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ABSTRACT

Solar cells, which harvestrenewablesolar energy vidghe photovoltaic(PV) effect, have been
consideredasone of the cleanest and most promisiaghnologis to addresghe press energy
crisis and environmental issués.order tomakesolar cel the feasible and best replacement of
fossil fuels the concept ofthe third-generation P\Wevicesbased onnorganicnanomateria,
dye molecules, conjugated polymensd perovskitenateriak was proposetb largely decrease
the cost ofthe solar cell devices, at the same time maintaining comparable or even achieving
higher power conversion &fency (PCE) compared to that of thgisting onesAdditionally,
luminescent solar concentrago(LSCs), which converta wide range of photons into
concentrated light in a specific rangae another potential approach aehieve thse goals by
reducing the use of expensi?/ materials In principle,the development oboth PV and LSC
devicesdepend on the material chemistry and device engineerimdhich are thetwo main
directions tooptimise the performance of theselar technologies In this thesis, the work
performed focusson the synthesis ofiear infrared (NIRpbsorbingguantum dots (QDs}heir
characterizationsand solarelated applications as well asmorphology optimisation of the

photaactive film of polymer solar cellsRSC3$, leadingto enhanced PCE arsfabilities

In the first partwe successfullysynthesizedhigh-quality NIR PbS QDs irvery small size using
PbCL and elemental sulfur (S) as lead and sulfur precursor, respectiwelyntroducing
tributylphosphine (TBP)nto the reactionThis route ismu ¢ h i gandfacile @ compared

to the glove-box-involved method using toxic bis(trimethylsilyl)sulfide as sulfur precursor.
Afterwards,the synthesignechanism of very small Giand thé optical propertiesmorphology,
dispersity, surface propertiaadLSC application were systematicaitwestigatedin detail this
work can be dividethto threesectiongI-11l) : two sections are related to the PbS QDs synthesis,
and thdast section is abowSC application based on these synthesized.QDs

| n s ect i-oeyhamine OLA)Iscadutio was mixed with different contents of TBP prior to
its injectioninto the preheated PbGIOLA solution. For the TBPfree reaction, the shortest
absorption wavelength of synthesized PbS Qs limited to ~1056 nmWith increasng the
TBP contentto 40 L, the firstexcitonic absorptionpeak of obtained PbS QDe¢as gradually
blue-shifted to~705 nm due tothe decreased QD sizEeurther increasing the contents of TBP,



no QDscould be collectedThe key factor leading to thaue-shifted firstexcitonic absorption
peakand final disappearancef QDs with increasingTBP contentis the formation of strong
bond betweenS andTBP. The STBP could have participadeinto the QD growth process,
which preventedhe QDs further growing to larger sizeith TBP asa type ofrigid ligands on
the surfaceHowever, the stable-5BP itself was not able tstart the nucleation reactiamth
the lead precursor, then fi to form the QD oncethe SOLA concentration was below
critical point In addition to decreagg the size of QI, as extra ligands locatedtthe S site®n
the QD surface(ratherthanon the Pb siteas OLA ligands), TBP couldhange the&QD surface
composition, morphology amdispersity, and benefit itsptical propertiesin brief, TBP-assisted
synthesis ofPbS QDs show/narrow QD size distributions without an®)D aggregation and
demonstratehigh photoluminescent quantum yielgl{ QY) in the range of 600%, depending
on the QD sizeAll of these resultsinderlinethat this route is convenient for synthesishigfh+

quality PbS QDsn very small size

Di fferent f r onatwobteptinjeaidnsyrdhesisit 9 oinnt roduc dar i n
instancelarge amounts of BP were first injected intahe preheated lead precursimtiowed by

the sulfur precursor solution. Based on this synth#sesirst-excitonic peak of the PbS QDs can
be largely extended to 8@ nm (corresponding to diameter ~2.5 nag compared to that of the
TBP-free reactionThe resultedPbS QDs show excellent dispersity without any aggregaiioh
high PL QY around 80%Moreover the TBP chemical was resled to assist the transformation

of PbCh-OLA into more reactive Pb(OH)CI, that can directly participate into the nucleation
process, yielding ultrasmall PbS QDsindicates thaPb(OH)Clcan be potentially applietbr

synthesis of other leadolased small size Qs a new precursor

| n s e c LSCodevices ,using PbS arRbS/CdSQDs as the phosphowere fabricated,
respectively,andtheir performancef concentrating thevide rangeof photons intoa specific
rangeof light wasalso testedThe high performancis mainly attributedto their high PL QY,
wide separation of absorption and PL spectrum goad photo stability. Clearly, ultrasmall PbS
QDs are promising for LSC applicatioMore specifically the LSC deviceshowed optical
efficiency around 1.2% at a geometric factor of 50 (10 cm in lermth)sing the 2.5 nm QDs
with a 0.1 nm CdS shelwhich is recorehigh compared to other Qbased LSCsThe devices
usingpure PbS QDand PbS/Cd®)Ds with thick shell werealso fabricated and tested, and all



of them showed promising results. Over #fiese results confirmed the high quality of our
synthesized QDs vid@BP involved synthetic route, which romising for largearealLSCs

application and has high potential fotherNIR-related applications.

In the second partye focused on improving thair-stability of the PSCsusing the blend of
Poly(3-hexylthiophene,5diyl) (P3HT) and phenyC -butyric acid methyl ester (PCBM) as
the research systento do so,the inorganic NIR QDs were selected as stabilizer, which
extended the photoresponse of the devicth¢éd\IR rangein the same timeConsidering the
energy level alignment of P3HT and PCBRbS QDs samplwith an averageliameterof ~3.3

nm was preferred, whichcan facilitatethe charge transfer processes in the deWwtareover,
furthersurfacetreatmentof QDs were performebeforeapplying them folPV applicationFirst,

a thin CdS shell (0.1 nm) on the surfacdfbSQDs was formedby cationexchange reaction. It
can significantly improve the astability of QDs as well as their thermand photestability,
without blocking charge carrier transpdBecond, large amouwswf insulaing, longchainoleic
acid ligands (OA) on the QD surface were replacely shortinorganic CI" via metal halide
treatment. The atomi€l ligands can formad e n s e i | iog then sirface lardIrdaah the
mid-gap trap statesyhi ch can ot the lngehaiM ii gwaendl shy due to t he
Therefore,the QD stability can be further enhancadd the density of trap states can be
effectively reducedwhich makes these ligandexchanged)Ds suitable for PV applicatioft is
worth mentioning that theurfaceligand manipulation also affected the morphology of the
P3HT:RCBM:QDs film, which played a significant role in device stabilis evidenced by the
images obtainedfrom atomic force microscopgAFM) measuremestthe QDs with Clligands
formed continuoug)D-networks in the P3HT:PCBMiIm, whereas QDs withut CI" ligands
were homogeneously distributed in the filmportantly, PSCs device based on the fivith the
unusual QbBnetworks showed excellent lottgrm stability under relative high humidity a{60-
60%), while accomplishing over 3% of PCE simultaneously. After 30 days storage without any
encapsulation, around 918bthe pristine PCE can be retainedvéisa remarkable improvement
ascompred to that of the devices based on pure P3HT:PCBM(#ib3%) We verfied that
such improvement waattributed to thgreventionof PCBM aggregation and oxidation of the
thiophene ring in P3HTFurthermore, the presence of @Btworksefficiently improved the
thermal stability of the device as well by suppiegghe thermal stress/oxidation under relative

high humidity air.Around 60% of pristine PCE was retained after 12 h thermal treatment at



85 €, which wasmore than twice higher than that of the device without QD netwdikshe

best of our knowledge, it work represents the first unambiguous demonstration of the
formation of QD networks in the photoactive layer and of their important contribution to stability
of PSCs. This strategy is highly promising for other fullerene based PSCs, and opens a new

averue towards achieving PSCs with high PCE and excellent stability.

The third partwasfocused ormorphologymanipulationof the P3HT:PCBM blendn order to
improvethe PCE of the PSC%he key point is to control thmobility of the film components in
the fabrication processTo do s@ butylamine was introduced as an additiveto the
P3HT:PCBM solutiorwith dichlorobenzene ae solvent.It was confirmed that PCBMas a
higher solubility than P3HT in butylaminés a resultof different solubilities the addition of
butylamine improvd the accumulation of PSHBndPCBM at the tomandbottom of the blend
film, respectivelyleadingto a P3HFenriched top surface and buried abundance of PGBM
evidenced bythe resultsfrom AFM and Xray photoelectron spectroscopiaracterizations
Then, solar cell devicesvith the configuration of ITO/ZnO/P3HT:PCBM/MafA\g were
fabricated to evaluate the effect ofesulted morphology changeby butylamine on the
performance of devic&he butylamine affected device showed largely enhanced fill féetar
~70%) and PCE (~4.03%gtompared tothe standard devigewhich can be attributed to the
improved charge transport in tiRSHT:PCBM film and enhanced electrode selectivifyhe
formationof such morphology offera possibilityto furtheroptimizethe thickness of the active
layer in order to absorb more lightvithout prohibiting charge transpoih other word, it is
possible to further enhance the PCE by increasing the-ahauit current (Js9 without
significantly sacrificing the FF, ithe samereferable bicontinuous interpenetrating morphology
canalsobeachievedn a thicler film. Therefore we further fabricatedevices based on thiek
P3HT:PCBM film by doubling the conceation of precursorsolution. The results from the
currentvoltagemeasurement indicate thaf of ~63%wasobtainedfor the butylaminenvolved
device which is even higher than that of the standard device basedlatinelythin film. In the
same time, thesdwasalsolargely enhaned due to théncreased thickness difie active layer,
leadingto a high PCEof 4.61% among the best efficiencies of P3HT:PCislsed devices
Over all, these results well confirmétatbutylamine as an additive can effectively improve the

performance of P3HT:PCBM device. Besidiédias theadvantage of free of malodorousess



and halogenions compared to commonly applied alkane dithiols and hal@gktitives, which

makes it promising fiothe usén large scale fabrication &#SCs in the future.
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CHAPTER 1 INTRODUCTION

Nowadayshuman beindias becomenoreand moredependent on electricithat makes our life
convenent and comfortableAs a consequencehd electricity consumptiom the world has
increasedapidly. For instancean increment 060.96 (13,174 to 21,19TeraWatt Hour) from
the year 200@0 2016 wasrepored[1] However,the electricity generatiois mainly relying on
the use of fossil fuels such as coal, natura) gi@sin addition tofinite reserves, lrning of fossil
fuels is associated witlthe emission of2O, and SQ into the atmosphere, resultimg global
warming andacid rain.Therefore it is emergent talevelopclean and sustainable resouress
alternative Among various types ofenewable energy sourcesu¢h assolar energy wind,
biomass geoelectric etc), the solar energyith advantages oinfinite abundanceand easy
utilization is most attractive In additionto beingc o mmonl y used i n human
everywhere for heatinglrying and so onfor a long history, the solanergybecomes a popular
energy source foenduse electricityconversion by a designed deviasalled a solar cell It
represents one of the most effectigleap, clean and renewaklays to supply the electricityn
the future which hasattraced manyattentionsn researctand real applicationg.or decadegshe
electricity supply from solar energyonversionis graduallygrowing year by yeals evidenced
by increased solar panel installations (Figure 10k).the other handhe cost ofphotovoltaics
(PV) electricity dramatically decreased from $101.5 per watt in 1975 to $0.61 in[Z|015
However, nore work should be devoted tamprove solar technologiesn terms of higher

efficiency, betterstability and lover cost

Price of a solar panel per watt Global solar panel installations
w w
$120 $101.05 64,892 MW 70.000

100 60,000
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80
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30,000
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0 0
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Figure 1.1 Cumulative PV capacity in megawatts globally and trend of the price change ofa solar panel per
watt from 1975 to 2015 2]

1.1 Basic theory of solar cells

A solar cell is a device thatlirectly converts thesunlight into electrical energpy the
photovoltaic effectThis efect wasdiscovered bydmond Becquerel in 1838ut the firstreal

solar cell on this basiswas only created50 years latetby Charles Frittsin 1883[3] It is
composedof a selenium film togetr with a thin layer of goldAu). In this structure, the
combination of selenium amilu forms a Schottky contact which is known as a potential barrier

at the metabemiconductor contact due to the difference of their Fermi energy and has rectifying
characteristicssuitable for solar cell applicatioBriefly, the semiconductor seleniuservesasa
photo-active materiglgenerating excitongelectronhole pairs)by absorbinghe sunlight The
formed builtin electric field due to th&chottkycontactbenefisthefie x ci t on separ at
electrontransporttowardsthe cathode while preventing the holkopping in the same direction.
Devices with sah working mechanism are calléthottky junction solar cell, whichis the
simplest PV deviceThe performance of this type of solar cells is limited due to serious
recombination ofphotogenerated charge carrietsecausethe minority carriersfrom the
illumination side (opposite to the Schottky junctiamusttravelthe entire semiconductor filto

reach the destination electrodg. To date,various advanced device architectures have been
developedto address the problenMost of theminvolve theuse of bothP-type and Ntype
materias, which form a PN junctionas the crucial part of the device.

Basically the P-N junction solar cels work in several steps: the active materialabsoris

photonsof the sunlightgener ati ng el ect r o rhebéxoitbnemopeaa thes ( e x ¢
interface betweerthe R and Ntype materialswhere a band offsetdrives the separation of

excitonsint o fr ee el e c ttheelecsonssanddholds atltertmnsported teathode

and anode of the cell r e s p e c atilastethege; charge carriecein be collectedy
electrodesand directed tohe outer circuit A solar cell device witmaximum light absorption

and minimal charge carrierrecombinationis thus largely pursued to achieve the best

performance.



Theelectronicbehavior of solar cedlcan be modeled bgn equivalent circuitomposedf some
discreteideal electrical componen{figure 1.2 (a)). According to the equivalent circui, solar
cell underillumination produces current)(equal to the sum of photgenerated current.{ and
the current(in a negative sign)passingthrough thediode (p) and shunt resistorl§y). The
performanceof a solar cellcan be characterized by curremitage measuremestand the
typical curve is shown in Figure 1.2 (lBxomthis curve, the power conversion efficiency (PCE)
of asolar cellcan bedetermined. It igiven by the equation: PCE {3V oc XFF XA) / Pincidens
where J.is shortcircuit currentdensity Vcis opencircuit voltage, FF is fill factor, A is device

area and R.gentiS the incident optical power.

Maximum Power

RS I ) Amps Point (MPP) Power
Short CIICUI‘l b e I-V Curve __Ap...
W_H Current (Isc) —» b ) .
a I R i, (P =VxI)
Ip Ish + e

wer (W)

- P-V Curve
I|_<1> RSH 4 ; |

Area = Vmp X Imp

0 Vmax
Vmg T Volts

Voltage (V)
Open Circuit
Voltage (Voc)

Figure 1.2 (a) The equivalent circuit of a solar cel] and (b) the typical I-V curve of a silicon solar cell (The
graphs were taken from internet: https://en.wikipedia.org/wiki/Theory_of solar_cells and

http://www.alternative -energy-tutorials.com/energy-articles/solar-cell-i-v-characteristic.html)
1.2 Overview of solar celldevelopment

Traditionally, solar celltechnologiexan beclassifiedinto three generation3he firstgeneration
solar cellamainlyincludewafer silicorbased (singlémulti-crystalline) silicon solar cells, which
are still dominating the market, due to their hRGE (typically: 1520%) and good stabilityas
well.[5-6] However,high energy consumption technology is necessaoptainpure, defecfree
silicon materialsleadng to thehigh cost ofSi solar celproduction.

As compared to the firgjenerationones the price of the secondgenerationsolar cel (also
called thin film solar ced) is relativelylower by avoiding use of silicon wafeNevertheless, the

PCEis also decreasedror example, thamorphous siliconCulnGaSe and CdTebased thin
3



film solar cellsshow typical PCE of 10-15% [7]. Further considering theihigh-energy
consumptiorfabrication there is scarce probability for the second generation solartadillly

replace the firsgeneratiorones

Based on the development wiaterial chemistryand device engineeringhe third-generation
solar cell was proposed one decade ago with the peigfesducing the cost and achieving high
PCE at the same timeThe third generation solar cell can ided into several categories
depending on theype of photoactive materia, such as dyegjuantum dat (QDs), conjugated
polymersand perovskits.[8-11] The active film ofall these materials can Habricaed by
solutionprocessabletechnique (e.g. roll-to-roll processetc), which is costeffective and
comfortable withlarge scaledevicefabrication Furthermore, théigh temperaturand vacum
treatment commonlyequiredin thefabrication of thdirst and secondeneration solar calican
be avoided, reducing the energy consumptiime performance of these solar cellasbeen
largely improved from the beginning present especially for their PCE with remarkable
improvement (Figure 1.3y mainly focusng on the optimization ofdevice configuration and
material innovation.Additionally, each of these solar cells h#seir own advantaged-or
example the three dimensiongBD) perovskite solar cellsinglejunction) showsthe best PCE
of ~22.1%[12] under 1 sun irradiatigrwhereaghe QD-based device shanbetterair stability
and reasonablhigh PCE (11.8%)[13] at the same timeOver all, thereas still large space for
these types of solar cells tmprove theiroverall performanceand reduce the cost with the
purpose ofealzing widespreadpplication. More details about these types of solas w&lll be
introduced in the later section.
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Figure 1.3 Evolution of record PCE values of different generations of solar cells since 197&trieved from

https://www.nrel.gov/pv/assets/images/efficieneghart.png.
1.3 Classification of the third generation solar cells

1.3.1 Dye-sensitized solar cell§DSSCs)

In a representativdDSSC as illustrated in Figure 1.4[14], the anodeconsising of sintered
semiconducting namarticles(mainly TiO,) is deposited on a transparent conductive glass
monolayer of organic dgeservesas a photesensitizer and aredox couple such as 8%
dissolved inan organic solvent acts as electrolyte, whilatinum (Pt) serves aa counter
electrode and catalyst simultaneoudlinder working conditios photons excite the organic
dyes from their ground state to the excited statee excited electronsubsequentlinject into the
conduction band of Tig) and turn dyginto their oxidized form Oxidized dyes areregenerated
by acquiring electrosfrom I ions, which are convertedhto I3". Thesels ions diffuse toward the
Pt electrode and then they are reduced finlshing the circuit.
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Figure 1.4 Schematic diagramof a dye sensitized solar ce|tl4]

Compared to the silicebhased solacells, DSSG havethe advantagef the simple fabrication
and the use of lowcost materials.For instance, Ti@is a common material used in white
pigment paint, and there are versatile dyes available in n&tuaeldition,there are some more
merits as follow$14] light weight, good flexibility, different color options, short energy pay
back time (' 1 vy elght gonditionspetc kwhichgnake DSSE a pvomising
candidatdor the next generation solar celHowever,the utilization of liquid electrolyteauss
the stability issug For instance, it can leamb Pt electrode corrosion and desorption of dye
molecuks from the TiO, surface.15 Additionally, when they are operated atvery low
temperature, the electrolyte can be frozen, leadmgower cutting off and even physical
damageFuture workcan be progressed by takitige advantage of vast types ofedin nature,
investigating theandem solar cetionfigurationandsolid-stateelectrolytes

1.3.2 Quantum dot solar cells(QDSCs)

QDs are semiconductor nanocryssalwhose sizeis smaller than theBohr radius (distance

betweerthe electron and hole ian exciton)of the bulk material. As aonsequengexcitons are

6



squeezed in the nanocrystalsieto the quantum confinement effedtVith the development of
materiak chemistry many types of QDs have besgnthesizedsuch as - (CdSe, HgTe
Cd9[16-18], - (InP, InAs)19-2Q], - (Pbs, P oS @1;24], P-b-T ¢ )
(InCuS)[25], and 3~ 2 (CP,, ChAS,)[26-27] QDs These QDs havthe uniquesizetunable
optical propertie®ver thespectal range from visible to infrared.aking CdSe QDsBohr radius:
~5 nm) as amxample ther absorptioncan cover the fulvisible range whenther sizeis tuned
between about 2nd5 nm[28] For PbS QDs(Bohr radius: ~18 nm)the firstexatonic peak
rangng from ~480to 2100 nmhasbeen achievely tuning their sizérom ~1.5to 10 nm[21, 29
Therefore,it is promising to apply these QDs as tight absorbing materiain solar cells
especially thanear infraredNIR) QDs which areable to captur@hotons ina wider range than
that of visible one. Moreover the PbS and PbSe QDsave beerreportedto be capable of
generating multexcitons by absorbingingle solar photons with energy more than their band
gas.[23, 3632 They hold the possibility of breaking the Shockl®ueisser limit.

QDSCs can beclassified intoQD sensitized solar csl{QDSSCs) and solid state QDSC. Like
the DSSCsQDs arammobilizedon metal oxide €.g.: TiOy) film as sensitizersn QDSSCsThe
certified highest PCE othis type of solar cellreachedl11.61% by usinghe ZrHCuHnHSe
alloyed QD4d.33] Their excellent performance is derived from increased conduction band edge
and the supressed charge recombination at photoanode/electrolyte interfaces, redhitjimey
photocurrent and photeoltage asompared to that of the €n-Se QD based devid®.54% in

PCE) However,it is still achallenge to address te&bility issues of this type of solar c=}84]

The solid state QDSCFigure 1.5)hasa compactQD film, which is normally combined with
another layer of Mype materiad to form a heterojunctignconsidered as the efficient
configuration for electricity generatioAt the interfacea depleted region is responsible for the
exciton separation and charge transpdhie liquid electrolyte is not necessary for this type of
QDSC allowing them to work more safely and stablhe key factor of achieving good
performance is the fabrication of a dense QD film, which mainly relies on surface treatments of
the QDs via solution phase or solghase methodUntil now, the certified champion PCE
(11.28%) was achi el3evibredtontentaeerrevipwad in éhapteg2. o u p . |
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Figure 1.5Transmission electron microscopy(TEM ) images of(a) optimized nanowire networkdevice, and(b)

a planar device[35]
1.3.3 Perovskite solar cellfPVSCs)

PVSCis a rising star in the PV field owing to its boosted RG¥er 20%)in severalyears(from
2009 to present)in this field, he most commonly investigaed perovskite material have a
generalformula of ABX3 (Figure 1.6),where A represents a monovalent cation, B a divalent
cation and X a monovalent anioBepending on the radius of tlselectedccomponenions, the

crystal structure of the perovskiteaterialsvaries which can beestimated by calculatinthe

Goldschmidt tolerance factdt), 0 _— whereRa, Rs andRy is the radius of A, B and

X ions, respectively36] As reportedacubi ¢ structure was for med
hexagonal/tetragonal or orthorhombic/rhombohestraicturescan be formed witht > 1 or 0.71

O t ,Qespéctively37-38 Also, the optoelectrical properties of the perovskite materials
changeby varyingtheir compositionsFor examplethe CH3;NH3Pbk perovskite materialb@nd

gap 1.55 eV) has the photesponse limited 0800nm while it decreases 6550 nmwhen!

ionsare fully replaced by B{(CH;NH3PbBr, bandgap 2.2eV).
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Figure 1.6 The perovskite crystal structure with the general form ABX;, in which A is confined within a cage
determined by the octahedral coordination of B with X' anions. The sizes of the spheres are given by the
ionic radii of CH3NH?*, Pb?*, and I'. The most common cations and anions that have been used in each

position within the 3D halide perovskites are listed39]

Compared to other typeg the third-generation solar dsl| the excitons generated in perovskite
material layer have loosely bonded enebgiween electranand hols, which facilitates the
separation of electrehole pairs into free chargeat the cost of a minimal driving force
Therefore it allows the fabgation of a thick layer of perovskite matesiab fully utilize the
photons and avoid recombinatiahthe same timeAs a matter of fact, the photocurrent over 20
mA cm? hasbeen reported for the 3D PVSCs, amaertifiedhigh PCEof 22.1% has been
achieved closto the theoretical value for singjenction device (26 - 27%)[40-41], by combing

with other efforts on the optirsation of device configuratiomterface effegtetc[11]

Although a high-PCE record was achieved ByWWSC devices, the reproducibility of perovskite
film in high quality (pinholefree, large crystal grains and roubrderfree) needsto be
addressedAdditionally, it is still challengng to fabricate high performance dewge large area,
and the high performance devibased or8D perovskite materialss commonlysensitive toO,
andhumidity, leadingto rapid degradationnf PCE.The future directionof PVSCs research can
be focused on the stability of the PVSCs



1.3.4 Polymer solar cells (PSCs)

With the potentialadvantages of abundant materialyieonment benignlight weight andgood
flexibility, PSCbecomesone of the bestandidates for the nexfeneration solar call Unlike
inorganic materialsthe charge mobility of organic materials is rather low (V')
because the intenolecular charge transportdsficult.[42] It means thaa limited thickness of
theactivefilm is allowed tousein PSG to avoid serious charge recombinatiéortunatelythe
organicchromophoresaverelatively high absorption coefficient, which allovasvery thin layer
(<1007 200 nm) ofsemiconductor materials to capture most of the photeitisin their
absorption rangegd.0] Additionally, due to thdow dielectric constant of organic materiaise
binding energ of electronhole pairs is rathehigh (0.37 1 eV), resultingin short lifetime of
these excitonp43] Therefore,a typical PSChas the active film composenf a mixture of
electron donor (conjugated polymer) and accefdoch as fullerene derivatiyesvhich enables
the excitongto reach the donor/accept@/A) interface in a short distander charge carrier
separationwithout necessarilyacrifidng the thckness ofthe photeactive layer Afterwards
the band offseat the donor and acceptorterfacedrives theelectronhole pair toseparatento
free charges to be transportedréspectiveelectrodesin the bulk film, the conjugated polymer
and fullerene derivativaperform as the hole and electron transport material, respectively.

There are two types dhe configuration ofPSCs conventional and inverted structurien
conventional PSCslemonstratedn Figure 17 (a), the generated free electrons/holasthe
active film are direced to the Al cathodeand indium tin oxide (TO) anode respectively.
However, he highly acidic poly(3,4ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PS$% as a holdransport layeis detrimental to the ITO electrode aisdhydrophilic.
Additionally, the Al electrodeis air sensitive, which can be easily oxidiféd} All of these
aspectganleadto the performance degradation of PS&s.for inverted PSCs (Figure7l(b)),
the natural of charge collection is reversadg atthe same time the PEDOT:PSS hole transport
material and Al electrode are replaced by Ma@d Ag, respectivelyln this case, the stability of
PSCs is largely improvedhe futurework can be focused cime stability of the active layerby
avoiding the aggregation of PCBM arntle degradation of polymersjew polymer materias
designto extend the photoesponse range arichprove their HO/O, sensitivity and green
solvent development.
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Figure 1.7 Conventional (a) and inverted (b) structure of polymer solar cells
1.3.5 Hybrid solar cells (HySCs)

A PV devicebased orthe combination oforganicconjugated polymer andorganicQDs as the

active layer can be callddySC. Considering the properties of tivevolved active materials,a

device based orhis concepis expected to have the advantagégood mechanical flexibility,

low specific weight, strong light absorptiorover a wide spectral range and excellent
photostability[45-46] In designng a HySC device, several aspects need to be taken into
considerationg]5]:  dhe surface ligands of the QDtbe asprepared QDs are normally capped

by insulaing, long-chain ligands, which stabilize the QDs suspeddn a solvent. These
insulaing ligands should be replaced by short oneseucethe interdot and @-organic
materialdistance, facilitating the charge transport)the morphology othe photeactivelayer,

which largely determines exciteseparation and chargeansport processeand thusdirectly
influence the performance of solar cell devices. Ideally, the interpeneteéiagon and hole
transportingphasesin the composite should be at the nanoscale to ensure thatliebdrt
excitons can efficiently reach th®/A interface before any considerable elecitorie
recombnation [45]; and ) the band alignment of QDand polymer.As for the exciton
dissociation in a binary system made of QDs and polymers, a type Il band alignment structure is
required. Following charge separation, the QD is usually used to transport electrons, and the
polymer holes due to thts higher hole mobity. Thus, their band structures should be aligned in
such a way to favor the transfer of photogenerated electrons from polymers to QDs and the
transfer of photogenerated holes from NIR QDs to polyi#ss Figure 1.8 shows the band
alignment of some popular polymerdaPbS QDs with different sifd7].
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Figure 1.8 Energy levels of PbSQDs according to their diameter and LUMO/HOMO values of conjugated
polymers widely used as electron donors in polymer BHJ solar cells. PBDTFTCF is poly[4,8bis-
substitutedbenzo [1,2b:4,5-b0]dithiophene-2,6-diyl -alt-4-substituted-thieno [3,4b]thiophene-2,6-diyl],
PCDTBT is poy[N-90-hepta-decany}2,7-carbazolealt-5,5(40,70di-2-thienyl-20,10,30benzothiadiazole)],
and PBSDTBT is poly[9,9dioctyl-2,7-dibenzosiloleco-alt-5,5(40,70di-2-thienyl-20,10,30
benzothiadiazole)][47]

Over all,the HYSCs still suffer fromlow PCEs as compared to the other thiggneration solar
cells.However, the discovery athargetransferringfromt h e  Tfirplatigdne@rated in organic
semiconductor pentacene and tetracerfebt® and PbSQDs would stimulate more interests on
the hybrid system48-49]

1.4 Luminescent solar concentrators (LSCs)

LSCs aredevices thatareable to convert photons over a wide range of the solar spectrum into
concentrated light in a specific rang&hey mainly consistof a fluorophore as light
absorber/emitter anal polymer matrixactingas the wavguideof reemitted photon<Compared

to the PVdevices, the LSCsan be produced ilow cost considering thegonstituentmaterials

and fabrication procesdt enables the largscale implementation of solar technologieg
combining the cheap.SC devicein largearea with expensivd®’V device in small area.
Therefore,the total cost of the solar technologies carrdmicel without decreasing the PCE
Based orthis conceptthe LSC devicavith a bigarea oftop surface andmall side edgshould

be fabricatedFigure1.9) to maximize the light absorption and output.
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Figure 1.9 Configuration of LSC devices, retrieved from https://www.spie.org/.

