Jsc of 21.9 mA cn¥, Voc of 0.98V and FF

of 78%)in conventional planar deviceompared to that with PCBRsanETM of 12.9%%° PFN-2TNDI

has aLUMO level of-3.84 eV, closely matching the conductive banthefperovskite {3.8 eV), andca

deep HOMOIevel of -5.58 eV, sufficient foigood hole-blocking performancelhe authors statkthat

the amino group of the polymer hadstrong passivation effect, reducing the trap states at the inferface
since devices with polymex withoutamino groups FF-2TNDI) did not demonstrata pronainced

photovoltaic effect (Fig.15.

FIGURE 15. (a) JV curves for the begterforming solar ells with PFN-2TNDI, PR2TNDI (its
analoguewithout amine groupsand PCBM a&£TMs. (b)Schematic illustration of the potential surface
defect sites of perovskite and the passivation effect of the amine grddg@stedfrom [89] with

permission fronThe Royal Society of Chemistry

Electrondeficient naphthalene diimid@DI) units have beerincorporated into a polymdNDI20D-
T2), which was employedt 10% ratio together with PCBM as BfM.®2 The main idea was tachieve
ahomogeneous thin filay systematicallyaryingthe thickness of the filmgy changing the spin speed)
or contents bthe layer This combinatiorof polymer andPCBMindeed resulted in a significant increase
in external quantum efficienggompared to those witinly PCBM. Incorporation ofblended &yer also
helped to decreasmpped statedgading to mosthpimolealar recombination) as observed fra oc-

light intensity plot. Converselyin PCBM-containing devicesecombination predominantly occurred
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