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Abstract 3

Abst ract

Dye-sensitized solar cells (DSCs) based on electrodepositbporousZnO films
present dow-temperature alternative to conventional DSCs built from-keghperature
treated nanoparticulate TiGilms. Using a liquid iodide/triodide electrolyteand the
indoline dye D149 as photosensitizdre tighestefficiency reported for such cells is
5.6%, which is slightly less than half dhat reached bytitaniabased systemdn the
present workthe role of the dye layer at the interface betwge® and etctrolytein
determining cell performanceas investigatedOptical spectroscopy andnie- and fre-
guencyresolvedphotoelectrochemicainethods involving small or large electrical or
illumination pertubations wereemployed to studyight harvestingchargeseparation,
charge transport, and recombinationsendwichtype solar cellsvith systematically
varieddye loadings, dye combinations, or dye/coadsorbate combina@unthe basis
of analytical modelonsidering an exponential distribution ledind gapstates in the
semiconductor and nonlinear recombination to the electrditecombinationrmode),
strategesto quantitativelydetanglethe microscopic factes that determinglobal device
characteristicsvere introduced.It was shown that the relativelpw fill factor in cells
based on electrodeposited ZBDQA9 isstrongly cetermined byD149 aggregatesiccel-
erating recombinatiomt intermediatecell voltages The beneficial effectof the coad-
sorbate cholic aciCA) on device performanaesulted from auppression of thdye-
relatedrecombinationby limiting the extentof D149 aggregationAddressing the low
shortcircuit photocurrent densities of Zid49-basedDSCs with respect to standard
TiO2-based cells, raextension of the spectrisdiht harvestig efficiency was achieved
by cosensitizatiorof electrodeposited or screenprinted nanoparticdate with D149,
the indoline dye D131, and redabsorbing sensitizewhich was eithethe squaraine
dye SQ2 or the partially sulfonated zinc(ll) phthalogéganS.isPcZn. The beneficial
effect of panchromatic light harvestinggs counteracted bgignificant voltage losses
due toundesireddyelye and dyesemiconductomteractiors in the presence of the red
absorbersincluding downward shifts of the Zn@onduction band edge arfdrmation
of recombinatiopromotingsurface trap state©n the basis of the specific properties
of ZnO-based DSCsleterminedin this work, giidelines for the choice of alternative
sensitizers anted-absorbing cesensitizersvere discussed.
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Kurz fassung

FarbstoffsolarzelleDSCs) auf Basis elektrochemisch abgeschiedener pordser ZnO
Schichten bieten gegentuber konventionellen Ih@sierten Systemen den Vorteil, bei
niedrigen Temperature hergestellt werden zu kdnneDerartige Zellenhaben mit
flissigen lodid/TriiodidElektrolyten und dem Indolinfarbstoff D149 bisher Wirkungs
grade von bis z1b.6% erreicht, wagsoch deutlich unterhalb d&¥irkungsgradeliO,-
basierter Syteme liegt. In der vorliegenden Arbeit wurde der Einfluss der bFar
stoffschicht an der Grenzflache zwischen ZnO und Elektrolyt auf die Eigenschaften
ZnO-basierter DSCs untersucht. Mittels optischer Spektroskopie sowie - zaitd
frequenzaufgeloster photoelektrochemischer Methoden wurden Lichtabsorption,
Ladungstragersepation, Ladungstransport, und Rekombination in planaren Testzellen
mit systematisch variierten Farbstoffbeladungen, Farbstoffkombinationen, oder Farb
stoff/Coadobat Kombinatioren analysiert. Analytischodelle unter Einbezug@xpc
nentielle Fallenvertdungenim Halbleiter und nichtlineareRekombinationskinetik mit

dem Elektrolyten [-Rekombinationsmodell) wurde genutzt, um Auswertungs
verfahrenzur Quantifizierung der Einfise unterschiedlicher mikroskopischer Gré3en
auf globale Zellcharakteristikau entwickeln Der vergleichsweie niedrige Fullfaktor
elektrochemisch hergesteliténO/D149Solarzellerwurde auf erhéhte Rekombination

im Bereich niedrigerer Zellspannungenn Anwesenheit aggregierter D148olekile
zurlckgefuhrt. Die bekannte Verbesserung der photovoltaischen Leistung durch
Coadsorption von Cholsaure (CA) lag in eiverringert& Aggregationsneigung des
Farbstoffesund der dadurch bedingt&eduktionderaggregdiedingten Rekombination
begrindet. Die spektrale Absorption #nO/D149Solarzellen wurde mittels Go
Sensibilisierung mit D149, dem Indolinfarbstoff D131, widem von zwei im roten
Spektralberah absorbierenden Farbstoffede(h Squarainfarbstoff SQ2 oder dem
teilsulfonierten Zink(ll}Phthalocyanin §sPcZn)erweitert.Dabei traten unerwiinschte
Farbstoff/Farbstoff und Farbstoff/Halbleite¥Wechselwirkungen v z.B. eine
ungunstige Verschiebung der Zd®@itungsbandkante sowie eine Bildung
rekombinationsférdernder Fallenzustande zutage, welche dem positiven Effekt der
verbesserten Lichtabsorption entgegenwirktenter Bertcksichtigung der in dieser
Arbeit bestmmten spezifischen Eigenschaften Zh&sierter DSCs wurden Richtlinien

fur die Auswahl alternativer Sensibilisatoren und®msibilisatoren diskutiert.
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Introduction

A 2010 advertisemenrty the oil and gascompany Sheldepicteda little girl who is

reading in bedTheimagewas accompaniedy the commenti What sort of wor |
thisl i ttl e girl grow up Iin? [...] I f wedre goi
to look at every possible energy sourte. . . ] t2%Cledilg Shélwas addressing

the fact that global reserves foksil fuels like oil and gas are becoming scafae of

the oil g i a o thckls ths prphtemwaa © plaes mutti-billion dollar pro-

jecttoexplore some ofthBarttb s | ast bi g r eseArctieXxaTovdé f ossi |
yearslater, aftera series ofdisconcertingtechnical issues anshfety problemsn the

rough water®f the Arctc OceanS h e RO énilion dollarArctic drill rig, the Kulluk,

had runashore on Sitkalidak Island in the Gulf of Alaskad eventually had to be

scrapped Togetherwith the increasing certainty among climate researchers that the

global warming we arexperiencing idargely caused byhuman combustion of fossil

fuels? accidentdlike this unambiguouslysuggest theonclusion thaive must indeed, in

Shel |l 6s mokmtevery padssble energy sourewever in order to secure a
cleanandreliable supply of engy for future generations, it imevitable thatve focus

on advancing efficient technologiesdrploit safe and sustainableenergy sourcesuch

as wind, water and sunlightheseso-called renewabés will make up an increasing

share ofthe global energy mixf the future* Exploitation of thevast amounbf energy

arriving every seconéttheupper atmosphere of the Eanththe form of solaradiation

(174,000TJ)° is expected to play prominent role in that mi%In fact, one of thduture

energy scenarioShell presented in 201@®lew Lens Scenari)fspredicts thasunlight

will bet he domi nant energy source by 2100, mak i r
ergy mix.In accordance wittsuch scenarioseveralestablishedndustrial companies

such asSchott! Sharp® and Panasonichave beerinvestingin solar energyand even

the oil giants Shell and BP themselwssre active inthe solar markefor several

years'® Among solar energy technologieshqtovoltaic cells, which convert incident

sunlight drectly into electric energy, represent an attractive -fieantenanception

that can be used to either feed electricity into the grid or function as island systems to

provide electricity in remote areas far away from the Hrid. the interest of sustaina-

bility, it is essential to develgphotovoltaicapproacheshatrely only on nortoxic and
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earb-abundant mateals as well as on energfficient production methodsvoiding
unsustainable processiognditions such as high temperatut@gh pressure, ofultra-)
high vacuum If environmental and healttelated hazards are monetiZédncreasing
sustainabilityalso significantly contributes to achieving high c@sticiency, which in
turn increases commercial attractiven€&mventionalbulk Si solar ells, whichnowa-
days still dominate the mark&trequire processing temperatuagsove1000°C* and,
thus,arenot satisfyinghe demand for lovenegy fabrication With presenfpower con-
version efficiencieof up to 13%*° and the prospect of loenegy production'® dye-
sendized solar cell§DSCs)presenbne of the most promisingystemsamong alterna-
tive photovoltais trying to meet the aboweriteriafor sustainability One new concept
that has developed out of dgensitized cells has gainpdrticularly highattentionover
the past few years: Perovskltased solar cells, which haweachedefficienciesabove
20%.17 While exhibiting highly competitive performancéhe success oPerovskite
based solar cellsurrently relies on the use of lead hidle compounds for théght-
absorling material, which raises concerregardingtoxicity.*® Therefore from a point
of view of sustainabity it is clearly necessary to continaed intensifyresearch efforts
in the field of classical i Gr 2type)@yé-sensitized solar cellsyhich typically con-
sist of a nanostructured metal oxide electrode to which a photosensitizing dye is ad-
sorbed, a @unter electrode, and a liquid redox electrolytesolid hole conductor in
between the two electrod&sWhile the mat efficient DSCs today are fabricated from
nanoparticulate Ti@films that require highemperature podteatment to ensure good
electronic conductivity? 2°the semiconductor ZnO offers a variety of possibiito be
deposited as nanostructured films at significantly lower temper&tures: preparation
temperauresnot only directly translate into a reduced amount of energyimed for
cell fabrication, but also contribute locreasedsustainability by allowing theeplace-
ment of energyintensive® glass substrateBy flexible and light-weight plastic sub-
strates??®> One particularlyattractive lowcost metlod to preparemesoporous ZnO
electrodedor dye-sensitized solar celis electrodeposition in the presence of molecular
tenplates such as eosin YWhich proceeds at temperatusesslow asr0°Cand has been
successfully transferred to plastic substrate® This technique yields thin films with
columnar, spongéike strudures with pore sizeim the range of 20 nm?’ which have
beenfound to exhibit favorable electron transport properties even withouhiyy

temperature podteatments® As regards tie photosensitizer, DSCs have originally
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relied on Ru(ll)bipyridyl complexes to achieve competitive efficieng&but over the
last decade numerous groups have focused on the developra#atrudtive sensitizers,
including high-extinction coefficientnetalfree sensitizerthat can be obtained viaim-
ple synthesis routesThis has resulted imemarkable efficiencies of up 0.3 using
thefully organicdye C219in combination with TiG.3° For solar cells based on electro-
deposited porous ZnO electrodése tbest power conversion efficienogportedwas
~5.6% and wagdn fact, achieved with a metdtee sensitizer, the indoline dye D148
combnation with the cadsorbate cholic acit As the photovoltaic performancef this
materialssystem remainslearlybelow that ofTiO: cells, additional research effodse
essentiain orderto deepen the undeamding of this sustainable, néoxic, and pro-
spectively cosefficient alternative to titantbased DSC structuresd thereby develop

systematic strategies for further improvement of their efficiency

The studiesliscussed in the presethiesiswere dsignedto contributeto this objective

by elucidatinghow systematicchangego the dye layer at thénterfacebetween electro-
deposited ZnO and liquid iodide/triiodide redox electrolytmpactmicroscopic charge
transport and transfer processes andmaltely, solar cell deviceharacteristicsA ma-

jor goal wasto deepen the understandingtbé role of D149in limiting the efficiency

of ZnO/D149solar cells and to clarify the detailed mechanignwhich coadsorption of
cholic acid (CA) with D149 improwe cell performance with respect to cells without
coadsorbateThe experimental strategy chogengpproachthis goalwas toprepareand
characterize solar cells froelectrodepositednO filmsthat had been loaded withf-
ferentamounts of D14%y systemact variation of theimmersiontime in dye or mixed
dye/coadsorbatsolutiors. Combination of currertoltage characterization and electro-
chemical impedance spectroscaogliowed attributing characteristic differences the
photovoltaic parametersf cells with different dye loadings and with or without coad-
sorbate to changes the extent of D149 aggregation and resulting variations in the en-
ergy-dependence of interfacial recombinatidn further key aim of this work wago
extend the spectrdight harvesing efficiency of DSCsbased on electrodeposited ZnO
with respect to ZnO/D149 cells. This wash&vedby cosensitizng the ZnOwith
combinations of D149 and one or more other dyes showing absorption spectra comple-
mentary to that of D149The cesensitizes wereselectedbased on the following crite-
ria: (1) successful combination withi149 onZnO in a previous stuy (blue-absorbing

indoline dye D131§! (2) efficient sensitization of Ti@ as individual dye or co
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sensitizelin previous reports (redbsorbing squaraine dye SG2)*or (3) availability
within a collaboration with industry (reabsorling partially sulfonated zinc(Il) phthalo-
cyanine $:1587cZn).The characterization of the esensitized cells and of reference cells
with individual sensitizersffereddetailed insights into the effect of different dyge
and dyesemiconductor interactisnonthe density and distribution of electronic states
in the semiconductocharge injection from the dye(s) to the semiconductor, as well as
recombinatiorkinetics To expand thainderstanding ofiow the type of semiconductor
matrix affects thesolar cel performancea comparative study of devices based on na-
noparticulate ZnO films prepared by scrgemting wasperformed Finally, anumber

of different types of cellprepared as part of the thesis warére characterized multiple
times ovedifferentperiods of time of up toseveral months order to gain information

about theirshort and longterm stability.

The thesis is arranged as follov@hapterl provides a foundation for the discussion of

the resuls by addressing the basics of ebansitized solar cell operation, the theoretical
description of DSCs, and the fundamentals of the characterization methods employed to
analyze the cells in this work. In chapgrthe experimental procedures used to prepare
and characterize the solar cediee described Chapter3 gives an overview of the film
morphology and thickness within the set of electrodeposited ZnO samptkesouabri-

cate DSCslIn chapters through9, theresults of the different experimental studies out-
lined above are presented and discussed. In cha@téne thesis is concluded with a

final discussion considering all resylend withan outlook on future researam the

field of dyesensitization of electrodepositethO as it appears useful in view of the

present results
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1  Basic Concept s

1.1 Dye-Sensitized Solar Cells (DSCs)

1.1.1 Structure and Operation Principle

The main component of a classical égnsitized solar cell of the type introduced by
Gratzel and 16ié&Rmeesoponousifilm ofla Vigleand gapsemiconductor,
which is deposited on a glass substratated with a transparent conductive oxide
(TCO)such as FTO (fluorindoped tin oxide)cf. Figure 1. A monolayer of dye mole-
cules is adsorbed to the surface of the semicondast@hotosensitizeand the semi-
conductor/dydilm is permeated byn electrolytecontaining a redoxouple The DSC

is completd by acounter electrodewhich typically consists of TCO/glass coated with
a catalytic platinum laye®: **Under illumination the dye moleculesibsorb part of the
incident light andaretherebyelectronically &cited. Appropriate energy level alignment
provided, electronare rapidly injectedrom the excited states of thdye into the con-
duction band of the semiconductand are transported through the mesoporous struc-
ture to the back contact (substrate). TReliaed photosensitizer is regenerated by elec-
tron transfer from the reduced species of the redox colipkeoxidized species of the
redox electrolyte diffusés *to thecounter electrodevhere it iseducedIn the case of
the commonly used/ls (iodide/triiodide) redox couple a Grotthudike mechanism
may contribute to the transport of positive charges to the counter eleca®adbserved

in ionic liquid-based electrolytes at high iodide concentratidns.

In the original Gréatzel celf the porous semiconductor film was a layer of Zi@no-
particles that had been sintered to interconnect the particles and form a conductive net-
work. While such Ti@-based DSCgpresently still deliver the highest efficiencies and
therefore constitute the most common apprdactt; 38 *%ther metal oxide semicon-
ductors have been widely investigated and have been found to be advastfagesu-

tain applications or cell configuratio”8.4%*? Most studies investigating alternative
semiconductors for DSGsincluding the present workhave focused on ZnO, which

offers the beneficial possibilitgf creating a variety of different nanostructures even at
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low temperature$: 22 25 43 4Chaptes 1.3.1and1.3.2will give a detailed introduction

on DSCs based on ZnO photoelectrodes.

. counter
semiconductor/dye
substrate electrode
VA¢G hs
< > )

Figure 1. Schematic representation of structure ampleration principle ofa dye
sensitized solar ceWith substrateside illumination Green arrows indicate the flow
electrons. The circular blowp illustrates the desired charge transfer processes a

semiconductor/dye/electrolyte interface following photoexcitation of the dye.