In a LSC device the fluorophore matial is the most crucialactor of determiningthe device
performance From early stage tgresent, someorganic dyesinclude rhodaminegs0-51],
coumarings?], cyanines3] andperylenebismides derivatiiégl-55] etc have been commonly
applied in LSC applicationThesedyeshaveemissionwavelengthgsnainly in the visible range

and show highphotoluminescence quantum yielBL( QY) in solution. However, there are
serious reabsorptions in dpased LSC devices, due to the large overlap between their
absorption and emissi@pectra Additiondly, the PL QY of dyessignificantly decreaseshen

they are immobilized in the polymer matrices.

Inorganic QDs witlthe advantages d¢figh PL QY,wide-rangeof sizetunable optical properties

and good chemicdphotostabilityare promising foL.SC applicationTakingthe PbS QB as an
example, PL QY up to 90% has been achievbdn the diameter of QDwas decreased to ~3.0

nm [21]. Moreover, metal ion doping and shell coating have been reported as the effective
strategies to separate the absorption and emission spectrum of QDs. Depending on the QD types,
the resulted QDs by these treatments can retain reasonable high or even better RieyQY.
include Mndoped ZnSe, CdSe/CdBbS/CdS, Pb&PbSand so orj56-63]

1.5 Thesis Objectives and Organization

1.5.1 Objectives

P a r Ihvestigatons onQDs synthesis, characterization, mechanismsahalapplication
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PbS QDs are promising for various applicationsh@NIR range, de to th@ tunable optical
propertieswhich are mainly relying on the QD syntheséénong diversesynthetic routs the
methodbased on these of PbGland elemental S as the precurserafacie, saf e and g
way to synthesize high qualitypB QDsHowever,this methodhormallyyields QDs in a limited
absorption rangef 12031600 nm, corresponding to the siak4.2-6.4 nm[22] Although the
trioctylphosphing TOP) chemical as an additive has been employeextend thesize tunable
range ofQDs from this route the product yield of the reactiois limited[21] Additionally, ther
work wasmainly focused omsynthesimg largesize QDswith the firstexcitonic pealover 1600
nm, while it is still challenimg to synthesize very small PbS QD% we knowthe small QDs
normally have higher PL QY and optical constant, and better stability than largd bae=fore,
we aim torealize thesynthesis ofvery small PbS QDs videveloping aconvenientroute by
introducing a new additivim thereaction The surface propertiesf resultantQDs are examined
which are correlaed to their opticaproperties The reaction mechanism, scalp reaction and

QD application aréurthersystematicallynvestigated.
P a r Performance enhancement of PSCs

Although high PCE over 10%has been achieved for PS@®e investigations on devistability
and fAgr e gmocessable falericatiare limited, which impede the commercialization of
PSCs.To addresshe device stabilityissue two main factors should be taken into consideration
[4]: 1) chemicaldegradatios of polymer materials anclectrodeby reacting with @QH,O; 2)
physial degradationsdue tothe morphology change of the active layeBased on these
considerations, we aim improve the longerm and thermal stability of PSCs by involvitige
inorganic quantum dots into the active lagsra stabilizer of the filmandat the same timéo
scavengé),/H,O andprevent thenfrom attacking the polymer materidlhe Q/H,O sensitivity

of QDsthenselves and thmorphology effect are twaspectso be focusedh my thesisvork.

As for fi g r @recessing .the effect ofar el at i v e additivei an the raonpbology,
structure and performance are systematically investigated.norrhalogenated additive can be
potentially usedas a cesolvent togethewith t h greei polar solvents, which are normally
insoluble for fullerene derivative materialsr highperformance solar cell fabrication.

1.5.2 Thesis Organization
14



This thesis includefive chapters which are organized as follows:

Chapter 1 Introduction: This chapter briefly introduces the basic knowledge and development of

solar cells especially for théhird-generation solar cells

Chapter 2 Literature Reviewsynthesis andurface engineeringf NIR QDsand morphology

control of the active layer (#SCsarereviewed

Chapter 3 Experimental: The experimental chapter describes the details of materials synthesis,
such as Pb®D synthesized in different routésllowed by surface treatmentdditionally, the
LSC and solar cell device fabrications are also included. Finally, theaakrizatioa of

obtained materials, active film and devices are presented.

Chapter 4 Results:This chapter is divided into three parfhe first partdemonstrates theery
small PbS QDs synthesis via PpSl based route, for the firsme, by introducing
tributylphosphine TBP) into the reaction.Material characterizations, reaction mechanism,
reaction scakeip and materials application are also included. In the second\PRriQDs are
incorporatedinto the activefilm to improve thestablity of PSC based on P3HT:PCBM, and
simultaneously extend the phetesponse of device to the NIR rangée morphology effect on
the performance isalso discussed. The third pampresers the enhancementof device
perfaomancevia addition of butylamine in the blend solutiorhe effect of butylamine on the

nanoscale morphology and structure of film are investigated.

Chapter 5 Conclusion and Persgive: Main conclusions are presentedsed on the results and

analysis, and potentialork in this research directian the futures proposed.

In this thesis, most of thevork was completed by Long Tan, except for the LSC device
fabrication/characterization, Pb/S rateasuremenbf PbS QDs and thé&ourier transform
infrared spectroscopfFTIR) characterization of P3HT:PCBM blen@o be specificthe LSC
application of our synthesized QDs was conductedhyHaiguang zhao, Yufeng Zhou and
Danide Benettiin Prof. Federio R 0 s gyioupDr. Fugiang Ren and Fan Yang assishe on

the Pb/S ratio measurement and FTIR characterizaggpectively
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CHAPTER 2 LITERATURE REVIEW ON SYNTHESIS AND
SURFACE ENGINEERING OF NIR QDS, AND MORPHOLOGY
MANIPULATION OF ACTIVE LAYER OF PSCs

In this chapter, a literature survey synthesis and surface engineering of NIR @Dgresented.
The morphology manipulations of active layer of PSCs are also briefly summarized. Some

contents of this chapter were published in a review afticleur grap very recently§4]
2.1 Introduction

To date, substantial progress has been achieved for thegémedtation solar cellshanks to the
development of material chemistry and device engineeErgept for HySCsthe recorehigh

PCE for each type of the third-generation solar cells already reatine value ofthe
commercialization criterioffover 10%). For LSCs the development of material chemistry also
provides space to design novel devices with improved performance stability, expanded light
utilization range and tunable range of emission photons, than the widely reported device with
dyes asfluorophoes.[65-67] In other words the material chemistrand device engineering
played a significant role in determinirige development of solar technologjeshich arethus

two majorresearch directigto continuemprovethe performance of solar technoieg towards

actual application.

This chapters divided into three part$n the first partwe focus on introducing the hotjection
synthesis of NIR QDsyy which the optical properties the QDscan be conveniently tuned.
is closely related tahe light utilization anddevice design considag the band alignment of
different materials insolar cells Also, the synthesis methdakarssignificant meaningo the
quality of obtained QDswhich determines the final performance of desiceder operation
The second part reviethe effect of thesurface engineering of QDs time performance of solar
cells, whichmainly includes two sections: ligand exchange ahell coating.Their effects on
the properties of QB themselvesire also presentdd4]. In the last part of this chégr, we

summarize the ways of effectively controlling therphologyof the active film, and their
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effects on performance dPSCs.The following aspects are introducesolvent selection,

solvent/thermal annealingdditivemanipulationand interface effect
2.2 QD synthesisvia hot-injection method

The performanceof QD-based solar technologies is highly relying on the qualitB§, which
is represented btheir averagesize, PL QY size distributionmorphology etc[68] To the best
of our knowledge, theo-called hot-injection method is most populéor obtairing QDs with
tunable size, high PL QYharrow distributionand uniform shapeyhich is also more efficient
and has the advantage of lmest as compared to tiplysical synthesisoute[69] In brief, this
wet chemistrymethod involves the swift injection of or{er multiple) precursor solution to
another preheated precursor solutiohowed by rapid temperature decrea3de crucial point
to tailor the size of QDss to control the nucleation and growth processn the synthesisthe
nucleationoccus uponinjection oflarge amounts oprecursoy and both injection temperature
and precursorconcentrationplay a significant role inthis proces$70] With dramatic
temperature dropr precursor concentration below a ical point ideally the nucleation
completelystops, while the growth start§he growthprocess has been modeled based on the
two competing effects: focusing and defocuding.72] For the focusingeffect the QD growth
is diffusion controlledvith a constant number gfarticles during the process (theoreticallgnd
the growth rate of QDs is inversely proportional to tihadius Therefore, QDs with narrow size
distribution ca be obtainediia this effect, ifa secondry nucleation process can be awexd
Normally, this effect dominates the QD growth at ¢laely stage However the defocusing effect
well known asthe Ostwald ripening73] prevails once the average QD size exceedstical
point, meanwhilethe precursorconcentrations low. In this stage, the smaliparticlesare prone
to dissolve owing to their high chemical potential, whilie targer ones continue to groand
together theyeadto the decrease of particle numband size broadenind/ioreover, the QDs
can further grow to larger size by adding fresh precursor into the reaction. In this case, the
precursor concentration should be taken into consideration to thesize broadeningof QD

induced bythe secondry nucleation.

PbS QDs witha wide range of tunable optical propertiesthe NIR range are more stable than
other types of QDs such as PbSe, CdSe and CulnZnS &fdstheir synthesis hs been
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extensively studiedl'o date, lhere are two typical routes to synthed?4eS QDs based on the use
of different chemicals The first route can be callethe Hnes synthesis, which usePbO,
bis(trimethylsilylsulfide (TMS), oleic acid (OA) and octadecen®DE).[74] This method
typically resuls in PbS QDs withthe firstexcitonic peak between 825 to 1750 rigure
2.1(a)) corresponding to the diametsfr2.67 7.2 nm.By decreasing the lead to oleic acid ratio
and controlling the temperature of nucleation and growth pro€dsS, QDs with the first
excitonic peakvavelength as short @80 nm(Figure 2.1(b)were synthesized biy. Choiet al.
using the same methpdnhich is the smallest PbS QDs ever report2g.[The second route is
processed based dhe use ofPbCh, elemental sulfur and OLRKR2] As demonstrated by the
authors, the heterogeneous natwfaPbChL-OLA complex inthe eaction and the high ratio of
Pb:S prolong the focusing process, whphys a significant role in obtaining high qualjty
uniform PbS QDsCompared with thélinesynthes i s, t hi s route i s much
elemental S to replace toxic TM&lowever the QDs synthesized from this route hawe
narrower photaesponse rangel2001 1600 nm) due to the limited reactivity of elemental S
compared tothat of TMS. Although Moreelset al. further extendedhe tunable range of
absorption peak to 92b 2100 nm by introducing TOlh the reaction(Figure 2.1(c)) the
synthesisyield seemedo be low (207 30%)[21] In addition to these twaommonly used
routes, Hendrickset al. developeda new route to synthesize gramale PbS QDs recéyn{75]
They claimedhat the size and product yield of PbS QDs can be precisely controlleciby
the kinetics of precursor being convertedo the monomer. In this case, a full conversion of
precursos can be realized, rather than that in the above mentioned two rasthbdExcess Pb

precursorThe reported tunable absorptipaakfor this method isn the range 08507 1800 nm.

18



Q
1)

N
NS

600 1000 1400 1800

Absorbance (arb. units)
Absorbance

dliaayy
800 1200 1600 2000 2400

Wavelength (nm)

Abs. Intensity (a.u.) T
!
(‘n-e) Ayisuaju| 1d

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2.1 (a) Absorption spectra spanning the range of the tunable siz§g4] (b) Absorption and
photoluminescence spectra of ultrasmallPbS QDs dipersed in tetrachloroethyleng29] (c) Typical
absorbance spectra of Pb®)D suspensions. Full lines are Qs synthesized with TOP dotted lines without

TOP.[2]]
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2.3 Stabilities Related to Nearinfrared Quantum Dot -Based Solar Cells: The

Role of SurfaceEngineering
Long Tan, Pandeng Li, Baoquan Sun, Mohamed Chaker, and Dongling Ma
ACS Energy Lett. 22017) 1578J1585.

Owing to the small particle size of QDs, theurface area to volume ratio is much higtiem
that ofbulk materialswhich leadto differentproperties between surface and interior atdtris.
significant to understand and control the surface properties of QDs, wificence the

optoelectric properties of GDandthe performance aforrespondinglevices.

In this sectionthe surface engineering and its effect on the performance di&@&l solar cells
are reviewed and discussed. It is mainly focused on the NIR QDs such as PbS and PbSe.

In this review,| wrote thefirst draft of introduction,contents related to ligand engineering and
the perspectivesection with the first draft ofother parts (ink stability and core/shell QDs) being
written byPandeng Li
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ABSTRACT: As compared to the great effort made on improving the power conversion
efficiency of quantum dot (QD3%olar cells, investigations on relevant stability, regarded as
another crucial factor for their widespread implementation, are still limited. In this perspective,
we discuss the stability of QD solar cells from different aspects, all highly relying curtfaece
chemistry of QDs. Specifically, three types of stabilities, closely relevant to the realization of the
actual application of QD solar cells, are presented: dpricessability, which allows QDs to be
processed in air with high battb-batch repoducibility; ii) long-term stability of QD solar cells,
directly related to their performance degradation in the long run; and iii) QD ink stability that is
concerned with the storage lifetime of QDs in solution and is compatible witkkdetasolution
processing techniques. Both air processability and excellent QD ink stability are critical for

achieving the desired lowost, largescale rolito-toll manufacturing of solar cells.

TOC GRAPHICS

Harvesting solar energy via the photovoltaics (PV) effestlheen considered to be one of the
cleanest and most promising ways in addressing both the energy crisis and environmental issues.
In order to significantly increase the use of solar electricity globally, the concept of third
generation solar cells, based the vast experience achieved on the first and second generations,
was proposed about more than one decade ago, with the purpose of reducing cost yet achieving
high power conversion efficiency (PCE), two most important ones among all the factors being

considered for solar cells. In this research stream, quantum dotl&¥eyl solar cells have
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attracted extensive research intesemtd their different configurations have been expldied.

QDs are semiconductor nanocrysthiat are smaller than the Bohdiiasuch as 8 nm in bulk

lead sulfide (PbS) and ~5 nm in bulk cadmium selenide (CdSe), to exhibit the quantum
confinement effect. As a result, they show unique-gin@ble absorption anenergy levels

which allows tuning of charge transfer at inteda and realization of better energy level
matching between donor and acceptor materials as well as better spectral matching to the solar
spectrum Both of them arerucial to improve the performance of solar €&ff They also hold

huge potential of mtiple exciton generation from single absorbed photéh%.Quantum
efficienciesover 100% at certain wavelengths have recently been achieved by harnessing this
exceptional featur& Also importantly, owing to their small sizes, the surface area to volume
ratio of QDs is much higheathan that of bulk materials, with a significant portion of atoms
situated on the surface of QDs. On one hand, the presence ofcooddinated atoms with
dangling bonds on the QD surface leads to high chemical reactivity and a large number of trap
states, which can cause instability and poor performance of QD solar cells. The effects can be
twofold. On the other hand, owing to the high surface area toneohatio, the surface of QDs

plays a dominant role in various physical and chemical processes, which offers a large latitude
for dramatically improving and tuning their properties via surface enginegrihgs a matter of

fact, largely benefiting from wsface engineering, considered as one of the most effective
strategies, the PCE of Qased solar cells has significantly enhanced from less than 1% to over
119%.'%%! Nevertheless, in a clear contrast to the rgmidgressin PCE, only quite limited
invedigations on the stability issue, encountered during the solar cell fabrication process or
observed in the performance degradation of QD solar cells, have been conducted, which clearly

requires more intense attention.

Moving forward on the way towards treectual applications of QD solar cells, it is time to
examine the stability issue seriously and improve the stability as much as possible by taking
advantage of recently developed effective strategies from synthesis to surface engineering and of
advances otheoretical calculations as well as by using a variety of characterization tools. Three
important types of stabilities should be taken into consideration: air processability allowing
simple and reproducible fabrication of solar cells in air; ftargn stdility of QD solar cells that

determines device lifetime; armblloidal QD ink stability enabling facile and low cost solution
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processing. Both air processability and ink stability are closely related to thestaigerolto-

roll (RTR) manufacturing press and thus directly affect the cost of -Qé¥ed solar cell
technology. Certain challenges need to be addressed in order to meet the requirements of these
stabilities. They include, for example, the degradation of QDs with time owing to their
interactiors with oxygen/moisture, especially under extended illuminafidxs a consequence,

the exciton generation/charge transfer in the QD layer and the exciton separation/charge
collection at the interfaces of the QD layer and other materials can be detdriavateh
accounts for thelevicelong-term instability. The wayto obtain highly stable QD ink which has

long shelf life and can be fabricated into the ultimate, functional QD film in a single film
deposition step without involving sotstate ligand exchmge that is incompatible with the large

scale fabrication, deserves more-depth investigations. Although for losigrm colloidal
stability, long alkyl chain organic ligands usually behave beliierto theirsteric effect, shorter

and conductive ligandsre absolutely preferred in light of the excellent performance of QD solar

Ce”S.]'G'ZO'ZSZS

All these stabilities are closely related to the surface chemistry of QDs and thus can be tuned by
surface engineering. For instance, the interactions of QD suvféb ligands can be varied,
depending on QD sizes, the nature and length of ligagtds, resulting in different surface
coverage and binding strength of ligati&2’In a different vein, forming an epitaxial, robust
inorganic shell around QDs to talin the secalled core/shell QDs also permits the manipulation

of the QD surface. All these factors can affect the reactivity of QDs with the external
environment and thereby their stability. They also influence the distribution of defects and trap
statesthe presence of which in most of the circumstances is believed to cause the recombination
of photogenerated charge carriers, being considered as the main obstacle for achieving a high
PCE. In this perspective, we start with elaborating the surface dmnerfsQDs from two
entangled aspects, the surface structure of QDs themselves and the passivation layer comprising
ligands or a robust inorganic shell. We explain how the surface chemistry is related to the
stability and solar cell performance. We thertraduce some recent advances in air
processability, longerm QD solar cell stability an@D inks by using certain examples. Finally,
promising research topics in this research theme are proposed. We would like to point out that in

this perspective, we fos most of our discussions on PbS and lead selenide (PbSe) QDs, which
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represent two types of the most prominent near infrared (NIR) QDs being investigated, and their

solar cells involving a photoactive, compact layer of QDs.

General remarks on QD surface hemistry and its effects on solar cell performance
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Figure 1 (a) Pb/S ratio of octahedral and cuboctahedral PbS QD models as a function of diameter (D),
compared with the XPS data. (112p nl 'y oct ahedr al QDs show a devi3ati on
nm. Proposed QD models are shown in the inset data, marked with blue circle. Reprinted from ref 27.
Copyright 2013 American Chemical Society (b) Calculated atomic structure of a 5nm-diameter PbS QDs
passivated with OA and OH' (red) ligands. Reprintedfrom ref 31. Copyright 2014 American Association for

the Advancement of ScienceSchematic illustration of oxidation for large (c) and small (d) PbS QDs. Large

PbS QDs are faceted and small ones are spherical. The red spheres, yellow spheres, and cyas aad
dedicated to sulfur atoms, lead atoms in PbS QDs, and surface ligands, respectively. (c) and (d) reprinted

from ref 43. Copyright 2010 American Chemical Society

The significance of surface chemistry increases with the drastically increasing dartadé&

atom ratio. Taking the welltudied CdSe material as an example, a 1.2 nm nanocrystal will have
88% of surface atoms, and an 8.5 nm crystal consists of 20% atoms on surface. Additionally, the
surface atoms are more unstable compared to the butksatltogether make it possible to

precisely manipulate the properties of nanostructures via surface chemistry. Forh@®Ds, t
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surface chemistry is fundamentally important for various properties. It can involve two major
aspects. One aspect is related te #tructure and atomic arrangement of the surface of QDs
themselvesThe otherone ispassivation layer since in most of the cases the surface of QDs is
capped by other molecules or materf8€ The surface structure, enriched with dangling bonds,
edges corner sites and facets, is complicated and even dynamic (varying with the surrounding
environment), and thus hard to analyze and quantitatively describe. The presence of dangling
bonds causes the colloidal and chemical instability of QDs alsoassociated with charge
carrier traps and midap states, which explaitisatsurface passivatiois indispensable faQDs
application® Depending on the methods of preparation, exact synthesis parameters, and their
sizes, QDs cadisplaydifferent facetexhibiting different patterns of surface atoms. Specifically

for lead chalcogenide QDs, they are prone to exposingpotam (100) and polar (111)
facets?”**3!with the latter having higher surface energy and thus higher chemical reactivity if
not passiated?’*? The atomic arrangements on these two sets of facets are distinctly different,
the (100) facet being stoichiometric, while the (111) facet being lead rich. Related to these
arrangements, the ligand passivation can be different, determined fagesatordigand
interactions. Altogether, they suggest that lead chalcogenide d@pky different chemical
reactivity, thereby different resistance to oxidative degradatworrelated withthe nature of
exposed facets. Also due to the possibility ofihg different facets and stoichiometvgriation

on the exterior of the QDs, the overall composition of binary QDs can be diffdreese
differences can be measured by chemical analysis tools, suchX-#gy photoelectron
spectroscopy (XPS)t was found that the Pb/S ratio of oleic acid (OA) capped PbS QDs,
determined by XPS, varied significantly from ~1.1 to 2.8 when QD diameter altered from 7.5 to
1.5 nm Eigure 1a).2” By correlating experimental results with density functional theory (DFT)
calculationones, the authors proposed that small PbS QDs tendeghibit more (111) facets

than larger onedn addition,PbS QDs with a diameter less than 4 nm exhibited only the (111)
facets on the external surface. Although the (111) facet ispas8ivated bDA, the (100) facet

is not, which adds another variable in terms of surface propertieglg combined
experimental/theoretical approaches, it was found that depending on the synthesis method, the
OH and Clions can be present with organic ligands aa thll) facet and stabilize Eigure

1b as one examplé} With all the different surface features, it can be understood that the QDs

with different sizes can have quitarious stabilities. Such interesting findings reveal the
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complexity of the surfacef tiny QDs and also underline the importance of combining empirical

and theoretical approaches in probing and understanding the QD surface.

High quality NIR QDs, mostly synthesized from wet chemical approach, are almost exclusively
covered by longhain igandsasa passivation layer. These ligands serve as stabilizers, rendering
QDs colloidal stability in solution so as to avoid their agglomerafidn. addition, because
ligands passivate QD surface atoamsl removealangling bonds, they can decreasedhemical
reactivity of QDs and increase their resistance against the chemical attack by the surrounding
environment.**Depending on the size and nature of ligands, their surface coverage on QDs and
binding affinity to QDs are different, which directlyatulate QD propertie¥:** In general,
smaller and shorter ligands can pack more densely on the QD surface. For instance, n
alkylthiolate ligands pack two times denser on the CdSe QD surface than that of bulky tert
butylthiolate ligands at assumed fullvewage®>* On the other hand, strong binding ligands
allow higher coverage density being retained after solvent treatment in fabrication process and
increase the Ainertnesso of QDs to the surrolt
OA has higherbinding affinity than oleylamine (OLA) and binds stronger than Ci"3* In
principle, the denser and tightieinding the passivation layer is, the more stable the QDs will be.

The surface chemistry of QDs themselves and ligand arrangement in the passivation layer cannot
be separated; they are entangled. For instance, the strong interaction of ligands with atoms on the
QD surface can affect the w&D surface atoms are arranged’ Conversely, the QD surface
can dictate ligand arrangement. Different ratios of surface atoms lead to different ligand
coverage because usually one type of ligand can only bind with one type of surface atoms (for
example OA only binds with Pb sitequt not S sitesy.In addition, it is found that the radius of
nanoparticles curvature highly depends on their size, which directly and appreciably influences
the surface coverage of molecuf&d’ The surface density of molecules tends to be higher for
smaller nanoparticles and the trend holds true until the nanoparticle size approaches a critical
value, after which the surface coverage remains nearly constant. Although detailed investigations
on thispointhave not been reported for lead chalcogenide, @xsreasonable to expect that the
QD surface curvature will also affect the accessibility of ligands to QDs and therefore their
coverage density on the QD surface, especially for larger size ligands. As for the chemical nature
of the interactions betvem the QD surface and ligands, Owetnal. proposed three classes of
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metatligand interactions, itype, Xtype and Zype, adapted from the classical concept
developed originally for metal coordination complexes. Readers are referred to references for
more details?*** Determining the exact and complete picture of the QD surface and the ligand
layer is a tough task, which however can help to elucidate observed optical and electrical

properties (for example, exciton dynamics) and ultimate device perforiffance

With such basic understanding, there is no surprise that multiple aspects demand attention when
the QD stability issue is approached. QDs degradation starts from their surface and mainly
proceeds through oxidation in most of the cases, in particul&R® QDs discussed herein. The
composition change of the QD surface can be readily detected by XPS teéfiiquee case,

both PbSQ®@ and PbS@were found to be present on the surface, depending on PbS QD size.
Smaller QDs seemed to be more stable than larger ones and primarily WdeSidentified as
oxidized species on their surface, while for larger QDs, Rb8& the principal oxidation
prodwct.”® As mentioned above, smaller QDs tended to have morerilgad111) facets. As
compared to the stoichiometric (100) facets, the-teattinated (111) facets were more stable
because most of the surface sites could be well passivated by forming Istrogigg with
ligands used in that study. It is to say the leal (111) facets had a denser ligand sHaljre

1c and 1d). This provides spatial hindrance to oxygen diffusion and thus repulsion to the
surface oxidation and explains why smaller QDes raore stable. For the same reason of better
surface passivation and less space available for oxygen diffusion, mainly wWaSQenerated

on the surface of small QDs, which represented a relative lower level of oxidation. Similar
results were reported féthSe QDs, in the sense that smaller ones were merePand more
stable than large ones, which were mainly enclosed by the (100) ¥at&in the presence of
oxygen, PbSe QDs could form PbO, Sedd PbSe@on the surfac&®*’ Since Se is more
reactive than S, the oxidation degradation of PbSe QDs could occur rapidly in a few hours.
Halide ligand passivation so far appearost effective to stabilize PbSe Qf¥4° Although the
oxidation of QDs may be reversed by remediating the oxidative spetiesme special

conditions®®°?

it is favorable to prevent the oxidation by producing and using stable QDs. In
order to gain higher stability, appropriate manipulation of both QDs and ligands is needed. In
particular, strong binding ligands and mixedaligls, which can provide more complete surface

passivation, are preferréd.
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Oxidized species on the QD surface have immediate consequences to electronic properties,
which are directly associated with the production of defect states and solar cell pectsthian
partially oxidized PbS QDs, Pbg®an generatshallow trap states located in the bandgap near

the conduction band (depth: ~0.1 ev), which actually contributed toemih@nced device
performance by extending the effective lifetime of charge eaffidn clear contrast, PhSO
presented on the surface of larger PbS QDs (g.g. &8 eV) are believed to produce rgdp

trap states (depth: ~0.3 éV)acting as the detrimental recombination centers of the charge
carriers It redu@s the excited stat lifetime and the effective carrier mobility, which caused
catastrophic loss of performance of the solar€étishould be noted that even before producing
oxidization products, adsorbed oxygen can already have negative impact on electrical processes.
Scanning probe based spectroscopic analysis and DFT calculations revealed that detrimental in
gap states are highly likely dominated by molecular oxygen introduced during theypthstsis
processes rather than in the material synthésisss passivate@D surface tends to have more
adsorbed oxygen molecules. This finding highlights once again the importance of attaining
completely passivated QDs by making good use of surface engineering concepts. Both
appreciable oxygen adsorption and subsequent udedtr postsynthesis oxidation that

deteriorate device performance should be avoided.

Specifically for the manipulation of ligands in QD solar cells, ligand exchange process has to be
mentioned, which has been a key factor for achieving not only the ieghrstability, but also

the high efficiency of QD solar cells. As prepa@Ds are normally capped by long insulating
alkyl chain organic ligands, which are very effectteedisperg and stabiliz QDs in solution

The long ligands alsmnprove the QD chemical stability and optical properties by occupying the
trap states caused by unsaturated dangling bonds. Nonetheless, for solar cell applications
especially those relying on the compact QD layer, these ligands can lead to very poor device
perfaomance by increasing the iH®Ds spacing in the solid state and acting as insulating
barriers for charge carriers. With their relatively large size, they are also less capable of
passivating the migap trap states as compared to shorter ligahldsse &ctors make ligand
exchange, either in solid state or in solution phase, a very important process in solar cell
fabrication>*° For the purpose of reducing the intit distance and improving the electronic

coupling between QDs, organic ligands with rséio chains, such as mercaptopropionic acid
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(MPA) and 1,2ethanedithiol (EDT), are favored and have been demonstrated very helpful in
improving the charge carrier mobility of QD fili§® These thiol ligands have strong binding to

the QD surface, facilitang efficient ligand exchange. Besides these short organic ligands,
atomic inorganic ligands such &$, Br’, I are also introduced as exchanging ligands irPih®

or PbSe QDs layef** With the smallest size (~0.1 nm vs EDT: ~0.5 nm), halide ligamds
accessible to surface sites that are otherwise inaccessible to most of the organic ligands and can
provide better coverage and coordinate with the deepgapdirap states as well, in comparison

to organic ligands. An even better strategy, knowhyhsid ligand passivation, involves the use

of mixed inorganic ligandse(g, halides) and organic crosslinkeesg, MPA) during the ligand
exchange tachieve both excellent passivation and highly efficient charge transport in the QD
layer>? Such hybridpassivated QDs showed the lowest density of states, 2%cih®®eV?, in

the band gap based on transient photovoltage measuref@his. value was several times

lower than those in the cases where organic or inorganic ligeeidsused alone. Interestjly,

ligands are found to be able to tune the band energy levels and even the electronic nature of
QDs!"*® Such tunability enables the design and construction of different device architectures
(such as g, homojunction), offering an alternative way togrove the performance of QD solar

cells that will be discussed in the later text. Meanwhile, the doping level can also be Vhried.
most of the cases, the doping process with ligands can be well explained by a charge transfer
process between QDs anddnds. All these interesting findings pinpoint that comprehensive
considerations have to be taken in selecting appropriate ligands for achieving both stability and
high PCE of QBbased solar cells.
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Figure 2. (a) Comparison of the PL spectra of 2.2 nm PbSe and 3.2 nm PbSe/PbS QDs recorded at room
temperature under air-free conditions and after air exposure for 20 minReprinted from ref 61. Copyright
2014 American Chemical Society(b) Variation in the PL intensity of PbS and PbS/CdS QDs in octadecene
after 4 h of continuous illumination. (c) PL spectra of PbS and PbS/CdS QDs before and after heat treatment
(PbS: 100°C for 5 min in octadecene; PbS/CdS: 158C for 30 min in octadecene). (b) and (c) reprinted from
ref 60. Copyright 2011 Royal Society of Chemistry(d) Core/shell QDs can be divided in three types,
depending on the localization of the electron and hole wave function. In tygeelectron and hole are confined

in the same region (either core or shell), itype-ll, they are spatially separated. In a quasitype-1l one carrier

is fully delocalized over the entire volume and one is localized in onegion. Reprinted from ref 62. Copyright
2011 American Chemical Society.

The passivation layer can also be made of an epitaxial, robust inorganic shell. In this case, QDs

have a core/shell structure. NIR core/shell QDs have been largely explored in many fields, such

as bioimaging and biosensing, but so far their use in NIR @& sells is limited. Although QD

surface engineering made tremendous progress during past five years, constituting one of the
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most important contributions to the PCE improvement of QD solar cells, it has been mainly
focused on ligand passivation/exchangewever, the ligand layer may deteriorate from initial
good passivation with time, leavingew surface defects that act as charge carrier traps.
Moreover, during the solidtate ligand exchange processcomplete ligand coverage and
degraded passivatiaf the QD surface magccurdue to ligand losggeneratinghew trap states.

It is also highly desired to simultaneously passivate both cationic and anionic surface sites of
QDs from both solar cell PCE and stability points of view. In this context, the/stell
structure, as an alternative effective way, was recently proposed to improve the passivation of the
QD surface by simultaneously removing both the anionic and cationic dangling bonds and
greatly enhance the chemigphoto-stability of QDs througliorming a robust, epitaxial shéff.

% As shown inFigure 2a, after 20 min of aiexposure the photoluminescence (PL) intensity of
the PbSe QDs was decreased by@0 and the peak was bhshifted by 20 meV, indicating the
formation of trapping sitesus to surface oxidatioff.In clear contrast, the core/shell PbSe/PbS
QDs were rather stable with PL intensity and emission peak position remaining nearly
unchanged. As for photithermal stability, enhancement was also observed for PbS/CdS
core/shell QDsvith respect to PbS QD§igure 2b and2c).?® All these enhancements are highly

important for the actual application of QDs in solar cells.

Depending on the relative energy levels of core and shell semiconductor materials and thereby
the confinement regioaf electrons and holes, the core/shell QDs can be mainly divided to type

, type -typeaed q sFgsered®PbICHS 4nd PbSe/PbS, two kinds of the
most commonly reported NIR core/shell QDs have been identified to exhibit thet quagie
band alignment, in which at least one type of charge carrier is localized in core or shell while the
other one is delocalized in the entire core/shell voltffi> For solar cell applications, both
electrons and holes should be extracted from indiVi@uzs. Our group has studied in detail the
charge transfer behavior of PbS/CdS core/shell QDs of different core sizes and shell thickness
using electron and hole scaveng&rk.was found that as long as the shell thickness is not too
thick and the core Qs and scavengers can form appropriate energy level alignment, both
electrons and holes can be efficiently transferred. Along with enhanced stability, these core/shell
QDs are promising as stable photoactive materials for solar cell applications. Adigitibigats

more attractive to combine this strategy with the ligand exchange process to achieve even better
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stability®* In most of the cases, NIR QDs with a relative thin shell are more appropriate for solar
cell applicationln a special condition, th&tuation can be changed in order to take advantage of

the carrier multiplication effect by forming a thick st&ll.
Air -processability and Longterm Stability of NIR QD Solar Cells

With the recent tremendous progress of surface engineering, momaedNIR QDs with

better airstability have successfully been synthesized, which is highly beneficial for the air
processable fabrication and leteym running of NIR QD solar cells. Steadily increasing
attention has now been drawn towards achievingracessable, stable QD solar cells. Having

that said, theelevant reports in the literature, although very useful, remain limited. In addition,
more in depth analysis of the fundamental reasons of improved stability is needed. It should also
be noted sincéhe stability was studied under different conditions, cautions need to be taken in

making direct comparison in some cases.

In general, surface ligand engineering can assist with solar cell PCE, air processibility and long
term stability in three ways: i)rpviding better surface passivation to prevent QD degradation; ii)
varying the QD energy levels to allow the optimization of device structure and iii) changing the
nature of doping to permit the formation of aftype air stable QD layer and @mojunctiam

solar cells, different from the most common -QB&sed heterojunction solar cells.

Attempts to investigate and enhance stability have been made with several types of ligands, from
relatively weakbinding to strongbinding short organic ligands, further tdtrasmall, strong
binding inorganic halide ligands. For example, strongly bound benzenedithiol can offer better
surface passivation and therefore stability than weakly bound butyl&Mhseshown inFigure
3a, the benzenedithidleated PbSe QD Schottlgynction devices exhibited considerably better
long-term stability in air than that of the devices based on PbS QDs with butylamine as
passivation ligands stored in nitrogen, although PbS QDs are usually considered to be more
stable than PbSe QDs. The fanretained ~80% of their PCE over 48 h when stored in air,
while in clear contrast, the latter almost completely lost its performance within 40 h under
nitrogen protection. The interaction of butylamine with the top metal contact was considered as
anotherreason for the lower stability. It may be noted that the-spating process of the QD
active layer before ligand exchange was carried out in a glovebox, {bmegssability of these
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QDs may be further improved. The PCE of 1.1% was achieved undetatgcthusolar
illumination with a high PCE obtained under NIR illuminatidfigure 3a). As aforementioned,
smaller QDs are more stable than larger ones. The use of relatively small PbS QDs (with a ~930
nm bandgap) and strongly bound EDT allowed the entbedation of the Schottky junction
devices to be carried out in ambient environment yet leading to a higher PCE*{>Phe).
device was tested in air under continuous simulated solar illumination without encapsulation for
63 h, and was able to maintain 86#the initial PCE, which represesttone of the best stability
performance at that time. In addition to the role of ligands, the contribution from the unique
surface feature of small QDs to enhanced device stability was well expl&igede( 1c and

1d), which provide a method for improving stability. Although above strong bound and short
organic ligands were effective for device stability to a certain extent. The dangling bonds still
existed on the QD surfacd-urther improvement of the ligand surfaceve@ge of QDs is a

key far achieving excellent stability
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Figure 3. (a) PCE stability comparison of benzenedithioltreated PbSe devices with previously reported
amine-capped devices stored in air and in inert atmosphere. The reported PCE values wegken under 12
mW cm? at 975 nm.Reprinted from ref 33. Copyright 2008 American Chemical Society(b) Time course of
the performance of Br capped PbS QDBbased solar cells during longerm stability tests. The solar cell was
stored under ambient atmosphee for the first 2200 h (I: pre-air stability test), then exposed to a Xe lamp
with an AM1.5G filter (100 mW cm'?) for 3000 h (lI: continuous light soaking test), and thereafter stored
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under ambient atmosphere (lll: postair stability test). Reprinted from ref 66. Copyright 2014 Wiley-VCH.
(c) PCE evolutions of a hybrid passivated PbSe Qbased solar cell when it was stored in ailReprinted from

ref 48.Copyright 2014 American Chemical Society.

Considering better surface passivation, the use of ultrasstralhgly bound monovalent halide
anions (Cl, Br, I') represent a more effective strategy for achieving improved stalilitich

means that the small halide anions narrow the distance between QDs compared with above
organic ligands. For examplthe film of Br capped PbS QDs has been formed under ambient
atmosphere and the resulting PbS/Ailayer heterojunction solar cells showed a record high
PCE up to 6% at that time, significantly higher than that of organic ligand passivated QD
devices'® Good staility was also achieved, with 80% of pristine PCE being retained after
storage in air fosix days*® In this study, surface S anions were also capped following the,CdClI
treatment in solution, further improving the surface coverage of PbS QDs. In astathgrwith

only Br capping, excellent lorterm stability was achieved in PbS/Zm@nowirearray bulk
heterojunction solar cells during both air storage and under continuous simulated solar
illumination without any device encapsulatir’ No obviousPV performance degradation was
observed after more than 1000 h storage in air. Approximately 90% of the pristine PCE (5.75%)
was retained after 3000 h light soaking testiRigre 3b),°® which wasamong the best long

term stability performance under illunation reported for QDbased solar cells. The slight
decrease is mainly attributed to the oxidation of PbS QDs. Such stability represents a clear

improvement as compared to most of the cases when organic ligands are solely involved.

Organicinorganic hyrid passivation treatment promises to yield both good passivation and a
compact QD layer. The multipkypeligand protected QDs are highly promising for producing
stable solar cells in addition to leading to high PCE. In one case, MPA molecules wete used
form an outer ligand shell and shorten the distance between QDs, while” tioa<Cfill the
interspace between MPA molecules inaccessible owing to the steric effect and reach the deep
mid-gap trap state¥.Moreover, the surface S sites were passivdmg introducing C8 ions

during the solution state ligand exchange process, which further reduced recombination channels
of photogenerated charge carrigrd’These well passivated PbS QDs led to a certified PCE of
~7% for heterojunction solar cellsoiacated under an ambient atmosphé@&iee PCE degradation

was saturated at about 15% decrease after their storage iglavBl box for five days. Aimilar
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strategy was applied to PbSe QDs, which are much less stable than PbS QDs. With cation
exchange appach Cd" ions were introduced in solution to passivaté Sies, and PY sites

were passivated by both ‘Gind EDT. Air processed heterojunction solar cells based on such
PbSe QDs achieved an impressive PCE of ovef®after being stored in air foiour days, the

PCE ofthe device decreased from ~6.2% to 4%g(re 3¢), which may be further improved
though. Although the beneficial effect of the hybrid passivation on improving PCE

is clearly demonstrated in the abawentioned reports, itadvantagewith respect to halide
passivation on stability remaitg be manifested through further optimization.

In addition to directly contributing to the stability of QD solar cells by passivdigands can

Ai ndirectl yo help with Ingthdé reabzatianbaf bettdr yWlevien d P (
structures through their capability of tuning the electronic properties of QDs. Thanks to the high
surfaceto-volume ratio of QDs, ligands were found to be able to considerably shift the band
energy levels of QDs by fming dipoles with QD surface atoms and by presenting their intrinsic
dipoles on the QD surface and therefore are capable of manipulating the band alignment of QDs
with respect to other semiconductors. For similarly sized PbS QDs, the conduction and valenc
energy levels can be drastically shifted by up to 0.9 eV via carrying out different ligand
treatmenf® Taking advantage of this unique feature, PbS QDs of different Fermi levels and band
gap energy were introduced to PV devices, allowing addressingddiiee stability and
improving PCE by optimizing the interfacial layer between the major photoactive QD layer and
electrode® As shown inFigure 4a, a thin EDFcapped PbS QD layer replaces commonly used
MoO;3; and acts as an electron blocking layer or & leadtraction layer in between the major light
absorber, the PbS QD film passivated with tetrabutylammonium iodide (TBAI), and the anode.
With the favourable band alignment between the QD layers, the useadsivated QD layer

and the removal of the MaQnterfacial layer, the air processed, -@mcapsulated devices
achieved an impressively high certified PCE (8.55%yre 4a) and outstanding lontgrm
stability, with no performance change being observed for over 150 days of storagéiguaie (

4b), among the best longrm stabilities reported so far. Using the similar strategy, i.e., with the
thin MPA treated PbSe interfacial layer and halide passivated PbSe QD film as the absorber
layer, PbSe QD solar cells also gained impressively good air stdbWithout encapsulation,

the device performance remained unchanged forfdtyeidays in air.
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It is noteworthy to point out although the operation of all the aforementioned QD solar cells is
based on the-pype QDs, ligand engineering also allows thiemation of an akstable ntype QD

layer, which is challenging to achieve in generafjabhds can change the electronic nature of a
QD film by acting as dopanté.” QDs treated with halide ions in an inert atmosphere can show
the ntype semiconductoproperty®’ This enables the construction ofnphomojunction solar

cells via using oppositely doped QDs on each side of the junction. The effect of halide ligands (I
Br CI") treatment on the stability of thetype QD layer is quite differerif. As stown in Figure

4c, I treateddevices show no obviously performance change after air exposure for ~100 h, while
Br  and Cl treated samples significantly degraded due to QD oxidafiois. observation is very
different from the halide treatedtppe QD layes, where halide ions are generally able to
enhance device stability. As seen fréigure 4d, the amount of lions is much higher than that

of CI" and Brions on the QD surface anddns can bind much more strongly to the QD surface.
Higher surface camrage and strong binding lead to more effective surface passivation and
excellent capability of repelling oxidative attadkiqure 4€); even trace amounts of oxidation

can switch the QDs from thetgpe to ptype. The strong binding affinity of lons canbe
explained from the soft’hard base/acid theédrasically, the soft base iodide binds more
strongly than hard base of chloride and bromide to soft acid lead atoms on the QD surface. In
addition, the strong binding of lons was further confirmed by BT simulations. The energy

demanded to remove iodide ligands is greater than that of other Halides.
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Figure 4. (a) Device performance of a PbSBAI/PbS-EDT device certified by an accredited laboratory
(Newport) after thirty -sevendays of air storage, insert: the device structure. (b) Evolution of PV parameters
of un-encapsulated devices PBIBAI (black) and PbS-TBAI/PbS-EDT (red) devices with Au anodes in air
storage. Open symbols represent the average values and solid symbolsrespnt the values for the best
performing device. (a) and (b) reprinted from ref 55. Copyright 2014 Rights Managed by Nature Publishing
Group (c) Efficiency of conventional quantum junction devices tested in air and followed over four days (100
h) (d) Atomic halide to lead ratio of the QDs after solutiorstate ligand exchange. The amount of iodide
ligands is much higher than chloride and bromideones. €) Rutherford backscattering spectrometry results
revealing the oxide content in the film following air eyosure for four days. (c), (d) and (e) reprinted with
permission from ref 17. Copyright 2016, Rights Managed by Nature Publishing Group.

An alternativepotentially effective way to enable air processability and achievetengdevice

stability is to forma stable core/shell QD structure. Importantly, the core/shell structure needs to
be tailored in such a way that electrons and holes pieterated inside the core dots can
smoothly travel through the shell and become available for the transport am@i tretwork

or the transfer to other semiconductors, which is the key factor in PV applicitiéighell
thickness needs to be optimized to have a balance between device stability and PCE in order to

realize overall high performance solar cells. As shawFigure 5a, the core/shell PbS/CdS Q@D
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sensitized devices had less photocurrent degradation after 1 h illumination than thatfoéeshell
PbS QDsensitized devices, since the CdS shell can prevent the PbS core from photoc6trosion.
However, the PCE ofhe thicker shell sample was lower (0.73% vs 1.18%) than that of the
thinner shell sample. Through optimizing the CdS shell thickness (optimal shell thickness: 0.33
nm), the PbS/CdS QBensitized device achieved the PCE of 7.19%, among the best
performane for liquidjunction PbS QBsensitized solar celf$. The longterm stability of

core/shell QD solar cells needs to be further studied.

Regarding airprocessability, our group fabricated the bulk heterojunction device based on
PbS/CdS core/shell QDs withl nmthick shell and TiQ nanorod arrays in air. While fabricated
under otherwise same conditions, the PCE (2.0%) of the PbS/CdS QD devices fabricated in air
was much higher than that (1.5%) of the pure PbS Qs fabricated under inert atmosphere
(Figure 5b).” With further device optimization, the PCE of 4.4% was subsequently achieved for
air-processed PbS/CdS QD solar c8llin these studies, only a single type ligand of MPA was
used to cap the QDs. As an ultrathin shell may not be thick enougtatisfactory device
stability even though core/shell QDs devices are already better than pure QDs devices, ligand
engineering is still demanded. With the hybridization passivation strategy, the higher efficiencies
of ~5.6% and 6.5% were obtained for thetdrojunction devices, based on PbS/CdS and
PbSe/PbS QDs, respectivéfy/.’ Although the efficiency of the core/shell QDs solar cells is still
lower than that of shefree NIR QDs devices, considering enhanced stability and air

processability, it is wolt carrying out more studies on these core/shell QDs based solar cells.

In brief, multiple aspects should be considered to impbmtk the stability and PCE of NIR QD
solar cells. For choosidggands, they should strongly bind to and fully cover the spiface and
meanwhile are small enough to decrease the distasiveeen QDs to enhance charge carrier
transport. Optimizedcore/shell QDs with favorable air processability and stability ame
alternative, promising choice. On the basis of the influenddifigrent surface ligands on the
energy level of QDs, combininQDs capped with different types of ligands in the same QD
solar cell is another effective way to obtain both the stability gmdferable PCE. A
comprehensive consideration needs tddken indesigning an approach toward achieving the

overallexcellent performance of QD solar cells.
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Figure 5. (a) Stability test of QDssensitized solar cells fabricated using Pb%&nd PbS/CdS QDs. The
normalized photocurrent was measured for 1 h under short circuit conditions under 1 sun AM 1.5 G,
chopped light (1s on and 1s off)lnsert: Summary of the electrical output of the device.Reprinted from ref
73. Copyright 2014 Royal Saiety of Chemistry. (b) JV curves of the devices based on PbS/CdS QDs or PbS
QDs. The spin coating and ligand exchange of the PbS/CdS QDs wéabricated in ambient atmosphere; the
spin coating and ligand exchange of the PbS QDs weprocessedin a glovelox. Reprinted from ref 75.
Copyright 2014 Elsevier B.V.

Towards Stable NIR QD Ink Solar Cells

For practical applications, NIR QD inks, which can be stored for-teng without any obvious
degradation in the structure and dispersion status of QDs is ligsilgble. Ideally, the NIR QD

inks for largescale fabrication should have three essential characteristics during therdong
storage. Firstly, QDs should be resistant to chemical oxidation or other forms of chemical
degradation, which can negativelffezt final device performance. Secondly, they should not
show any obvious agglomeration witkertaintime in solution, allowing them to be deposited
into uniform thin films with high batch to batch reproducibility. Similarly importantly, the QDs
with the above mentioned stability should be well capped by short ligands, instead of long
ligands, and can tisube directly fabricated into functional devices in a-step film deposition
process without the need for any subsequent ligand exchange process. Different types of ligands,
such as short organic ligands, inorganic molecuolatalchalcogenideeomplex (MCC) ions,
halide ligands, metal catidigandsand metal fredigandshave been explored for preparing the

NIR QD inks?***"8% Among them, mixed ligands capped QDs led to the highest photovoltaic
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device performance reported recently, while MCC ligaaplped QDs the highest charge carrier

mobility.
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Figure 6 (a) Absorbance and photoluminescence of PbS QDs displaying preserved quantum confinement and

guenched photoluminescence after the ligand exchange. Inset is the photograph of thespsthesized long

ligand-capped PbS QD solution before the solution exchange (left) and the exchanged sHignd-capped
QD solution in a nonpolar solvent (right). Reprinted from ref 78. Copyright 2013 Wiley-VCH. (b)
Schematics of the liganeexchange methodology for obtiming halometallate-capped colloidal nanocrystals.
Reprinted from ref 81. Copyright 2014 American Chemical Society(c) Temporal evolution of absorption
spectra of hexane solutions of PbSe QDs with the first excitonic peak at 950 nm stored in air. The tnse
displays the corresponding PLQY as a function of time.Reprinted from ref 48. Copyright 2014 American
Chemical Society. @) Stability test for PbS QD ink fabricated devices stored in air and nitrogenReprinted
from ref 21. Copyright 2016, Rights Managed by Nature Publishing Group.
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Among a few studies on QD ink fabricated solar cells, a major approach to obtain the QD ink is
solutionphase ligand exchange. For instance;&@fi\ped PbS QDs were transferred from octane

to dimetyl sulfoxide (DMSO) by efficiently replacing the OA ligand with small hydrophilic
mercaptans, such astiioglycerol (TG), thiolactic acid and dimercaptopropionic acid, with TG
treatment yielding the best colloidal stability over we€k®nestep drop csting of the TGPbS

QD ink led to the efficiency of 2.1% for resultant solar cells. The photoluminescence quantum
yield (PLQY) of PbS QDs ink decreased after ligand exchafggie 6a), suggesting that
surface passivation should be further improved.

Ligand exchange in solution with lead halide perovskites ;({tHPbk), which can form an
epitaxial thin shell for improved surface passivation, was also found to be able to yield high
quality PbS QD colloidal solutions stable for months without distinct agoagar precipitation
(Figure 6b).%! It offers a new pathway towards making stable QD inks. Sisigledeposition of

the ink of PbS QDs capped with gfH3Pbk led to a solar cell device with a quite high PCE of
8.95%, much higher than what can be achiewiéd short organic ligand®. It should be noted
that the perovskiteapped PbS QD film waannealed under nitrogen atmosphere, which perhaps
suggestghat the air stability needs to be further improved by engagiog stable perovskite
materials. Compad with organic ligandsperovskites have favorable carrier transport.
Therefore, theapproach based on the use of perovskites as ligands prdsoibekigh stability

and PCE.

With strong passivation effect, liquid phase treatment with halide ions is@sadered to be an
effective approach to form QD inks. Halide termination is mainly done in solution by ligand
exchangé>®* In situ chloride and cadmium double passivation through a cation exchange
reaction was also applied to instable PbSe $3$nce both Pb and Se sites were passivated,
this approach led to very stable colloidal PbSe solution. Both the peak position and intensity of
absorption spectra and the PLQY of PbSe QDs stored in air remained constant fortlairtygast
days(Figure 6¢).® Very recently, a ligand exchange process using the mixed solution of PbX
(X =Br and I) and ammonium acetate led to a hybrid orgaiganic QD ink in air, resulting
in significantly enhanced, high performance PbS ink based solar cell dévides.ley is that
with the aid of ammonium protons, initial OA ligands were completely replaced bys][PbX
anions and the organic cations were subsequently washed away by solvent, leaving clgan [PbX
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/[PbX]" doublecapped PbS QDs with improved surface passimatin addition to a record high
PCE of 11.28%, the excellent lotgrm stability was obtained with 90% of initial PCE retained
after 1000 fstorage in air without encapsulatidiiqure 6d). However for industrializationthe

efficiency and stability oftte device need to be furtheamproved.