The first DSCsmployed ruthenium(ll) polypyridyl complexes such asas3hotosen-
sitizers!® 2% 4°As is the case for most other DSC dyéw ddsorption othesemole-
culesto the inner surface of the porous oxide semiconductor is based on the formation
of a covalent bond via their carboxylic acid gropBSCs using Ru(ll) sensitizers con-
tinued to yield théestconversiorefficienciesamong TiQ-based devicefor almost20
years reaching up td1.5 % in 2009'% 4"In 2011, howevera new recordwasattained
using the porphyrinbased dyerD2-0-C8 on TiOp, without (d = 11.9%) orwith (d =
12.3%) the metairee dye Y123 as esensitizer* This was followed by a record cell
with a convesion efficiencyof 13.0% in 20147 which was based on Ti@vith SM315,

a porphyrin sensitizer with iproved light harvesting and electrolyte compatibilFyl-

ly organicabsorber moleculdge the abovementionedY123 have alsobeensuccess-
fully usedas individualphotasensitizers albeit resulting in somewhat lower efficien-
cies*®>! Compared to rare metal complextrgy have typically higher molaabsorptiv-

ities, offer the prospect of logr-costsynthesisand their molecular structure can be easi-
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ly modified to suit the needs of differectll concept$? Moreover, organic dyes have
been successfully used as sensitizers for semicondstctmtures Hat were found to

show low efficiencies withhe typical Ru(ll) dyes, such #ise electrodeposited porous
ZnO structure® used in this workChapterl.3.4will addresshis group of photosensi-
tizers for dyesensitized solar celis more depth

The most commonly used electrolyte consists oflttg redox shuttlen combination
with liquid organic solvents like acetonitrife.It was alreadyused in theearly DSC
studies by Grétzel et &l.and has nmained the preferred choibecause it yieldsighly
efficient and stable celfS: *3The main advantage of th#él§ mediator is that oxidation
of I" and hence dye regeneration is fast whilst reductios bifylelectrons from the po-
rous semiconductor (recombinatjar. sectionl.1.2and1.2.3 is kinetically hindered*
On the other handeveral drawbacks such as the relatively high redox potentidlsof |
(posing an upper limit othe output voltage of the celt) *>and potential corrosiveness
towards the counter electrode Pt I&9eriggeredstudiesfocusing on the development
of alternative redox couplé$.>” 8 The most successful alternative found so fahées
Co(ll/ll) polypyridyl couple® **which was employed ithe recordcell usingthe sen-
sitizers YD20-C8Y123 and SM315(see above)However, the applicability of this
redox mediator is limited to select photosensitizers: with standard Ru(ll) complex dyes,
for examplefast recombinatiotetween semiconductor @ o(ll/lll) -based electrolyte
was found to lead timferior efficienciescompared with the/lselectrolyte® As the use
of liquid electrolytesn generalcomes along with certain practicethallenges suclas
the need for an effective cell sealing to preveakageor evaporatiorof the electrolyte
extensive research @sobeing performed in the field aolid or quassolid DSC hole
transporter§® The nonvolatlity and high temperature stability ofokd-state hole
transporting materialeenders them the most promising candidates for practpgica-
tions, but they currentlyshowrelatively low conversion efficiencies due itcomplete
filling of the pores wih the hole conduct®rand significantly higher rates of recombi-
nation as compared to liquid electrolyte c&fl$n the studies preseed in thisthesis,a
standard liquid 13" electrolyte has beedeliberatelychosen in spite of thdrawbacks
with respect to practical applicability. This, iirst, becausehe dyes utilized in this
work have shown optimum efficiencies in combination with lthie” redoxcouple (see
chapter1.3.4 and, second, becauskee pore filling issues of solid hole conductors

would have interfered with the aim of a systematic and quantitative interpretation of
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recombination datayhich relies on assumgthe same contact surface between-dye
sensitized semiconductor and electrolyte/hole transporter in all samples under compari-

son.

1.1.2 Overview of Energy Levels and E lectron Transfer Processes

Figure 2 presents a basenergy level diagraraf semiconductor, dye and electrolyte in
a dye-sensitized solar cell and illustrates varialesired and undesirgarocesses of

excitation, relaxationransfer and transport of charge carriers.

E

A FTO semiconductor dye electrolyte
2a +Q*
(3a) @a)|  posvisy)
E A
<| (2b)
| _ [ \\ 1)
N

E%(S*IS)

Figure 2: Energy levels irdifferent componentsf a dyesensitized solar cell at ope
circuit conditionsunder illumination, with arrows representing charge flow and
processesThe valence band of the semiconductor is outside the scale of the ¢
Note that the diagram represents free (e.gw) And internal (e.g. § energies usin

one cormon scale.

An accurate description of tlemergetic structure of the DSC must also includedtke
tributions of electronic stategdensity of stateg(E)) in the different cell components,
which areexplicitly represented ifigure 3. The electronic structure of the mesopus
semiconductor is typically characterized via the position of the conduction band edge,
Ec, the density of states in the conduction bagf{E), and a distribution of trap states

in theband gapg'(E). In the vicinity of the conduction band edge,esx the band can

be described by a parabolakispace, the density of states in the conduction band of a
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bulk semiconductor is expected to follow the relationsfiE) ¢ (E-Ec)'?, as indicated

in Figure 3.%°
E
'
1 *EOOK
' cb
'\ g (E) EO(S+I’S*)
Es f "Evred
En 1
Eredox
Eoo
> £
---- - =T EY(S*/S
\< 5T
REored
g(E) g(E) 9(E)
semiconductor dye electrolyte

Figure 3: Distribution of electronic st@s in semiconductor, dye, aetectrolyte.The
density of states in the conduction band of the semiconductor is shown for the example
of a bulk material without quantum confinement effects. The distributions of occupied
states in dye and electrolyte arghlighted in blue, pink, and light blue, while the cor-
responding distributions of unoccupied states are presented in green, orange, and yel-

low. Adapted from Figure 11 of re¥ with additions and modifications.

However, if guantum confinement in one or more dimensions plays a role, the density
of states takes on significantly different shaffeShe distribution of trap states in
nanostructured semiconduocs usually shows anexponentialincrease towardg. (cf.
sectionl.2.2. Due to this so chkdd tailing of the conduction band, some authors have
pointed outthat it is more appropriate to speak about a mobility edge (defined as the
energy separating localized and delocalized states in a disordered semicottdhetor)
about a conduction band ediea strict sensé® In the present work, thexpression
ficonduction band edgeind the symbadE: will be used in terms of a mobility edge and
Ashifts of btama @ dmgrdoeneigetichifts ofthatmobility edge
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and the density oftates around.ifThe position ofthe semiconductor energy levels
well as the density dirap states ate surface arsfluenced bymolecular adsorbates
such as dyes or coadsorb&dté€: Surfacebound molecids can entail a reduction of the
density of surface traps by attachment to coordinatively unsaturated surfaceaatdms,
surface charges or dipolar fields of adsorbates can lead to shiisTdfe probabilityof
population ofthe electronic stateg the semiconductors reflected in thejuastFermi
level (electrochemical potentiab)f electronsEn.% It is related to the electroredsity

nc in the conduction banda®®

o

an

¢
whereNc is the effective density of statasthe conduction banedge In the dark E is

i 0
Efn:Ec"'kTCm < 8 (1)
c =

in equilibrium with he electrochemical potentiaf electrons inthe electrolyte which
on the energy scais oftenreferred to ashie redoxevel, or Fermi level of electrons in
the electrolyteEredox>® "* The redox leveseparates unoccupied and occupied eedt
states in the electroly@ndaccording to the Nernst equatidapends onhie ratio ofthe
concentrations of oxidized and reduced specid@he occupied and unocpied states,
represented as yellv and light blue areas igure 3, showGaussiardistributions that
interset at Eredox The maxima of the distribution&%x and E%.q, correspond tahe
most probablenergiedor the occupiedand empty states, respectivélEx andE%eq
differ from Eredox by the reorganization energywhich is the energy required to trans-
form the nuclear configurations the reactan{inner reorganization energgnhdin the
surroundingsolvent (outer reorganization energtg those of the produstatecreatedn
the oxidation or reductiomeaction’ " ”®In a DSC under illumination Eredox remairs
stationarywhile Es in the porous semiconduct@® shifted upwards (towards) as a
result ofthe increase in electron densityough electron injection from the dyé@nder
opencircuit conditions(zero current) the quasiFermi level in the semiconductor is
spatially homogeneous and thplit of Ferm levels Em T Eredox determineghe open
circuit photovoltageVe., as indicated irFigure 2.7 The sensitizer engy levels most
relevant forDSC operation are the Fermi levels corresponding taxation poten-
tials of the dye in its ground and excited (*) stdE&S'/S) andEY(S'/S*),%® "*which are

"'quasihere refers to the fact that,i the Fermi level of electrons under requilibrium conditions (i.e.,
under illumination) as oppsed to the dark equilibrium Fermi level.
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indirectly related tothe energie&€Lumo and EHomo of the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital (HOMOnN isolated dye
molecule’® In analogy tathe states irthe electrolyte, occupied and unoccupied stiates

the groundstateand the excited state of tige are described by Gauss functions inter-
secting atE%(S'/S) andE%(S'/S*), characterized byeprganization energs aand by
maxima located &« andE%eq and *E%x and *E%eq, respectively! The blue and pink
areasin Figure 3 represent occupied states of the ground and excited state, and the
green and @nge areas indicate the corresponding unoccupied dfatesorresponds to

the energy of the transition between the lowest vibratiéexglsin theground and ex-

citedstates’?

Light harvesting, kectron transferandelectrontransportin the dyesensitized solar cell
depend on the energy levels and distributions of states discussedIal¥igere 2, the
green arrows represent desifgdcesse the cell while the red arrows indicate reac-
tions connected to losgrocessedNote that, although in the simplified representation of
this picturesome of thenterfacial charge transfer processaeillustratedby diagonal
arrowsbetweenthe Fermi leved of the two phases involved in the transfeuchpro-
cesses argenerally isoenergetic in naturee., they occur betweesccupied states of a
donor andunoccupiedstatesof an acceptor that atecatedat the same energy leveé.

4 7T Following excitation of electrons in the dye by absorption of incident light, (1),
electrons are injected into the conduction band of the semiconductor, (2a), or recombi
with the ground state (excited state decay), (Zbg efficiencyof process (1)s called
the light harvestingefficiency dn (cf. chapterl.4.l) and is a wavelengitiependent
guantity determined by the molabsorptivityof the dye, the concentration of dye mol-
ecules in the film, and the film thickneésee eq.24), eq. (26), and eq. (27} The
guantum efficiency of chargeansfer from the dye to the semicondudsothe electron
injection efficiencydin;. It is defined asinj = kinj/(Kinj+Kdecay, Wherekinj andkgecayare the
rate constantof electron injection (2a), and excited state decaf2b), i.e., it corre-
sponds to the fraction of photoexcited electrons injectaxtording to the Gerischer
theoryfor electron transfer from an excited molecule to a semiconductor eleétrétie,
® ahighrate of electron injectioresults from darge energetic overlapf the density of
occupied statem the excited dye anthe density of unoccupied states in ggnicon-
ductor(cf. corresponding idtributions inFigure 3) as well as from ahort dstance be-

tween the dye molecudeand the semiconductoir herefore efficient injectionis pro-
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motedby the excited state levels of the dyargelocated aboves, which ensures
large energetic overlap tifie involved occupied and unoccupied stadesiby a direct
and strong attachment of tdge molecules to the surfgaghichminimizesthedistance
betweenelectrondonor and acceptdf.A directionality in the excited states of the dye,
meaning that th& UMO orbitals are localizedat or close tats anchoring group, has
been foundd be of tremendous benefit for injectith®! In the case of standard Ru(ll)
dyes adsorbed to TiQelectron injectiorhappens on a time scale10%?i 10*3 swhile
excited state lifetimes afuchdyes are irthe range ofl0®s.82 As a resultdy; is gener-
ally high in standard DSC% For someothersystems, however, it has been suggested

thatelectroninjection isslow enough for excited statiecay and injection to compéte.

Following injection, electrons areansporéd through the semiconductor andeally
extracedat the back contact, (3a). In a real DSC, transport and extractopete with
recanbinationof electrons witithe oxidized dye owith oxidized species in the electro-
lyte, (3b/c).Because of shielding effects, a space charge cannot build up in the semi-
conductor and, henceleetron transporthrough the mesoporous structure occurs pri-
marily by diffusion. This part of the cell operatias influenced by the presence of band
gap staté¥ andwill be discussed in detail in sectidn2.2 As a result of the influence
of the trapsthe diffusion coefficienbf electrons in DSC photoelectrodas measured
by time- or frequencymodulated measurement techniqisgesrders of magnitude small-
er than in bulk semiconductéfsandis generallyreferred to ashe effective(i.e., trap-
influenced)diffusion coefficientDn.8* 8°Because of théact that theoccupation of trap
statesdepends on thquastFermi leve] Dy and thus the time needed for electrons to

diffuse to the back contact vary strongly wii.8* &6

Under AM1.5@ illumination and shortircuit conditions(zero voltage) efficient cells
show aD, of the orderl0® cn?s? 2’ 8and the time scale of electron diffusion through
the porous fin is ~10° s2° The recombination reactions (3b) and (3c) can either occur
directly from the conduction band of the semiconductor ar strface trap staté$.
Electrons may also recombine between sutes{@g., FTO) and electrolyte. This reac-

tion is not shown in the Figurdyecause it is efficientlguppressed by deposition of a

" AM 1.5G (air mass 1.5 global) conditions correspamdllumination by the sun shining through the
atmosphere to sea level, with oxygen and nitrogen absorption, at an oblique angle 48.2° from the zenith
(J. NelsonThe physics of solar ce]I2005).
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compactmetal «ide blocking layer on the substrabe most cell$t °2 A parameter
commonly used to characterize the time scale of recombination is the effective (trap
influenced) electron lifetimé&} obtained by timeor frequencymodulated characteriza-
tion method$* **which will be addresseith depthtogether with further aspects of re-
combination in chaptet.2.3 Like Dy, the effective electron lifetimshows a strong
dependence on the qud&rmi level in the semiconductéFor an efficient celunder
opencircuit conditions andAM1.5G illumination, it is of the orderl0? s& In most
casesl) reflectsthe time scale of recombination with the electrolyte, becaunsker
standard operating conditiomscombination with the oxidized dye is often negligible
(see below§® However, if the dye is not regenerated quickly enolimay reflect the
combined effect of the two different recombination p&th€ In studies specifically
investigating recombination with oxidized dye molecules in the absence of a redox cou-

ple it was found thahis reaction takes place on a time scaleldf* s

Theexperimentaparameter®, and(} can be used to calculate thiéusion lengti® °7

n ntn (2)

which is a measuref theefficiency of extraction of charges at the backtaopi.e., of
the charge collectiorefficiency dc..® °° Calculations have shown that in a start
TiO2-basedDSC thecharge collectiorefficiency appraches 100% if the diffusion
length is three times the film thickne¥s.

As indicated above, in a wdllnctioning cellrecombination between semiconductor

and oxidized dyés intercepted by regeneration of the latter igns in the electrolyte,
(4).

It has been proposed both for Ru(ll) sensitiZ8i@s well as for organic dyE¥sthat dye
regeneration occurs in several reaction steps involving intermddratation of dye

iodide complexes such as (dyez'-/s)l After dissociation of the compIeXg"SIdispropor-
tionates into land k. The quantumefficiency of process (4)s thedye regeneration
efficiencydefined aseg = kred(Kregtkrec,dyd, Wherekreg andkrec ayeare the rate constants

of dye regeneration and recombination with the oxidized dye, respectiRefyenera-

tion kinetics is dependent on the energetic structure of the sensitizer as well as on the
composition of the electrolyt®? 192In order to ensure efficient regeneration, the ther-

modynamic driving force, i.e. the energetic difference betviiagaandEY(S'/S) of the
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dye,shouldbearound 0.5 0.6eV.38100.193|n TiO,-basedcellswith liquid I/15 electro-
lytesand withdifferent metalorganic and organic dyesegeneratiorwas found to hap-
penon a time scale af0° s or shortef% 104 103yhjch is fast enagh to prevent unde-
sired recombination between semiconductor and oxidizedMeerthelessfor DSCs
based on sommaterials combination was reportedthattheir performanceppeared

to belimited by dye regeneratiofy® 107

1.2 Theoretical Description of Processes Relevant for the
Operation of DSCs

1.2.1 The Continuity Equation

The theoretical description @lectron transport and recombination in the nanostruc-
tured photoelectrode of a DS®®mmonly ugs a continuity g@uationfor electronsas a
staring point. This type of conservation equatidescribes the timdependenhchange

of the electron density resulting fromcarrier generation, local changes in electron
flux, and recombin@on. The continuity equation for ettrons in conduction band
statespg, ist%® 109

e =g, vt v, ©
wherex is the positioralong an axis perpendiar to the substrate is the time,Gn is
volume rate of electron generatiaqis the electron chargé,is the current density, and

Un is the volume rate of recombination.

The electron generation ratecontrolledby light absorptiorby the dyemolealesand
by the electron injection efficiency; (section1.1.2. Typically, a homogenous distri-
bution of the dyavithin theporous semiconductditm is assumeand thespatial varia-
tion of the photon fluxvithin the filmis described byhe BeetrLambert law €f. eq. (24)
in chapterl.4.1). G, can then be written &4:

Gn = Oy Uy B G (D 4
wheret is the incident photon flux densiandUn{/) is the absorption coefficient

As for the electric curreni, it can generally be driven by electric fields (drift current) or

by electrondensitygradients (diffusion current). In dygensitized nanostructured semi-
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conductors in contact with redox electrolytes, elecigt$ are generigl negligible’”:

110 (see details in the following section)ahidkd e scr i bed by Fi®kos | aw
o ~ 2
W :igﬂDo e () 8: aDy = nCZ(X) (5

IX  pXg X bX
whereDy is the diffusion coefficient of electroms the conduction bandssuming that
transport is not affected by the presence of trap states in the band gap. A discussion of

the influence of trapsn the electron diffusion coefficientll follow in section1.2.2

Assuming that recombination with the oxidized dye is negligible (cf. chaed, that

the concentration of acceptor species in the electrolyte (mainig much largethan

nc andcan be treated as a constahft recombination is first order with respect to ac-
ceptor specieas well as electrons in the semiconducémd that it does not occur di-
rectly from surface trap stateébge rate of recombinatiod, can beformulated as

Up =k G0 =" (6)
Here,k: is the rate constamtf recombination (containing the concentration of acceptor

speciesf* and@is the lifetime of conduction band electrdfis.