In a parallel vein, inorganiand non-halide anions are explored in order to increase carrier
mobility of QDs. They indeed opened a highly promising avenue with a vast range of choices to
form the airstable QD ink dr device fabrication. For instance, Talapin al. explored the NIR

PbS QDs capped by diverse types of ligands, including metal chalcogenide ligands (such as
SnSs™ and As$®), and metafree inorganic ligands (such as E&5"® Similar to organic
ligands, these anions bind strongly only with cations (Pb sites) on the QD surface, leaving the
chalcogenide sites unpassivated. But unlike most of the organic ligands that offer steric
stabilization, these ligands render the QD surfaegatively charged. As a consequence, the
resultant QDs showed electrostatic repulsion and exhibited good colloidal stability in polar
solvents. In particular, metal chalcogenide ligands led to preferable carrier mobility between
individual nanocrystalsthanks to their role as molecular solders, producing the electrical
coupling in the QD filnf>®®However, the solar cell devicesised on the NIR QDs capped with
these ligands have yet to bgtensively studied. Reducing the defect density of the filnas is

important research direction

In addition, our group developed NIR PbS/CdS/ZnS QDs with a core/shell/shell structure capped
by a short ligand of mercaptopropionic acid, which showed excellent stability in agueous
solution for overl4 months®’ The skells show the better effect on keeping the air stability of
QDs compared with ligands, meanwhile the suitable surface ligands of the core/shell/shell
remain the long stability of QDs inks. Importantly, whether the shells or surfacedigardio n 6 t
affect chage transporbetween QDs. Although it may be reasonably questioned that two shells
can serve as barriers for carrier transport, they actually show high potential for solar cell
application once the thickness of two shells can be respectively optimizbdlénicing charge
transport and stability. Such an approach is indeed highly feasible. It was demonstrated that the
devices based on the PbS/CdS/ZnS layered structure as light absorber obtained good efficiency
of 4.65% after ligands exchangfelt is thusworthwhile to further explore these very stable

colloidal core/shell/shell QDs for solar cell application.
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In brief, to produce higlguality QD inks for PV devicébrication, the ligands and shells can be
combined to serve agprotection layers. They shallalso be optimized to facilitate
charge carrier transport. Despite some promising results, oveadiits on NIR QD indbased
solar cells remain lackingConsidering recent, important progress on the PCE of QD
solar cells, which makes them closer to coencial applicationsmuch more attention is

expected in this research atelvelopment direction.
Challenges and Outlook

Over the past-80 years, our understanding on the surface chemistry of QDs, such as QD surface
geometries, the geometry and intermolecular structure of the ligand layer, core/shell interfaces,
surfaceligand bonding and their dynamic interactions, hasmlteemendously improved. It is
largely attributed to the development of new computational techniques and their combination
with in-depth experimental explorations. Certain primary QD surfaces have beensteucted

by modeling, which sheds lights on tieur f ace structure details
experimental techniques. Variable experimental tools, such as XPS and nuclear magnetic
resonance, have been employed to probe the QD surface. Thanks to these advances, QD surface
engineering concept hasdn used in the field of QD solar cells, mainly in attaining higher PCE.

In the same way, QD surface engineering is expected to make a huge impact on the stability
issues related to the manufacture and use of QD solar cells, the research of whichgis fallin
behind yet highly important for the eventual widespread implementation of QD solar cells. As a
matter of fact, the stability represents one of the great challengesaftiical useof QD solar

cells.

Long-term stability of QD solar cells still needshe fully and systematically investigated under
different conditions, for example, temperature, humidity, and continuous light illumination. QD
inks and air processability also require more intense investigations. It is important to gain deep
insights on te mechanisms of the QD film and device degradations under different conditions by
combining various characterization and analysis tools, which can then guide future work and
lead to the design of the most effective surface engineering strategies. Wdikeotddoint out

that despite the large progress gained on QD surface chemistry, more and deeper QD surface

chemistry understanding is still urgently needed by, for example, combining advanced chemical
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characterization and a high spatial resolution mmype with theoretical modeling. Then,
according to QD surface features, choosing ligands that can provide ideal, complete passivation
and strong binding to QDs is a key to gain desired stability. Further optimization of passivation
processes with differenigands, including recently emerging perovskites, should also be
investigated systematically. On a related note, synthesis of QDs themselves should be further
improved to decrease defects because they act as the primary origin of both poor stability and
PCE. Some ligands hold high promise to enhance the QD stability during current ligand
exchange investigations, which may be adaptable in the QD synthesis process. Additionally, the
robust core/shell structure represents another promising alternativeadtsostability problem.

In this case, simultaneous optimization of the inorganic shell structure and ligand layer is crucial
and deserves more research. Attention should also be made to prepare QD inks in relatively
Agreend sol vent s rscake éabmpaton.iltisHodd bes hotedh thak, Bn mgkang an
effort to improve stabilities, the important factors related to PCE should be considered. Stability
enhancement should not be gained at the significant price of reduced PCE. In view of device
strucure design of solar cells, optimizations can be conducted by gaining successful experience
from perovskite and organic solar cells, in which an additional layer is included in the device as
an oxygen/moisture scavenger and/or an interfacial layer to bieckide reaction between the
active layer and electrodes. Although it is usually preferred to enhance the stability of QDs
themselves via surface engineering, such interfacial engineering certainly appears attractive by
further enhancing stabilization. lee encapsulation, beyond the scope of the current
Perspective, represents another important fabrication step fortdongdevice stabilization.
Although ideally it is desirable to realize highly stable QD solar cells operable under ambient
conditions, mn reality, device encapsulation is imperative for practical applications. The
traditional atomic layer deposition method has been applied to QD solar cells and showed great
promise in enhancing performance stability. Recent development of space divichc laje@r
deposition further makes this technique potentially scalable. On the other hand, encapsulation
methods developed for the RTR fabrication of organic PV devices, such as the lamination
method comprising UV curing, presstgensitive adhesives, orotmelt, can be potentially
applied to QD solar celf§® In brief, in order to achieve the final goal of attaining high

efficiency, costeffective, and highly stable QD solar cells suitable for practical applications, a
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multidisciplinary approach, invoing close collaboration of chemists, physicists, theorist, and

device engineers, is indispensable.
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2.4 Morphology control of the active layer of PSCs

As discussed in section 1.3the Frenkelexcitors generated in conjugated polymé@vea high
binding energy and the carrier mobility between polymer molecules is llbws necessary to
avoid recombination oéxcitonsand chargecarriersbeforethey reachthe D/A interface and
electrode respectively Therefore,the BHJ morphology is preferrefior PSCs rather than the
planar heterojunctione to provide a short distance for carrier and exciton transport without
sacrificing the light absorptiorSuch a BHJ morphology isa bicontinuous interpenetration
network composed by D/A materialsyhich provides continuous charge transport charsnel
towards the electrodés the bulk film On the basis of diffusion length of excitons (~10 nm), the
requireddomain size foD/A material should be within 20 nm to achieve efficient separation of
photogenerated excitonst worth mentioning that there & speciatype of morphology of the
D/A film called vertical phase segregation (VPB3-79] In thismorphology the components of
the D/A materials are inhomogenously distributed along pgégpendiculardirection to the
electrodeg(Figure 2.2) Active film with such morphology is demonstrated to be suitable for
exciton separation, charge transport, and electrtev/hoollecton at the fullerene
derivativépolymer enriched side, respectively, which can effectigelgress the recombination

loss.
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Figure 2.2 The normalized S 2pX-ray photoelectron spectroscopy XPS) spectra of the air surface and the
buried interface in the photoactive layers prepared in ajlichlorobenzene(DCB): 1,8-octanedithiol (OT) and b)
DCB. All spectra were normalized to the C 1s intensity. ¢) Schematic morphologies of the P3HT:PCBM fi Ims
prepared in DCB and DCB:OT, as reconstructed from the results of thesecondary ion mass spectroscopy
(SIMS), transmission electron microtomography TEMT ), and XPS investigations. The purple lines are

P3HT nanocrystals and the yellow circles are pure PCBM phasé77]

Over all, the key factorgo obtain a preferrednorphology of D/A are solvent selectipdQ)]
solvent/thermal annealir{1-82] the use ofadditive$83] andinterface effed84]. The atomic
force microscopyAFM), TEM, scanning electron microsco8EM), grazing incidence Xay
scattering (GIXS)optical microscopyand XPS measuremertiave bee applied to investigate

themorphology oftheactive layer.

At presentstage,the commonly used solvents fabirication of PSCs include the halogenated
solvents such as tdichlorobenzene, chlorobenzeméloroform, and notalogenated solvents
such astoluene and «ylene. In most of thecases the halogenated solvents resutbetter
performance than nelmalogenateanes, due to thenducedpreferable morphology dhe active

layer. It canbe correlated to thdifference ofsolubility of materia¢ and the vapor pressure of the
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solvent. Generally, solvent hawg good solubility br the tillerene derivatives such as PCBM
and relative high vapor pressure can benefit the formation of a prefeorpthology, leadingo
better PCETheintrinsic mechanisns that these properties of solvectn affect the mobility of
the components the film. For thesolvent with high vapor pressurié enablesa slowy drying
procesof the wet filmduring spincoating and theubsequentlkeeping timgin a sealed space)
which is weltknown as solvent annealing procg8S| This is a crucial process to form preferred
bi-continuous interpenetration morphology, in that, itterpenetratingpolymer and fullerene
derivative domaig are formed bytheir sef-organization andgel-aggregationFigure 23 (af)
shows the characterization results from differiame processed P3HT:PCBM filn@% The
authors demonstied that the 30 $ilm has a significant rougher surfacedtmeansquare
roughnessRMS): 3.0 nm) than that othe 80 s oneRMS: 0.8 nm) Also, the 80 ilm shows a
longer disordered zone as compatedhe 30 s filmleading tohigherenergy barrier for inter
fibrillar hopping and therefore lowarrier mobility.It can be the reason of weaker absorption of
the film and worse performance of the corresponding deviteddition posttreatmentof the
D/A film by solventvaporshasalsobeen reported to optimize the morphology of the filinese
solventsinclude chloroform, chlorobenzertetrahydrofuran, carbon disulfide and methanol
etc[82, 8688] The solubility and viscosity of the solveate important
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Figure 2.3 AFM topography (left) and phase (right) images for RRP3HT:PCBM films fabricated using
different processing conditions. The spircoating times are (a,b) 30 s and (c,d) 80 s. (Effect of solvent
annealing on the absorption and PL spectra of RAP3HT:PCBM films with 4:1 and 1:2 weight ratios of the
components. (f)Ji V characteristics of RRP3HT:PCBM (4:1 squares, 2:1 circles, and 1:2 triangles) solar cells
with (solid symbols, 30 ¥ and without (hollow symbols, 80 s) solvent annealing. The differences in device

performance become more pronounced for higher PCBM loading fractionf35]

In addition, the thermal annealing treatmehas been frequently used tenhance the
performance of PS{81, 89 Intrinsically, the molecular mobilitys enhanced during the
thermal annealing, which accelerates the phase separation of polymer and fullerene derivatives.
As a result, thebsorption of relatiely long wavelengti{~600 nm) photons is enhanc¢exving

to the improved crystallinity gbolymer materiad. At the same timethe aggregation oPCBM
moleculesoccurs Depending on thenaterial compositiorheating temperature, lasting time and
the geometrial confinemente.g. with and without electrodejhe size and shape of the PCBM
domain can be tuned$, 81, 9691] For instancethe size oPCBM domainsincreased from 10

to 100 nm by annealing the filat 100°C for 5 min[92] By further prolonging the annealing
time (>30 min) and increasing temperature (>130 ,Cthe size of PCBM domains can be
increasedip to tens ofnicrometreg81, 91 Moreover,both thedisclike andneedlelike shaps

of PCBM domain have been obtainbg varying the heating treatments and blend compositions
(Figure 24).[93] It worth mentioning that the thermal annealing treatment also chdhge
contactareabetweenthe D/A film and the electrodewhich can also affect theerformance of

the device. Howeveiit is still underdebatethat the D/A film witha high or low RMS surface

can benefit the performance of devic84-95] Perhaps it should be analyzed by combining with
the effect from the interpenetration morphology of the film, since both of them can affect the

performance of devices.
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Figure 24 Optical microscopy images of P3HT:PCBM matrix. Blend ratio was varied from 1:1 to 1:4.
Annealing time was kept constant at 5 min at temperatures of 125, 150, and 175[83]

As compared to the solvefwapor)and thermal annealingvhich is time andenergyconsuming,
respectivelyyolatile additives have been proposed to conveniently optimize the morpladlogy
D/A film by their synergisticeffect with the main solvent3.o choose an appropriaselditive

the solubility and boiling point neetb be taken into consideratip83, 99 Generally, an
additive wth good solubility for the fullerene derivatives aathigh boiling point are preferred
for optimizing the morphology of PSQgigure 2.5(a)]97] Intrinsically, it can induce strong
inter-chain interaction, increase the degree of local structure order, and control the aggregation of
the mobile fullerene derivativess seen in Figure 2(b,c), compared to the 1;8ananedithiol
(NDT) sample, the PCBM domain (dark area) size oftieanedithiol (HDT) sample is smaller,
and the phase segregation (contrast differenégshore distinctThis strategy is novemployed

to achieve high PCE fdvoth conventional polymer and low lthgap polymer systerwithout

the usag®f the thermal annealing treatm¢iig, 96, 98
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Figure 25 (a) Relationship between boiling point, difference in solubilityparameter and device PCE of the
different additive systems.15 x15 mm scanning transmission Xray microscopy (STXM) imagestaken at 285
eV for P3HT:PC4,BM blends processed with: (a) NDT and (bHDT.[96]

64



CHAPTER 3 EXPERIMENTAL

This chapter introduces traetailsof QDs synthesis and surface treatments, such as PbS QDs
preparedoy TMS and TBP involved metho€dS shellcoatingby different techniqueandthe
way of performing surface ligand exchangariouscharacterizations on nanostructure materials,

film samples andevices are also includedevices testing conditions areegented in the end.
3.1 Chemicals and Materials

Lead chloride (98%), oleylamine (technical grade, 70%), sulfur (100%), tributylphosphine
(97%), cadmium oxide (99%), oleic aciduryl methacrylateethylene glycol dimethacrylate,
diphenyl(2,4,6étrimethylbenzoyl)phosphine oxidesardiogren (IR 125), 1,Aichloroethane,
octadecene n-butylamine (95%), zinc acetate dihydrate (Zn(GEOO)R2H ,0, 99.9%),
ethanolamine (NFCH,CH,OH, 99.5%) and 2nethoxyethaol (CH;OCH,CH,OH, 99.8%)were
obtained from Sigm&ldrich Inc. 4(7-(2-phenyt4H-1-benzothiopyram-ylidene}4-chloro-3,5
trimethylenel,3,5heptatrieny2-phenyt1-benzothiopyrylium perchlorate (IR 26, 97%),
dimethyl sulfoxidefoluene, and ethanol wepairchased from Fisher Scientific CompaRggic
regularP3HT (RR9395) andPCBM (>99.5%) were purchased from solaris chem incorporation.

All of the materials were used without further purification.
3.2 PbS QD Synthesis
3.2.1 One-step injection of TBP route

In this route typically 2 g of PbCh and 15 nb of OLA werefirst heated at 160C for 30 min
underN; flow. Then the solutionvas pumped for at least 30 min to eliminate remaining water
and possible impurities from reagent$eanwhile,20 mg of Swasdissolved in 5 rh of OLA
anddifferent volume offBP wasthenadded forsynthesizing the QDs of different sizes. The
OLA/TBP solution was subsequentlynjecied into the Pb precursor solutioafter it is cooled
down to 70 C. Finally, the reactiomvas cuickly quenchedwith cold toluene afteb s, and the
obtained PbS QDs were purifiegveral times by repeated centrifugatdhspersion processes

and eventually stabilized by the addition of oleic acid ligands
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Figure 3.1 Scheme illustration of QD synthsis[99]

3.2.2 Two-step injection of TBP route

For the twestep injection, TBP of varying volume was directly introduced intdPihgrecursor
solution before the addition of theCHLA solution. All othe experimental conditions, including
precursor preparation, reaction, purification andispersion, were the same as that desciitbed

section3.2.1
3.2.3 TMS route

PbS QDs were synthesized following the procedure previously reported by our [¢6lip

Typically, 760 mg of Pb(OAg)3H,O0 ( 099. 98 &%jJ , oReddcmacid (099 %) :
were added to a three neck round bottom flask and heated t€ ¥601 h while being stirred
andpurged with N flow. This lead precursor solution was cooled under vacuum toCL20d

N, flow was resumed. TwelL of mixture of TMS and TOP (technical grade, 90%Mh volume

ratio of 1:10 were injected into the flask, and the temperature was cooled alded C very

quickly. The QD growth reaction was quenched with cold water after 5 minutes. The obtained

PbS QDs were dissolved in toluene and kept%@ fbr 2 days before purification with repeated
centrifugation/redispersion processes. The concentratf the PbS QDs can be determined by
measuring their absorption spectrum, and the calculation details camrx ifo Supporting

Information.

3.3 PbS/CdS QDSynthesis
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3.3.1 PbS/CdS QD synthesis by microwavassisted method

PbS/CdS core/shell QDs were synthesiagatation exchange method, following our previously
reported procedurdd01] Briefly, asprepared ultrasmall PbS was dissolved in 20 mL toluene
after purificaton. Appropriate amounts of GdA solution (CdO dissolved in OA) was added to
the PbS solution. After-Bin stirring and émin bubbling by N, the solution was reacted in a
microwave oven for 8 s at 100 to get the PbS/CdS with 0.1 nm CdS shell. Finstig,solution

was purified by ethanol for the next step.

Microwave Reactor

P s
Microwave

OA-capped PbS OA-capped PbS/CdS

Figure 3.2 Schemeillustration of CdS-shell coating

3.3.2 PbS/CdS QD synthesis by oibath method

PbS QD suspension in toluene (1 mL, Absorban8eat the first exciton peak) was first diluted
to 10 mL After N, bubbing for 30 min the PbS QD suspension wasated to 100C, followed

by the immediate injection of mL of Cd-OA solution The reaction was then allowed to
proceed for different time in order to get different shell thickness. Specifiailgrowing the
CdS shelbf 0.5 nm in thickness for the LSC device fabrication, the reaction was stoppesl after
h. Finally, the PbS/CdS QDs were purified anddigpersed in toluene for LSC device

fabrication.

3.3.3 Metal halide treatment
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Halide treatment wasarried out in solution following the ligand exchange procedure previously
reported.102 First, a stock CdGlsolution was prepared by mixing 600 mgCdCk (99.999%

trace metals lss), 66 mgof tetradecylphosphonic acid (97%) and 1Q of OLA (technical

grade, 70%) in a flask and heating the mixture at 100 € under vacuum for 1 h. Subsequently, 10
mL of PbS/CdS QDs solution (25 mgimn toluene) was heated to 60 € undek Mow, and

0.75 niL of CdCk stock solution was injected and kept at 60 € for 30 min under magnetic
stirring. The obtained halidebS/CdS QDs were purified by ethanol and acetone washing
successively and further dispersed in dichlorobenzene for charatterizand solar cell

fabrication.

OA

CdCl,-TDPA-OLA cr

Figure 3.3 Scheme illustration of ligand-exchange.

3.4 Device Fabrication

3.4.1 Fabrication of LSC devices

Similar to the procedures described in referefsé%7] the LSCs were fibricated by embedding

the TBRroute synthesized QDs into a polymer matrix. Brieflye tQDs were precipitated by
adding ethanol. The monomerecursor of lauryl methacrylate and crtisger of ethylene

glycol dimethacrylate were mixed at a mass loading of approximately 20%, and then added into
the QDs. Diphenyl(2,4:&imethylbenzoyl)phodpine oxide was added to the resulting solution

as a UV initiator. A clear solution was obtaineduliyasound treatmenEinally, the mixture was
illuminated by a UV lamp for 2 h in a mold consisting of two glass slides separated by a flexible

rubber spaaewith thickness around 2 mm.
3.4.2 Fabrication of solar cell devices

The details of PSQ@abrication processes are shown kigure 2.4 ITO glass substrates (2.5

cmx2.5 cm) were sequentially washed in water, acetone and isopropanol for 20 min each. An
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optical lithography technique was then used to pattern the substrates. The patterned ITO glass
substrates were cleaned again in acetone and isopropanol for 10 min each, followed by oxygen
plasma treatment for 2 min. The ZnO precursor solution was theiteaied onto the patterned

ITO glasses and annealed at 200 € for 30 minutes in air to get the ZnO film (an electron
transport and hole blocking layer). P3HT (RR®R solaris):PCBM (>99.5%, solari€):0.8 by

weight) solution(with and without the solveradditive or QDs)n 1,2dichlorobenze was spin

coated onto the ZnO layer to form the photoactive film and kept in a petri dish for 30 min for
aging before the thermal annealing step at 140 € for 10 min. Finally, the fabrication of the solar
cell device vas completed by depositing a 20 nm thick layer of Mo® the photoactive film
followed by an 80 nm thick layer of Ag through a shadow mask, which makes the photoactive

area of about 6 mm
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Figure 3.4 1TO substrate pattern and process of PSC devicdabrication.

3.5 QD concentration calculation

Firstly, we determined the molar concentration of synthesized PbS QDs in toluene using the
BeerL a mb er t A s = |, ®iGkieA is the absorbance at the position of the first exciton
absorption peak for a given spha, Uis the extinction coefficient per mole of PbS QDss the

molar concentration of QDs, arldi s t he | i ght path | engah depe

determined using)= 19600r>2[103 wherer is the radius of QDs. R can be calculated by the
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following formula: E = 0.41 + 1/(0.025¢ + 0.283l), whereE and d are the bandyap and
diameter of obtained QDs, respectivEl@4 Then, the calculated C was converted to mass
concentratiorf. Finally, the product yield per batch can be obtained by using the mass
concentration multiplying the total volume of QDs solutigve assumed that the rcentration

of PbS/CdS QDs with a thin shell (0.1 nm) is equal to that of the plain PbS QDs.

3.6 Characterizations

Absorption spectra of the solution and sedtdte samplewere acquired with a Cary 5000 UV
Vis-NIR spectrophotometer (Varian) with a scan speed of 600 nm/min. Fluorescence spectra
were taken with a Fluorolog® system (Horiba Jobin YvonpPL QY of QDs with emission

peaks in the range of 8dM00 nm was measurading IR 125 dye (dissolved in dimethyl
sulfoxide) as a reference, while the PL QY of the samples with emission peaks between 1100
1200 nm were measured using IR 26 dye (dissolvedZlichloroethangas a reference. The

size and morphology ¢bS QDs wre characterized by TEM (JEOL 2100F). Assuming the QDs
have spherical morphology, the size histograms of corresponding samples were obtained
foll owing the %whea$ isthenareas$f asingle QO és@mated by the imageJ
software, and dsi the diameter. Over 200 QDs were counted for each sample. The standard
deviation was obtained by fitting the histograms using the Gaussian function. Nuclear magnetic
resonance (NMR, Bruker,dvance Il HD, 600 MHz) was applied to examine the surface digan

of QDs and assess the change of TBPofahg the reaction using tolueiig8 (deuterated
chemica) as a solventlt was also employed texamine the butylamine in the film by dissolving

the film in deuteriumchloroform. Pb/S ratio was detected byductively coupled plasma /
atomic emission spectrometry (IGES, Agilent Technologie, 5100)The powder Xray
diffraction (XRD) study was carried out with a Bruker D8 advanced diffractometer using a Cu
Ky radiation sourceThe optical efficiency of th& SCs was measured by using ABET2000

solar simulator at AM 1.5G (100 mW &hncalibrated using a reference silicon diode.

X-Ray photoelectron spectrometiwyas performed using a VG Escalab 2X0i equipped with
an Al K, source. The XPS data were analyzed with the Casa seftdtmic force microscopy
(Bruker Corporation) with a silicon tip on a nitride lever was employed to investigate the film

morphology. Topography images of the photosctayers were obtained in tBeanAsyst mode.
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The different domains composed of inorganic QDs and organic materials were detected in the
contact mode by measuring the lateral bending of the cantilever. (RRialytical XPert PRO

MRD, Bruker Corporation) characterization was performea the film samples.The
profilometer (Bruker, Dektak XT) was applied to measure the thickness of the activeTlager.

films were covered by a MafAg layer during longerm aging to simulate the actual device
conditions. Fourier transform infraredpectroscopy (FTIR, Digilab FTS7000) in the
transmittance mode was employed to detect the change of chemical bonds of the organic material
in the film. The solar cells were characterized by curveltage (3V) measurements under
illumination by an AM 1.5solar simulator. External quantum efficiency (EQE) measurements

were also conducted using an IQE200B system (Newport Corporation).
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CHAPTER 4 RESULTS

This chapter is divided into three parts, each corresponding to one article. Thpafirst
introduces a facil e and -dizg Pb8 @Dseanditheir applitcaonih 0 sy
LSC devices. The second part is about the first demonstration of enhanced stability of PSCs by
incorporation of QDsnto the active film The last paris focused on PCE enhancement of PSCs

via morphology manipulation of the active film.

4.1 Ultrasmall PbS Quantum Dots: A Facile and Greener Synthetic Route

and Their High Performance in LuminescentSolar Concentrators

Long Tan, Yufeng Zhou, Fugiang Ren, Delri Benetti, Fan Yang, Haiguang Zhao, Federico
Rosei, Mohamed Chaker and Dongling Ma

J. Mater. Chem. A2017, 5, 1025610260.

Due to the better surface passivatitike small QDs normally haveigher PL QY andbetter

stability than thdarge onesAdditionally, their absorption and PL spectrum are well separated
with less overlap area than that of the large ones. Taking all of these aspects into consideration,
the very smalkize QDs are suitable for the CSlevice applicatioby acting as théluorophoe.

In this sectionsynthesis of very small PbS QDs is performed via ddaciand fAgr eener o
using PbCl and elemental S as the precursamith the aid of tributylphosphinelhe optical

properties, surface chemistry, synthesis mechanism and-wgragnthesis of the QDs are
systematically investigated. By applying QDs synthesized bydhig in LSC devicg a record

high optical efficiency oD1.2% at a geometri¢G) factor of D50 (10 cm in length) has been

obtained.

| did most of the eperimental work andavrote the draft othis manuscript. | also got the help
from Yufeng Zhou, Daniele Benetti and Haiguang Zhabo fabricated and characterizé¢ie
LSC devices In addition, Fugiang Ren helped m® dothe Pb/S ratiomeasuremestandto take

the photoluminescendmage of the LSC device
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Ultrasmall PbS quantum dots: a facile and greener synthetic route and their high

performance in luminescent solar concentrators

Long Tan, Yufeng Zhou, Fugiang Ren, Daniele Benetti, Fan Yang, Haiguang Zhao, Federico

Rosei, Mohamed Chaker and Dongling Ma*

Abstract: Synthesis of quantum dots (QDs) with widely sigeable optical absorption and high
photoluminescence quantum yield (PL Qia a facile route is highly desired. By introducing
tributylphosphine (TBP) into a relatively green synthesis method based on the use of.S, PbCI
andoleylamine (OLA), we conveniently synthesized ultrasmall PbS QDs with the first excitonic
absorption pdawavelength as short as 705 nm, without using a glove box, which cannot be
achieved by previously reported approaches, without involving smelly S precursors (such as
bis(trimethylsilyl) sulfide). Such synthesiz&bS QDsshow narrow size distributions \wibut

any aggregation and demonstrate high PL QY in the range @d%0) depending on the QD size.
Based on nuclear magnetic resonance spectroscopy aayg diffraction investigationsTBP

was foundto act as theassivabn ligand on the surface of QDrghile simultaneously assisting

the transformatiorof PbChL-OLA into more reactivePb(OH)Clthat can directly participate the
nucleation process, yielding ultrasmall PbS QDs. This new finding remigQH)Cla very
promising, newlead precursor for convaant synthesis of PbS and other ldmbsed QDs. We

also demonstrate that the process can be readily scaled up. After synthesizing a thin CdS shell
(~0.1 nm), ultrasmall core/shell QDs with a large Stokes shift (0.36 eV) and good stability were
employed forfabricating near infrared (NIRluminesceh solar concentratsr which led to a
recordhigh optical efficieny of ~1.2% at a geometric factor of ~50 (10 cm in length). The TBP
route developed herein is very promising for synthesizing high quality ultia®ma that have

high potential in NIRrelated applications.

Introduction

PbS quantum dots (QDs) have attracted increasing attention due to their size tunable optical
properties in the near infrared (NIR) range arising from the quantum confinement Efffegt.
are widely applied in optoelectronics, biological imaging and sefi€oFaeir performance in
various applications are largely determined by their size, monodispersity and photoluminescence
guantum yield (PL QY), which highly depend on QD synthesis.
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Various methods have been explored for synthesizing PbS QDs. Among diverse synthetic routes,
the wet chemical method is wédhown as an efficient loweost path to obtain high quality PbS

QDs. One of the most popular methods uses lead oxide and bis(yshgtisulfide (TMS) as
precursors and the size of PbS QDs can be tuned in the rangé @R Zén, corresponding to
first-excitonic absorption peaks of 82550 nm® However, TMS involved in the QD synthesis
(denoted as the TMS route herein) shows vegi eactivity and is malodorous. A glove box is
always required for the manipulation of TMS for this type of synthesis, which is inconvenient,
especially for industrially relevant reaction scales. Alternatively, a greener synthesis has been
explored by emipying elemental sulfur (S) as a replacement of TMS, as first demonstrated by
Cademartiriet al and is now widely usetin this scenario (defined as the PhSIroute herein),

PbS QDs are formed by injectingoBylamine (OLA) solution into thpre-heated PbGIOLA

solution. Although it is greener and more convenient as well as can be conducted at a larger scale,
this method yields PbS QDs in a limited range of 8.2 nm as compared to the TMS route,
corresponding to the firsixcitonic absorptin peaks of 1200 rid600 nm’ Very recently,
Owendés group developed a new method to synthe
the firstexcitonic absorption peak tuned down to 850 nm), narrow size distribution and good
batch to batch consisten@t industrially relevant reaction scales by using thioureas as S
precursor’ However, additional procedures are needed to synthesize new precursors and a glove
box cannot be completely avoided in the synthesis. Among these methods, th& Rin@é has

the advantages of wusing Agreenero and stable

and being cosgffective. It is worth more intense attention.

To expand the tunable range of the fggtitonic absorption peaks of PbS QDs synthesized via

the facile PbGFS r out e without the use of a gl ewe box
octylphosphine (TOP) into the S precursor solution during the synthesis, by which PbS QDs with
first-excitonic absorption peaks in the range of i2#0 nm were dained*' The authors
described that the major role of TOP was to form strong bond with sulfur, which led to a
prolonged ripening process. Since the dir@ble optical characteristics of QDs remain one of

the major driving forces for their developmentaractical applications, it is highly desirable to

further blueshift the firstexcitonic absorption peak of PbS QDs by decreasing their sizes.

Specifically, very small QDs normally have higher PL QY and optical constant, and better

74



stability than large wes®*® which makes them promising in various applications, such as

mul tijunction solar <cell s, l' ight emitting dio
solar concentrators (LSCs). Additionally, the scale up of reactions, which is also of high
importance, was not mentioned in this DRolved PbCJ-S synthesis. Last but not least, the
exploration of small QDs synthesized by the BH&lroute in electronic and optoelectronic

devices, such as LSCs, is quite limited to the best of our knowledge.

LSCs are composed of fluorophores embedded in a polymer matrix which acts as a wave guide.
They are able to convert photons over a wide range of the solar spectrum into concentrated light
in a specific range suitable for exciting integrated solar cellsisiered as a potentially
effective approach to both decrease the cost of power and improve solar cell efficiencies, LSCs
are now being widely studi¢d”Recent advances in the synthesis of inorganic QDs with high

PL QY, sizetunable optical propertieand good chemicdphotcostability make them excellent
candidates for LSC technologies. To the best of our knowledge, althougisiblé (Vis) QDs

are widely investigated in LSC8! only several papers on NIR QDs can be found in this

field. &2

Here,we introduce tributylphosphine (TBP) into the PBSIroute, which leads to the important
decrease in the size of PbS QDs below 2.5 nm (referred to as the TBP route herein). As a result,
the firstexcitonic absorption peak of PbS QDs synthesized by tG&+fomethod is now further
extended down to 705 nm and can be tuned to cover previoushchieved wavelength range

of 705900 nm by this method, promising for various applications. We further demonstrate that
such synthesized PbS QDs show very highQ@L (60-90%), comparable to those synthesized

by the TMS route and the synthesis can be easily scaled up. In addition, we discovered a
surprising interaction between TBP and PBCOLA. To improve the stability of asynthesized

QDs, a thin CdS layer was ther coated on PbS QDs via cation exchange. Thaegared
PbS/CdS core/shell QDs exhibit the PL QY of ~70% and Stokes shift of 0.36 eV. The LSCs
using PbS/CdS core/shell QDs yield an impressive optical efficiency of 1.2% at geometric factor
(G factor) ~® (10 cm in length), among the highest values reported for QDs LSCs with similar
G factor. Therefore, our work contributes to the development of both QDs and LSCs

technologies in the NIR range.

75



Experimental
Chemicals and materials

Lead chloride (98%), olégmine (OLA) (technical grade, 70%), sulfur (100%),
tributylphosphine (97%), cadmium oxide (99%), oleic atadryl methacrylateethylene glycol
dimethacrylate, diphenyl(2,48methylbenzoyl)phosphine oxidesardiogreen (IR 125), 12
dichloroethane and octadecene (ODE) were obtained from SMpniah Inc. 4(7-(2-phenyt
4H-1-benzothiopyrasi-ylidene}4-chloro-3,5trimethylenel,3,5heptatrieny2-phenyt 1-
benzothiopyrylium perchlorate (IR 26, 97%gimethyl sulfoxide, toluene, and ethanol were

purchased from Fisher Scientific Company. All chemicals were used without any purification.
PbS QDsynthesisby TBP route

In this route typically 2 g of PbCh and 15 mL of OLAwerefirst heated at 160C for 30 min
under N2 flow. Then the solutionvaspumped for at least 30 min to eliminate remaining water
and possible impurities from reagent$eanwhile,20 mg of Swas dissolved in 5 mL of OLA
anddifferent volume offBP wasthenadded forsynthesizing the QDs of different sizes. The
OLA/TBP solutionwas subsequentlynjecied into thePb precursor solutioafterit was cooled
down to 70 C. Finally, the reactiomvas quickly quenchedwith cold toluene afteb s, and the
obtained PbS QDs wemurified several times by repeated centrifugatthspersion processes

and eventually stabilized by the addition of oleic acid ligands

For the twestep injection, TBP of varying volume was directly introduced intdPhgrecursor
solution before the alition of the SOLA solution. All other experimental conditions, including
precursor preparation, reaction, purification andlispersion, were the same as that described
above.

PbS/CdS QD synthesis via cation exchange

PbS/CdS core/shell QDs wesgnthesized by cation exchange method, following our previously
reported procedures.Briefly, asprepared ultrasmall PbS was dissolved in 20 mL toluene after
purification. Appropriate amounts of G0A solution (CdO dissolved in OA) was added to the

PbS slution. After 3min stirring and @min bubbling by N, the solution was reacted in a
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microwave oven for 8 s at 100 to get the PbS/CdS with 0.1 nm CdS shell. Finally, the solution

was purified by ethanol for the next step.
LSC fabrication

Similar to theprocedures described in referené&Sthe LSCs were fibricated by embedding the
TBP-route synthesized QDs into a polymer matrix. Briefly, the QDs were precipitated by adding
ethanol. The monomeprecursor of lauryl methacrylate and crtisker of ethyene glycol
dimethacrylate were mixed at a mass loading of approximately 20%, and then added into the
QDs. Diphenyl(2,4,8rimethylbenzoyl)phosphine oxide was added to the resulting solution as a
UV initiator. A clear solution was obtained lj§trasoundtreatment Finally, the mixture was
illuminated by a UV lamp for 2 h in a mold consisting of two glass slides separated by a flexible

rubber spacer with thickness around 2 mm.
Characterization

Absorption spectra of the QDs were acquired with a Cary 5000/19-NIR spectrophotometer
(Varian) with a scan speed of 600 nm/min. Fluorescence spectra were taken with a Flu8rolog®
system (Horiba Jobin YvonRL QY of QDs with emission peaks in the range of-8000 nm

was measured usin® 125 dye (dissolved ininhethyl sulfoxide) as a reference, while the PL

QY of the samples with emission peaks between IADD nm were measured using IR 26 dye
(dissolved inl1,2-dichloroethang as a reference. The size and morphologPb$ QDs were
characterized by TEM (JEOL QQF). Assuming the QDs have spherical morphology, the size

hi stograms of corresponding sampl es’where® obt a
is the areas of a single QD estimated by the imageJ software, and d is the diameter. Over 200
QDs werecounted for each sample. The standard deviation was obtained by fitting the
histograms using the Gaussian function. Nuclear magnetic resonance (NMR, Bruker, Avance Il
HD, 600 MHz) was applied to examine the surface ligand of QDs and assess the chidBige of
follwoing the reaction using toluefig8 as a solvent. Pb/S ratio was detectednoluctively

coupled plasma / atomic emission spectrometry {AEFS, Agilent Technologie, 5100 he

powder Xray diffraction (XRD) study was carried out with a Bruker D@&vanced

diffractometer using a Cug¢adiation sourceTlhe optical efficiency of the LSCs was measured
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by usingan ABET2000 solar simulator at AM 1.5G (100 mW 9nealibrated using a reference

silicon diode.
Results and discussion
One-step TBP route synthesis of PbS QDs

Based on the widely us-8 doutd, awecfurthee dewelopbd tiiegFBRR e n e r
route to synthesize ultrasmall PbS QDs herein. All of the synthesis procedures were conveniently
conducted out of the gloveok. To study the effect of TBP, the synthesis was performed under
identical conditions, with the only difference being the amount of TBP introduced. Briefly, TBP
was first mixed with SOLA and then this mixture was injected into PBOLA solution. It was

found that the optical absorption of such synthesized PbS QDs can be well controlled by varying
the amount of TBP added into the S precursor solution as demonstrated in Figure 1(a). For the
purpose of straightforwardly comparing the shape, width and @osdf the firstexcitonic
absorption peaks of the QDs synthesized with different contents of TBP, all the spectra were
normalized by their respective peak intensity. The exact amount of TBP used for QD synthesis
and corresponding firsgxcitonic absorptiopeak positions are listed in Table S1. For the -TBP

free PbCJ-S reaction, the shortest absorption peak wavelength of synthesized PbS QDs is limited
to ~1056 nm, whereas the introduction of TBP largely extends theficgbnic absorption peak

range of dtained QDs to shorter wavelengths. Specifically, by increasing the volume of TBP
from 10 to 40 |L, the firstexcitonic absorption peak of QDs is biskeifted from 1028 to 705 nm,
corresponding to the QD diameter changing from ~3.4 to 2.2 nm (calculatedtifie first
excitonic peak of QDs, following the previously reported method), in line with TEM
observation? Nonetheless, with the further increase of TBP amount to 60 |L, no PbS QDs
could be collected, due to the formation of the stable bond betwelerai® sulfur, as partially
evidenced from the color of S precursor solution. Initially appearing red/yellow without TBP or
with less TBP, the color of sulfur solution becomes almost colorless with the addition of 60 L
TBP, suggesting the interaction beameTBP and S. Consistently, mixing of Pb and S precursor
solutions during the synthesis leads to no obvious color change, indicative of the lack of PbS
formation, in clear contrast to other cases where grey color was immediately observed due to the

instantineous nucleation reaction.
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The PL spectra of obtained PbS QDs are shown in Figure 1(b), and the corresponding values of
PL peak position and full width at half maximum (FWHM) of PL are summarized in Table S1.
Based on FWHM data, all the samples synthesibg the TBProute show narrow size
distributions. PL QY was measured according to the method described in the litEtaiitine2-
[7-[1,3-dihydro-1,1-dimethyt3-(4-sulfobutyl}2H-benz[e]indol2-ylidene} 1,3,5heptatrienyl}
1,1-dimethy}3-(4-sulfobutyl} 1H-benz[e]indolium hydroxid€IR 125, for 2.2, 2.8 and 3.1 nm
samples) or 47-(2-phenyt4H-1-benzothiopyras-ylidene}4-chloro-3,5-trimethylenel,3,5
heptatrieny2-phenytl-benzothiopyrylium perchlorate (IR 26, for 3.4 nm and 7B
samples) as the standard samples. As seen in Figure 1(c), all of the QDs show high PL QY in the
range of 6090 %, comparable to the TM®ute synthsized QDs of similar emission
wavelengths? In particular, for the TBBamples, the PL QY increases from ~67% (average
value) for 3.4 nm QDs to ~83% (average value) for 2.2 nm QDs, very likely due to the better
passivation for smaller sized QBfsTo gaindeeper insights into exciton kinetics, transient PL
spectroscopy was used to measure the PL decay of the PbS QDs dispersed in toluene. Figure 1(d)
shows the typical decay curves for QDs with different diameters achieved by either tfie@BP
PbCL-S roue or the TBRoute. All the curves can be fit sufficiently well by adxponential

decay function, and the average lifetimg (vas calculated from two resolved lifetime
components. All lifetimes are in line with those reported for PbS QDs in the liefaexcept

for the 2.2 nm QDs, which show unusually long lifetime overs3 Radiative recombination

rates (Kag and nonradiative recombination rates ()Kwere then calculated using the following
equation$”: PL QY = Kad(KraqtKn) andt = 1/(KiagtKn). The values of Kgand K, of all the
samples are included in the inset of Figure 1(c). Thefdt all samples are more or less similar,
while the trend of the large increase qf With QD size is well in line with the opposite trend in

the PL QY ofthese QDs; the presence of more surface defects must be mainly responsible for
the decrease of the PL QY in larger QDs.
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Figure 1. Absorption spectra (a), PL spectra (b), PL QY (c), and PL decay (d) of QDs synthesized without
TBP and by the TBP route. Inset in figure (c) shows K4 and K, values calculated from measured lifetime

and PL QY data. The lines are shown as guide the eye.

Figure 2 shows transmission electron microscopy (TEM) images of obtained PbS QDs. It shows
that the morphology of QDs is significantly affected, from irregular to eg@serical, with the
introduction of TBP into the reaction. It can be explained fromligaend passivation point of

view as the morphology is known to be largely associated with ligand passivation. TBP herein
acts as ligand, as confirmed by NMR results to be presented in the later text. Moreover,
statistical histograms were obtained to farthnalyze the effect of TBP on QD diameter and size
distribution. When the volume of TBP is zero, PbS QDs with an average diameter of 4.1 nm are

obtained. With the presence of TBP in the reaction, the average diameter of PbS QDs gradually
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decreases witmcreasing volume of TBP, in agreement with the blue shift of theefitonic
absorption peaks mentioned above. A representative high resolution (HR) TEM image of the 3.1
nm sample (inset in Figure 2(c)) shows lattice fringes, corresponding to thef§260pf PbS

QDs and in line with their crystalline structure (Figure S1). Additionally, in most of the cases the
size distribution is improved with the presence of TBP. In particular, the size distributions for 2.9,
3.1 and 3.6 nm QDs are significantlgrrower than that of 4.1 nm QDs synthesized without TBP.
From many TEM images, we also noticed that QD aggregation is effectively hindered with the
presence of TBP, even for the QDs with the average diameter as small as 2.3 nm. The narrow
size distributiorand lack of aggregation along with high PL QY of the QDs strongly suggest that
high quality of QDs have been synthesized by the TBP route. TBP must play a significant role in
determining important structural parameters, including the morphology, aveeageter, size
distribution and dispersity of QDs. Alkylphosphine compounds, acting as solvent and/or ligand,
have been widely applied to synthesize/lland IV-VI QDs*?4%|t was reported that they can

affect the nucleation reaction or crystal growtiocess and thereby affecting the QDs synthesis

in a complicated way. Herein, we focus on a specific alkylphosphine, TBP, which was not
previously explored in PbS QD synthesis, and found that it is able to considerably decrease the
size of PbS QDs. Its eftt on the synthesis of PbS QDs will be discussed in detail in the next

section.
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Figure 2. TEM images of the PbS QDs synthesized by using different volumes of TBP: (a)m0(b) 30m, (¢)
20m, (d) 10m and (e) Oni. Insets: size histograms (a&e) andHRTEM image (c).

Inductively coupled plasma atomic emission spectrometry -AEB) and *P NMR
spectroscopy were used to probe the surface chemistry of theolBPsynthesized QDs, which

can significantly influence their properties. Figure 3(a) showsékults obtained in the current
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study and the data from the TMS route in the literattifer comparison. We found that the Pb/S
ratio of the TBP route synthesized QDs is much lower than that reported in the literature,
although the trend of the Pb/Sios with size is similar. In all these cases of ultrasmall QDs, Pb
rich surfaces were identified. In the literatdfethe size, capping ligand and coverage of QDs
and their external facets are highly correlated, and in generalsa@lQDs were confined to

have more Piich (111) external facets than larger ones. Our results suggest that TBP can alter

the surface arrangement of Pb and S atoms, with respect to that reported in réference

To better understand the surface chemisty, NMR wasconducted on purified 3.1 nm PbS

QDs (Figure 3(b)). New phosphorous resonanceldt7 ppm was detected, indicating the
presence of TBP ligands on the surface of QDs. The dramatic downfield chemical shift from
around-31 ppm for pristine TBP tel3.7 ppm 6ér TBP-QDs is ascribed to the strong interaction
between TBP and S atoms on the surface of ¥0%e presence of the TBP ligand on the
surface could contribute to the high PL QY of the TBP route synthesized QDs by providing extra
passivation to the -Site compared to the QDs from the normal, F88e PbC}-S route and

TMS route. Controversial results regarding the role of alkylphosphines as passivating ligands
have been reported in the literatdté! For instance, highly photoluminescent PbS QDs with a
narrow size distribution can be obtained by using TOP as an additional ligand in the TMS
route®! The authors attributed the improvement to the enhanced surface passivation because both
Pb and S surface atoms are passivated in this case, by oleic acidRnce3pectively. However,
different result was reported by Moreelsal™ In that case, TOP could not be found on the PbS
QD surface. In our case, we believe that TBP (with short organic chains) has less steric effect
than the analogous TOP, which féeiles its interaction with the-Stes. In addition to leading to

the high PL QY, such passivation effect may induce an additional barrier for the QD growth
during the synthesis. Along with the known strong binding effect between phosphines and S, the

growth rate of PbS QDs decreases, leading to the observed smaller sizes.
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Figure 3. (a) Pb/S ratios of PbS QDs of different sizes synthesized by the TBP route; for the purpose of
comparison, data on TMSroute synthesized QDs from the literature*? are induded. (b) *'P NMR spectra of
pristine TBP and PbS QDs synthesized by the TBP route.

Overall, with increasing TBP content in the S precursor solution, thesficstonic absorption

peak of synthesized PbS QDs is gradually {sliéted from 1056 nm to 706m, owing to
decreased QD size. TBP as the surface capping ligands could have contributed to the improved
optical properties, sizdistribution and affected the surface composition of TBP route
synthesized QDs. In brief, the smallest QDs show the highe®YPand longest lifdime, while

QDs with the average diameter in the range of260nm have the narrowest sidistribution.

Two-step TBP route synthesis of ultrasmall PbS QDs

Motivated -bfyf @ hiteo ,A TBHWPI ¢ h wa sexcitobid absorption peak dfe n d
PbS QDs down to 705 nm in the estep TBP route, we further examined the effect of TBP on
PbS QD formation when it was separately injected into the FBCA sdution followed by the

S-OLA injection. When large amounts of TBP (TBP:Pp€I1:1 by molar) were injected, very
well-defined absorption and PL spectra of the PbS QDs with peak position located at ~780 and
~890 nm were obtained (Figure 4(a)). This step TBP route can also result in largely
extended excitonic absorption peak as compared to PbS QDs synthesized by the norm&l PbCI
route. The FWHM of the PL peak (160 meV) formed by this method is even narrower than what
can be achieved by the TMS route fbe QDs (17meV) of similar size*? The calculated PL
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QY of ultrasmall QDs synthesized by this tstep route is around 80%. Repeated experiments
show that this twestep TBP route is highly reproducible and easily controllable. These results
highlight the importance of this new, safer approach for the synthesis of ultrasmall QDs in a
convenient way. As seen in the TEM image displayed in Figure 4(b), PbS QDs with diameter
around 2.5 nm have excellent dispersity without any aggregation, in good agreethehewAL

result. Nevertheless, when less TBP (20 |L) was used in thesteyp TBP route, bimodal
absorption peaks were observed at around 973 and 1065 nm, respectively (Figure S2). Obviously,
the presence of large amounts of TBP ligands played an impoolann obtaining ultrasmall

PbS QDs with a single and narrow peak. To better understand the interaction between PbCI
OLA and TBP, we performed additional investigations by focusing on lead precursors and TBP.
Specifically two samples were prepared aadnpared. In the first casBpCb-OLA was first
prepared byheaing the mixture ofPbCL and OLA following the sameprocedureused in the
onestep TBPRroute The solution was then centrifuged and the obtained precipitates were
washedand then driedin the other casdarge amounts oTBP wereinjected into the PbGl

OLA solution at 70°C followed by the same precipitation and drying operatiockRD was
performed on these two samples and results are showigume 4(c), wherethe spectrum of
commercial PbG| as a referencés also includedThediffraction patterrof PbCL (JCPDScard

NO. 26-1150) istotally changedafter reactingvith OLA. Surprisingly, vhen TBPwasinvolved

in the reaction, the Pbompoundwith the crystal structure of laurionite JCPDScard NO.74-

2022 could be identified, suggesting the formatafrPb(OH)CI*?

3P NMR spectroscopy was further employed to monitor the possible change in TBP following
the reaction.Figure 4(d) shows the NMR spectra of piiise TBP and that aftePb(OH)CI
formation, where no chemical shift was observed. As P is the only element in TBP that may react
in this process, this finding suggests that highly likely, there is no change in the molecular
structure of TBP in solution. Was reported that TB&an beconsidered as a catalystanylation
reaction>* and different types of alkylphosphines cause considerable changes in the product
yield of PbSe QDs by different effedtSNevertheless, this is the first time that TBP was found

to assist the transformation of the PBOLA complex toPb(OH)CI Since the reaction was
conductedunder N, the oxygen atom in Pb(OH)@hay mainlycome from the large excesd

the commercialOLA reagent (Technical grade: 70%lthough the detailed mechanisrior
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transforming the Pb@OLA complex to Pb(OH)Clin this reaction stillrequires further
investigatioss, it is already clear that the presence of TBP directly induces such a transformation,

which highly likely changes the P® reaction rate and leads to small QD sizes.

Pb(OH)Clhas recently been reported as a lead source to synthesizimersion (OD) and 1D

PbSe nanomaterials at relative low temperature, although the optical propertgschof
synthesized nanomaterials were not mentioiéterein, to confirm that Pb(OH)CI serves as the
actual precursor for the formation of ultrasmall, high quality QDs shown in Figure 4(a) and (b),
precipitatedPb(OH)CI wasalso employed for the QD synthesio do it, Pb(OH)Clwas firstre-
dispersed in toluene and heated to°Z0 thenan appropriate amount &:OLA solution was
injected. The reaction was quenched by sséderbath and the absorption and Bpecta of the
assynthesizedPbS QDsareshownin Figure4(e) Thefirst-excitonic absorptiopeak position of

the sample is around 785 nmhich is impressively consistent with that of tstep TBP route
synthesized QDs. The corresponding PL peak is also around 890 nm. The high consistency of
both absrption and PL peak wavelengths of QDs synthesized by thestepoTBP route and
precipitated Pb(OH)CI strongly suggests that Pb(OH)CI is formed first during thetéywaoute

and acts as Pb precursor for the synthesis of ultrasmall QDs. The PL FWHNMME)0
however, is much broader for the QDs synthesized from precipitated Pb(OH)CI. This can be
ascribed to the involved washing process afterRh@H)CI synthesis, which removed many
OLA and TBP molecules in solution that can act as the ligands and control size uniformity
during the QD synthesis process. Having that said, TEM imiigeré 4(f)) of such obtained

PbS QDs still shows relatively good dispgrsvithout any obvious QD aggregation, indicating
that Pb(OH)Cl is a very promising precursor for ukraall PbS QDs synthesis.

The above investigations indicate that TBP can facilitate the formation of Pb(OH)CI and lead to

the formation of ultrasmall Qs in the twestep TBP route, although alkylphosphines were

thought to only interact with S. The case was different from thesteape TBP route, where TBP

S and OLAS were homogeneously mixed before their injection into the Pb precursor solution.

As the ngleation is instantaneous, no Pb(OH)CI formation is expected. In this case, the TBP

mainly plays a role in retarding QD growth by strongly interacting with S and passivating

surface Ssites (More information can be found in Mechanism Investigations im&IFsgure

S2). As a result, ultrasmall QDs with single absorption and PL peaks could be obtained in the
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onestep TBP route. So the actual roles of TBP in QD synthesis can be different depending on
the way it is introduced. Based on these studies, the ®8t@ can be actually done in estep

or two-step injections for synthesizing ultrasmall QDs.

Moreover, the scatap synthesis of PbS QDs by both estep and twestep TBP routes has been
performed (Supporting Information). The results show that bothsotah and slightly larger

QDs in high quality can be synthesized at larger scale by the new TBP route, which strongly
suggests that the TBP route, as a greener approach as compared to the TMS route, is a promising,

facile way to produce large amounts ofadingsized PbS QDs.
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Figure 4. (a) Absorption and PL spectra of PbS QDs obtained by twstep injections of large amounts of TBP
and then SOLA. (b) TEM image of PbS QDs obtained by twestep injections. (c) XRD spectra of lead
precursors and commercial PbCJ. (d) *P NMR spectra taken from pristine TBP solution and that after
reaction. (e) Absorption and PL spectraand (f) TEM image of PbS QDs synthesizedby Pb(OH)Cl and S
OLA.

88



LSC application

Significant overlapped absorption and PL spectra of QDs codlecenserious reabsorption and

thus lower the efficiency of LSCs, especially for laegea devices. In general, the performance
can be improved by enhancing the PL QY of QDs and better separating their absorption and
emission spectr&’’’ It has been reported that heterostructured-\isible QDs, such as
CdSe/CdS, can help to separate absorption and PL spectra and redoserpgon los$®*’In
previous work, NIR PbS/CdS QDs have been confirmed to have atgpadi band alignment,

in that, electron leakage takes place from the PbS core to CdS shell, causingsthi& cédPL
spectrum and longer liféme of electrons with respect to bare PbS GD$his PbS/CdS

core/shell structure was confirmed to efficiently reduce the reabsomptiLSC°

Herein, the twestep TBP route synthesized ultrasmall PbS QDs with the Stokes shift of ~0.25
eV were first coated by a thin CdS shell (~0.1 nm) via cation exchange method to increase the
Stokes shift value to as large as ~0.36 eV as well asake the QDs more staffeThese
core/shell QDs exhibit a fairly high PL QY of 70%. They were then employed as a luminescent
material in LSCs, which can absorb the light angmet photons in between 700 and 1100 nm,
coupling very well with the opticaxcitation wavelength range of Si solar cells (absorbing up to
~1100 nm). As seen in Figure 5(a), after transferring the core/shell QDs from solution into the
polymer matrix followed by UMnitiated polymerization, the PL peak position and FWHM were

not changed, indicating the excellent stability of synthesized PbS/CdS QDs as expected. The

optical efficiency £. _)was measured with a definitioniof _ LVEJ—F, where g { and L-,%rare
*7

the short circuit photocurrent from the Siodée coupled with a LSC and the short circuit

photocurrent from the Si diode under direct illumination (AM 1.5G).