By insertingequations(4), (5), ard (6) into the continuity equatiomne obtains’

} 2
) = U@ 1" Dy K A U

Eq. (7) or similar expressiongin particular,with modified termdor U,) areused as a
basis toderive solutions for the elegoin density profilen(x,t) for various different situa-
tions with respect to illumination and bias voltagethe DSC This way, theoretical
models are developed to describe and evaluate experimental data from different meas-

urement methodsTwo basic casesan be distinguished: the tinmedependent case

. t . ,t
(steady state), uwhlch% =0, and the tlmfdependentase”% . 0. The

steadystate continuity equation is relevant for currealtage characteristics and quan-
tum efficiency neasurements (chaptetst.2and1.4.3, while the timedependent form
must be usedor descriptions of timeand frequencygependent measurements such as
transient pbtocurrent and photovoltage measuremeimtgedance spectroscopgnd
intensitymodulated photocurrent and photovoltage spectrosdspgtions1.4.4 to
1.4.9).
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At this point, it 5 useful toconsider two specific solutiortd the timeindependent form
of eq. () to illustrate the basic difference betwete situationin which no current
flows through the cell (open circuit) arbde situation in which the maximum current
flows (shat circuit). The n¢(x) obtained forthese cases fallumination from the sub-
strate sideare presented graphically igure 4 together with the corresponding quasi

Fermi level profileEm(x) obtained via eq.1j.87 111 112

101 0.8 1017 0.8
13 L H H 16 | . .

" 8x10 short circuit _— Jgg > 8x10 open circuit  Jos 3
Q P - Q —
2, ex10® 3 § % ex1of 3
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Figure 4: Calculatedprofiles of theelectron concentration (solid lines) andhe quast
Fermi levelwith respect to the redox level of the electrolfiie Er redox(dashedines) in
a porous dyesensitized semiconductonder illumination Adapted frontef. 1% x is the
location along the axis perpendicular to the substrate, with x = 0 correspoialitige
substrate/semiconductor interface. Parameters used foraicelations were: d = 10/
cmizst, Ne = 10%tem®, Do= 0.4 cnfs?, andfo= 0.001 s.

nc(X) andEm(X) under operctircuit conditions are constant over the whole thickness of
the porous semiconductor film. Under shartuit conditions, on the other hénthe
electron density and the qud&srmi level show a gradient with a steep decrease to-
wards the substrate/semiconductor interface Q pum), which constituteshe driving
force forthe diffusion of electrons to the back contdddte that the quantés Es and

the corresponding voltagé = Em/q (see chaptel.4.? in the present work generally
refer to the value at= 0 pmand thatwhenever a current flows the qu&srmi level at

the semiconductor/electrolyte interfafce= d) will be higher tharthat given value at x

=0 um.

Eq. (7) is a useful approximation, but it does not accountttier presence of a large

density of trap states in thieand gap a characteristic property of dywensitized
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nanostructured eléodes®’ 113 140 fact, charge extraction measurements have con-
firmed that under most experimental conditions the density of electrons in traps greatly
exceeds the density of conduction band electtori$® °The effect oftrappingon
charge transport and recombination is most commonly described by the multiple trap-
ping (MT) modef® 118 117According to this modeklectronsmoving through the semi-
conductorvia conduction band stategll be captured bytrap statesand subsequently
detrapped again by thermal activatimany times on their way to the back contdtte
probability of trapping and detrapping and, hence, theisloh coefficient of the elec-
trons, depend on the position of the gtfesimi level.Recombination will be affected

as well,which can be explained by the fact thheé balance between the density of
trapped electrons and the density of conduction bardretes will shift towards the
latter if the Fermi level is raised, thus increasing the density of charge carriers available
for recombinatior¥> 8" 11The MT modelis supported by a vast amount of experi-
mental éta on transport and recombination in DSCs (see following two chafftété).

116, 118, 119jjth respect to the theoretical description using a continuity equadion,
common approacto treat trapping and detraing is to set upa continuity equéon for
conductionband electrons anadd a term describing the effect of traps on the conduc-

tion band electron density’

2
unc(x!t) — Dolu nC(ZX’t) +hinja(/)|0e-a(/)x _ nc(x!t) _ unt(xit)
i o it

(8)

From eq.(8) it is apparent thain the casef linear recombinationvith respect to the
electron densitytrapping will not affe¢ the steadystateresponse of the solar ceble-
cause the trapping terms dropped in this timéndependent case. This implies that
steadystate charactesiicssuch as currentoltage curves and quantum efficierspec-
tra should not bénfluencedby traging8® %4 97. 109 11yowever,certain solar cell prop-
erties that help understand variations in the global device parameters, such as the elec-
tron lifetime, are only accessible experimentally via timefrequencydependent char-
acterizatiorf> 87 90 12150 thatan understanding of the trapfluencednon-steadystate
case is nevertheless;rucial. FurthermoreDSCs commonly show nelimear recombi-
nation kinetics, with has been discussed as being causeatidbpresence of trap states
at the surface of the porous semiconduttot **For nonlinear recombinationthe

formal treatmen{see chaptet.2.3 resultsin avariation of theslectrondiffusion length



Basic Concepts 27

with the quasiFermi lewel,® which leads to gsurface trapnduced)non-ideality of the

steadystatedevice characteristiandof their dependencendhe light intensity?* 11

1.2.2 Electron Transport in the Nanostructured Semiconductor

Electron transport in the mesoporous semiconductor of a DSC is strongly affected by
theintimate intermixing of semiconductaglectrolyte and dyeon the nanonter scale.

The positiveionic charges in the electrolyss well as the dye cations screba ele-

tron chargeln combination with the small size of thé. particles (or wires) and their
typically low intrinsic doping densitythe effect of this is thato significant band bend-

ing and henceo built-in electricfield forms.*” 22Therefore, transport in standard DSC
anodedased on nanoparticulate i@ primarily driven by the electron concentration
gradient, i.e., ibccurs by diffusior(eq. 6)). It has to be kept in mindhough that this
might notalwaysbethe casdor certainelectrode materials and/or geometriescause
band bendingaccording to the Poisson equatisninfluenced bythe abovenentioned
particle sizeand doping densityas well as by theielectric constarft® For example,
Oekermann et ainvestigated electron transpant electrodeposited, porous ZnO films
sensitized with the dye eosii and their results indi¢ad that field-driven electron
transporindeedplayed a rolén a less porous part tfe film closest to the substrafé

As a result of the electrostaticteraction between electrons in the semiconductor and
positive ions in the electrolyte, electron transport is influenced by the type of cation
usedt?* In several works, transport has therefore been desciibtte framework of
ambipolar diffusion, in which electrons aatictrolyte cationsnovejointly at the same
velocity, the slower species being accelerated and the faster one being sloweéddown.
125 However, tlis modelis merely a firstorder approximation of the real situation at the
semiconductor/dye/electrolyte interface in a DSC, agglects the presence of various
other charged species that contribute to local charge neutslityr as the oxidized

126

dye

Sincechargetransport through the nanostructured semiconductor is also affected by the
presene of trap states in thkeand gap many groups have investigated theemgetic
distributions ofthese traps, not tnby photoelectron spectroscofbut also bycharge
extractionmeasurements? ?’impedance spectroscoplf; 128cyclic voltammetryand

spectrelectrochenstry.!?® In most cases, an exponentinsity of stateslistribution
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g'(E) with increasing density towards the conduction band &lgeas foundf’: 113 114
127,128

ea(E- Ec)g

t — aMWe. (
g(E)—adi:';Céxpg T U )

whereUis the secalled trap distribution parameter, aNdis the total trap densityJs-
ing the zereKelvin approximation of the Ferairac distribution®® the following ex-

pression for the density of trapped electronas function of the quasiermi levelis

obtained
. ealEm- Eo
M (E ) = Ny @xpé—— —0 (10)
e u

Neverthelessdeeplevel traps with a narrow energy distribution (sometimes aalle
Amo-eaergetic trapso) or a comhmiemagteitarcooftraxy
have also been observ&d!?°**! There is still some undainty as to the nature and

exact location of the traps. It is not clear, for example, what share of traps is located at

the surface of the semiconductor and what share is located in the bulk. Asgossie

ble originsof bandgapstatesin TiO,, it hasbeen suggestetiat undercoordinated tita-

nium surface atoms play a major ré%On the other handome authors haygoposed

that trapping may be of Coulombic nature, i.e., due to local field effects between ele

trons and cations in thelectrolyte'®2 The traps that are being discussed for the alterna-

tive photoelectrodenaterial ZnO will be addressed in chaptei3.1and1.3.2

An important consequence of multiple trapping observed in numerous experimental
studies is that the diffusion coefficiemteasuredy smaltperturbation characterization
methodsdepend on the electron density, i.e., on the position of the ghasni level

Em (also see chaptefs4.5and1.4.6.8" 118 An expression for this trappirigfluenced
diffusion coefficient is obtainedy applying the quasitatic approximatiof? to the con-
tinuity equationwith trapping term,eq. @). In the quasistatic approximation, trapping

and detrappin@reassumed to be fast relative to other processes in the cell, so that the
concentration of trapped electrons is in a creggiilibrium with the concentration of
conduction band electrons or, in atlveords,changes im; can be describebeing di-

rectly linked tochanges imc:®

K _ By pne (11)
TRTOT
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With the help of this approximatioeg. @) can be simplified to a treatment of free car-
riersincluding amodified diffusion coefficien{and electron lifetimeseel.2.3 result-

ing fromtrapping(cf. Supporting Information of ret®9):8

Xt 2n.(x.t . G n.(x,t
IJnClEt ) - Dn I"l C(2 )+d‘njua)loe U(B)X_ CE}] ) (12)
Here,Dn is theeffective electron diffusiomoefficient, which is relatetb the diffusion
coefficient of conduction band electrofwithout influence of trappingyia atrapping
factor®®
a n g an g
D, = Dogt+ 2§ © D0$8 (13)
¢ M= cHNe =
To determine the dependencelf on the quasFermi levelin this mode] the trapping

factor can be rewritten &¢:128

Wy e gn Ny 8O- IQE - Eoe

e
t
— P& 14
HNe U-Efn HN, ne Nc é KT u ( )
ard inserted into eq1Q) to result in
N é(l' a)QEfn' E.)o
D, =Dy ——expg )
nTRogaN, e KT y (15)

For an exponential distribution of traf3; is thus expected to vary exponentially with

the quasiermi level.

1.2.3 Recomb ination

Recombination reactiortsave a crucial effect oine performanceof solar cellsThe net

output currentensityof a cell is determined by the sum of photogenerated cuatesmt

sity and recombination currextensity which flow in opposite directian Recombina-

tion reduces theutputcurrent over the whole range of bias voltagasd at zero net
current the balance between photogeneration of electrons and recombination determines
the opercircuit voltageVoc (cf. chaptersl.1.2and 1.4.2. A central goal in DSC re-
search igo investigate the origins and mechanisms of recombinati@nacteristic of
specific cell structureand to develogustomizednethods to sygress undesired losses.

As briefly introduced in sectiori.1.2 recombinationn dyesensitized solar cellsan
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occur between semiconductor and oxidized dye or electrolyte, or at contact points be-
tween substratand electrolyte. Recombination via the substratieeit critical for de-

vice performanceis omitted in mosguantitative model®ecause its effectively pre-
vented by coating the substrate bgoanpact layeblockingelectron transfer to the elec-
trolyte but allowing for extraction of electrons at the back confact? Such layersare
routinelyprepared for instance by spray pyroly&isputter depositiof® or electrodep-
osition 134138 Furthermore,n many cases recombiien with the dye isalso negligible

and, thuspmitted in model desiptions®® 87: 97In this section recombination will be
treated as a processcurring solelybetween semiconductor and electrolyte first, before

the effects of dyes on recombinatieiil be addressed

According to general chemical kinetics, the rate@fombination can be written #se
product of a rate constant and the conceptnatof reactaniseachaccompanied by an
exponent expressing the order of the reaction with respect to the panteadtant In

DSCs with iodide/triiodide electrolytes, botk &s well as 4 have been discussed as
electronaccepting species involved in recombinatisith the electrolyt€™> **° It has

been found that the recombinationaian is approximately first order with respect to
either k or 1.13% °Concerning the reaction order with respect todbeduction band
electron density in the porous semiconductax firstorder model wa introduced as a

first approachin eq. 6). However, real DSCs usually shaublinear recombination
kinetics (reaction order < 1) with respectrg®® 109 4lunder thesameassumption
(except for firstorder kinetics with respect tanc) madein connection witheq. @), a
usefulway to exress theate of recombination igher?? 9 142

U, =Kalls In.” =k:n,” (16)
wherek; is the rate constant containing the concentration of acceptor species in the elec-
trolyteandd<bO 1 is the r eact n,oalso known as the recommbh r espec
nation parametefThe experimental olesvation ofb < 1 has been suggested to be the
result of recombination mediated via surface ti@apture of conduction band electrons

by surface trap states, followed by transfer to the electraty@jdition to directly from

the conduction bant; 111

At a given energyE, the rateconstant ofrecombinationbetween donor states in the

semiconductor and acceptor states in the electroebe desdbed following non
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adiabaticelectron transfetheory, which is based on the work dflarcusand of Ger-

iSChef7l’ 96, 143

> —2 1 e (o4 o) 2
ke|:j|HAB| eXpe ﬁa—L (17)
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—2 . .
Here, |H ag| is thevalue of the absolute sqeaof the perturbation matrix element aver-

aged over the final statéaith Hag as the perturbation or couplinf)a-s the reorgani-
zaton energy (cf. sectioi.1. ,  &h=En -GRredoxis thefree energychange which

depends on the quaBermi levelin the semiconductor anidfluences the activation

of .2 .
energy DG* =@Lof the eletron transfer reaction|H 5g| , often simply re-
o~

ferred to as the electronic couplirexponentially dependsn thedistance between sem-
iconductor andcacceptof® 144 Because recombination can tailace from a range of
energy levels in the semiconductor (conduction band or surface trap stateahge of
energy levels ithe electrolytethe overall recombination rate depends on the integral of
eg. (17) over all possible energy levele., on he overlap of occupied states in the

semiconductor with unoccupied states in the electr8fyte

The presence of dye molecules in the interface betweemcaductor and electrolyte
can have a number of effects on recombination. First of alhdisated aboveelec-
trons in the semiconductor may recombine with oxidized dye moledulegeneration
by the electrolyte is too slovin this casethe rate constdrk, and other recombination
parameters such as the effective electron lifefifnmay be interpreted as reflecting a
combined effect of recombination with dye and electrolitge moleculesas well as
other nonrsensitizing adsorbates (e.g.,atsorbates used to prevent aggregatean)
also influence the rate of charge trandfetwesn semiconductor anelectrolyte!4>14°

In many casesncreasing the amount of dyeas found to block recombinatipmost
likely by forming a physical barridbetween semiconductor and electrolgtel thereby
deaeasing the electronic coupling in eq7)**® *°Some types of dyes, howeverp-
moterecombinatiorrather than to block it, probably loffering a binding site foi> or

I5” close to the semiconductor surfaée.1*® 1Besides influencing the distance be-
tween semiconductor anclectrolyte acceptor specieadsorption ofdyes and co
adsorbates caaffectrecombination by shiftinghe position of the semiconductene-

gy levelsthrough a change diie surface charge or as a result of their dipolar,fiblgs
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affectingthe overlap of donor and acceptor states participatingdambinatiorf’: 128
152

Like electron transpoiih the DSC, recombination is affected by the presendsantl
gapstates andhie measured electron lifetime correspondhé&Em-dependent effective
lifetime G rather tharto the constantifetime of electronsn the conduction bandd. In
the quasstatic approximatiorof the multiple trapping modétf. previous sectiorfy;

a + M 0 K

t, =t ot
" 0? . 8 10

(18

As described further above, this result is derived from a continuity equation assuming
that recombination is first oed with respect ta, with k- = ¢*UFor the more realistic
case of sulinear recombination, the influence of trapping can still be deschipe).

(18) as long aghe lifetime characteristitor direct recombination of conduction band
electrons,§, is replaced by a lifetime refliing both direct recombination as well as
surface tatemediated electron transfexften termedl.®® Substituting the trapping fac-

tor in eq. (L8) by eq.(14) delivers the relationship between the effective edectife-

time and the quagtermi level:

N, .. ela-1)GE, - E)e
¢ =ty N xS Y- B
N, é kT a

(19

This shows that the Fermi leveéépendence dfl should be determined by the trap dis-
tribution parametel assumig an exponential distribution of trap states and neglecting
recombination via surface states. If surface sta¢eiated recombination is considered
(replacement ofj by (), the slope of the lifetime v in a semilogarithmic plot is
expectedad be (Ub)/kT insteal of (U-1)/kT due to the dependence @bn the energetic
distribution of surface stat@3.1% “41This predictionwas confirmedin several experi-

mental studie&% 141

In section1.1.2 the diffusion lengthL, =./D,z, (€q. (2)) wasintroduced as an im-

portant measure for the charge collection efficiency in & Dfaving deduced expres-
sions linkingDy ard U to the corresponding f r e e 0 -irffluenced)parametprs in
the quasstatic approximation, eql®) and eq. 18), said equationsan now be com-
bined to yield*!®

Ln:\/Dn[n:\/DOtO:LO (20)
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Lo is often referred to as th&eadystate diffusion lengthThis result shows that in the
quasistatic approximation of the MT modahd underthe assumption of firsbrder
recombinationthe trapping factors iB, and( are predicted to cancel and the diffusion
lengthL, is expected to be a constant, i.e., independent of the-Geasi level.How-
ever, in real DSCs the diffusion length calcethfrom the measurdd, and(} usually
shows aslight dependence d&n.8% 1 This islikely caused by recombination via sur-
face sates, which, as explainedbove, is expected to lea different energy
dependeces forDn and (J. Recombination in dysensitized solar cells will be further
discussed irconjunction with the recombination resistamnietermined bylectrochemi-

cal impedance spectroscofohapterl.4.4).