As seen in Figure 5(b), the optical efficiency decrease with increasing length of the LSC devices
mainly due to the reabsorption phenomena edusy the small overlap of the absorption and
emission spectra of the QDs, where the G factor is defined as the top surface area divided by the
area of side facing the solar cell (the other three sides were covered by mirrors while measuring
the efficiency. The optical efficiency with the QD concentration of 24 M is around 4% at G
factor of 10, which is much higher than the previous record optical efficiency (<2.d%4he
core/shell PbSe/PbS QDs based LSCs at a much higher QD concentration of 193F3dtio(G
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11) with a flat structure. Even at large G factor (G=50, 10 cm in length). theg still around

1.2%, among the best efficiencies of the LSCs based on the CdSe/CdS QD$§ (1%)
CdSe/CgPbS.« QDs (1.15%%°, PbS/CdS QDs (1.1%) with similar G factors. It can be
attributed to the high PL QY, large Stokes shift and good stability offbBEe synthesized QDs;
their integration into the polymer matrix does not lead to any dramatic degradation of their PL
QY. Compared with previously reported giacore/shell QDs with a thick shell, a comparable
stokes shift was obtained for ultrasmall QDs with only a 0.1 nm thin shell. It is a significant way
to overcome the tradeff between shell thickness and PL QY. In many cases, PL QY is
inversely proportioal to shell thickness, like the cases of CdSef€dsd PbS/Cd8. Moreover,
higher temperature (over 200 €) or longer reaction time (several hours or longer) for preparing
the giant core/shell QDs can be avoided. For instance, we conveniently obta8i€di®Ds

(shell thickness: 0.1 nm) in 8 s at 100 €. Overall, ultrasmall QDs synthesized by the TBP route
are promising for LSC application in the NIR range by taking PL QY, separation of

absorption/emission spectra and phstability of these QDs intconsideration.

To further evaluate the performance of the LSC device based on PbS/CdS QDs, quantum

efficiency & ,o 4) defined ag o 4. E%'H‘;fwas calculated (Figure 5(b)), whek‘efg Is the
a T

short circuit photocurrent fro the Si diode under the illumination of light absorbed by QDs.
Similar to the trend I —<thet ,, Lof the device decreases from 9.6% to 2.9% with
increasing Gactor of LSCs from 10 to 50. The quantum efficiency gives an idea of the amount
of photons that reach the edge of the LSC and so it is a useful indication of the feasibility to
realize largescale LSC. Also in this case, even at large G factor (G=50), the internal quantum
efficiency is still around 2.9%, one of the best values fé&® NECs based on lead chalcogenides
and also comparable to the values of the best LSCs involving other types of QDs such as
CdSe/Cd¥. In addition, it can be further improved by increasing the shell thickness, resulting in
more separated absorption and &1n spectra, and thus less reabsorption in the LSC device.
These results indicate that these ultrasmall QDs are quite promising foataegeSC device
application. LSC devices composed of relatively large PbS QDs and PbS/CdS QDs with a thick
shell (05 nm) were also fabricated. Their device performance is shown in the supporting

information.
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Figure 5(c) shows that the-psepared LSC device has quite good transparency, attributed to
homogeneously dispersed PbS QDs in a polymer matrix. Moreover, aaNi&a& with a 780 nm
long-pass filter was used to capture the photograph of an illuminating LSC excited by a 636 nm
laser light source (Figure 5(d) and (e)). A large portion of the generated photons was successfully
guided to the edge of the LSC device witightness comparable to the excited area under direct

illumination, indicating the good quality of the prepared LSC device.
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Figure 5. (a) Absorption and PL spectra ofPbS/CdS in solution and a polymer matrix. (b) Optical/quantum
efficiency of PbS/CdS QDs embedded LSCs with different G factors. (¢) Photograph of a LSC device (scale

bar: 1 cm). (d) Scheme of the experimental setup for exciting and taking the photograph of an ithinating
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LSC device (Region of d angle is the escape cone of

captured by a NIR camera with a 780 nm longpass filter.
Conclusions

In summarythe TBP route has beedeveloged, for the first time, as agffectiveand less toxic

way to synthesizénigh quality ultrasmallPbS QDs, without involving the use of smelly S
precursors (such as TMS) and a glove Bga. this method, PbS QDs with diameter bel@2\s

nm can be synthesized, showing the optical aleorgpeak wavelength as short as 705 nm,
which have been challenging to achieve with previously reported-fféSmethods. In addition

to yielding quite high PL QY up to 90%, this synthesis route can be readily scaldi up
performing detailed investigath on experimental parameters and conducting structural, surface
chemistry and optical characterization, the actual role of TBP in QD synthesis was found to be
different depending on the way it was introduced into the synthesis. Surprisingly, it cangpromot
the transformatiof PbCl,-OLA to Pb(OH)CI leading to the synthesis of ultrasmall PbS QDs.
Moreover, it was confirmed that TBP is capable of slowing down the crystal growth process and
passivating the surfacesgtes. The high quality of such synthesiZPbS QDs (and subsequently
synthesized PbS/CdS QDs) was further demonstrated by the impressively high efficiency
achieved by QEbased LSC devices, revealing the success of the developed TBP route and the
high potential of these QDs in NIR optoelectronics
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Table S1 Absorption and PL characteristics and calculated siZzBb& QDssynthesized with
different volume of TBP.

Contents of TBP (uL) 0 10 20 30 40 60

Absorption Peak (nm) 1056 1028 951 876 705 N/A

Calculated QD Size (nm) 35 34 31 28 22 N/A

PL Peak (nm) 1136 1115 989 942 844 NJ/A

PL FWHM (meV) 119 100 107 122 197 N/A

N/A means that no QDs were collected.

Figure S1. X-ray diffraction (XRD) spectrum (a) anenergydispersive Xray spectroscopy
(EDS) of PbSjuantum dots (QDs) with an average diameter around 3.1 nm. The XRD pattern is
in accordance with the PbS standard JCPDS card ra6®2 EDS results confirm the QDs are
composed of Pb and S.
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Mechanism investigations. Understanding the effect different molecular species on the
formation of nanocrystals is crucial to control the diameter, dispersity, yields and properties of
QDs and ultimately their utility in functional devick# this respect, it is important to know the

role of TBP in synthsizingultrasmallPbS QDs. Fothe normal PbCJ-S synthesiswithout the
presence of any alkylphosphingbie mechanism investigations have bdenusedon the
reactions between sulfur and aminke wasreported that sulfur exisas S rings at its stagard

state which canfirstly react with alkylamine to form the sulfur precursalkylammonium
polysulfides at relatively lowemperatureUpon heating t@ higher temperaturesuch as 136C,

the polysulfide ions react with excess amine to generatgSHwvhich then reactwith lead
precursordo form PbS QDsFor the TOP involve®bCb-S synthesisit was reported that the
presence of TOP can affect the Acrystal gr owt
S TOP complex), but without reallyarticipating in the nucleation procéss.

Herein, the effect of TBP on the nucleation and crystal growth of PbS QDs was investigated by
varying the way TBP was introduced into the reaction solution (please note: in thepmeute
mentioned in the mamsaript, TBP was first mixed with the-GLA solution and then one step
injection of SOLA/TBP was done). In one case, 20 4 of TBP was separately injected into the
reaction solution immediately after theC&A solution being added to the pneated Pb
precusor solution (denoted as-@LA)+TBP). The absorption spectrum of the obtained QDs
with an absorption peak position around 985 nm is shown in Figure S2, which is clearly blue
shifted as compared to the case of the Tige reaction. Assuming the nucleatiprocess is
instantaneous upon the@_A injection, this observation suggests that TBP affects QD growth

by decreasing the chemical reactivity of the S precursor, highly likely due to the already known
strong binding effect between phosphines and S ajthabbe TBP effect on the Pb precursor
reactivity cannot be absolutely excluded either. In addition, the passivation of the surface S sites
by TBP, as confirmed by*P NMR (Figure 3b), increases the barrier for the QDs growth. Both
effects can decrease tlggowth rate of PbS QDs, leading to a smaller size and thereby an
absorption peak at a shorter wavelengt h. Si mi
also observed in our group by using TOP as an additive, although in that case we did not identify
the presence of TOP on the QD surfa&urprisingly when we switched the order of injections

of SOLA and TBP, bimodal absorption peaks were clearly observed, with one located at 973 nm
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close to that of QDs obtained by the etep TBP route, and the ethat 1065 nm close to that

of the TBRfree sample. We speculate that TBP possibly has imposed certain effect on the lead
precursor as well, which affects the nuclei formation, although usually we tend to think that
alkylphosphines only interact with S. @leffect of TBP (at larger amount) on the Pb precursor
was investigated in depth in the manuscript, which was found to facilitate the formation of
Pb(OH)CI.

Figure S2.Two-step injection: absorption spectra of PbS QDs synthesized by injectDAp
andthen 20 WL TBP (Black: (SOLA)+TBP) and by injecting 20 (L TBP and then-@LA)
(Red: TBP+(SOLA)) into the Pb precursor solution; Ostep injection: absorption spectra of
PbS QDs synthesized by injecting the mixture @ISA and TBP (TBP: 20 |L, dark gen: S
OLA/TBP), and by injecting ©LA only (no TBP, Blue: SOLA) into the lead precursor

solution.

—— (S-OLA)+TBP
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Synthesis scalaip of ~3.1 nm PbS QDsThe quantities of major chemicals were enlarged-by 6
folds (PbCh:12g S:120 mg TBP: 120l), whereas the vaime of OLA for dissolving Pbgland

S was slightly increased (50 ml) and unchanged (5 ml), respectively. abeerption
spectroscopyphotoluminescenceP() spectroscopy and TEMereemployed to determine the
guality of the synthesized QD%$he absorptiorspectral with welshaped narrow peak around
967 nm has been obtained for thepaspared Pb®)DS as shown in Figre S3a), and its
correspondind®L spectrum with strong intensity and low value of full width at half maximum
(FWHM) (98.6 meV) is shown in ¢ Figure S3(b). Figure S3(c) further prove that theas
prepared QDsave uniform size distributionwhich accord well with the PL and absorption
results We conclude that the high quality PbS QDs have been successfully obtained by the up
scaling reactionEach batch yields arourt70 mg of QDs There is still large room for further

guantity increase.

Figure S3.Characterizations of PbQDs (~3.1 nm in diametegynthesized bypnestep TBP-
route in the scaledup reaction absorption spectrunfa), PL spectum (b), and transmission
electron microscopylEM) image(c).
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Synthesis scalaip of ~2.8 nm PbS QDsIn this synthesis, the quantities of major chemicals
were enlarged by-olds (PbC): 10 g; S: 100 mg), whereas the volume of OLA d@solving

PbCL and S was slightly increased (50 ml) and unchanged (5 ml), respectively. The volume of
TBP was increased by 10 folds. Absorption spectroscopy, PL spectroscopy and TEM were
employed to assess the quality of the QDs synthesized at the raaggion scale. Both
absorption and PL peaks remain at similar wavelengths after reactiorupc@feggure S4(a)).
Although the absorption peak is broadened, the FWHM of the PL peak remains almost
unchanged. The integrated PL intensity of thescgled saple is around 89% of that of the
standard sample, before scaling up, measured at the same QD concentration. Fig. S4(b) confirms
that the agprepared QDs have uniform morphology and size distribution with the average
diameter around 2.8 nm, consistent wiie results got from the PL and absorption spectra.
Clearly high quality PbS QDs can be obtained by thesagted reaction, which yields QDs
around 150 mg.

Figure S4Characterizations of PbS QDs synthesized by the-BEe in scalaip reactions: (a)
absorption and PL spectra and (b) TEM image of QDs (~ 150 mg per batch) synthesized by
scaling up the synthesis for 3.1 nm QDs ¢step injection). Absorption and PL spectra of PbS
QDs with similar diameter synthesized in a standard scale are also infdudedhparison.
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Synthesis scalaip of PbS QDs with diameter ~2.3 nmSynthesis of PbS QDs with first
excitonic absorption peaks shorter than 800 nm was also successfully scaled up by separately
injecting large amounts of TBP firstly, and therO8A (TBP:PbChL:S = 1:1:0.42 in molar),
instead of using the orstep TBPRroute. As an example, PbS QDs with an absorption peak at
~730 nm and a PL peak at 870 nm can be synthesized from one batch at the quantity of ~200 mg
(Figure Sb5).

Figure S5AbsorptiorlPL spectra (a) and TEM image (b) of ulsmall PbS QDs synthesized by

the twastep injection.
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Synthesis of PbS/CdS QDs with the shell thickness around 0.5 nRPbS QD suspension in
toluene (1 mL, Absorbance 3 at the first exciton peak) was first dial to 10 mL After N,
bubbing for 30 min the PbS QD suspension wasated to 100C, followed by the immediate
injection of 1 ml of Cd-oleatesolution The reaction was then allowed to proceed for different
time in order to get different shehickness. Specifically, for growing ti&dS shellof 0.5 nm in
thickness for the LSC device fabrication, the reaction was stoppe® &t€inally, the PbS/CdS
QDs were purified and rdispersed in toluene for LSC device fabrication. TEM image and

energ-dispersive spectroscopy (EDS) of obtained PbS/CdS are shown in Figure S6.

Figure S6. TEM image (a) and EDS spectrum (b) of PbS/CdS QDs synthesized via cation
exchange for luminescence solar concentrator (LSC) application.
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Figure S7.(a) Absorption and PL spectra BbSQDs (first excitonic peak: ~900 nm; PL: ~960
nm) in solution and a polymer matrix. (b) Optical/quantum efficiency of PbS QDs embedded
LSCs with different G factors. (c) Absorption and PL spectrBaCdSQDs (Shell tickness:

~0.5 nm) in solution and a polymer matrix. (d) Quantum efficiency of PbS/CdS QDs embedded

LSC devices with different G factors.
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Table S2 Detailed information for fabricated LSC devices using relatively larger PbS (first

excitonic peak: ~@0 nm; PL peak: ~960 nm) and thicigrell (0.5 nm) PbS/CdS QDs as

luminescent materials, respectively.

Samples  Concentration of QDs Length (cm) G factor  Optical efficiency Quantum efficiency

() (%) (%)

PbS1 14 2 10 6.4 9.2
PbS2 14 3 15 4.2 6.1
PbS3 14 4 20 3.3 4.8
PbS4 14 7 35 1.7 24
PbS/Cdsl 24 2 10 6.72 16.3
PbS/Cd2 24 4.6 23 2.81 6.8
PbS/CdS3 24 5 25 2.63 6.4
PbS/CdsA 24 5.8 29 2.38 5.8

Error of quantum/optical efficiency: $10%.

Determination of PbSQD quantity in the scaledup reaction

Firstly, we determined the molar concentration of synthesized PbS QDs in toluene using the

BeerL a mb e r t A (Cl, whereA is the absorbance at the position of the first exciton

absorption peak for a given samplis the extinction coefficient per mole of PbS QDss the
t he

molar concentration of QDs, ardi s

determined usind)= 19600r>%2* wherer is the radius of QDs. R can be calculated by the
following formula: E = 0.41 + 1/(0.025¢ + 0.283l), whereE and d are the bandgap and

i ght

pat h

| e n gwash

depe

diameter of obtained QDs, respectivelfhen, the calculated C was converted to mass

concentratiorf. Finally, the prodct yield per batch can be obtained by using the mass

concentration multiplying the total volume of QDs solution.
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4.2 Enhanced Longterm and Thermal Stability of Polymer Solar Cells in
Air at High Humidity with the Formation of Unusual Quantum Dot
Networks

Long TanFan YangMee Rahn KimPandeng LiDeepak ThritAmarassery
Gangadharanjodle Margot, Ricardo IzquierdoMohamed Chaker, ardongling Ma

ACS Appl. Mater. Interface8017, 9, 26257 26267.

Concerning the practical application, the stability of the solar cell devices is also very important
in addition totheir PCE. To the best of our knowledge, investigations on the stability of PSCs are
quite limited, and it is challenging to improve their stability performance, especially for the

devices operating under abnormal oraxpected conditions.

In this sectim, both of the longerm and thermal stability of PSCs based on P3HT:PCBM have
been largely improved by incorporating inorganic QDs, which are able to stabilize the active film
and impede the oxidization of P3HT material by forming unusualn@orks. Theeffects of
surface ligands on the morphology of the active film, then performance of the devices, were

discussed based on characterization resiilise actiw film and device.

| did most of the experimental work amdote the draft othis manuscript. | also got the help

from FanYang, who didhe FTIRmeasurement
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ABSTRACT: Due to the practical applications of polymer solailscéPSCs), their stability
recently has received increasing attention. Herein, a new strategy was developed to largely
enhance the lonterm and thermal stability of PSCs in air with a relatively high humidity ef 50
60% without any encapsulation. In trsgrategy, semiconductor PbS/CdS core/shell quantum
dots (QDs) were incorporated into the photoactive blend of pblgkyithiophene) (P3HT) and
phenytCsi-butyric acid methyl ester (PCBM). By replacing the initial ligands of oleic acid with
halide ligandsn the surface of PbS/CdS QDs via solugdrase ligand exchange, we were able

to form unusual, continuous QD networks in the film of P3HT:PCBM, which effectively
stabilized the photoactive layer. Airocessed PSCs based on the stabilized P3HT:PCBM film
showed excellent longerm stability under high humidity, while providing over 3% of power
conversion efficiency (PCE) simultaneously. Around 91% of pristine PCE was retained after 30
days storage in high humidity air without encapsulation. This constitataemarkable
improvement as compared to ~53% retained PCE for the QDs free devices, which can be
ascribed to the efficient suppression of both PCBM aggregation and oxidation of the thiophene
ring in P3HT thanks to the formation of robust QD networks.feumore, the presence of QD
networks was able to enhance the stability of the P3HT:PCBM film against thermal
stress/oxidation under high humidity environment-§800) as well. The device kept 60% of
pristine PCE after thermal treatment for 12 h at 85 €Cain which is more than twice higher

than that for the QBree device. To the best of our knowledge, the work represents the first
unambiguous demonstration of the formation of QD networks in the photoactive layer and of
their important contribution to éhstability of PSCs. This strategy is highly promising for other
fullerenebased PSCs, and opens a new avenue toward achieving PSCs with high PCE and

excellent stability.
1. Introduction

Solar cells based on inorganic semiconductor nanocry$talgyanic materiafs and perovskite
material§’ are considereds promising candidates for negeneration solar cells with both high
efficiency and low cost as well as excellent stability. Among these solar cells, polymer solar cells
(PSCs) made of eartibundant, light weight, flexible, lowost materialg, have attracted
tremendous attention. Thanks to decades of efforts frany research groups, the reported

power conversion efficiency (PCE) for singlection PSCs now exceeds 10%yhich is

109



considered as the minimum efficiency requirement for their commercializationetheless, the
stability of PSCs, another critical challenge to address in view of commercialization, remains
rather | imited. One of the major reasons for
8 Oxygen and/or water react with polymer materials and/or metal electrodes (such as Al) which
can further be accelerated under illumination via the process known as photochemical
degradation. gecifically for polymers, such processes alter their band gap, and their optical,
electronic and electrical properties, all directly influencing the solar cell performance. In
addition, the morphology of the active layer plays a significant role in detegnine PCE of

PSCs based on polymer and fullerene matetiidn many cases, the optimum morphology
giving rise to the high PCE achieved by solvent/additive engineering or film annealing treatment
is metastable. The gradual relaxation of this optimum morphology with time toward the
thermodym@mic equilibrium state can lead to PCE loss. For instance, plenbutyric acid

methyl ester (PCBM) as a small molecule with weak intermolecular interactions is highly likely
to diffuse in the entire blend film with time and to eventually fommacrescale PCBM
aggregates/crystallitdd. These aggregates can cause poor charge separation and transport, and
electrodedelamination:**’ All of these degradation issues become even worse when PSCs have
to be operated under abnormal conditions, such as high humidity or elevated tempettisire.
important to realize that although the chemical (photochemical) degradation of PSCs can be

delayed by proper encapsulation, the morphologyil&ation is hard to achieve.

In view of reducing the chemical degradation for improving the stability of PSCs, recent
advances are mainly focused on three aspects. First, a blocking layer (also named buffer layer),
made of materials like TiQCand ZnO, beveen the photoactive material and the metal electrode
was employed to scavenge oxygen and impede the permeation of oxygen and moisture into
polymer through the metal electrotfé Another effective approach to improve the stability of
PSCs is to design and build-salled inverted solaretls, in which a lowwork-function metal is
replaced by a less asensitive, highework-function metal as holeollecting back electrode,
whereas the commonly used, highly acidic poly@HAylenedioxythiophene):polystyrene
sulfonate is replaced by metatide as electron selective electrd@é®In this case, the nature of
charge collection is reversed. The design and synthesis of new polymers with a highgstioccu
molecular orltial (HOMO) energy level deeper than that of conventional polymers is also able to

improve the inherent stability of polymer materiéi§io control the morphology of the active
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layer, several approaches were attempted. These include (Hiokisg fullerene derivatives or
polymer networks, (ii) chemical coupling of fullerene and polymer, andngreasing the glass
transition temperaturd §) by using higher molecular weight polymers, which can slow down the
migration of small organic molecules like PCBRE’ Alternatively, enhanced morphology
stability was also obtained by adjusting thecwlen extraction layer. This was found to
significantly affect the nucleation of PCBM aggregates at the interface between the active layer
and the electron transport materialn addition, in a promising study Si®anoparticles were

used as inorganic additives to manipulate the morphology of organic thin films and improve the

transistor performanc@which may be applied to PSCs as well.

Quantum dots (QDs) have attracted tremendous attention in the photovoltaic (PV) field, owing to
their unique, sizéunable optical properties and band gap, high potential for efficient multiple
exciton generation and howmier extraction, and lowost solution processability’®*’ In
addition to being considered as the major light absorber irs€i3itized solar cells, Qbased
Schottky solar cells and QBetal oxide heterojunction solar cells, an active layer composed of
organic polymer and inorganic QDs was proposed to offgrodunities for fabricating PV
devices (known as inorgararganic hybrid solar cells) with advantages from both organic
materials and QD€?° In particular, near infrared (NIR) QDs featuring broad absorption from
the ultraviolé and visible spectral ranges to NIR are highly attractive to expand the
photoresponse of PSE%? Further considering these leb®nl0 nm QDs may act as
nanoparticle additives to stabilize the morphology, we developed a new strategy to improve the
performance of PSCs based on p8lgexylthiophene (P3HT):PCBM using NIR PbS/CdS QDs
capped by short tide ligands as structural stabilizer. Different from the traditional hybrid solar
cell, the content of incorporated QDs was around 10 wt %, much less than over 50 wt %
commonly reported in previous wotk>* Therefore, P3HT acted as the major light absorbing
material in our case, whereas QDs were expected to mainly play a role for improving the
stability of the solar cell device and increase the NIR photoresponse of device. By manipulating
the surface ligand dDs, a unique, continuous network mainly composed of QDs was formed
for the first time, leading to excellent logrm air stability under high humidity, achieving a
PCE comparable to that reported for P3HT:PCBM based deVidestthermore, the QD
networks were found to stabilize the P3HT:PCBM film under thermal stress at high humidity.
This solves a highly challenging issue as the P3HT:PCBM blend has a41ov0' € with a
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PCBM content d 40%)3°® It is worth highlighting that all of the stability performance
investigations were conducted in air with high humidity of6®06, which is typical in actlia
applications of PSCs, even though such conditions are rarely reported in the literature. Therefore,
our work opens new opportunities toward the achievement of highly stable PSCs and toward

their commercialization.
2. Experimental
2.1 Synthesis of PbQDs

PbS QDs were synthesized following the procedure previously reported by our®group.
Typically, 760 mg of Pb(OAg)3H,O0 ( 099 . 99 %) , 2.4 mL of oleic a
of 1-octadecene (ODE, 90%) were added to a three neck round bottom flask and heate@ to 150
for 1 h while being stirred and purged withh lbw. This lead precursor solution was cooled
under vacuum a 130 C and N flow was resumed. Two millilitres of mixture of
bis(trimethylsilyl) sulfide (synthesis grade) and trioctylphosphine (technical grade, 90%) in a
volume ratio of 1:10 were injected into the flask, and the temperature was decreasedGo 100
very quickly. The QD growth reaction was quenched with cold water after 5 minutes. The
obtained PbS QDs were dissolved in toluene and kept@tfdr 2 days before purification with
repeated centrifugationAdispersion processes. The concentration of RS QDs can be
determined by measuring their absorption spectrum, and the calculation details can be found in

Supporting Information.
2.2 Synthesis of PbS/CdS QDs

A high concentration of GO A was prepared by mixing CdoOo (O
ODE and OA, and by heating the mixture to 250 €. After CdO was dissolved (solution changed

to transparent), the mixture solution was cooled to about 160 €, and pumped for 30 min. Then,

the asprepared PbS QDs were dissolved in 20 mL toluene after purificafippropriate

amounts of CeDA solution were added into the PbS QD dispersion. Aferir8stirring and 6

min bubbling by N, the solution was placed in a microwave reactor for 8 s at@ao get

PbS/CdS core/shell QDs with 0.1 nm CdS shell. Finally,@Ds were purified by ethanol and

then by acetone washing.
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2.3 Metal halide treatment to the PbS/CdS QDs

Halide treatment was carried out in solution following the ligand exchange procedure previously
reportecf®3® First, a stock CdGlsolution was prepared by mixing 600 mg of Cg(39.999%

trace metals basis), 66 mg of tetradecylphosphonic acid (97%) and 10 ml of oleylamine
(technical grade, 70%) in a flask and heating the mixture at 100 € under vacuum for 1 h.
Subsequently, 10 mL PbS/CdS QDs solution (25 mg/mL in toluene) was heated to 6@€ und
N, flow, and 0.75 mL of CdGlstock solution was injected and kept at 60 € for 30 min under
magnetic stirring. The obtained haliédS/CdS QDs were purified by ethanol and acetone
washing successively and further dispersed in dichlorobenzene fortehizedon and solar cell

fabrication.
2.4 Preparation of ZnO precursor solution

ZnO precursor was prepared by dissolving zinc acetate dihydrate (ZDCEP2H >0, 99.9%)
and ethanolamine (NI€H,CH,OH, 99.5%) in 2methoxyethanol (CEODCH,CH,OH, 99.8%)

unde vigorous stirring for 12 h for the hydrolysis reaction in air.
2.5 Fabrication of solar cell devices

Indium tin oxide (ITO) glass substrates (2.5 cmx2.5 cm) were sequentially washed in water,
acetone and isopropanol for 20 min each. An optical lithograpbhnique was then used to
pattern the substrates (Scheme 1). The patterned ITO glass substrates were cleaned again in
acetone and isopropanol for 10 min each, followed by oxygen plasma treatment for 2 min. The
ZnO precursor solution was then sgimatedonto the patterned ITO glasses and annealed at 200
€ for 30 min in air to get the ZnO film (an electron transport and hole blocking layer). P3HT
(RR9395, solaris):PCBM (>99.5%, solaris):QDs (1:0.8:0.2 by weight) solution in 1,2
dichlorobenze was spitoated onto the ZnO layer to form the photoactive film and kept in a
petri dish for 30 min for aging before the thermal annealing step at 140 € for 10 min. Finally,
the fabrication of the solar cell device was completed by depositing a 20 nm thick |184eDef

on the photoactive film followed by an 80 nm thick layer of Ag through a shadow mask, which
makes the photoactive area of about 6°mm
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Scheme 1llllustration of PSC device fabrication process.
2.6 Characterization

Absorption spectra of the QDs were acquired with a Cary 5000/Id\NIR spectrophotometer
(Varian) scanning the sample at a speed of 600 nm/&yinthesized PbS and PbS/CdS QDs
were also characterized by transmission electron microscopy (TEM, JEOL 2ID0OE).
Fluorolog®3 system (Horiba Jobin Yvon) was employed to measure the relative
photoluminescenceuantum yield (QY) of QDs usingR 125 dye as a reference.-Ray
photoelectron spectrometry (XPS) was performed using a VG EscalalXR2@uipped with an

Al K, source. The XPS data were analyzed with the Casa software. Atomic force microscopy
(AFM) (Bruker Corporation) with a silicon tip on a nitride lever was employed to investigate the
film morphology. Topography images of the photoactive layers werengltan the ScanAsyst
mode. The different domains composed of inorganic QDs and organic materials were detected in
the contact mode by measuring the lateral bending of the cantilevay diffraction (XRD,
Panalytical XPert PRO MRD, Bruker Corporationh@racterization was performed on the film
samples. The films were covered by a MXQ layer during longerm aging to simulate the
actual device conditions. Fourier transform infrared spectrometer (FTIR, Digilab FTS7000) in
the transmittance mode was eoy®d to detect the change of chemical bonds of the organic
material in the film.The solar cells were characterized by curaitage (JV) measurements
under illumination by an AM 1.5 solar simulator. External quantum efficiency (EQE)

measurements werésa conducted using an IQE200B system (Newport Corporation).