1.3 Selected Materials

1.3.1 ZnO as Photoelectrode Material in DSCs

ZnO is a semiconducting material with intrinsietype conductivity and is usddr a
wide range otechnological applications, suestransparent conductive films, piezoe-
lectric devices and varistas.’®* >*Its most stable form under ambient conditions is
wurtzite, which shows a hexagonal crystal structéir®* The rich defect chemistry of
buk ZnO has been investigated in much detail over the past deAdés most fre-
qguently discussed shallow donors in intrinsic bulk ZnO are oxygen vacancies and zinc
interstitials>® More recently, it has been suggested that tfygpa conductivity of na-
tive ZnO is related to unintentional incorporation of impurities, most likely hydrogen,
acting as donor¥® Intrinsic ZnO has a diredtand gapof 3.37 eV at room tempera-
ture® similar to theband gapof anatasaype TiQ: (3.28 eV),'°’ the standard anode
material in DSCs$? Compared to the latter, ever,ZnO shows a highdsulk electron
mobility (around200 cn? Vst vs. about10 cn? V1stin TiOy).1%" %8Furthermore
ZnO can bedepositedn avariety of differentnanostructuresuitable for dyesensiized
solar cellseven at low temperaturés Preparation methods includioctor blading,
screenprinting or dipcoatingusingdispersions oZnO nanoparticlegtypically synhe-
sized by solgel processing'®®16! chemicalbath deposition'®? anodic etching®® and
electrochemical depositidi.As a result of the abovaentionedadvanages ZnO has

been widely investigated as alternatarodematerialin DSCs?> 43 141, 160, 164, 168 |-
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tively efficient cells could be obtained when ZnO was combined with selected Ru sensi-
tizers or indoline dgs and liquidTls electrolytes?® 160 165 1844owever, to date the best
conversion efficiency attained with ZA@ased DSC®f d = 75%'%° is significantly

lower than the top efficiencies achieved with T{of. chapterl.1.]). Multiple aspects

have been discussed as possible factors limiting the efficiency. First, fowas that
theuse ofstandard Ru(ll) dyethat are efficient in combination wiffiO2 is complicat-

ed by the fact that their high acidity and the presence of their coffgrlming ligands

lead to undesired reactiomgth ZnO*" 1%8which is less stable in acidic environments
than TiQ.1%° The adsorption conditions argknsitization time he to be carefully op-
timized to avoid the formation of Zf+dye complexes and deterioration of the ZnO sur-
facel®® 167Dyes that do not show undesired chemical interaction with ifoDde the
indoline dyesused in the present work (cf. following chaptéP)The weaker interaction
between ZnO and such dyes, however, can lead to insufficient stability of thdy2nO
bond in cetain electrolytesincluding solutions containingfficiency-enhancing addi-

tives like 4-tert-butylpyridinel’® 71 Another factor believed to contribute to the yet
limited efficiency of ZnGbased DSCs is hinderetectron injection as a result iofter-

facial intermediate states in the excitation/injection prosesigh has been reported for
several different dyesn the basis of ultrafast spectroscéf’t’* This phenomean
mayenhance recombination between oxidized dye molecules and electrons in ZnO, thus
hindering diffusionof the latterthrough the nanostructure to the back cont&dn or-

der to make use of the advantageous properties of ZnO as electrode material while min-
imizing losses due to undesired e¥e’* interactions or hindered electron injection,
new dyes andr dye combinations must be investigated as sensitiaas the under-
standing ofdifferentmicroscopic processes in ZAtased DSCs must be deepengie
present work camibutes to both of these challesgehile focusing on electrodeposited
ZnO aselectrodematerial, which offerghe benefis of a simple, lowcost and low

temperature preparati@and will be addressed in detail in the following chapter

1.3.2 Electrodeposited Compact and Porous ZnO

Electrochemical deposition from aqueous solutil@esentsraatractive way to pre-
pare ZnOfilms at low temperatured his method allows both the preparation of com-
pact as well as porous structufes dyesensitized solar cells. Tlempact ZnCfilms
serve as blocking layers preventing recombination between the twmedglass sub-
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strate and the electrolyte (cf.1.2,1%% 38while the porous films are used prepare
photosensitized electrod&s 2° Electrodeposition of crystalline ZnO filmet tempera-
tures between 25°C and 80°C was first described by Peulort®ad Izaki et al*/®
who used aqueous eledies containing ZR* together withdissolved oxygel® or
nitratet”™® as oxidantIn a laterstudy, deposition based aan electrolyte witthydrogen
peroxide (HO) instead of rirate or oxygenwas reported’® Film formation is
achieved by applying eathodic potentiato theworking electrodei(e., thesubstrate)
which leads tareduction ofthe oxidantNOs, O2 or H.O2. The concomitant local in-
crease in pH causgsecipitation of ZnQ(via zinc hydrate as intermediate) the sur-

face of the substratén the case abxygenbased deposition, the reaction steps’arg’
O+ 2H0 + 46- 40H (1)
Zn?*+20H - A Z n (20-H ZnO + KO (22
The complete reaction can thus be writteR®as> 17

et + 1O+ 26-  ZnO (23)
Figure 5 shows the morphology of ZnO films deposited by this method on FTO/glass at
80°C, using a working electrode potential-6f85 V vs. the A/AgCI reference elec-
trode. The left structure is the result of film deposition without substrate pretreatment,
while the one on the right was attained following cathodicgbeetrolysis in the ab-
sence of the zinc precurstd?. The electrochemical pretreatment activates the FTO sub-
strate and promotes nucleation during the subsequent film depositiomgléadiense

ZnO films as opposed to the otherwise obtained perctured layersWhen per-
formed in combination with electrochemical activation of the substrate, electrodeposi-
tion of ZnO from Q-based deposition baths thus yields films that fully coversiib-

strate, as desired for blocking layers.
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Figure 5: Scanning electron microscope (SEM) images of surfaces of ZnO films elec-
trodeposited from aqueous oxygsaturated solutions of 5 mM Zn@Gind 0.1 M KCI at
80°C using a deosition potential 0f0.85 V vs. Ag/AgCI, without (left) or with (right)

electrochemical activation of the FTO substrate prior to deposition. Fron®ref.

In terms of crystallographic texture, a strong preferential orientatitmthe [002 di-
rection (caxis) perpendicular to the substrate was detéétddepending on the deposi-
tion parametershe optical band gapf asdeposited films was found to (3457 3.6
eV, which isslightly higher than theand gamf intrinsic ZnO (337 eV, see previous
section. It has been suggested that this is tue i g h 2°cr®®) dbping leels lead-
ing to a shift of the Fermi level into the conduction band (Burstass effect)!>> 178
Oxygen vacancies, interstitizh, and chloride ions on oxygen sites have been disduss
as possible bulk defects in the electrodeposited matétial® ¥%0n the surface;OH
and-Cl groups were detectéf 181 This deposition technique can be easigdified to
yield nanostructuredilms with highly attractive properties as photoelectoieDSCs
(Figure 6). Whencertainstructuredirecting agents3DA) such as coumarig43:é2 183
tetrasulfonated metallophthalocyanirt&sor eosinY?® are added to the deposition bath,
they bind to the ZnO surface and are incorporated into the growing film, theoaby
trolling its structure Following deposition, these template molecules can be rentoved
yield the pure ZnO matrixDepending on the type of SDA, various film textures and
morphologies can be obtaineds reviewed in ref°. ZnO deposition from oxygen
based deposition baths in the presence ohébsesults in the most interesting struc-

tures with respect to application in DSEs.
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Figure 6: SEM images of a nanoporods O filmon FTO/glasselectrodepositedrom
an aqueous sotion containingd mM ZnC}, 0.1 M KCI and 45uM of the structure
directing agentosinY. The temperature of the deposition bath Wa%C and thedepo-
sition potentialwas-0.96 V vs.Ag/AgCI. Images were takexiter removalof eosinY.

From ref.?>,

If the deposition is carried out at potentials more cathodic #0&b V vs. Ag/AgCl,

eosin Y is reduced and forms complexes wit&*Zwhich are precipitated in parallel to

pure ZnO?> 26 Further deposition is blocked in places where ZnO/eosin Y complexes
are located, guiding the film growth into other directions and eventually resulting in a
hybrid ZnO/eosin Y layer consisting of a porous ZnO matrix with the SDA molecules
occupying the pore®> 26 85Eopsin Y can be easily and completely removed from such
films by treatment in soft alkaline solutiéh.’® An example of a ZnO layer obtained

this way is shown ifrigure 6. The films consist of micrometaized crystals showing a
columnar internal nanostructure reminiscent of a sponge, with a pore size in the range of
1071 20 nm?2” 8 The total porosity is about 580%¢% 136 185 189nd the roughness fac-
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tor (internal surface area per projected film area) was determineduto teet002> 186
Theband gapenergy after removing eosihand drying the films at 150°C was estimat-
ed to be ~ 3.4 eV8® The pm-sized crystals were found to bleighly crystalline and
show a high level of preferential orientatiath the caxis widely parallel to the sur-
face normaP® which is beneficial for charge transport through the fifrin fact, nten-
sity-modulated photocurrent spectrosc8imnd electrochemical impedance spectrosco-
py*3¢ indicated thadiffusion was fasterin porous electrodeposited ZnO compared to
nanoparticulate ZnO films even though thedatiad been posteated at 46°C to en-
sure sufficient particle necking, while the electrodeposited films weher used as
deposied or dried at a moderate temperature of 15@Effective diffusion coefficients
were found to be in the same rang&@® cn’s')?® as for sintered nanoparticulate EiO
electrodes$’ 88In spie of thesepromisingresults on transpqrthe toppower conversion
efficiency achieved with porous electrodeposited Zn@dwfar remained at@mpara-
tively low level of 5.6%° which was attainedy sensitizatiorwith the indoline dye
D149.This suggest that other aspects tife cell operation, such as recombinationl
charge injection from the dye to the semiconductor have to be examined more closely to
gain a better undstanding of the celland reveal possible strategies for improvement.
Regarding recombination, electrarhical impedance spectroscopy measurements by
Pauporté et df® ®yielded smaller effective electron lifetimes in electrodeposited in-
doline dyesensitized ZnO films compared to sintered nanoparticulate Zn®, filinich

was explained by an increased density of surface trap states as indicated by photolumi-
nescenceneasurementS® In orderto clarify the origins of the still limited efficiency of
these ZnO films with highly attractive nanostuwe, further work in this area was nec-

essary and is pursued in the present work

1.3.3 Screen Printing of Porous Metal Oxide Films

Screen printing is a siphe and versatile method to prepare ‘hmensionally patterned
films for many different areas of application. It is widely used on an industrial scale, for
instance in textile and papprinting'®® and, more recently, in the production of printed
electronics such asensors and antennd8 On the laboratory scale, different types of
solarcells, including polymer solar celf§ and dyesensitized solar celf$! %19 have

been fabricated by screen printing.
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For a successful preparation of nanostructurecc BicZnO films for DSCs by screen
printing, suitable nanoparticle pastes wikv volatility andratherhigh viscosity have

to be preparet’® 191 194 190ne approach is tmix commercially available nanoparticle
powders with solventsoften water and alcabis.!®* 1% The paste is distributed on a
screen consisting of a mesh stretched upon a frame, which is positioned closely above
the sulstrate to be printedithout touching itt®® *¢The mesh itself is impermeable for

the paste but is patterned, i.e., it contains openings of desired shape and size, thus allow-
ing to coat defined areas dfet substrate with the pasi#.squeegee is forced into the
screen to bring it into line contact with the substrate and is mioveakly across the
screen® % Thereby,the nanoparticle paste is pushed through the open areas of the
mesh onto the substrat@here it remains as the mesh moves back away from the sub-
strate!®® 6 The obtained film is dried at elevated temperatures to remove the solvents
and, if necessary, the printing procedweaapeated until the desired film thickness is
achieved®! To improve necking of the metal oxide nanopartidgteshe film, the film
deposition is finalized bposttreatments such as higémperature (up to 500°C) sinter-

ing!t: 193198 or hydrothermal treatmedt’

1.3.4 Organic Dyes, Coadsorbates, and Co-Sensitiz ers

Organic dyes have gained increasing inteasstlternatives t&®u(ll) photosensitizers
for DSCs based on ZnO or TiOMetalfree mdecules studied as DSC sensitizers
clude coumaring?® 173 198 19%etrahydroquinolined}® 2°tindolines?? 202 2%3triaryla-
mines?%+2% merocyanineg?” 2%® and squaraine®: 2°° The main dvantages okuch
organicsensitizersare their highmolar absorptivities ¢ften U> 40000 M'cm? in the
absorption maximup? 51 199 202, 204ften simple and cosgfficient synthesisoutes?
and the possibility of easily modifying themdecular structuré? 52 200. 202, 2107}t
houghorganic dye show relatively narrow absorption bands compared to Ru(ll) sensi-
tizers, this disadvantage can be approached {sgositization strategies (see beldW).
Most organic dyesxhibit a donoracceptor odonor” -bridge-acceptor structuravhen
electrons in the dye are excited lgarption of light, an intramolecular shift of electron
density from the donor un{t h r o u g-bridge mte thé acceptor occu pushpull
character}® 3* 8The molecules arileally designed so that the anchoring grauth
which they bind to the semiconductor is part of the accéptdence, electron density

is shifted towards the semiconductor upon excitation, enabling efficient electron injec-
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tion as a result of the shortened distance between eledtroating orbitals of theensi-
tizer and electromaccepting states in the semiconductamong the organiayesthat
have received the mostisotific attention are indolindyes(cf. Figure 7), whichwere
first introduced as photosensitizés DSCsin 2008 by Horiuchiet al®? In combina-

tion with TiO,, promisingefficienciesof up to 9.52% have beeaportecf®

D149
o
O "N
| i},\, D131

— CN
N /
\/LOH /
o

COOH

Si1PcZn SoPceZn
SOaH SO3H
\soau

Figure 7: Molecular structures of the indoline dyes D149 (M = 741.94 g/mol)
and D131 (M = ®8.61 g/mol), of Zn(ll) phthalocyanine merend dtsulfonic acid,

and of the squaraine dye SQ2 (M = 630.81 g/mol). The Zn(ll) phthalocyanine sample
used for the experiments in this work was a mixture of the monosulfonic gee S

85%) and the disulfaa acid (SPcZn, 15%), referred to as.§PcZn, with an average
molecular weight of M= 670.01 g/mol.
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On ZnO, the indoline dye D14%igure 7, top left) has been successful as well, yield-
ing d of up to 6.1%' (compard to a top efficiency of ZnO DSCs of 7.596 As men-
tioned aboveD149 is the best sensitizer found so far for porous electrodeposited ZnO
(d of up to 5.86),2° the main photoanode material used in the present work (cf. previous
chapter). The donor part @149 is made up of its substituted indoline unit, while the
doublerhodanine unit constitutes tracceptor!® Theoretical investigatioRs® found

that the HOMO is relatively delocalized over the donor unit, and the LUMO is located
on the acceptor unit, i.e., D149 exhibits the favorable jpudihcharacter. However, the
calculations also indi¢ad that the carboxylic acid anchoring group is decoupled from
the rest of the molecule and shows no significant contributions to the LUMO, which can
potentially hinder electron injection to a semiconduétdit is interesting tocompare

the charactestics of D149 to those of the indoline dye D1JFgre 7, top right),
which has been investigated as DSC dye in several previous 3tuths® and has
been used irthe experiments of the present work as well (see below). D131 has the
same substituted indoline donor unit, but features a cyanoacrylic acid accept{or-unit
stead of the two rhodanine gs in D149). For this moleculsizeable contributions of

the carboylic acid anchoring group to the LUMO were calculat&dndicating a close
proximity of electron density in the excited molecule to conduction band states in the
semiconductarMoreover, the LUMCenergyof D131 was found to be 0.3 eV higher
than thatof D149213 which shouldincreasehe energeticoverlap ofthe occupied states

in the excited dysvith empty conduction band states in the semiconductoFigiire 3

and corresponding textBoth of the above factors shouttntribute to an increased
probability of electron injection to the semiconducfor D131 with respect t®149.
However, the extent to which these calculated properties of the individual dye mole-
cules can be transferred to the situation in a real detrmegty dgpends on thespecific
propertiesof the employedsemiconductor electrode. QGalectrodepositeagnesoporous
ZnO, for instance, D149 delivered higher photocurrents compared to?tfA8hile on

TiO2 nanorods, the opposite result was obtafttéd.

Many studiesin particular those focusing on DSCs with organic dyes, have reported the
formation of dye aggregates on the surface of the porous semiconductor and have ob-
served limitations irthe photovoltaic performancdue toaggregateelated injection
limitations and enhanced recombinati®h & 137 202, 218, 218 b effective way to suppress

aggregation and to thus significantly enhance the photovoltaic characteristics is to add
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coadsorbates such as cholic a@dh) or fatty acids likeoctanoic acidOA) (Figure 8)

to the dye adsorption solutigh 80 137. 202, 218, 219

Figure 8: Structures of the coaddmates cholic acid (left) and octanoic acid (right).

By acting as spacers in between the sensitizer molecules, coadsorbates reduce the prob-
ability of radiationless decay and consequently increase the probability of electron in-
jection into the semiconducté?’ Besides affecting injection andience the short

circuit current, aggregation was also reported to deteriorateamerit voltage and fill

factor by increasing recombinatidfl: 22*One of the aims of this worls ito investigate

the effects of dye aggregation on various microscopic DSC processes in more detail in
order to add to the understanding of this asfiedbftenlimits theefficiency.

In order to achievpanchromatic absorpticsf DSCs based oorganic main sensitizers
dyeswith complementary absorption spectra caratdded tahe semiconductor surface
as cesensitizers* 222227 As the typicalorganicDSC dyes mostly have theinain ab-
sorptionband locatedn the short to mid-wavelength rgion of the visible spectrum
(~450-600 nm)?9% 228many studies have focused fimding appropriatesensitizersab-
sorbing at longer wavelengtits be usedis cesensitizeran combination withestab-
lished shortewavelength absorbefé 222 22%27. 229, 230 For example, the Zn(ll)
phthalocyanine TT1, which skvs high absorptivity in the spectral range around 700
nm, was combined with the organic dye J&2 TiO; to yield efficiencies of about
7.7%, which was clearly above the efficienads3.5% and 7.1%bserved for the two
individual sensitizerg€?2 While metalated phtdocyanines such as TT1 do not represent
fully organic molecules, the choice of eaghundant central metals such as Zn still
renders them compatible with the requirement for cheap and environmentally
sustainable production methods of DSO&e TT1, the asymmetrical squaraine sensi-
tizer SQ1 has been used as an effectiveawsitizer withJK2 in ionic liquid electro-

lyte-based DSCs, resulting th= 6.4%22° A slightly modified version of the molecule,
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SQ2 Figure 7, bottom), whichas an individual sensitizelelivered higher efficiencies
compared to SQ1, was found to be well suited fanlwoation with other dyes as
well 33 223 2255gme studies have focused on extending the photoelectrode absorption in
the shortewavelength rangg: 21>0On porous electrodeposited ZnO, the indoline dye
D131 (Figure 7, top righ), which has its absorption maximum at around 42Q waas
combined with the indoline dye D149 to yield a broadenedient photorto-electron
conversion efficiencgpectrum(sectionl.4.3 and enhancegower conversioefficien-

cy.2 However, to date the absorption of es@nsitized electrodeposited ZnO has not yet
been successfully extdad into the red part of the spectrum. The main absorption peak
of D149 when adsorbed to Ti@r ZnO is centered around 550 nm and extends no fur-
ther than to wavelengths of around 628 nm?> 137: 202leaving ou a significant por-

tion of the spectral solar irradiandeart of the goal of this work was therefore to extend
theabsorptionn dyesensitized electrodeposited ZnO into tedby using an appropri-

ate coesensitizerfor D149 Inspired bythe approaches ahe abovementioned previous
studies™ 222 223, 225, 23gjthera mixture ofZn(Il) phthalocyaninenonosulfonic acid and
disulfonic acid(Figure 7, middlg or the squaaine dye SQ2 were utilized for this pur-

pose.

1.4 Characterization of Dye -Sensitized Solar Cells:
Experimental Techniques and Their Theoretical

Background

1.4.1 Optical Analysis by UV/Vis Absorption Spectroscopy

When a lightabsorbing medium such as a dye solutoa dyesensitized semiconduc-

tor film is illuminated by visible light, the light is partially reflected, partially absorbed,
and partially transmittet? Moreover, light can be forward scattere,, transmitted
through the materiadt a deflected angle with respect to the straight Fath*2In this

work, forward scattered photons will be treated as part of transmisd#iet) is gener-

ally useful in optical analysis of photovoltaic materials as these photons leave the mate-
rial without having generated free charge carriers. Provided that the dye is homogene-

ously distributed and its concentration is not too highpti@onflux density: (or light
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intensty) after passing through a sample of thickndss described by the Beer
Lambert law?3?

f =F, A0 € (24

wheret o is thephoton flux density (or light intensity)efore passing the samplédis the
wavelengthdependent molar absorptivity (formerly callemblar extinction coefficient)

of the absorbing species, ani the concentration of the lattierthe sampleUdepends

on thedielectric environment of the ligtatbsorbing specié$" 2*and hence can differ
between a dye in solution and the same dye when adsorbed to a semiconductor
surface?®® The product) cislcalled optical density or absorbarat®s?3? An alternative

way to write the Beetambert law, using the absorption coefficiéhssof the absorb-

ing medium is:2%?

f=FfyG bl (25)

In a traditional UV/Vis absorption spectroeter the samplas positioned between a
combination ofwhite light sourceand monochromatanda detectar The wavelength
of light incident on the sample is variadd thephoton flux densitgransmitted through
the sample!, is detectedor eachwavelength?®? In some alternative spectrometer set-
ups on the other handhe sample is illuminated by white lighhe transmitted white
light is dispersednto a spectrum of wavelengthyy a fixed grating andthe different
wavelengths are detected bhyphotadiode array3® The measured transmittephoton
flux is related to th@hoton fluxdetected in a reference asurement performed in the
same geometry but without the sample in the light pHtfihe transmitinceTiansOf the
sample (fraction of transmitted light) is given by the ratie ahd the initial light inten-
sity L o, the latter being equivalent to the intensity determined in the reference measure-

ment23’

(39
fo(3)

Tirand(®) = (26)

Transis then used to calculate thbsorbanceabs= U chy means o&q. @4), or to de-
termine thdight harvesting efficiency din, which is equivalent to thebrptance (frac-

tion of absorbed lighf*' based on the simple energy conservation relationship:

dh = 1- Reef-Ttrans (27)



Basic Concepts 45

whereRef is the reflectance (fraction of reflected light). Reflection lossasbe either
directly estimated byneasuring the transmittance of a sample that shows similar reflec-
tance as the sp@een but does not absorb visible ligbt they can be accounted for by
placing such a sample into the light path in the reference measuréhiarthe case of
dye-sensitized porous semiconductor electrodes, a porous semiconductor film of the
same thickness and on the same type of substrate without dgeajgpropriate choice

for this purposeFor dye solutions, a cuvette filled with the solvent without dgesti-

tutes a suitable referensample?®’

In basic transmission measurement arrangememnsistingof light source mono-
chromator (if required)sample detector as well as lenses and mirréféforward scat-

tered light may remain undetected depending on the angle at which it leaves the sample.
For strongly scattering materials, this results in a significant underestimation of the
transmitance and corresponding overestimation of liplet harvesting efficiencyand
absorbancé’! Using an integrating sphere to collect all transmitted and forward scat-

tered light Figure 9) dlows a more exact analysis of the absorption properties of such

sampleg3®
fiber optics
to detector
baffle
aperture
lamp integrating sphere

Figure 9: Scheme of a basic optical transmission measurement using an integrating

sphere to collect transmitted and difflyseransmitted (forward scattered) light.

As described above, the absorbance is proportional to the concentration of light
absorbing species in tlsample.This allows determination of the dye concentraton
solutions or dyesensitized films from thabsorbance in the peak of their absorption
spectrumabgamay), provided that the molar absorptivitfemay of the dye at the corre-
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sponding wavelengths well as the thickness of the absorbing film (or the cuvette size,
in the case of solutions) akeown For dyesensitized filmsthe absorption peak -
ten broacened and/or shiftedwith respect to the solution spectrudue to dye
semiconductor interactidh 22*and in some caseslye aggregatiop?: 208 239 244 this
case, heintegrated absorbance

/3

abs, = fjbsde (28)

/1
(with & anda as the wavelengths at which the absorption begins and vanmshgbpe
used to estimate the dye concentration rather #tafanay). The rationale behind this
will be discussed in more detail in chapted. An alternative way to estimate the
amount of dye in a dysensitized film is to dissolve the dye molecules out of the sam-
ple using a defined volume of a solvent, and to measure the UV/Vis absorption spec-
trum of the resulting solution. Ineéh(usually highly diluted) solution, the dye molecules
are mostly present in their monomeric form and the dye concentration can be accurately

determined usingbgamay) andWamay).

1.4.2 Current -Voltage Characterization

To obtain the currentoltage characteristics (often referred ta-&sor J-V curve) of a
solarcell, a linear forward bias voltage sweep is apphetiveen thavorking electrode
(in DSCs, the dysengized semiconductor electrode) and counter electraddthe
resulting arrenti or current density is measuredThis analysis is commonly done in
the dark as well as under illuminatiofo investigate the cell properties undealistic
operating conions, the light intensity (spectrally integrated power densitg) set to
100 m\Wenm? and the spectrum of the illumination source is adjuste®Md.5G condi-
tions 108 112 I3Eigyre 10 shows an example alirrentvoltage characteristics (dark and
illuminated) of a solar cell, together with the voltatgpendent power density under

illumination.
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Figure 10: Current densityvoltage curve of a solacell in the dark (dotted blue line)

and under illumination (solid blue line), as well as corresponding power density (solid
orange line). The current density at V = 0 is the sfuintuit current density s}, the
voltage atJ = 0 is the opertircuit photosoltage \éc. The maximum power densitydR

of the cell corresponds to the product of the photocurrent density and photovoltage at
themaximum power point (mppJnpp and Vnpp.

The chartalso containsseveral important photovoltaic parametéfs:*3! the short-
circuit photocurrent density Jsc= J(V = 0), theopen-circuit photovoltage Voc = V(J =
0), andthe photoarrent density and photovoltage at the maximum power paip,
andVmpp. The product oflmpp and Vmpp yields the maximum power densiBmax of the

cell. The ratio ofPmaxto the product ofisc andVec is defined as théll factor FF:108 131

FF = 2mooVmep _ Prnax (29
JsMoc JsMoc

Finally, the overalicell performance is described by tpewer converson efficien-
Cy q:108, 131

fy = Fnax (30

wherePi, is the power densitgf the incident light (e.g. 100 muwr?).

A formal expressiowf the J-V characteristics can be obtainey solving the continuity
equationfor the stedy-state casaccounting for noslinear recombination with respect
to conduction band electrons lmging the semiempirical b-recombination modeto
describethe recombination rat@q. (L6), Un = knc?).10% 112 128Thjs yields the folowing
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diodetype equationwith the total currend described as the sum of positive photocur-

rent aml negative recombination currelds'?

e avQ@Vv;
‘]z‘]sc' Jrec Jsc Jogex% KT

. E 31

whereb is the previously introduced recombination parameter\Aa¢Em-Eredoy/q iS

the Fermilevel voltage, i.e.the voltage corresponding to the energy difference between
the electron quasgtermi levelEs, in the semiconductand the redox esrgy of the elec-

trolyte Eredox 28 The factorJo can be considered an exchange current densitycamnd

tains the dependence of the current on the position of the conduction band edge in the

semiconductorEe, and on theateconstant:1%®

3o = 3o ot 2 %Ee 8 gk d N, Cx pge%ocexpae bE g (32

whereJok describeghe dependence of the currenttbe recombination rate constaqt
independent of the conduction band edpis, the electron chargd,is the porous semi-
conductor film thickness, and is the effective density of statasthe conduction band
edge Combining egations(31) and @2), an expression fa¥ as a function of the four

basic parameted., Jok, b andEc is attained:

2 H(E. 5L APV, o o
3= 3y Jo Coxple e G X g 1 (33
¢ KT ¢ ¢ KT = g

For the opertircuit case { = 0), rearranging eq.38) under the assumption that

abQV; o
eXp%fg >> 1 yields the dependencyg§: on these four parametet$®

Q
s it @
Eq. (34)shows that changes in the positminthe conduction ban@dge directly corre-
spond to changes M., while changes idsc andJok affect the opeitircuit voltage log-
arithmically. Equations(29) and(31) can be used to derive a formula f¥ as a func-
tion of Vinpp, Voc andb.1? As the dependence Wfnpp 0n Voc andb can only be expressed

as an implicit functiot?® an explicitfunction FF(Voc,b) is not readily obtainedHowev-

er, the fill fador is welldescribed by the approximatfdh
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b Ve _ g Vo 40728
_ kT C kT -
FF = V (35
b Oq ocC +1
kT

Currentvoltage characteristics amngot only measuredinderstandardoperating condi-

tions (white light,AM 1.5G conditions 100 mWcn¥), but often additionallyecorded

for different lightsources (e.gLEDs) and/or a series of different light intensitiés 16°

242, 243From an applications point of view, such measurements are relevant for solar cell
operationunderconditions such as solaradiationthrough cloudcovered skies, or in-

door illumindion. Hence, itis useful to examine thexpectedight-intensity depend-
ence of the parameteds: andVoc. The shorcircuit photocurrent depends on the spec-
tral photon fluxdensityt (8 of the source as well as the wavelergépendent external

shortcircuit quantum efficiency of the solar c¢IPCE; sedollowing section)!0® 244

/max
Jo. = aOFPCE(/ )G (/ )d/ (36)

/min
whereamin andamaxare the wavelengths at which the photocurrent sets in and vanishes,
respectively.For illumination with monochromatic lightf a single wavelengtha-the

equation simplifies to:
Js(F (1)) =qQPCE(/ ) G(/) (37)

According to eq. (37)sc varieslinearly with thephoton fluxdensityas long as the IP-
CE isindependent of itAs far as theopenrcircuit voltageis concerneda logarithmic
dependence otihhe monochromatic photon flugensityis found by combiningq. G4)
and eq. (32)vith eq. 37):%" 128

" éIPCE(/)(j(/)g

KT
Vool /(1)) @ O =8 (38)

1.4.3 Measurement of the External Quantum Efficiency

The external quantum efficiency incident photon-to-electron conversion efficiency
(IPCE) spectrumof a solar celis obtainedby measuringhe shortcircuit phdocurrent
density under illuminatiorwith monochromatic lightass a function of the wavelength
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/ 128 31The IPCE corresponds to the rationrvelengthdependenelectron fluxdensi-
ty Jsdq to photon fluxdensityt (cf. eq. (37))*3!

Jsc(/)
IPCE(/) =—+—+= 39
(=222 (39)

The IPCE of a DSC can be expsed as the product of the partial quantum efficiencies
of light harvesting, electron injection, charge collection and dye regeneration introduced
in chapterl.1.2197

IPCE(/) =hlh (/)GIinj (/)@Ireg(/)alcc(/) (40)

Another useful quantity to characterize the operation ot#fleunder shortircuit con-
ditions is the internal quantum efficiency &WPCE (absorbedphoton-to-electron
conversion efficiency) which corresponds to the ratio of photogenerated electron flux
to absorbedohoton flux and is determined by dividing theCIP by thelight harvesting

efficiency®3!
APCE(/) =hinj (/)(.j]reg(/)@cc(/) (41)

Once the IPCE spectrum of a samipées been measured, it can be used in combination
with the photon fluxdensityspectrum used for th&V characterization (typically, the
AM1.5G spectrum) to calculate the expected shwduit photocurrent densityased on
eq.(36) of the previous chapteThis procedure servée double checkhe Jsc obtained

from the currenvoltage curves?®

1.4.4 Electrochemical Impedance Spectroscopy (EIS)

In impedance spectroscop’?; Bl 24 a smaklamplitude voltage perturbation superim-
posed oto a constant bias voltage is applied to siaenple The voltage perturbation is
typically sinusoidal andcau®s a correspondingalternatingcurrent. Anplitude and
phase shift (with respect the input signal) of the current ameasureds a function of

the frequency.

The impedancé is defined as the ratio tiea.c.part of thevoltage Vadt), andthea.c.

part of thecurrent iat):24°
_ V(1) _\_E = i ut- )
z ST F_ce (42)
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where \Eand Fare the amplitudes of voltage and current signaissthe angulafre-
quency,andd is the phase shift. Bhmeasurement igypically repeated at a series of
different bias voltage¥?® sothatthe frequencydependent impedance is obtained for a
number of differat steady states of tlsample In the characterization of dysensitized
solar cells this series ofEIS measurements typically performed under illumination
with a constant light intensityfor example at AM1.5G type conditignandis often
repeatedn the darkfor compaison!?® 136. 247An alternative to the approadif using
constant illumination intensity and vad bias voltage is to performeasurements un-
der a series of different illumination intensgievhile the cell is kept at opamircuit
conditions!#! To extract information about various processes in the solar celldkem
perimentalEIS datg the data is fitted using an appropriate equivalent circuit and the

corresponding impedance functiti: 13!

The simplest equivalent circuit describing charge accumulation and recombination in a
solar cellundera.c electrical perturbatioworresponds to the diode model outlined in
sectionl.4.2 and is illustrated ifrigure 11. The circuit consists of a parallel combina-
tion of the d.c. voltagedependenthemical capacitanc€,(Vs) and recombination re-

sistanceRredVy).128 131

R[] v

L >

Figure 11: Parallel combination of recombination resistancecB&nd chemical capaci-

tance G as simpleséa.c. equivalent circuit describing dyesensitizedolar cell.

When a timedependent smalimplitude voltage perturbation is applied to the elec-
trodes of the solar ceih an EIS measuremerthe electron quastermi levelEm will
follow this perturbation and will be shifted upwardsl atownwards accordinglyrhe
macroscopichemical capacitanceC, describes how thtotal electron density in the

porous semiconductor film changes with this variation in the efeesni levell4 128
131
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C, =dAlL- p)C, = dAL- p) &P - (43)

fn
whered is the semiconductor film thicknessjs the projected film are@,is the porosi-

ty, cu is the chendal capacitance per unit volume (F-énandq is the electron charge.

Use of the relationshipﬁ =9(E+,), asobtained inthe zereKelvin limit of the Fer-
fn
mi-Dirac distribuion,®® leads to a approximation for eq. @}:*3!

C, =dAl- p) & Q(E,) (44)
where gEm) is the density of statest the quasFermi levelin the porous semiconduc-
tor. As already mentioned further above, the majority of electrons in a DSC pbd®a
are located in trap®r En < Ec, so that the chemical capacitance will be dominated by

these trapped electrons and their density of stdttte quasFermi level,gi(Em):

Cu © Cut = dA(l' p) @2 @t(Efn) (45)
The macroscopiaecombination resistanceRrec is related to the change in the rate of
recombinatiorn (cf. sectionl.4.1) with the quasFermi energy3!

o

r 1 -1 apu, Q
— — 'rec  _ O— n
Re™ nis 7~ 9AL ) S e, D )

whererecis therecombination resistance per unit volufegnr).