3. Results and discussion
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The surface of the PbS QDs was modified before using them for PV applications. As seen in
Figure 1(a) aspreparedOA-cappedPbS QDs (denoted as G2bS) have theifirst-excitonic
absorption peak position around 996 nm. After caérchange reaction, Phions are partially
replaced by Ci ions, yielding a thin shell of CdS on the QDs, without changing their overall
diameter®*° Sucha thin shell formation results in the blue shift of the absorption spectrum of
QDs. In our case, the absorption peak is 4shifted to 954 nm, which corresponds to the
formation of a shell thickness of 0.1 fifiThe purpose of forming such a thin CdS shell was to
significantly improve the aistability of PbS QDs as well as their thermahd photestability,

without blocking charge carrier transport, all of which are highly relevansdlar cell
applications:’*>**Both PbSQDs (diameter: ~3.3 nm) and PbS/CdS core/shell QDs (denoted as
OA-PbS/CdS) are mondispersed without any aggregation, with high QY of 72 and 68%, a
feature indicating the high quality of the obtained QDs (Figure 1 (b)). Metal halide treatment was
further employed to largely replace OA on the QD surface with much smaller halide. The
produced halide passivated PbS/CdS QDs (denoted as-RaRIEdS) cause the red shift of the

first excitonic absorption peak, in agreement with already reported r&sXRS was employed

to examine the surface chemistry of the PbS/CdS QDs before and after metal halide treatment.
As seen in Figure 1(c), lines associatedhw?b, S, C, Cd and O are detected for both OA
PbS/CdS and ligandxchanged PbS/CdS QDs, whereas the Cl 2p peak is only observed for
halidePbS/CdS (the Si peak originates from the substrate holder). Additionally, the atomic ratios
of C/O/Pb of OA and halde-PbS/CdS are estimated to be 55:10:1 and 17:3:1, respectively,
thereby confirming that large numbers of Qiyands are replaced by Gigands. Figure 1(d)
displays the high resolution Cl 2p spectrum of hakisS/CdS. The Cl 2p3/2 binding energies
arelocated around 197.7 eV, which is in line with that off@lind in chelate compound$This

could be attributed to the formation of electrostatic bonds between metal @it ions on

the QD surface. The halide ligands are able to form a dense ligand shell and to reach the midgap
trap states, which cannot be achieved by {ongn ligands, like OA owing to the
e f f €Therébre, this surface treatment can effectively reduce the density of trap states, which
leads to the recombination of phajenerated carriers. Additionally, the surface S atoms with
unsaturated dangling bonds can also be passivated Byviadthis treatmentTherefore, the

halidePbS/CdS obtained by surface engineering is suitable for solar cell application.
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Figure 1. (a) Absorption spectra of OAPbS, OAPbS/CdS and halidePbS/CdS; (b) TEM images of as
prepared OA-PbS/CdS and OAPDS (inset); (c) XPS surveypectra of OA and halide-PbS/CdS; (d) High
resolution XPS CI2p spectrum of halidePbS/CdS.

The morphology of the photoactive layer is crucial for the performance of polymer:fullerene
based PSCs. To prevent the undesired effect of solvent on film mogyheith and without the
presence of QDs, the -psepared halid®bS/CdS QDs were first dispersed in the same
dichlorobenzene solvent as used for preparing thefr@®film of P3HT:PCBM, prior to their
mixing with P3HT:PCBM blend solution. The morphologfyfabricated P3HT:PCBM:halide
PbS/CdS film was analyzed by AFM and compared to that of thér€DP3HT:PCBM film.
Figure 2(a) shows the topography image of P3HT:PCBM film, which displays a typical
morphology relatively uniform with roaneansquare (RMS)oughness of about 9.2 nm. As for
the P3HT:PCBM:halidé®bS/CdS film, an unusual, continuous network appears in the whole
film (RMS: 9.5 nm, Figure 2(b)). Lateral force images were acquired in the contact mode
scanning. In this mode, the surface featuresesponding to different friction characteristics can

be revealed. These characteristics are determined from the voltage response corresponding to the
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lateral force applied on the cantilever. As seen in Figure 2(c), the voltage response is very similar
ove the whole surface of the P3HT:PCBM film, indicating that the exerted lateral forces are
homogeneous. This result is in good agreement with the morphology of the corresponding
topography image (Figure 2§a)For the P3HT:PCBM:halid®bS/CdS film, much higer
response voltage was observed in the regions corresponding to the observed network (Figure
2(d)) as can be seen by comparison with the topography image (FigureSadf))a dramatic
difference can be attributed to the formation of inorganic-ri@gd damains (denoted as QD
networks herein), which can provide stronger lateral forces on the AFM cantilever than the

organiemateriatrich domain.
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Figure 2. AFM topography images of P3HT:PCBM (a) and P3HT:PCBM:haildePbS/CdS (b) films by
ScanAsyst mode scanng; Lateral force images of P3HT:PCBM (c) and P3HT:PCBM:haildePbS/CdS (d)

films by contact mode scanning.

Because quite different film morphologies have been identified with and without -halide
PbS/CdS, it is very interesting to examine their PV performdhat is known to be strongly
correlated to the morphology. We thus fabricated solar cell devices based on these two films.

The device band diagram is shown in Figure 3(a). Fankasurements were performed under
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AM 1.5 illumination. As seen in Figure(ld), by incorporating halid®bS/CdS into the active
layer, the shottircuit current (&) of the device is slightly enhanced, whereas the open circuit
voltage (M) and fill factor (FF) are decreased compared to those ofr€@Ddevice. These
results carbe understood by considering the roles of QDs in the active layer. Indeed, the halide
PbS/CdS QDs regarded as a brbadd light absorbing material are able to generate excitons.
These excitons can possibly dissociate to produce charge carriers dudamdhaignment of

the three components (Figure 3(a)). Electrons can then be transported by PCBM to ZnO, and
holes by P3HT and/or QD networks to MgRg. Therefore, the presence of halidbS/CdS
could contribute to increaseg,Jwhile slightly lowering \{c due to their narrower band gap than
P3HT. Figure 3(c) shows the EQE spectra for both hdti®/CdS and Qlfree samples. We

can see that the efficiency in the 3300 nm range is slightly increased compared to those of the
QD-free sample, which can betrédtuted to the enhancement of light absorption in the active
layer due to the presence of QDs. The tajatalculated from these spectra is about 8.3 and 8.5
mA cm? for the QDfree and halidé®bS/CdS samples, respectively. These values are in good
agreement with the results obtained froi theasurements. Furthermoes shown in the inset

in Figure 3(c) the photoresponse of the haliBeS/CdS device was extendedhe NIR range.
Overall, the halide?bS/CdS device yields a PCE of about 3.17 £0.15%, (average), which is
comparable to that of the QItee device (average PCE: 3.37 + 0.24%) as well as to the
commonly reported values for P3HT:PCBM (average PCE: ~30%).
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Figure 3. (a) Band diagram of the device with the inverted structure of
ITO/ZnO/P3HT:PCBM:QDs/MoO 3/Ag; representative JV curves (b) and EQE spectra (c) of the QDfree
and halide-PbS/CdS QDs incorporated devices.

The longterm stability of the fabricated devices with and without halRt&/CdS was examined

by maintaining them in an environment with air at a relatively high humidity €086 arl in

the dark. For the Qffree device, the efficiency gradually decreases from 3.37% to 1.8%, that is,
by nearly 50% after 1 month storage (Figure 4(&))s performance is better than that for the
conventional devic& which emphasizes the advantage of the inverted structure. Moreover, the
PCE degradation is further slowed down for the halt&/CdS incorporated device. In this
case, after one month storage, 90.7% (PCE: 2.87%) of the pristine efficiency (PCE: 3.17%) is
maintained (Figure 4(b)), which is comparable to the previously published best results (~89%
remaining after 32 days in ambient air with unknown humidity, whereas the current work was
under high humidity of 50%) in similar conditioné®> The longterm gability of our devices
(un-encapsulated) is even better than that of the encapsulated P3HT:PCBM devices (85% of PCE
was retained after 30 days)lt is also better than the recently reported work for P3BHT:PCBM
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devices (90% of pristine PCE was retained in ~23 days and 80% in ~34’ daes)nalysis of

the PV parametersy)Voc and FF of the QBree device reveals that each tends to decrease with
time, resulting in the decrease of PCE as well. However, the reduction of the FF (by 27%), which
is gredly affected by charge carrier recombination and transport, is more severe than that of J
(by 15.8%) and ¥ (by 13.1%). This finding implies that the degradation of the photoactive
layeris related to the appearancecbfrge carrier recombination sités contrast, quite different
results were obtained for the device containing the halide QDs. iistrdlatively stable over

the whole storage duration. Second; 8 en increases unexpectedly, which could be ascribed to
the oxidization of QDs andchéreby to the increase of their band gap. Similar results were
obtained by exposing the device based on a compact PbS QDs layer to air, although the
mechanism yielding the ¢ increase is still uncled?’ On the other hand, the oxidization of
QDs could produce PbQ®@n the QD surface, which introduces a rgap state that serves as a
recombination center for photgenerated charge carriers, leading to the slight decrease of the
FF. These results clearly show that the stability of PSCs is dramatically improvegnesbace

of QDs. The series Rand shunt resistancessfRwere extracted from the\ curves to further
analyze the cause of lostgrm stability enhancement. For the @Be device, Rincreases from

9.5 t o ?AwhileR,décreases from 1145t8D . 4 2 ¥owewer, these changes of R
(from 10 fandafBR,(F rvmc 5 7. 72 areocondiGmbly3editeddomthe

QD device. These results explain the larger increase of charge recombination centers for the QD
free device as comparéadl the QD device, which leads to faster degradation.
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Figure 4. Long-term stability performance of unencapsulated devices in air under high humidity of 560%
based on the film of PSHT:PCBM (a) and P3HT:PCBM:halidePbS/CdS (b).
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To elucidate the underlying mechanism yielding the strongly enhancedelongstability of

cells in the presence of QDs, XRD was employed to get deeper insights into the morphology
change of the film after 30 days storage as compared to the pristin€ditrboth P3HT:PCBM

and P3HT:PCBM:halid®bS/CdS (Figure 5(a,b)), the pristine films shows a sharp diffraction
peak around 5.3which is attributed to the (100) plane of crystalized P3#This indicates a

high degree of film crystallinity. Based on the full width at half maximum of the peak, we
calculated the mean size of the P3HT crystallites for both samples, which are about 15-nm (QD
free) and 13 nm (with halidBbS/CdS), respéively.*® After 30 days storage, the intensity of the

(100) peak for the P3HT:PCBM film has decreased by 19%. On the other hand, an additional
well-shaped peak, although not intense, appears aroundtdgedher with a bump centered

18, which reflects the formation of PCBM crystallites clusters. These results indicate that the
degree of crystallinity of P3HT has decreased and that PCBM has aggregated when exposed to
highly humid air. The lower level of structural ordering of P3t#élises lower carrier mobility in

the P3HT domain and phase segregation leads to a reduced donor/acceptor interface, which
requires excitons to diffuse over longer distances before their dissociation at the interface. As a
consequence, recombination event grow, consistently with the large drop of FF. This
finding differs from that of the device kept in inert atmosphere, where the active layer is claimed
to be relatively stabl& In our case, the oxidization risk of P3HT is drastically increased when
stored inhighly moisturized air, which leads to the reduction of the P3HT crystalfihifyThe

latter decrease could facilitate the diffusion of PCBM and therefore thearegement of the
microstructure of P3HT:PCBM, resulting in a furttdeterioration of the device performance.
Interestingly, the diffraction pattern of the P3HT:PCBM:hal@les film remains almost
unchanged after 30 days storage. This observation supports the successfully stabilized structure
of the active film, in good agement with the excellent losigrm stability obtained for the

device based on halid@bS/CdS.

FTIR was employed for getting-tepth insights into the possible change of chemical structure

of the P3HT:PCBM film with and without haliel@bS/CdS in the presee of air. To this
purpose, the film of the photoactive layer was scratched from the substrate and mixed with KBr
powder to prepare a thin plate sample for FTIR measurements. This procedure was completed in
air over a short time (~15 min), and was repeatlfor all samples. Figures 5(c{tack lines)

shows the FTIR spectra of pristine P3HT:PCBM and P3HT:PCBM:h&&/CdS,
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respectively. The characteristic absorption bands for P3HT and PCBM such as those located at
1737 cm® (C=0 stretching vibration oPCBM), and 1269 cfh (C-C vibration) and between

1565 and 1470 cth (C=C vibration in the aromatic ring) are clearly observed for the
P3HT:PCBM samplé®°%°3|t is noteworthy that a sharp and relatively strong band at 1386 cm
ascribed to the S=0 stretching vibration is also deté€i€te presence of this peak features the
oxidation reaction between the thiophene ring aH&D that occurred during the device
fabrication and/or the sample preparation. This reaction is confirmed from both experimental
results and theoretical calculations, although the detailed oxidation mechanism is still under
debate’**> For the P3HT:PCBM:halidé®bS/CdS sample, the above mentioned P3HT and
PCBM characteristic bands were also observed, even though some of them are shifted (Figure
5(c,d)), likely due to the presence of QDs affecting the electric dipoles and vibration of the
chemical bonds. A similar effect was found by incorporating aluminum particles into
P3HT:PCBM film#® Interestingly, theband of S=O stretching vibration was absent in the FTIR
spectrum of the P3HT:PCBM:halidebS/CdS sample. This strongly suggests that the chemical
degradation of P3HT is significantly reduced by incorporating hdtiof®/CdS. A rather weak

peak at 1377 crhis observed, which characterizes termif@H; groups of hexyl side chains
connected to the thiophene ritfits appearance can be attribud t o tshteac ki ng o f
chain slightly affected with the addition of QDs. As for the aged P3HT:PCBM sample (red
lines), the S=0O stretching band was observed as expected. Because the 15M&ndnis
considered as characterizing the C=C stretch hidphene ring and because its intensity
decreases with the chemical degradation of P¥HW¥e have evaluated the levet chemical
degradation by comparing the intensity ratio of 1386 to 1548 ketween pristine and aged
samples. The intensity ratio was found to considerably increase from ~2.1 to ~3.8 with aging,
strongly confirming the significant chemical degradatiaking place during storage of the
P3HT:PCBM sample. In contrast, the aged P3HT:PCBM:hdtae/CdS film does not show

any obvious change of its spectrum, in agreement with the high stability of its PV performance.

No oxidation signs of PCBM are discernalilom the obtained FTIR spectra.

We speculate that the positive contribution of QDs to the stability could mainly originate from
the following features: 1) the QDs themselves acting #4,0 scavengers, 2) the QD network
serving as an effective diffusidmarrier to Q/H,O and remarkably retarding their diffusion into

the organic materials; and 3) the QD network limiting the PCBM diffusion toward aggregation.
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The important role of the QD network was further confirmed by usingPG8/CdS in solar

cells. By means of different surface ligands of QDs, the morphology of the active film was
manipulated, which allowed us to evaluate the contribution of the QD network to PV
performance. As seen in Figure 5(e), the active film based on P3HT:PCBFKSACAS
presentsa morphology quite different from that of the film with halibS/CdS. Specifically,

the OAPbS/CdS QDs are homogeneously distributed in the organic P3HT:PCBM matrix
without the formation of QDs networks, leading to a quite smooth active surface vath a |
RMS of 2.2 nm. The corresponding lateral force image (the inset of Figure 5(e)) with constant
value of voltage response further confirmed the absence of QD networks in the film. It is
ascribed to the different chemical nature of the surface ligdnBgcause of their long
hydrocarbon chain of OA ligands, G#apped QDs show much better compatibility with
P3HT:PCBM, while halide ligands result in lower compiitip leading to the formation of well
separated QD domains (refer to Figure S1 for the process of the QD network formation). The
Abeneficial e f f e c ttérm stabilityt stromgly @iDimishesnin thistase. Aftern g
30 days of storage underethsame high humidity conditions, the average PCE of the
P3HT:PCBM:OAPbS/CdS device decreased from 2.82% to 1.73% by 38.7% (Figure 5(f)),
although Aoxygen scavenging eff eg.tThesewesuslts | i k el
strongly suggest the iportance of the surface treatment of QDs and of the formation of QD
networks in impeding the degradation of the active film. The scavenging effect of the QDs
themselves is definitely not a dominant factor. The ligands on the QD must have played a
significant role in the network formation and stability enhancement, resulting from different QD
P3HT:PCBM and P3HT:PCBM:QDB&Io0Os/Ag interfaces.
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Figure 5. XRD spectra of P3HT:PCBM (a) and P3HT:PCBM:Hailde-QDs (b) films before and after being
kept 30 days in air at humidity of 5060%. FTIR spectra of samples prepared by scratching the P3HT:PCBM
(c) and P3HT:PCBM:Hailde-QDs (d) film. AFM topography images of P3HT:PCBM:OA-PbS/CdS film (e)

and the corresponding lateral force image (inset). Typical-¥Y curve of devices, based on P3HT:PCBM:OA
PbS/CdS film,

For ensuring the thermal stability of PSCs, a stabilized photoactive layer is certainly importan

but challenging to achieve, especially for the P3HT:PCBM blend with I@?A‘? Merein, we



examine the morphology change of the P3HT:PCBM:h&#d8/CdS and P3HT:P®B films

after thermal annealing at 85 € (temperature applied as a PV industry stifidard30 min

under high humidityof 50-60%. As seen in Figure 6(a,b) for the P3HT:PCBM film before and
after thermal treatment, although the RMS for the entire film is relatively stable, deep and wide
cracks appear under thermal stress. The geometric details of these cracks were &xinatibed

AFM image, and are displayed in Figure 6(e). Such cracks are expected to induce the contact
problem between the P3HT:PCBM film and the MGXy electrode, and destroy the carriers
transport channels in the photoactive film, both leading to sonkel&€3. As for the film with

QD networks, there is no obvious change after thermal treafiffigire 6(c,d)), suggesting that
damages from the thermal stress are significantly reduced. In other words, the presence of robust

QD networks helps to freeze (inotilize) the organic film morphology under thermal stress.

The FTIR spectra of both P3HT:PCBM and P3HT:PCBM:hakté&/CdS samples before and
after ther mal annealing are exhibited with tt
change of chemicaitate (Figure 6(f)). We notice that the intensity ratio of the 1386 to 1548 cm

peaks is obviously increased for the thermally treated P3HT:PCBM sample. This is caused by

the accelerated oxidation of P3HT by thermal annealing, which underlines thengbadled

importance of enhancing the thermal stability of P3HT:PCBM in air. Additionally, detailing the
spectra (not shown), it is found that the bandwidth is changed in the absorption range-of 1565
1470 cmt', and that the 1269 chband is shifted to 126dm™. These results indicate a structural

change during thermal annealing. However, in the presence of QD networks, the chemical
degradation under thermal annealing is prevented, as evidenced by the lack of change of the

FTIR spectrum.
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Figure 6. AFM topography images of P3HT:PCBM before (a) and after (b) thermal treatment; Images of
P3HT:PCBM:halide -QDs film before (c) and after (d) thermal treatment; (e) Geometries details extracted
from cracks 1 and 2 highlighted in (b); (f) FTIR spectra of diferent films before (black) and after (red)
thermal annealing at 85 € for 30 min under high humidity of 50-60%.

The effect of thermal treatment on the device PV performance was investigated by exposing the
solar cell devices based on the P3HT:PCBM and TPBBBM:halideQDs films at the same
temperature under a relatively high humidity rate of68@. The PCE, ¥, J. and FF are
plotted in Figure 7(a,b) as a function of the thermal annealing duration. For the device based on
P3HT:PCBM, over 50% of the prise PCE is lost in the first 30 min, which could be attributed

to the occurrence of cracks in the P3HT:PCBM film under thermal stress and to P3HT
oxidization, consistently with thesRnd Ry changes observed from the/Jcurves. Recall that
Rsdrasticallyi ncr eases f r om, while By varies atltie.ofposite. Pumsuing the
thermal treatment to 12 h, only about 25% of the pristine PCE is retained. For the device with
QD networks, the performance degradation is strongly slowed down. About 86d280% of
pristine PCE are retained after 30 min and 12 h of thermal treatment, respectively. The greatly
improved thermal stability of the device can be attributed to the remarkably reduced oxidation

and improved immobilization of the organic materialsrayto the presence of QD networks as
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confirmed by the FTIR and AFM characterizations. The pristine R 1 02 diif not cimange

in the first 30 min, which well confirms the enhanced thermal stability of the device. The thermal
stability of devices baseosh P3HT:PCBM:OAPbS/CdS has also been recorded, and the results
are shown in Figure S2. Briefly, around 31.5% of the pristine PCE was retained after 12 h
thermal treatment, which is much worse than that of P3HT:PCBM:RRl&CdS based device.
Taking bothof the longterm and thermal stability results into consideration, we confirm the

significant role of QD networks on enhancing the device stability.
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Figure 7. Thermal stability performance of devices based on P3HT:PC&Mind P3HT:PCBM:halid®bS/CdS
(b).

4. Conclusions

In summary, a significant improvement of the stability of P3HT:PCBM PSCs was accomplished
at a relatively high humidity rate of 80% and a high temperature of 86. QDs with
appropriate surface ligds were integrated to effectively stabilize the active layer of PSCs by
forming unusual, continuous QD networks (for the first time) in the film. The presence of QD
networks impedes the oxidative degradation of P3HT by serving as an effective diffusien bar

to O,/H,0O and reduces the formation of PCBM aggregates with time, which leads to excellent
long-term stability of unencapsulated devices in highly humid air. Furthermore, the QD networks
were discovered to suppress the morphology change of the kgtareunder thermal stress and

the chemical degradation of P3HT at 85 €, again under high humidity €§080. Therefore,

the thermal stability of PSCs based on P3HT:PCBM in air is significantly enhanced. The work
clearly underpins the importance of QDfage chemistry in forming QD networks, which play a
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dominant role in enhancing the PCE stability. This new strategy could be further extended to
other PSCs, such as high efficiency PSCs involving lower bandgap polymers, and hold high
promise toward achieng airprocessed, higbkfficiency and stable PSCs. Further optimization

of QDs and organic materials may also allow us to take advantage of the attractive features of
QDs in enhancing photon absorption and thereby leading to the simultaneous incredselof PC
addition, such stabilization strategy can also be applied to other kinds of pdigsest devices,

such as lightmitting diodes, and therefore could contribute to the development of a broader
field of polymers.
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Determination of PbS/CdS quantum dots (QDs) mass concentration

Since the core/shell PbS/CdS QDs have very thin shell thickness (~0.1 nm, assuming uniform
coating), the mass of PbS/CdS QDs in solution was assumed to approximately equal to that of

the plain PbS QDs. Then, the Béea mb e r tAG=4CL waswsed to fitscalculate the molar
concentration of pure PbS QDs in solution, whieie the absorbance at the position of the first

excitonic absorption peak for a given samfilis, the extinction coefficient per mole of PbS QDs,

C is the molar concentration of QDandLi s t he | i ght path | ength de
can be determined following the equati@h: 19600 ¢/2)>2* whered is the diameter of QDs. d

can be calculated by the following formula= 0.41 + 1/(0.025& + 0.2831), whereE andd are

the bandgap and diameter of obtained QDs, respecfifgally, the molar concentration C was
converted to mass concentratfcamd the quantity of QDs being added to the organic materials

solution can be determined by multiplying the mass condentrand the QD solution volume.

Figure S1Topography images of P3HT:PCBM:hak&®S/CdS film before (a) and after thermal
annealing (b).By comparing these two images, we conclude that the QD networks were
preliminarily formed during the spiooating deosition, and the thermal annealing treatment

hel ped the crystallization of P 3THa&formatiahoff urt he
the QD networks is mainly attributed to the interface property (i.e., incompatibility) between the
halidePbS/CdS (apped by C) and organic components.
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Figure S2Thermal stability of the solar cell device based on P3HT:PCBMRBA/CdS film.
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4.3 Towards Enhancing Solar Cell Performance: An Ef f ect i Gree eamndd
Additive

Long Tan, Pandeng LRicardo IzquierdoMohamed Chaker and Dongling Ma
To be submitted

Manipulation of the active layer morphology via solvent additives represents an important way
to effectively increase the PCE of PSCs. Although many additises heen explored for this
kind of application, most of them belong to the groups of alkane dithiols and halogen chemicals,

which are very toxic.

I n this section, butyl amine, which 1s much
additive to the?3HT:PCBM film and discovered to change the morphology of the P3HT:PCBM
film. Its effects on the morphology, structure and performance have been investigated. A
relatively high PCE of ~4.61% of P3HT:PCBb&sed solar cells was achieved, owing to the

butylanmne induced morphology change of the active layer.

All of the experimental work was completed by me except for the thickness measurethent of

active film, which was done by Pandeh@lsowrotethe draft of themanuscript
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Abstract Performance of bulk heterojunction paigr solar cells (PSCs) highly relies on the
morphology of the photoactive layer involving conjugated polymers and fullerene derivatives as
donors and acceptors, respectively. Herein, butylamine was found to be able to optimize the
morphology of the donoréaeptor (D/A) film composed of blend of poly(@xylthiophene,5

diyl) (P3HT) and phenyCg:-butyric acid methyl ester (PCBM). Compared to the commonly
used alkane dithiols and halogen additives with high boiling points, butylamine has a much
lower boiling point between 27 9 A C, and it i's also much dAgr
between butylamine and PCBM was demonstrated to account for the morphology improvement.
Essentially, butylamine can selectively dissolve PCiaMhe P3HT:PCBM blend and facdite

the diffusion of PCBM in the film fabrication processes. Atomic force microscopy arad/ X
photoelectron spectroscopy investigations confirmed the formation of the-&dithed top
surface and the abundance of PCBM at the bottom s&lethe formabn of vertical phase
segregation, as a consequence of the specific RGERMamine interaction. The D/A film with
inhomogeneously distributed D and A components in the vertical film direction, with more
P3HT at the hole extraction side and more PCBM atellectron extraction side, enables more
efficient charge extraction in the D/A film, reflected by the largely enhanced fill factor. Power
conversion efficiency of devices reached 4.03% and 4.61%, respectively, depending on the
thickness of the D/A film, mong the best values reported for P3HT:PCBased devices. As
compared to the devices fabricated without the introduction of butylamine under otherwise the
same processing conditions, they represented 19.6% and 21.6% improvement in the efficiency,
respectvely. The discovery of butylamine as a new, effective additive in enhancing the

performance of PSCs strongly suggests that the differential affinity of additives towards donors
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and acceptors likely plays a more important role in morphology optimizationthiesr boiling
point, different from what was reported previously. The finding provides useful information for

realizinglargear ea PSCs f abrication, where a fAgreener

Keywords Photovoltaic; Polymer solar cells; Morphologyertical phase segregation
P3HT:PCBM; Additive engineering

1. Introduction

Polymer solar cells (PSCs), regarded as one type of theghmeration solar cells, have
attracted significant attentions in the field of photovoltaics, owing to their advantdges
excellent flexibility, lowcost processing, and free of heavy metals. Over the past decades,
substantial progress has been made, thanks to intense research efforts made on the design and
synthesis of new low bandgap polymeric materials, optimizationmofphology/device
architecture, interface engineeriregc™™? The bulk heterojunction (BHJ) structure consisting of
conjugated polymers (donor) / fullerene derivatives (acceptor) (D/A) was discovered to
overcome the compromise between light absorption and exciton diffusion, representing a
milestone in the path of ESdevelopment. This structure led to a breakthrough in power
conversion efficiency (PCE), which is still the main research direction for PSC investidations.
Importantly, the morphology control of the D/A film is highly crucial for achieving the superior
PCE of B4J solar cells, and worthwhile to be further investigated in order to attain the PCE (on a

relatively large area) appropriate for practical application.