The product ofCy andRec (€g (43) andeq. (46)) corresponds tthe effective electron
lifetime Gh introduced in chaptet.1.290 128,131

o
[y

U

ReC, =aUn8 =/ (47)

Q)
=}
|- OO

5

¢

The simple diode model wititls correspondinggquivalent circuit inFigure 11 is based

on the assumptions dlomogeneous photogeneration along the thickness of the porous
semiconductor/dye film as well as fast transport of photogenerated charge carriers to the
outer contacts of the solar c&® A more comprehensive maddenat is widelyused to
describe the processes in eiansitized solar cells is the diffustoecombination mod-

el, described by eq. (7) or similar forms of the continuity equafioti: 112 2%This

model conglers generation, diffusion and recombinatioelettronan the porous sem-
iconductoras a function of spacén terms of an &. equivalent circuit,it leads toa

transmission lin€TL) model?® 131 247 Figure 12, part highlighted in greemontaining
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r'rec (in the graphics referred to a3 andc, in combination withthe transport resistance
perunit lengthper areay ( q L cwhith,describes electron diffusighroughthe semi-
conductor Note thatthe macroscopitransport resistanceRy is obtained vig!

d

o—— 4
Al- p) (48)

Ry =Ty

The transport resistance and the total film capacit@hdetermine théransport time
U (also termed transit time, sometimes represented by the sydplda., the time elec-

trons require to be transported through the thickness of the porou$?fajér:
ty =R, @ (49)

In principle, the total capacitance of a semiconductor in contact with an electrolyte may
contain contributions by the chemical capacita@ge depletioncapacitance®( V1/?),

anda Helmholtz capacitance related to the electrochemical double layer at the semicon-
ductor surface (independent g, which are connected in seri&§. 28 3INanostruc-

tured semiconductors in contawith electrolytes are expected not to show a depletion

layer (cf. chaptet.2.2.

r r solution { TCO+Pt

7

Pt

TCO TiO i

Figure 12 Equivalent circuit for acompletedyesensitized solar cell including a
transmissia line (TL, highlighted in greenfo describe charge transfer and accumula-
tion across the interface between esansitized semiconductor (here: P)@nd elec-
trolyte and charge transport through the semicondudtagure taken from chapter 12
of ref.131and modified to highlight the TL

Therefore the total measured capacitance is typically a chemical capac@anoag as
the contribtion by the Helmholtz capacitance is negligjbléhich is usually the case

over a large range of bias voltages relevant for solar cell opet&tion
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Thetransmission linean be understood as a resultief geomet of the porous semi-
conductor electrode. As obvious from the simplifiide structue in Figure 12, at any
given point alonghe conductive patklectrons may either mowan by diffusing paral-
lel to the pathorthey may be transferred in the direction perpendiculdr, for exam-
ple to recombine with the electrolyfEhisis accounted for by thiact that thdine of r
elementss continuously interrupted by paralletcy, elementsThe total impedancér.
of the TL depicted inFigure 12 is:128 247

A RRe 8
In(W=g =8 COtF{(RU/Rrec)1/2(1+iW/Wrec)1/2] (50)

C rec +

where¥rec= Wt = (ReCy) ™. In addition tory, rrec ad ¢, the equivalent circuitor a
complete devicén Figure 12 containstwo parallelRC elementsRe||CeL and Re{|Cr,
representingcharge accumulation and transtdr the interfaces betweesubstrate(or
blocking layer, BL) andelectrolyte andoetweenelectolyte andPtcounterelectrode
respectively Further circuit elements atbe resistanc&s of the conductively coated
glass substratend the impedance elemehtrepresentingliffusion of the redox spe-
cies in the eletolyte. The latter comprises ionic transport both in the porous matrix as

well as in the bulk of the electrolyte andiisscribed by®: 24°

, /2
tanhSiw/ uP | 2
6 d)l g

Z4=Ry0 (iW/Wg)llz

(51)

whereRy is the diffusion resistance of ions in the electrolgeg 1} is the characteris-
tic frequency of diffusionThe fact thatin the commonly used equivalent circuit in
Figure 12, the impedance of electrolyte diffusiam the poress not partof the trans-
mission lineis equivalentto a decoupling othis impedancefrom the impedancee-

sponse of the porous semiconductdhis decouling relies onthe assumptiorthat

nf << ¥req i.€., the characteristic frequencies (and time constanidiffosion in the
electrolyteand of recombinationare well separatedwhich is appropriatefor typical
liquid electrolytes-?® 131 247. 254 situationswhere the characteristic frequenciesare
similar, a more complex transmission line including two transport channels is

required®® 128 259Typjcal impedance speet(Nyquist plos) of a dye-sensitizedsolar
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cell at lower and intermediatdias voltages (here,-0.25V and-0.55 V) areshown in

Figure 13128247

1 2 _ ] Itr
3000 1 0.04 4 ]

2000

-Z" (kQ)

1000 - 0.00

0.00 (0.02 0.04

--------

0 1000 2000 3000
Z' (kQ)

Z' (k€2)

Figure 13: Typical Nyquist plos of the impedance of adgeensi ti zed sol ar
real part, Z0660: i ma (lefthaad ipternpediatet (r)ghthiapvolt- ai n e d
ages.Adapted from ref?*” and extended by explanaydiabelsindicating which equiva-

lent circuit element dominates the impedance in different frequency ranges

The main arcin both casess caused by charge transfer across the semiconduc-
tor/dye/electrolyte interface and charge accumulation in the porougosehctor

(rredlce). At intermediate bias voltagean additional Warburgtype feature (line with a

slope of about 1) reflectingpe diffusion of electrons in the porous semicondu¢tath
transport resistanag) can be observewards higher frequencieBurthermorea fea-

ture related tdhe impedance diffusion inthe electrolyteZs, may be seem the low
frequency limit (see belowkglthoughat intermediate voltageasis often concealed by

the recombination ardVhen the bias voltage fsrtherincreasedhere, to -0.7 V, Fig-

ure 14) the Fermi level in the porous semiconductor is raised and the concentration of
electrons becomes so high that the transport resistance becomes negligible and the War-

burg feature disappear®in the spectrurfft’
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0.05

7" (kQ)

0.00 . T
0.00 0.05 0.10

Figure 14: Typical impedance plot of a dygensitized solar cell ahined at higher bias
voltages. Labels correspond to the equivalent circuit elements thahatenthe re-
sponse in different frequency ranges. Adapted with modifications froffi'ref.

In this highervoltage range the Nyquist plot of the impedance typically shows three
distinct semicircles?® 24’ a highfrequency arc related &t and Cpi, @ midfrequency

arc resulting fronRec andC,, and a lowfrequencyfeatureassociated with diffusion in

the electrolyte As the transport resistance is negligiblee equivaént circuit of the
active layer(i.e., the transmission lin€an be simplified and the simple diode model of
Figure 11 is recovered?® 24’ The complete devicequivalentcircuit for this case is
depicted inFigure 15. It should be noted that a high bias voltage is not the only circum-
stanceunder which no linear region can be observed in the Nyquist plot of the imped-
ance.In fact, in dyesensitized solar cellasing ZnO instead of TiQ the transport
relatedfeature isoften not observed at all, independent of the bias voltagethat a
transport resistance cannot be reliably extracted from the spctrdlt has been sug-
gested that thisnight be aresult ofthe higher electron mobilityn ZnO compared to
TiO,. 14

R, solution | TCO+Pt

- slc R,
i

d
CP(

TCO TiO,

Figure 15: Simplified equivalent circuit of a complete DSC for the case of high conduc-
tivity in the porous semiconductor, as for example observed at high bias volthges.

symbol Rcorresponds to & in the textTaken fronthapter 12 ofef. 3%,
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As discussed above, measuring EIS spectra at a range of applied bias voltages and fit-
ting the obtained spectra with an appropriateivadent circuit deliverdReec, C,, and(if
distinguishableRy asimportant parameterglated to the dysensitized nanostructured

film, as well asRs, Ret, andRy asadditional parameters related to the complete device
Valuable information can be foud® 128 14lpy analyzingthe voltagedependece of

Rrec, C, and (if applicableRr and comparing itvith the behavior predicted by models

some of which will be discussed in the following

As indicated furtheabove, lhe chemicalcapacitancén DSCsis typically governed by
the density of states in thmnd gapwhich in most cases shows exponential distribu-

tion as given in eq.9) in chapterl.2.2 In consequenge&d. @5) yields'?®

L N aa (i -E /q)g da (e a
-2 e d‘_lt @ ed cDI(Vf c ) redox
GETIRNT PR T % kT | (52)

with the trap -distribution parameter U, the total trap density\, and theFermilevel
voltageV; (see further dew for a description of how is determined)If c, is plotted
semilogarithmicallys. V: for a set of different samples with the same total trap density
N: and trap distribution parametgy the shifts of the curves along the voltage axis will
thereforecorrespond exactly teelative conduction band edge shiftsEc between the
samplegFigure 16). In other words, fom set ofsamples with comparable trap distribu-
tions, the chemical capacitance curves allow fategermination of conduction band

edge shifts with respect to a reference sample.

T ' T s T u T

' AE /q '

= =
' '

-
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10°F . :
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030 035 040 045 050 055
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Figure 16:. Plot of the voltagelependent, EFgerived chemical capacitance of two

DSCs with equal trap di st r i llativeiconductpmar a met

band ed gcbetwednithé two aglis.
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While the assumption of sani is commonly made without experimental evidence,
somerecent work'?! 252 2%have emphasizetthat this parameter shla be monitored

and quantitativelytaken into account in the determination of conduction band edge
shifts, especially when it comes to sets of samples in which diffdrelkt or surface
treatments (includingudsorption ofdyes and coadsorbates) have bapplied to the
porous semiconductor.otal trap densities with respect to a reference sample are exper-
imentally accessible via timesolved shottircuit photocurrent decay
measurement$? as explained in sectioh4.7 In the case of samples witdentical U

but differentN;, accurate multsf o E; ar@then attained by normalizing the chemical
capacitance by the relative total trap density before measuring the shifts of the curves
along the voltage ax@s?

A simple model that is commonlysed forRec and often delivers good description of

the experimental data isased orthe empirical b-recombination model introduced in
section1.2.38% 128 14lysing equation$46), (16), (2)and(32), one obtains

foe = C"B:x z—bkcfvf g (53)
As shownin chapterl.4.2 the factorJo depends on the position of the conduction band
edge in the porousemconductorEe, on the recombination parameter b, and on the
rate constant for interfacial charge trems.. Thus, a semilogarithmic ploff @rec Or Rrec
vs. Vs for a set of different samples will show hale recombination resistancekthe
samples diffeat each voltagebut will fail to reveal tle origins of theedifferences, i.e.
whether they are caused by shiftEy) differences irb, or differences in the kinetics of
the charge transfer reaction. In many cases the tatterf great interest?!: 128141 252g¢
that it is desirable to detangle the different influencing facfidngs can be approached
by inserting eq.32) into eq. 63) to yielda modified expression farec
e KT qb Q¢ - E.lq)s

q Qg é kT u

(54)

Describing the conduction band edge position with respect to a reference sample,
Ec=Ec rettqE., furtherleads to

. & qb@V( - DE./q- Eg e/
Mec = kT @ng ab Q4 /O~ B ret q)g
DU & kT y

(55)
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On the basis dhe dependence apparent freq (55) it is a common practice in EIS of
dye-sensitized solacells tosemtlogarithmically plotthe recomimation resistance vs.
the corrected voltages-gEJ/q.1?® 141 2%For a set of samples witameb, such a plot

will directly reveal changes ik and thus in the rate constadat(cf. eq. 32)). Some
studies hae developednore sophisticatedxpressions for the recombination resistance,
which are based on tharcusGerischemodel for electron transfer between semicon-
ductor and electrolyte (edql?) and take into account a distribution of surface states via
which recombination can occtft.?>>Nevertheless, in most casescluding the major-

ity of samples studied in this woikthe simple model of eq. (55) delivers an adequate
description of measurement data, so thatuse of more complex models containing a
larger number of unknown variables can be avoided.

As apparent from egations(52) and (53), recombination resistance and chemical ca-
pacitance are functions of tifeonstant part of theyermi-level voltageV rather than

of the applied.c.voltageV. If a current flows through the solar cell, there is a voltage
drop at thetotal series resistanceRseries=Rs+Rer+Ry Of the cell*?® and as a consequence
V: will be differert from V. For a correct analysis it is therefore necessary to determine
V4, which can be done via the relationsfip

Vf(J) = V(J) - Vserie{J) (56)

whereJ hereis the d.c. currerdensityflowing through the cell as a result thie applied
d.c. voltageV, andVseriesis the voltage drop at the series resistance. The Edtebe

obtained by integration d%seriesover the currentlensity*2® 248

Ji

Vseries(‘J i) = Acﬁ:\)sering)d‘J (57)
0

whereA is the projected sample arédternatively,Vt can bedeterminednore directly
by integrating the resistancef the nanostructured semiconductor filRiG=1/3
Re+Rrec for Reec> Rir)'28 over thed.c. cell currentdensity and adding the result to the

opencircuit voltageVoc measured in the EIS measuremérts?*®
3i

Vi (31) = Vo + A4 R + Reec(3)d
0

(58)
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If the transport resistand®&: is small, the integral irq. (58) can be approximated by

the integral oveRec.

1.4.5 Intensity -Modulated Photocurrent and Photovoltage Spectroscopy
(IMPS and IMVS)

Similar to electrochemical impedance spectroscopy, intensiyulated photovoltage

and photocurrent spectroscopy (IM@8d IMPS) involve applying mmodulatedsmalt
amplitude signal to the solar cell and measuring the-tiependent response as a func-
tion of the frequenc§® 118 25859 |n IMVS and IMPSthe modulatednput signd is the
photon flux: the cell is illuminated with a constant background illuminatigronto
which a small (typically, 10%r lessof the background signa®) 8+ 8sinusoidal pertur-
bationwith amplitude £ is superimpose@seeorange line inFigure 17). Commonly,

IMPS is performed under sherircuit conditions and IMVS at open circg.8* 87 88

The sinusoidal modulation of tHight intensity causes a corresponding modulation of
the rateof electron injection and thereby generates a sinusoidal photocurrent (IMPS) or
photovoltage (IMVS) output of the solar cell, superimposed on the background-steady
stateshortcircuit photocurrentlsc or opencircuit photovoltageVoc, cf. Figure 17. The
amplitude and phase shift of the modulated part of the photocurrent/photovoltage are

recordedover a range of frequencies.

&
3
<+«— O
2
: <
HE 3
o <
d =
<
0 .
time

Figure 17: Schematic representatiaf input and output signals in IMPS/IMVS meas-
urements of DSCs. The sinusoidal illumination sigh&range line) causes a corre-

sponding voltage or current response (black line) with phasedhift
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The frequencydependent transfer functioGsaredetermined according & 2°7: 2°8
Fimps(W) =% (59
Fimvs(W) = \E]EMQ (60)

where ﬁw)/q is the amplitude of the electron flux densit};,is the amplitudeof the

photovoltageard ¥ is the angulafrequencyt ivps(¥) can be considered the frequency
dependent form of the steadiate IPCE (cf. eq. (39)) and for small frequencies ap-

proaches the latté?.Both intensitymodulated photocurrent and pgbwoltage spectros-

copyare usually measured for a broad range of background light intemsitbginthe

correspondingransfer functiorfor a series of different steady staté$? 118

A complex plane ploof G mvs(¥) of a dyesensitized solar cetypically shows a single

semicircle in the fourth quadrardeeFigure 18 (a), with positive real parts and nega-

tive imaginary partsndicatingthat the photovoltage laggehind the illumination sig-

nal 245
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Figure 18: Typical IMVS(a) and IMPS (b) transfer functioms the complex plane.

To extract information about recombination reactions in the DSC underoipeit

conditions from the IMVS plot, theansfer functions fitted to an appropriate analytical

function. The modulatedvoltage output \Ein IMV'S depends on the rate at which the
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electron density relas(cf. eq. (1)) n response to the change in thé ofelectron in-
jection induced by the modulated light intensityhe theoretical description of ith
time-dependent variation of the electron density is obtained by solving the time
dependent continuity equatidar a sinusoidal perturbatiocf. eq. (7),as for example
demongratedin ref. 26, For the real part and imaginary part of the IMw&nsfer func-

tion, one thus obtains:

-M

) ) (61
_ (M//Wmin) Q/I
) w2 ) (62

whereM is a scaling factor that depends on the electron injection efficiency and the
amplitude of the light intensit$?® Eq. 61) and eq. §2) describe the typically observed
semicircle in the complex plane, ¢figure 18 (a), with ¥ min denotingthe frequency at
which the imaginary part of the transfer function shows its minimum. It was $hdf¢n

that the time constant correspondingytan is equivalent to theffective electron life-

time G introduced in chapterk.1.2and1.2.384 131 256

Weningmvs =L n’ ! (63

Repeating thle analysis of the IMVS response obtained at a series of constant back-
ground illumination intensities yieldsl as a function of o or Vo, which can be com-
pared to analogous plots obtained by impedance spectroscopy dalejrerdent char-
acterization methal(see following section).

The typical complex plane plot of thdMPS transfer functiont mps(¥) of dye
sensitized nanocrystalline semiconductorsias a simple semicircle as in IMY®ut
insteadshows a semicircular region at lower frequencies anabee linear region at
higher frequencieseeFigure 18 (b).2% 13%In analogy to IMVS, the position of the plot
in the fourth quadrant indicates that the photocurrentdagsd the illumination signal
Fitting of the IMPS response allows to determafectrontransporirelated quantities of
the dyesensitizethanocrystalline semiconductor acah be realized by using analytical
expressions derived from the continuity etipra (eq. (7)or eq. (8) including trapping
as for example reported Bloczik et al.®8 Their model is based aile assumptions

that electron transport occurs only by diffusion, dye molecules are homogeneously dis-
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tributed within the dg-sensitized film (BeeLamberttype absorptioneq. (24), andthe
recombination rate is first ordemn ielectron concentration (eq. (6)) adétermined by
charge transfer tthe oxidized species in the electrolyte (fast regeneratioheotlyg.
The influence of trapping and detrappimgs accounted fom the framework ofthe
quaststatic approximation (cf. chaptér2.2 by replacingelectrondiffusion coeficient
and lifetimeby the intensiy-dependeneffective quantitiesD, and J, cf. eq (13) and
eq. (18).For substrate side illumination under sharcuit conditions the following

solutionfor the complex IMPS transfer functioves obtained®

R e' aabsd _ e'gj
P -e¥+2a,,

_ Aaps g g-a
Fivps(W) = aabibjgo ol abs (64)

where Usps is the absorption coefficient of the dgensitized photoelectrodd,is the

film thickness, and

(65)

with i as the imaginar unit. Simulatiors of 0 wmpes(¥) based on eq. &% showedthat

the linearhigh-frequency region typically observed in the complex plane plogigt.

ure 18 (b), is determinedby the diffusion of charge carrierso the back contadf. dif-
fusionlimited case in ref®®). Further, the calculations demonstrated the influence of a
varying effective electron lifetimél on the IMPS responseeeFigure 19. As the life-

time was decreased, the IMPS plot gradually became more dominated by recombination
and the transporelated feature becanmarder to distinguish

00 01 02 03 04 05 06 07 08
Real (D)

Figure 19: Complexplane representation of calculated IMPS responses feerees of
di fferent el corcesponding tdin thectextiTakensom tkf. %8,
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Anothereffect thatinfluences the IMPS transfer functiamthe highfrequency ranges
the attenuation of the current biyetparallel combination of theeries resistance and
capacitance of thevhole cell (RC attenuation)which can bedescribed by an attenua-
tion factof® 27

1

AW) = —
1+iwRC

(66)

At short circuit, the series resistance is typically dominated by the sheet resistance of the
conductive glass substrate (e.g., FTO/glass) and the capacitance is governed by charge
accumulation at the substrate/electrolytesobstrate/semiconductor interfaée88: 260

RC attenuation appears in the form of an additional time constant in the complex plane
plot of 0 wps(¥) and thus leads to an increased phase shift between illumination signal
and current® The measured IMPS data should therefore be fitted using the modified

functiorf® 257

U mead ) =0 jyps(W) O3‘('/’/) (67)

Analysis of thelMPS responsef DSCsby full fit s of the frequencydependent datto

eg. (67 with eq. @4) is complicated by théact that theeffective electron lifetime at
short circuit(cf. eq. (6)) is hard to access pgrimentally:IMVS measurements cannot
be performed at shedircuit, because the smallest modulations in the electron injection
rate at that point of th&V curve (cf. Figure 10) would lead to huge, nelinear oscilla-
tions of the voltageEIS data (cf. previous section) can normally not be evaluated down
to shortcircuit conditions either, becausige current changes oacmg in response to

the modulated applied voltage tend to approach the detection limit and the obtained data
are highly scattered. Opaircuit photovoltage decay measurements (see following sec-
tion) get very noisy towards low voltages as vietause othe small change &foc per

time comparedo the resolution of thevoltage detectionDue to the lack of reliable
shortcircuit lifetime values IMPS dataarefrequentlyanalyzed by a simplified routine

on the basis athe frequency in the minimum of theam semicircle¥ min,mps (cf. Fig-

ure 18 (b)), and the related time constakiyes = 1/(¥ min,mpg),%® 118 2%2which can be
determined by fits of the real and imaginagrtp of the respongéimited to the semi-
circular region)to equationsanalogous to egq6() and eq. §2). Uves reflects the com-
bined effect of electron recombination and diffusion to the back cofthdEigure
19):%8
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1

1., 1
l‘n +ttr

(68)

Livps =

whereUr is theelectron transport time (cf. section1.4.4. Under shortircuit condi-
tions, Wis normally much larger thalg,**% 261so thatUves & § andthe effective diffu-
sion coefficientof electrons in the semiconductorPn, can be determinedia a rela-
tionshipattainedn previousstudies based on the continuity equafi$dt!: 262 263

dZ
z@D,

(69)

o) —
tIMPS ttr -

gis anumericalfactor®® that weaklydepends otthe direction of illumination andnthe
productUh,4.28 141 242As shown in theSupportinglnformation of ref}4* and ref242 for
illumination from thesubstrate side approaches 2.5#or small values ofthsgl and
takes on a value of 2.8 faksgd = 3. As in the case of IMVS, the IMPS response is
evaluated at a s@s of constant background illumination intensitieyield (4 or Dy as

a function oft gor J.

1.4.6 Transient Photovoltage and Photocurrent Measurements

An alternative approacto frequencyresolved characterization of photoelectrochemical
dynamicsis to enploy time-dependen(i.e., transientineasuremestof thedecay of the
shortcircuit photocurrent oopencircuit photovoltage in response tadacreasen il-
lumination intensity While the analysis o$uch transient measuremeitn in some
cases bdimited by noise irthe decay curveshe measurements allofer a quick and
easy determination of electron transport times and lifetiregsivalent to the corre-
sponding values obtained by EIS and IMPS/IM& 142 264yhich is particularlyuseful

if a fast screening of a largember of solar cells is requirednalysis of recombination
by time-dependent photovoltagdecaymeasurementsan be realized in two different
ways eitherthe iluminationis completely turneaff and the full decay down topen
circuit voltages approachif@V is measuredréferred to aspencircuit voltage decay
or OCVD)*?% %20y the illumination intensity is only changed by a small amount and the
corresponding small change in oparcuit voltage is monitoredlogether with the cor-
responding transient photocurrent measurements, the lagemistimes referred to as
SLIM-PCV (stepped lighinduced transient measuremenf photocurrent angbhoto-

Voltage)121, 264, 265
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In OCVD measurements, the cell is illuminated by a rectandjglar pulse(AM1.5G-

type illuminatiort*? or monochromatic light® 269 at open circuitand the time
dependentlecay ofVq after the light is switched off recordedseeFigure 20119 120.
142,266Tg gain information about recombination reactions, the slope of the decay curves
are evaluated by means of appropriate analytical models. A frequenthu&gdf>1: 266

267 expression for the voltage decay after switching off the light source was derived by
Bisquert et al*? on the basis of the continuity equation for the datlasion at open
circuit, i.e., eqg. (7) with generation and transport terms set to 0. They started their deri-
vation with the assumption @f linear rate of recombinatideq. (6) Un = kinec = nd/ ),

which, together with eq. (1) yielded the simple solutidBodit = kT/q dfor the decay of

Voc With time. This corresponded to a linear decay, which is in contrast to tHenean
behavior typically observed for cdhgensitized nanocrystalline solaglls, as indicated in

Figure 20.

30/\

time

Figure 20: Schematic representation of tirdependent light intensity andthe result

ing opencircuit voltage \c response irmn OCVD measurement.

Whennonlinear recombinatiowas considered via thie-recombination model (ckec-
tion 1.2.3, i.e., Un = kn®, the obtainedsolution for d/oJ/dt was more complex and
hardly practicable for data analysfé However, it was suggestedatiior b values close
to 1 thesimplemodel still constitute a very good approximatiofi?? Further including
trapping and detrappin@rmsby use ofthe quasistatic asumptio in their treatment,

the followingapproximation for the voltage decay wastained:
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KT &dV,. 5 *

-?g dt -

Qo
ooy,

[, =

T

(70

wherethe effective electron lietime U, (effective indicating the influence of traps, see
chaptersl.1.2and1.2.3 is a function ofVoc and in practicejs determined by calculat-

ing the voltagedependent derivative of the decay curkespite of the simplifying as-
sumptions mad# obtaineq. (70), it is commonly found*" 2%%to delivereffective elec-

tron lifetimes equivalent to thgl values obtained bEIS or IMVS, as expected based

on formal consideratior®s: 142 Calculations byPeter et at?® have demonstrated that a
plot of the voltage decay vs log(time) should be linear for long times (> 0.1 s after the
light is switched off) if the nanostructured semiconductor shows an exponential distri-
butionof trap states and the quasatic approximation holds. Moreover, Cameron et al.
have shown that such linear behavior is indicative of negligible recombination between
the substrate and the electrolf82Thus, the shape of the semilogarithmic plot of the
voltage decay can be used as an indicator for the presence or absence of recombination

via the substrate in a given cell.

An alternative way t@nalyzerecombination by tim&epemlent voltage measurements
is to measurehe change in voltage followingsamallchange in thdlumination intensi-
ty.121 264, 265 the presentvork, this approach has been realizsdpartof the SLIM-
PCV techngue?®* which wasavailableat Gifu University in leu of an IMPS/IMVS
setup. he cell is illuminated by laser light of &rtain intensity and the opaircuit
voltage transient induced by a stepwise change in laser intensity is measaréanc-

tion of the timet, seeFigure 21.
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Figure 21: Timedependence of laser intensity amgdultingopencircuit voltage \c or

shortcircuit current Jcin SLIM-PCV measurements.

The Voc transiens arefitted with a moneexponential function of the type exp(}) (see
detailed functionin chapter2.9.4 to extract theime consant of the decaywhich is
equivalent tahe effective electron lifetimg), asshown by a formal treatment similar to
that described above for the OCVD methéd 2% The fact that thesmalkamplitude
voltage trasient can be fitted by a monoexponential decay function relies amaing-
esin laser intensy andelectron densitypeingsmall with respecto the corresponding
initial steadystate valuesThe measurement is repeated for a series of different initial
laser intensities and resulting initial opeincuit voltages to yieldhe lifetime (J as a

function ofVyc.24

The measurement of shanircuit photocurrent transients by SLIRICV presents the
time-resolved analogue of IMPS and thus delivers information otrainsportof elec-
trons through the porous semiconducf8rA small decrease in the laser intensity here
leads to a decay in the shartcuit photocurrent that is monitored ovené, cf.Figure

21. In analogy tahe voltage transients measured by StP@V, thesmall perturbation

of the lightintensity compared to the initial intensity allows the current transtebe
adequatelyitted with a moneexponential equatiothatunder the assumption of negli-
gible recomhation at short circuit was shown to hatie formexp(t/i}) (see chapter
2.9.4for detailed functiop?! 2®*where he time constanof the decaycorresponds to
the electron transport time U introduced in sectiorl.4.5'%% 264 The SLIM-PCV

measuremersetupat Gifu Universityautomatically useé (4 to determine theffective
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diffusion coefficient Dn of electrons in the nanostructured semicondulctsed onthe

relationship reported by Nakade etZf.:

d2
" 2770,

(7D

Comparison of eq.7(l) with eq. (69 andcomments(sectionl.4.5 reveds that using
the (empirical)factor of 2.77in the denominatocorresponds tohe caseof Uk & 3
(relativelystrong absorption}f-or each cell,ite measurement of the small current decay
is repeated for a series of different initial laser intensities to olliass a function of

the steadystatedsc

1.4.7 Charge Extraction

In addition to deliering information on electron transport and recombinatibotqrur-

rent and photovoltage measurements in the tinmeadiooffer the possibility to deter-

mine the charge density in the nanostructured semiconductor under different electrical
and illumination onditions. Such methods, collectively referred to lagrge extraction
involve illumination of thesolar celluntil a steady states establishedfollowed by
switching off the source of illumination and extracting the electrons accumulated in the

photoeéctrodeby allowing a current to flow!> 121, 242, 252

Determiration ofthe chargestoredat short circuittonsists of a simple measurement of
the full current transient in response to turning off the lightaiif 2>2The cell iskept
under shortircuit conditions throughout th@hole measurement. Theurrentdecayis
then integrated over time to yielde amount of chargstored in the semiconductor un-
der shorcircuit corditions, Qsc, Which can beconvertedinto the shorcircuit electron
densitynsc using the geometric are film thicknessd, and porosityp of the porous
semiconductor film:

. Q
" 9AdQ- p) (72)

with Q denoting the charge amdthe electron densityrhe measurement is repeated for
a series of different illumination intensities to yield as a function of the steadyate

shortcircuit photocurrent densitl, see example iRigure 22.2°2
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Figure 222 Example of a plot of the shectrcuit chargedensity vsthe shoricircuit

photocurrent densityillustrating how relative total trap densitieseadetermined

Plots as the one above are useddsesshe total trap densiti; in dye-sensitized nano-
crystalline semiconductors with respect to a reference sample (blue curve in the exam-
pley as first sug g.@towded thaycur®ri fRw thraughe ®SC a |
occurs only by diffusion of electrons in the conduction band (no hopping between traps)
and that the electron diffusion coefficient in the cells under comparison is constant, an
equalJsc of two different cells correspondeg. (5))to anequalelectron density gradient

and hence (eq. (1)) to an equal gradient of the ¢tersni levelEsmn across the cells

Since all trap states belokn are occupied, relative differences in the total trap density

N: between the two cells will lead to proportioyathangeddensities of trapped elec-
trons(cf. eq. (10))and, hence, extractedange densiésat a givershortcircuit current
density In other words, the ratio of the extracted stuintuit electron density of a cell

to the extracted shaodircuit eledron density of a reference celkd/nsc res is equal to the
relative total trap density Ni/Niret Of the cell. Knowledge of the relative total trap den-

sity is crucial for an accurate analysis of the results of other characterization methods
such as El&nd IMPS, because the quantities attained by these methods (e.g., the chem-

ical capacitanc€, and the transport tim@) depend om:.

An experimental technique used to obtainc¢harge Qoc stored in the porous semicon-
ductor under opencircuit conditions was described by Peter et al. in 2060The
charge extraction method they described consists of three sequentiakpalfigure
23. In the first part, the solar ca# illuminated under opeaircuit conditions so that a
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steadystate opertircuit voltage is established. The light source is then switched off and
the voltage is allowed to decay to a certain value before the cell iscifooited to
extract the electranremaining in the porous semiconductor. As in the case of-short
circuit charge extraction, the measured extraction current idritegrated over time to
yield Qoc!® and the corresponding electron density is determined using eq72).
Repeating the experiment with different waiting times between turning off the light
sourceand initiating theextraction deliversioc as a function oVqc (the voltage at which

the extraction was initiated}> Analogous to the analysis of voltagependent capaci-
tance curves (cfFigure 16), Voc-dependenplots of noc normalized by the total trap
density see examples iRigure 24, can be used to determine relative shifts of the con-
duction band edggE./q between differenDSCs with similar trap distributight® 2>2as

apparent from eq. (10) if the exponential part is rewritten analogous to eq. (52).

charge Qoc

C)S['\ ‘00/\

time

Figure 23 Schemeof the principle ofopencircuit charge extraction measuremer
with the time dependence of light intensity signal (orange), -opeunit voltage
(black) andshortcircuit current (blue). Voltage and curréransients together witr
the corresponding extracted charges, are indicatadtwo sequentialmeasurenents

in which the DSCsi shortcircuited afterdifferent delay times
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Figure 24: Example of a plot of the operrcuit electron densitfnormalized by the
relative total trap densityas a function of the opetircuit photovoltagdor two DSCs,

with illustration of the determination dfie relative conduction band edge shifetween
the cells
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2  Experimental Procedures

2.1 Sample Groups

This work presents results e main experimental series that all used ZnO films to
bulddyesensi ti zed solar c@eD149 WDt(dha&tews),i CAO CA
AD149+D13 (chaft®@ B)p i nfnO+D 14 9 + D1 3 1(¢h8pRR 9, and

A D149 8 Z (chiapter8). All series used electrodeposited ZnQnil except for
np-ZnO+D149+D131+SQ2, in which screenprinted nanoparticulate ZnO films were
utilized. Table 30 (Appendix A) contains a full list of all samples with date fiifn

preparation, date of sensitization, photosensitizeeduas well as additional infor-

mation.

2.2 Preparation of Electrodeposited ZnO F ilms

The electrodeposition of the porous ZnO films used in this work (includingajmc
posttreatment) was performed in the laboratory of T. Yoshida at Gifu University, Ja-
pan.Tablel lists the materials utilized in these experiments. The filmd tséuild the
cells of the series D149 without CP149+D131+SQ2and D149+S 1PcZnwere de-
posited by Shigeo Hori.

A 7 cm x 8 cm piece oFTO-coated glass was poeit to allow breaking it into eight
equalsized pieces latelF{gure 25 (a)). The glass was cleaned by consecutively soni-
cating for 15 minutes each in water, detergsalution acetone, andlistilled 2
propanol. Following each of the cleaning steps the glass was rinsed with water. After
the cleaning procedure it was transferred Byfwropanol for storagedn the day of film
preparation, the FTO/glass was taken out of t#peopanol, rinsedvith water, dried in

an air flow and cleaned in a UV/ozone cleaner (Filgen UV253H with UNQB3zone

Killer unit) for 30 minutesThe conductive side was then coated with posityye pho-

toresist by spircoating for 35 seconds at 1500 rpm using 2 ml@h@toresist solution.
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Tablel: Materials for electrodeposition of porous Zm@th pre- and posttreatment.

material supplier purity further specifications
thicknes 1.1 mm,
FTO (luorine-dopedtin ox- Asahi N shee:[ resistancel2
ide)-coated glass t y p ¢ q / kffective trans-
mittance > 8 %
water(H-0) Gifu University Milli -Q resistivity 18.2Mq ¢
detergenfv i st a # Inui-Syoji n.a. -
acetongCsHe0) Wako O 99. -
2-propanol(CsHsO) Wako 99.7% --
%oitih\;leéygepp\got;e g is(,)t Tokyo Ohka Kogyo n.a. -
developefiPMER R7 G 0 | Tokyo Ohka Kogyo n.a. --
copper(Cu) tape Teraoka n.a. --
indium (In) Wako 99.98% --
gallium(Ga) Nacalai tesque 99.9999% --
masking tap Nitto Denko n.a. --
potassium cloride (KCI) Merck O 99. -
zinc chloride (ZnG)) Merck O 98 -
eosin Y(CaoHsBrisNa,Os) Wako O 85 -
potassium hydroxide<(OH) Nacalai tesque O 85 --

The glasswas placed onto a hot plate (140°C) for 7 minutes and then left to cool down
for 10 minutes. Photostrugization was realized by illumination with a UV lamp (Ush-
i0) through acustombuilt mask using an exposure machine with a conveyor belt (Orix).
Subsequent dipping intodeveloping soltion for 6 minutes led to removal of the insu-
lating photoresisin the non-illuminated areass shown inFigure 25 (b). This way,
conductivecircular areas of 6 mm diameter for electrodeposition of the filmscane
ductivestripes with a width odbout 0.5cm for contacting the eladdes were defined.
The glass sheet was rinsed with water dashedalong the precut linesinto eightrec-
tangularpiecesmeasuring 2 cm x 3.5 cifrigure 25 (c)). The samples wernglacedon
electrode holders desigd to allow rotation of the substrates durohgposition, and
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contactedn two sideausing Cu tape and an equimolar mixture of In and Ga heated to
130°C (Figure 25 (d) and(e)). The resistance of the contaetasb el ow 12 (.
samples were then fixed on the electrode holders by #i@agighed pieces of insulating

masking tape witleircularholesof 7 mm diametemn the centerFigure 25 (f).

a) b} c)
S N s e AN
|:| FTO-coated glass - -- - pre-cutlines |:| masking tape
|:| photoresist (PR} . Cu tape I:I InfGa
d) e) f)

Figure 25: (a) T (c): Preparation of eight photostructured Fi€dated glass substrates
(each 3.5 cm x 2 cm) from a larger piece of Fd@ted glass. (d) (f): Contacting and
fixing of an individual photostructured substrate on an electrode holder.