For the typical blend of polyfBexylthiophene2,5-diyl) (P3HT)/phenyCgi-butyric acid methyl

ester (EBM), solvent annealing and thermal annealing are the two most commonly used routes
for optimizing the morphology of the D/A film. In principle, solvent annealing can slow down
the drying speed of the deposited, wet D/A film, while thermal annealingas@lmnprove the
diffusion of PCBM in the entire filf:¥) Both processes assist the P3HT crystallizatind the
formation of a preferablbi-continuous interpenetrating phase structure within the blend film
which can efficiently enhance the PCE of PSCs. In addition to the solvent and thermal annealing,
solvent additives have also been extensively explore@HJ to improve the performance of
PScd®*? It was found that the morphology and thereby the PCE of BShighly relevant to

the boiling point of additives and the solubility of the polymer and fullerene derivative in
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additivesi®®? Normally, the additives with high boiling points and good solubility of the
fullerene derivatives, such as alkane dithiols and halogen,preferred®**¥ They can be
directly correlated to the intermixing of components in the D/A blend by manipulating the
mobility of component(s). To date, additive engineering becomes one of the most efficient and
convenient routes to enhance the performance of PSCs,attrasting increasingly intense

attention*?

Herein, a new additive, butylamine, is employed to largely enhance the performance of
P3HT:PCBM based PSCs. Compared with the commonly used alkane d#hobl®alogen
additives with a high boiling point, butylamine has a considerably lower boiling point-of 77

79 AC and appears mu c h Agreenero free of h ¢
Absorption spectroscopy, -Kay photoelectron spectroscopy (XPS)uclear magnetic
spectroscopy (NMR), Xay diffraction (XRD) and atomic force microscopy (AFM) were used

to analyze and understand the interaction between butylamine and each component, the surface
morphology and the crystalline structure of the film. Isviund that the formation of a vertical

phase segregation (VPS) in the active film, which was reported to favor the exciton dissociation
and charge transpdft,is responsible for the enhanced performance. It is noteworthy that the
device based on butylamine induced VPS led to an impressively high fill factor (FF: ~70%) and
PCE (403%) at commonly used concentrations of P3HT:PCBM, reflecting largely supressed
charge carrier recombinatian the active film.lt strongly indicates the beneficial morphology
modification of the photoactive layer with the addition of butylamine. Fuitigeasing the
thickness of the photoactive film by simply doubling the concentrations of P3HT and PCBM in
solution yielded an even higher PCE of 4.61%, among the best values reported for this system
(4-5%).

2. Experimental
2.1 Chemicals and materials

Regioregular P3HT (RR9395) and PCBM (>99.5%) were purchased from Solaris Chem.
Incorporation. Nbutylamine (95%),zinc acetate dihydrate (Zn(GEOO)2H ,0O, 99.9%),
ethanolamine (NFCH,CH,OH, 99.5%) and -2nethoxyethanol (CEDCH,CH,OH, 99.8%) were
obtainal from Sigma Aldrich Ltd.
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2.2 Preparation of ZnO precursor solution

ZnO precursor was prepared by dissolving Zn{CBOR2H ,O and NHCH,CH,OH in
CH3OCH,CH,OH under vigorous stirring for 12 h for the hydrolysis reaction in air.

2.3 Fabrication of solar cell devise

Indium tin oxide (ITO) glass substrates (2.5 cmx2.5 cm) were sequentially washed in water,
acetone and isopropanol for 20 min each. The clean substrates were then patterned by optical
lithography. The patterned ITO glassibstrates with photoresist were removed by acetone,
followed by isopropanol cleaning for 10 min and oxygen plasma treatment for 2 min,
respectively. The ZnO film, acting as an electron transport/hole blocking layer was fabricated by
spincoating the preasor solution onto the patterned ITO glass and annealed at 200 € for 30
minutes in air. P3HT:PCBM (1:0.8 by weight) solution in-dliehlorobenze with/without the
addition of butylamine (3% by volume) was sgmated onto the ZnO layer to form the
photoative film and kept in a petri dish for 30 min for solvent annealing before the thermal
annealing step at 140 € for 10 min. These processes were carried out under inert atmosphere in
a glove box. Finally, the fabrication of the solar cell device was cdeatpley depositing 20 nm

thick MoO; on the photoactive film followed by the deposition of 80 nm thick Ag through a

shadow mask, which makes the photoactive area of about’s mm
24 Charactearation

The P3HT:PCBMblend solution and film with/without the introduction of butylamine were
characterized by a Cary 5000 bXis-NIR spectrophotometer (Varian) with a scan speed of 600
nm/min XPS was performed using a VG Escalab 22Diequipped with an Al Ka source. The
obtained XPS data were analyzed by using the Casa software. -fay Miffractometer
(Panalytical XPert PRO MRD, Bruker Corporatipnwas employed to investigate the
crystallized film samples. Nuclear magnetic resonance (Bruker, Avance Ill HD, 600 MHz) was
applied to examine the presence of butylamine in the film by dissolving the fileuterated
chloroform. A profilometer (Bruker, Dektak XT) was applied to measure the thickness of the
active layer. The morphology of the film was detected by atomic forceosuopy (Bruker

Corporation). Largarea (50 x 50 pm) topography images were obtained by the ScanAsyst
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mode with a silicon tip on a nitride lever, and the phase images (1 x1 pmn) were obtained by
tapping mode. Grrentvoltage (dV) measurements cfolar cells were recorded by a Keithley
2400 SourceMeter SMU instrument under AM 1.5 solar illuminatiBrternal quantum
efficiency (EQE) measurements were also conducted using an IQE200B system (Newport

Corporation).
3. Results and discussion

Figure 1(a) showshe absorption spectra of P3HT:PCBM blend solutions with and without the
addition of butylamine. Two absorption peaks located at ~470 and ~330 nm were observed for
both samples, corresponding to the phasponse from P3HT and PCBM, respectively. It
indcates that the presence ofespdnsetrande afnthe mrganid i d n 0
material. However, we noticed that the intensity of the 330 nm peak for the butyiandhesd
sample slightly decreased compared to that of the standard oneutwiti®o introduction of
butylamine (both absorption spectra were normalized with the P3HT absorption peak at 470 nm).
This phenomenon may be related with a special interaction between PCBM and butylamine. The
P3HT:PCBM film deposited from the butylamigerntaining solution was also characterized by
absorption spectroscopy as seen in Figure 1 (b). The pbsponse range of the PSHT:PCBM
film was redshifted to over 650 nm compared to the blend solution before the deposition, due to
the enhanced structure dering and crystallization of P3H¥ Three characteristic peaks
appeared at ~520 nm, 555 nm and 606 nm, indicating strong interactions among P3H3 €h@i”
stacking) and high or der rngaddigidn totincreasingehe y me r
absorption of P3HT:PCBM at longer wavelengtlie tell crystallized P3HT can improve the
hole transport from chain to chain in the P3HT domain. Film samples with such absorption

characters were reported to be promising for the PSC appli¢4tion.

The solubility difference of PS3HT and PCBM in butylamine, which can significantly affect the
eventual morphology of the taee layer!® was further tested by rinsing the P3HT:PCBM film
with butylamine continuously for several seconds. freated film was dried and -raeasured
using absorption spectroscopy. As displayed in Figure (blog), the absorption pattern was
obviously changed after butylamine rinsing, similar to that of the pure P3HT film (black), due to
the easy removal of PCBMy butylamine. It indicates the big difference in the solubility of
P3HT and PCBM in butylamin&he poor solubility of P3HT was further confirmed by keeping
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P3HT in butylamine for 5 days, where the solid state of P3HT did not show any obvious change.
Wef urther examined the fAspecial o interaction
butylamine gradually changed with the addition and dissolution of PCBM from colorless to
yellow, in line with absorption results. The absence of the PCBM characteristiqgobn peak

is considered to be due to the formation of a complex between PCBM and butylamine. Such an

interaction can affect the morphology of the photoactive layer, which will be discussed in the

later text.

We further checked the presence of butylamin the film (after thermal annealing) by
conducting NMR and XPS measurements. As seen in Figure 1(c), a strong peak around the
chemical shift of 1.57 ppm, ascribed to if@H,i group from both P3HT and PCBM, is clearly
shown, whereas the response fioRH. ( 1. 77 p p m) 2 andiging thb preséncewi d
butylamine is negligible. This resulvas further confirmed by XPS measurements as shown in
Figure 1(d), where no N1s signal can be detected. Highly likely, butylamine completely

evaporated during the film fabrication process, due to its low boiling point.
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Figure 1 (a) Absorption spectra & P3HT:PCBM solution with and without butylamine; (b) absorption
spectra of pure P3HT film (black), PSHT:PCBM film (red), rinsed P3HT:PCBM film (blue) and PCBMi in-
butylamine solution; (c) NMR spectrum of the dissolved P3HT:PCBM film spincoated from the sdution
containing butylamine; (d) XPS of the P3HT:PCBM film prepared from butylamine-containing solution.

The surface morphology of the photoactive films processed with and without butylamine was
examined by AFM. Topography images (50 pm x50 pm) of thenk were obtained by the
Scanasyst mode, and are shown in Figure 2 (a,b). For the butylsmwvaheed sample, the film
surface was relatively smooth with reoeansquare roughness (RMS) around 5.6 nm (Figure 2
(a)). However, the standard sample showedeqdifferent surface character with largely
increased RMS around 9.5 nm. Obviously, a finer structure was formed with the addition of
butylamine, although it did not seem to be retained in the film. Such changes may be attributed
to the alteration of congsition distribution in the active layer, resulting in the formation of
different domains. Similar result was obtained by ushufplbronaphthalene as an additive in the
blend of poly[2,3bis-(3-octyloxyphenyl)quinoxaliné,8-diyl-altthiophene2,5-diyl] and [6,6}
phenyl Gi-butyric acid methyl estdt? Phase images of both samples were collected in a
tapping mode at a smaller scale (1 pn x 1 pun) to detect the phase separation of P3HT and
PCBM, which isbelieved to significantly affect the performance of devices. As for the standard
sample, fibedike P3HT domains were clearly identified by formingoigontinuousstructure

with PCBM (Figure 2(d)), in line with previously published resliftswith addition of the
butylamine additive, it seems that the morphology of the P3HT:PCBM film was thoroughly

altered, even though it was not detectable in the final film sample.

XPS spectroscopy was employed to evaldlageuniformity of distribution of P3HT and PCBM

in both butylaminanvolved and standard films by estimating sufforcarbon (S/C) ratios, since

S is only present in P3H¥? By integrating the areas of high resolution C and S spectra
obtained from the top side (i.e., the surface in contact with JlofCboth samples, S/C ratios of
~0.13 and ~0.10 were obtained for butylarimmeolved and standard samples, respectively.
Clearly, the top side of the butylam#mevolved sample contained more P3HT than that of
standard sample; the evaporation of butylamine may carry some PCBM with it and thus cause
the loss of PCBM close to the surfade.step further, these films were liftexff from the
substrate, and the S/C ratio of the bottom side of the films was also detected. S/C ratios around
0.067 and 0.080 were obtained for butylamimeolved and standard films, respectively.
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Although the rab was close for the top and bottom sides of the standard sample, it dropped
nearly half for the butylamingvolved sample (Figure 2(e)). Such analysis results underline the
composition inhomogeneity, and possibly the phase separation, in the verticdir&ttion for

the latter sample.

The morphology formation of the photoactive layer depends on the P3HT crystallization and
PCBM diffusion processes, which are closely correlated, during the film preparation process. To
make a favorable VPS morphology,veel aspects should be taken into consideration,
especially solvent selection and the surface energy of the sub$ttatdsFor instance, the-

xylene solvent can assist the formation of a VPS morpholagg, the hydrophilic surface is
preferable for the PCBM accumulation and hydrophobic surface the P3HT accumulation. Herein,
the solution processed ZnO layer should be responsible for the formation of slightly more PCBM
at the bottom side compared to thatab side for the standard sample. Thermal annealing can
enhance the transformation by increasing the component mobility. As for butylenwahesd

sample, the additive must have performed an important role in improving the mobility of PCBM
by the speciainteraction mentioned above, which enhances the degree of VPS morphology,
favoring the P3HT accumulation at the top side. We also applied XPS measurement to detect the
presence of butylamine in the P3HT:PCBM film immediately after the film deposition, but
before thermal annealing. The result (not presented) also shows the absence of butylamine in the
film, which indicates that, quite likely, butylamine took its role during the process of solvent
annealing and completely disappeared even before thermalliagnstarted. This effect slowed

down the speed of P3HT salfganization, evidenced by the slower color change (from yellow

to purple), which can benefit the performance of the de¥ies.

The crystalline structure of the standard and butylasmwnelved samples was examined by
XRD. As seen in Figure 2(f), both sampl es
corresponding to the (100) plane diffraction of cryistal P3HT?? It originates from the P3HT
crystallites with aaxis orientation, where the P3HT main chains are parallel to the substrate and
side chains perpendicul& The mean size of P3HT crystallitds) can be evaluated following

t he Scherrlex ®BFmpoH, wheteipg is the fullwidth at halfmaximum of the
diffraction peakpaand 2f are the wavelength of incident beabnlc4 nn) and the angle between

the incident and scatteredrdys, respectively. Via this equation, the size of P3HT crystallites
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was found to be ~145 nm for both the butylaminevovled and standard samples. The

introduction of butylamine does not seem affecting the size of P3HT crystallites.
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Figure 2. Topography images (a,b) and phase images (c,d) of butylamiitvolved (a,c) and standard (b,d)
samples. High resolution XPS S2p spectra of butylaminévolved sample at the top (red) and bottom (black)

sides (e); XRD spectra of butylamingnvolved and standard samples (f).

PSCs with an inverted structure of ITO/ZnO/P3HT:PCBM/M@@ were fabricated ahtheir 3

V and EQE were characterized. Figure 3@adws the typical-¥ curves of the devices with and
without the introduction of butylamine fabricated using typical P3HT/PCBM concentration (24
mg/mL). The average PCE was enhanced by ~20% from 3.37220380 with the addition of
butylamine. Analysis of the photovoltaic (PV) parameters reveals thatatauit current (4)

and FF were increased by ~6.9% (from 8.62 to 9.21 mA)and ~12% (from 62.4 to 69.9%)

with the introduction of butylamine, resgvely, while the average opeircuit voltage (\)

was comparable (Table 1). The largely increased FF should be attributed to the reduced charge
recombination benefiting from the increased degree of VPS, which improved the exciton
dissociation, chargeransport and charge collection at electrddesk. was increased
simultaneously for the same reason. Series resistanevéR further extracted from the\d

cr ves of both device’andan@® ?vieelghtaned foo futylamine 6 Y
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involved and standard devices, respectively, according well with the above results. Consistently,

EQE spectra shown in Figure 3(b) display that the quantum efficiehdhe butylamine

involved device was increased in the range of-800 nm, owing to the suppressed charge
recombination, although the phetesponse range did not change.values derived from the
EQE data were 8.9 and 8.3 mA éror butylamineinvolved and standard devices, respectively,

close to the values gained froRVJneasurements.
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Figure 3. J}V curves (a) and EQE spectra (b) of PV devices.

Table 1. PV parameters of standard and butylarimelved devices fabricated at different P3HT:PCBM

concentrations.

Sample P3HT+PCBM Butylamine V. Jie FF f%s PCE
(mgml*)  (vol %) (V) (mAcm? (%) (Y %I (%)
Standard 24 0 0.63 8.62 62.4 9.5 3.37+£0.24
Butylamine 24 3 0.63 9.21 69.9 4.6 4.03 £0.08
Standard 48 0 0.58 11.52 56.5 9.5 3.79+0.18
Butylamine 48 6 0.61 12.02 63.3 6.0 4.61 +0.15
The beneficial Abutyl amine effectd on

mor pho

thickness of the active layer in order to absorb more light, yet still allow efficient charge

transport and collection. In other words, it is possible to further eehtne PCE by increasing
if a preferablecdnitinuous

the photocurrent without significantly sacrificing FF,
interpenetrating morphology can be achieved in a thicker film with the use of butylamine. With

such consideration, we further made efforts toirattaigher PCE by simply doubling the
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concentration of P3HT:PCBM in the spioating solution, which increased the thickness of the
photoactive film from ~80 nm to ~125 nm as measured by a profilometer. Butylamine
concentration was also doubled (6 vol%)gufe 4(a,b) show the topography images of
butylamineinvolved and standard films, respectively, prepared at higher concentration. Both
samples showed largely increased RMS compared to thedoeentration samples. Obviously,

the butylamine additive ledota finer surface structure, although the RMS values for both

samples were comparable.

PV devices were fabricated based on these thicker films,-¥nmi€asurements were carried out.
Typical JV curves and PV parameters are presented in Figure 4(c) ahel Tatespectively.

With increased film thicknessg.dvas increased to 11.52 and 12.02 mAZdior standard and
butylamineinvolved devices, respectively, while,dand FF were decreased. It is known that
increased photoactive film thickness is able tbagce light absorption, whereas prolong the
transport distance for generated electrons and holes to respective electrodes. The interplay of
these two factors yielded improved PCE for both samples. In addition, the butyiarohed

device was superior téhe standard one in all aspects; Mo and FF, leading to the
enhancement of the overall efficiency by ~21.6%. The average PCE of the butylavoived

device reached 4.61%, among the best values reported for the P3HT:PCBM system. This
enhancement shild be attributed to the decreased charge transport resistance in the active layer
of butylamine involved device which has a smallgr(Rable ) compared to the standard one.

Overall, the important role of butylamine was once again clearly revealed.
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Figure 4. Topography images of butylaminenvolved (a) and standard (b) samples fabricated from high

P3HT:PCBM concentration solution, and JV curves of corresponding devices (c).

4. Conclusion
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In brief, for the first time butylamine was explored as apctive solution additive and found to

have profound effects on the morphology and PV performance of P3HT:PCBM solar cells,
although it is not detected in the final P3HT:PCBM film. Butylamine is capable of inducing the
formation of a vertical phase segragat morphology in the P3HT:PCBM film, which can
effectively suppress the exciton and charge recombination. As a consequence, excellent
performance was achieved, with an impressively high FF (nearly 70%) at typical P3HT:PCBM
concentration and a PCE of ~4%1l1at higher P3HT:PCBM concentration, among the best

efficiencies of P3HT:PCBMbased devices.
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CHAPTER S CONCLUSIONS AND PERSPERCTIVES

5.1 Conclusions

P a r PbS QDs with siz¢éunable optical properties are promising for optoelectronic, biological
imaging and sensor applications in the NIR range. It is-kvedlvn that the heinjection method

is an efficient route to synthesize high quality PbS QDs. In thieyd MS is the most widely

used S precursor, which usually reacts with-QXy yielding PbS QDs. However, it is
inconvenient to handle the TMS which has very high reactivity and is malodorous. Elemental S
has been proposed as a replacement for TMS, whtredsnable photoesponse range of PbS
QDs based on elemental S involved reaction is limited compared to that of TMS involved route.

In this work, we focused on extending the tunable phesponse range of PbS QDs based on

the synthesis involving elemih S and PbGlas the S and Pb precursors, respectively. It has

been proved that PbS QDs with the fiestitonic peak as short as 705 nm can be achieved by
introducing TBP into the S precursor solution, whereas the TBP free reaction can only yield QDs
wit h absorption 01056 nm. A's ¢ h aasswssted sgntheszesld by
PbS QDs samples show high PL QY in the range e@®@®, depending on the QD size. The

TEM results indicate that such QDs have relatively narrower size distributonTtBRfree

sample without any aggregation. Altogether, these results confirmed the high quality of QDs
from TBP-assisted synthesis. As further evidenced by NMR results, TBP was revealed to act as
surface ligands of QDs, which could impede the QDs growthbenefit the PL QY of QDs by

forming stable bond with S atoms to better passivate the QD surface.

We further demonstrated that TBP can react with the POCA complex, if 1:1 molar ratio
(TBP:PbC}) of TBP was directly injected. As a result, the Pb(OHMas formed as
characterized by XRD, which is a promising new precursor for synthesizing high quality
ultrasmall PbS QDs. This synthetic route is highly reproducible and easily controllable. The
newly discovered Pb(OH)CI precursor is also promising farveniently synthesizing other

leadcontaining QDs.

Considering practical application, the seafe reaction of this TBRssisted synthesis was

performed. It was confirmed that the synthesis of PbS QDs with different-péggonse ranges
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(corresponding talifferent sizes) can be successfully scaled up, which is promising for the real
world application. Additionally, LSC devices were fabricated using QDs synthesized via this
route as fluorophore. In order to balance the PL QY, separation of absorptiordansissctra

and photestability of these QDs, CdS shell of different thicknesses were performed based on the
size of plain PbS QDs, and all devices showed promising performance. For instance,-a record
high optical efficiency of ~1.2% has been achieved & factor of 50 (10 cm in length) for
device based on ~2.5 nm QDs with a ~0.1 nm CdS shell.

Overall, we developed a f aci lskeaadhiyh quaity BoSner 0
QDs for the first time. These synthesized QDs are potentially integest other NIRrelated

applications in addition to the LSC application.

P a r tPSCs are considered as one of the candidates for the next generation solar cells due to
their advantages of good flexibility, lewost processing, and free of heavy metal.
Pdymer/fullerene based BHJ solar cell devices with high PCE are still the main research
direction in this field. For this kind of solar cells, it is highly important to control the morphology

of the polymerfullerene blends film, which determines the PCH atability of the devices.

Il n section , we devel oped a -temneand tisetmalastabdityy t o
of PSCs by incorporating relative small amounts of QDs in the organic matrix. It is discovered
that the surface ligands of QDs phalya significant role in affecting the morphology of the active
layer, which determines the final performance of corresponding devices. For PH3ACQBs,

they were homogeneously distributed inside the P3HT:PCBM film as characterized by AFM,
due to high ompatibility between OA ligands and organic components. When most of the OA
ligands were replaced by inorganic iBhs the resulting QDs formed continuous networks in the
P3HT:PCBM film. As a matter of fact, the device based on the active layer withe@@nks
showed the best loAgrm and thermal stability compared to that based oAPO8/CdS QDs
incorporated film and QBree P3HT:PCBM film. We conclude that the QD networks efficiently
stabilize the active layer from chemical and physical (morphologgyadiation, then resulting in
improved stability of the devices. This strategy can be potentially applied to other
polymer/fullerene based PSCs. Therefore, our work provides a new avenue to solve the stability

issue of PSCs, which has significant meanmtheir commercialization.
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I n section , b utimg, wasemploged asfapn additivehie thef A3HTSPCBM

bl end solution, to manipul ate the morphol ogy
compared to commonly used alkane dithiols and haktgenadditives. The PCBM can be well
dissolved in butylamine by forming a complexity with it. As a result, the PCBM mobility during
the solvent annealing process was changed, which optimized the morphology of the
P3HT:PCBM film. Specifically, it made the3PIT and PCBM accumulating at the top and
bottom of film, respectively. The film with this morphology is suitable for electron and hole
transporationin opposite directions to the cathode and anode, respectively, and also benefit the
exciton dissociation. As evidenced from the results-9f measurements, the FF was largely
increased due to the supressed exciton and charge recombination. Thus, tifedBG&es was
increased to ~4.03%, which stimulated us to further optimize the thickness of the active layer.
The best average PCE of ~4.61% was achieved in this work among the best value of
P3HT:PCBMbased devices. This new additive can be potentialledusn other

polymer/fullerene systems.
5.2 Perspectives

TBP route was first developed in our work to synthesize high quality small PbS QDs, which is
facile and greener than the TMS involved method. Although we have achieved-hegord
optical efficiency at & factor of 50 by applying synthesized QDs into the LSC devices, higher
efficiency can be further targeted via improving the surface passivation of QDs. For instance,
metal halide treatment can help to terminate thgassivated dangling bonds on the soef of

QDs and to fill unreachable midgap trap states owing to the smaller steric effectasfsGhan

that of OA ligands. It can directly improve the PL QY and stability of QDs, then leading to better
performance of the devices. However, the surfaeatitnent should not sacrifice the colloid
stability of QDs. Additionally, the TBP route synthesized QDs can be explored for more
applications, such as PV devices and light emitting diodes. Compared to the commonly used
QDs obtained from TMS involved synth&sTBP ligands can provide additional passivation on

the S sites of QDs. Different from the role of QDs in LSC devices, where they act as light
absorbers and emitters, QDs also play an important role in the charge transfer process in PV
devices and lightemitting diodes. Therefore, the surface chemistry of QDs can be more

important than that in LSC devices.
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The discovery of synthesizing ultrasmall PbS QDs via mixing elemental S solution with
Pb(OH)CI in our work gives a hint to explore a new, convenientfeaPbS QDs synthesis in

the future. Since the Pb(OH)CI can act as the lead precursor for small PbS QDs synthesis, more
efforts can be made for developing a more facile and greener way towards synthesizing
Pb(OH)CI. Then, these Pb(OH)CI can be convetjenbnverted into PbS QDs at a low
temperature (less than 100 €) by reacting with the stable S precursor. In this case, it is able to
save the energy consumption in the synthesis and avoid the usage of large amounts of toxic,
unstable and expensive presoms, which will effectively realize the low o s t and dAgre
synthesis of PbS QDs. It has significant meaning to scale up the QDs synthesis into the
industrialization scale. The crucial point for this route can possibly be the introduction of
appropriateligands in situ for Pb(OH)CI, which is important to the optical properties and
stability of final QDs.

To improve the stability of PSCs, incorporation of inorganic materials into the active layer is one
of the research directions. The addition of NIR Qbt® the P3HT:PCBM film in our work

aimed to enhance the stability of the deaoelextend the photoesponse&ange of the device to

the NIR range. Although we have achieved good stabilities as expected, there is still large space
to further increase theghotocurrent induced from the NIR photons. One of the challenges is the
tradeoff between complete substitution of lenbain OA ligands on the surface of QDs with
shorter ones and the QD colloid stability in solution. The ligaxcthange treatment is naesary

for electron transport, while the colloid stability is crucial for the fabrication process. One
strategy is to directly graft electron acceptor molecules, such as functionalized carbon nanotubes
and fullerenes, on the QD surface as passivation lggavidreover, the reaction details between
O./H,0O and the component in the ternary system need to be revealed. These investigations can
guide the future work on designing and manipulating the active layer morphology. In performing
them, the interface propess between each component and between the active layer and
electrodes should also be taken into consideration.

Recently, polymer materials with lower band gap than that of traditional P3HT emerged as hot
topics in this field. These materials with fellifted absorption spectra are able to utilize more
sun light compared to P3HT, and show better hole mobility simultaneously. The strategy of

using QDs to largely improve the stability of devices is expected to work in low band gap
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polymer based system, whichormally suffer moresevere degradatisnthan that of
P3HT:PCBM. Considering the environmental issue, the-Bdx®d QDs shall be replaced by
heavymetal free NIR QDs, depending on the development of materials chemistry. Overall, the
ligand effect, bandilignment, film morphology and the interface effect should be taken into

consideration in order to fabricate PSCs with both high PCE and good stability.

Stateof-the-art, halogenated solvents and additives such as chlorobenzene/dichlorobenzene and
1,8-diiodooctane are commonly used to fabricate PSCs with high PCE. However, these
halogenatedchemicalscan cause environmental and human health problems. Moving forward
toward real application of PSCs, it is time to develop new solvesbtl@nt/additives forhe
Agreen fabricationo of high performance PSCs.
the nanoscale morphology of the D/A film, which is correlated with the solvent usage. Using
mixed solvent with synergistic effect on the morphology of DiAfcan be an effective way.
Additionally, it is very promising to design novel water/alceboluble photoactivenaterials for

PSC application.
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