For paralle electrodeposition of ZnO on eight substragsustorrbuilt setug®® (Dain-
ippon Screen) with a circular arrangement of eight rotating electrode haoldersised

in combination with a 1€hannel potentiostat sgsh (BioLogic, VMP3) andthe soft-
ware EC-Lab V10.10.Throughout the deposition procedure, the current density was
monitored at each of the eight electrod2d. L of a freshly prepared 0.1 M aqueous
KCI solution were filled into the containef the depogion setup and heated & °C

The eight electrode holders with the substratese installed together with Pt wire
counter electrodea RedRod (Radiometer) reference electrode (0 mV vs. Ag/AgCl) and
a glasgube with a Pyrex® glass fiiifp used to intoduce oxygen gasto the deposition
bath The oxygenflow was adjusted to 2.0 L/mifThe rotationof the eight electrode

holders was set to 500 rpamd he setup was left in this condition for 30 minutes to
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achieve oxygen saturation of the electrolyt&eAthis,a 30minute preelectrolysis of

the working electrodes ithe O>-saturated KCkolutionat-1.05 V vs. the RedRod ref-
erence elecbde was performedh order to achieve electrochemical activation of the
FTO-coated substrate8® Successful activation was comfied by observation of the
diffusion-limited current density in the chronoamperograms (see chaptérhile the
applied potentialvas being kept at1.05 V vs. RedRodan appropriate amount of a
high-concentratiorstock solutbn of ZnCh to yield a Zr?* concentration of 5 mMde-
pending on the concentration of the stock solution) was added to the electrodeposition
bath. Thistriggered the growth of compact ZnO layers (blocking layer&jter 10
minutes the Pt wire counter eleode was exchanged by a Zn waeunter electrode

the applied potential was lowered-ta75 V vs. RedRod, arah appropriate amount of

a high concentratiostock solution okosinY necessaryo achievea concentration of

3 0 0 ofthe structurairecting agent in the electrolyte was added (depending on the
concentration of the stock solutiod)his started th deposition ofporousZnO/eosinY

hybrid filmson top of the blocking layers, whiatascarried oufor 30 minutes.

Following electrodeposition, éhelectrode holders with the coated samples were trans-
ferred from the deposition bath into a bawntaining warm water (ca. 70) to allow

for slow cooling of the deposited films. After about 15 minutesntlaskingtape and

Cu tape were removed, the sdaegpwere transferred into a Petri dish with water (room
temperature), and the residual In/Ga was removed with the help of cotton buds. Finally,
the samples were rinsed with water, immersed into aqueous$0iHon with a pH of
10.5 (+£ 0.1), controlled ly a pH meterand placed in front of a window fdr dayin
order to removeéheeosinY out of the porous ZnO filmgfter removng them fromthe

KOH solution the electrodes were rinsed with wated subsequentlynmersed into
acetone for about 3 minutes temovethe photoesist from the FT&oated glass with

the help of otton buds. The samples wenesed with acetone andater, dried in a dry-

ing closet at 100°C for 60 minuteamd cleanedn the UV/ozone cleandor 30 minutes.

2.3 Preparation of N anopartic ulate ZnO Films

The screerprinting of the nanoparticulateznO films used in this worKseries np
Zn0O+D149+D131+SQ2yvas performedy Hayato Kurotaki alvyamagata University

(Japa, the new location of the laboratory of T. Yoshidacm x 8 cm piecgof FTO-
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coated glasg§Asahi Glasst y pD&Jo, fiiicknessl.8 mm sheet resistanc® ¢ ivdre
pre-cut to allow breakingheminto eight equabized piecegachlateron. Usinga SE-
RIA SSATF150E screen printditted with a pattened250 mesh scree@nO nanopar-
ticle (Nippon Paint)paste was screen printed ol FTO/glass plates so that eight
circular ZnO films with adiameterof 6 mm weredepositedon each substratén order

to remove the solvent and clean the samplesscoated substrates wegalaced consec-
utively, into vacuum (0.1 mbar) a drying closetat 8CC for 30 mirnutes, and a
UV/ozone cleaneffFilgen UV253H for 60 minutes. The samplesveresoaked invarm
(60°C)water Milli -Q,r e si st i vi t)forlQ@inutds(hydipthernmal treatment)
to promote necking of the ZnO particlesm dissoluion/recrystallization reacti@and
subsequentlyinsed withfresh waterThe thickness of thélms was approximately 10
um 161 27%prior to further processing, the large substrates wepkeminto eight pieces
with a size of2 cm x3.5 cmalong the precut lines resulting in eight samples with cir-
cular ZnO films in their center (geometry equivalent to that of electrodeposited ZnO

samples, cf. previous chapter)

2.4 UV/Vis Absorption S pectros copy of Dye S olutions

Dye solutions were characterized by UV/Vis absorption spectrosicofix1x4) cn?

guartzcuvettes by means of a Hitachi 44100 spectrophotometer (Gifu University) a
tec5spectrometer system with £ESH lamp unit, LOEUSB CCD detectounit (spectral
range3107 1100nm, spectral resolution < 10 nfiber optics and customade dark
box (University of Giel3en)For the reference measurengrhe pure solvent iquartz

cuvettes was used.

2.5 Adsorption of D yes

2.5.1 D149 with CA ( Gifu)

The dye D149 6-[[4-[4-(2,2-Diphenylethenyl)phenyill,2,33a,4,8bhexahydrocycle
pent[b}indol-7-yllmethylene}2-(3-ethyl4-oxo-2-thioxo-5-thiazolidinylidenej4-oxo-3-
thiazalidineacetic acifiand the coadsorbate cholic a¢@A) were adsorbed to the sur-
face of poous electrodeposited ZnO films from a solution of 0.5 mM D149 and 1 mM

CAin a 1:1 (by volume) mixture of acetonitrile atett-butanol (materials as listed in
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Table2). To fully dissolve the dye and obtain a clsalution, the solution was sonicat-

ed for 60 minutes and afterwards filter@the dried and UV/ozoneleaned films(cf.
section2.2) were immersed into 50 mL of the dye solution, and adsorption was carried
outin the dark (covered with Al foil) for 1, 2, 10 or 120 minutes. After that, the films
were removed from the solutiprinsed with ethanoldried at air and stored the dark

in tightly closing plastic cases until further use

Table2: Materials for adsorption of D149 with cholic adid Gifu.

material supplier purity further specifications
D149(CazH35N304S5) Chemicrea n.a. batch A
cholic acid C24H200s) Wako O 98 -
acetonitrile (CHCN) Wako 99.5% --
tert-butanol (GH1c0) Wako 99.0% --
filter paper, type 5C Toyo Roshi Kaisha n.a. --
ethanol (GHsO) Wako 99.5% --

2.5.2 D149 without CA (Giel3en)

Using the materials ifable 3, a solution of 0.5 mM D14tbatch A)in a 1:1 (by vol-
ume) mixture of acetonitrilandtert-butanol was prepared under inert gas atmosphere
in a glove box (M. BRAUN LABmaster) in order to minimize contamination by water.
For comparison experiments, 1 mM cholic acid (WaRo, 9)8vés added to a part of
the solution.After removal from the glove box, the soluteomveresonicated for 30
minutes a¥01 60°C, so thathey wereclear to the eye. The porous ZnO fdlectro-
depositecht an earlier date (ct.able30in Appendix A)weredried in an oven at 100°C

for 17 2 hours, left to cool for 5 minutes, and then immersed into the dye solution. Ad-
sorption was carried out in the dark (covered with Al foil) for 1, 2, 10 or 120 minutes,
after which the sanmi@s were removed from the adsorption solu and rinsed with
ethanol, dried at air and storedtire dark inN2-filled and Parafiim®sealed plastic cas-

es until further use
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Table 3: Materials for adsorption of D148t University & Giel3en

material supplier purity further specifications
D149 (G2H3sN304S3) Chemicrea n.a. batch A
acetonitrile (CHCN) SigmaAldrich 99.8% anhydrous
tert-butanol (GH100) SigmaAldrich 099.5% anhydrous
ethanol (GHeO) Roth 099.8% denatured

2.5.3 D149+D131+SQ2 and np -ZnO+D149+D131+SQ2 (Giel3en)

On the basis of previously established adsorption procedfufé<?% 2’the photosensi-
tizers D149,D131 (2-Cyano3-[4-[4-(2,2diphenylethenyl)pheny],2,3,3a,4,8hexa
hydrocyclepent[blindo}7-yl]-2-propenoic acil and SQ2 (5-carboxy2-[[3-[(2,3-
dihydro-1,1-dimethyt3-ethyt 1H-benzo[e]indol2-ylidene)methyl}2-hydroxy-4-oxo-2-
cyclobutenl-ylidene]methyl}3,3-dimethyt1-octyl-3H-indolium) were adsorbed to the
innersurface ofelectrodeposited or screen printed pordn® films either individually
or in various combinations usireght differenttypes ofdye solutions prepared by use

of thematerialsin Table4.

Table4: Materials for adsorption of D149, D131, SQ2 or mixtures thereof.

material supplier purity further specifications
D149 (Gi2H35N304S3) Chemicrea n.a. batch B
D131 (GsH2sN205) Chemicrea n.a. -
SQ2 (G1H46N204) Solaronix n.a. -
choiic acid C24H400s) Wako O 98 --
octanoic acidCsH1602) Roth 099.5% melting point 16.7°C
ethanol (GHsO) Roth 099.8% denatured
acetonitrile (CHCN) Roth 099.9% | anhydrous (ROTIDRY®)
tert-butanol (GH100) Roth 099.5% --

For D149, D131 and D149/D13 a 1:1 (by volume) mixture of acetonitrile atedt-
butanol was tilized as solvent, while SQ2 was dissolved in ethafolsome of the dye
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solutions cholic acid or octanoic acid (QAneasured using Socorex micropipette)
were addedTable 5 and Table 6 show the concentrations of dyes and coadsorbates in
the varioussolutions as well as the adsorption times used foretbetrodeposited or

screen printedamples.

Table 5: Composition of solutions and adsorption times used to sensitize porous elec-
trodeposited ZnO films with D149, D131 and/or SQ?2.

camole 0.5 mM |05mM +062§5mmMMDI§f§1 0.1 mM SQ2
P =+1mMCA | D131 z.— L1z = +10

7-01 D149 2h - - -

7-02 D131 - 2h - -

7-03 D149/D131 - - 2h -

7-04 SQ2 - - - 4h

7-07 SQ2+D149 2 1P - - 4

7-06 SQ2+D149/D131 - - 2P 4

3-04 D149/CA 2 h z - - -

4-01 D149/D131/0OA - - 2 h 3 -

4-03
SQ2/CA+D149/CA

4-08 SQ/CA - - - 4 h 3

4-07 SQ2/CA

+D149/D131/0A ) ) 2 h 2 4 Rz

2first step of sequential esensitization® second step of sequentialsensitization.

For each experimental serid31(49+D131+SQ2 andp-ZnO+D149+D131+SQ} fresh

dye solutions were usede., a total of 15 dye solutions were preparBge solutios
containingboth D149 and D131 wreprepared bynixing equal volumes of D149 and
D131 solutionor by combining appropriate amounts of both dyes with the solvent mix-
ture All dye solutions wersonicated for 10 minutes.
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Table 6: Dye solutions and adsorption times used to senstreenprinted nanopar-
ticulate ZnO filmswith D149, D131, SQ2 or mixtures thereof

sample

0.5 mM D149

e

4 mM CA

0.5mM D131

e

+1

0.25 mM D149
+0.25 mMD131
3 A mMOA

0.1 mM SQ2
z =
+10 mM CA

NP-01SQ2

4 h

NP-08 D149

2h

NP-10D131

NP-11D149/D131

2h

NP-02 SQ2+D149

4

NP-13
SQ2+D149/D131

2P

4

NP-04 SQ2/CA

NP-09 D149/CA

NP-15D131/0A

NP-12
D149/D131/0A

NP-05
SQ2CA+D149/CA

NP-06
SQ2CA+
D149/D131/0A

NP-07
SQ2/CA+D131/0A+
D149D131/0A

5

mP n

4 A

2 first step of sequential esensitization® second step of sequential-sensitization.

¢ third step of sequential egensitization

The porous ZnO films were cleaned in a UV/ozone cleanastgmbuilt by A.
Dragisset’ for 51 10 minutes and dried in an ovenl0i 140°C for at least 1 hour.
They were left to cool for 5 minutdsefore being immersed into the dyawions. All
adsorptions were carried out in the dark (covered by Al foil:s@usitization with
D149 and D131 was achieved by adsorkogh dyes at a time from the mixed solu-

tions, while combination of SQ2 with one or both of the indoline dyes wakhaedry
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sequential adsorption: the samples were immersed in the first solution, rinsed with etha-
nol and dried at air, and subsequently immersed into the second séltdlda 5). In

one case (sample NF7), a thirdstep followed after rinsing with ethanol and drying at

air. As a final stepf the adsorption proceduresach film wasinsed (once again) with
ethanol, dried at air and stored in the dark in atildd and Parafiim®sealed plastic

case until further se

2.5.4 D149+S1.1sPcZn (Giel3en)

Ethanolic (Roth, O 99.8% denatured)solutions of D149 (Chemicrea, batch B)
S1.15P¢Zn (BASF Switzerlangdproduct code €1663: mixture of 85% Zn(ll) phthalocy-
anine monosulfonic acid and 15% Zn(piithalocyanine disulfonic acidyr both dyes,

all containing cholic acid (\&ko,098%), were prepared with the concentrations speci-
fied in Table7.

Table 7. Composition of solutions and adsorption times used to sensitize porous elec-
trodeposited ZnO films with D14thd/or S 1sPcZn.

0.5 mM D149 | 0.75 mM S.1PcZn 0.5 mM D149
sample +1mMCA +1mMCA +0.75 mM S.1PcZn
in ethanol in ethanol + 1 mM CA in ethanol
5-02 ) ) 2 h
D149/S 15PcZn/CA2h
5-05
D149/S 15PcZn/CA - - 17.5h
17.5h
5-06
S1.19PcZn/CA ) 17.5h )
5-07
D149/CA 17.5h ) )

The solutions were sonicatati40i 60°C for 30 minutesPorous electrodeposited ZnO
samples were treated in a UV/ozone cleawestombuilt by A. Dragasser?) for 5
minutes, dried in an oven at 140°C for approximately 1 hour and left to cool for 5

minutes before they were immersed into the dye solutions. After 2 hoaisohours
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(cf. Table7), the films were removed from the solutions and rinsed witaneth dried
at air and stored in Nilled and Parafiim®sealed plastic cases in the dark until further

use

2.6 Characterization of (Dye-Sensitized ) ZnO Films

2.6.1 Analysis of Film Structure and Thickness by Scanning Electron
Microscopy (SEM)

Scanning electron microscopy (SEM) images of cross sectiobarefZnOfilms not

used for cell assembly were taken using a Hitach8@0 field enission scanning elec-
tron microscopeFor this purpose, small pieces of the samples werarmltfixed on
electrode holders using conductive carbon tape as showvigime 26. To prevent
charging of the films durim the measurement, carbon tape was used to form a contact
between the film and FTO/glass and the metallic sample holder.

porous ZnQO

I I M

______________________________

sample holder carbon tape

Figure 26: Preparation of ZnO samples for cross sectional SEM analysis.

Acceleration voltage and emissioarent were set to 5 kV and 10 pAhe porous film
thickness of @ samples was determined from the SEM cross section imagesoand
pared with theeharge transferred during their electrodeposition to obtain a factor allow-
ing conversion of transferred chargefilm thicknesqsee details in chapt8j.

2.6.2 UV/Vis Absorption S pectroscopy of Films

UV/Vis absorption spectraf the dyesensitized ZnO filmsvere measured in transmis-
sion modeby means ofn Hitachi U4000 spectrophotometequipped with ingégrating
sphere (sed forfilms sensitized with D149/CAt Gifu University or usingthe tec5
spectrometer system described in chaptéin combination with a tec5 SRREFL-50

integrating spheréemployedfor all remaining films) The sampls were illuminated



Experimental Procedures 84

from the substrate sid@gack side)through ablack aperture(diameter of 3i 4 mm),
positioneddirectly adjacent to theubstrate For the reference measurement, only the
aperturewas placed in the lighpath For comparisonUV/Vis absorptionspectra of
uncoated FTO glass plates and haweousZnO films (without dye) wereecordedAll
solid-state UV/Visspectra shown in this womkere corrected for constant offsets due to
light reflection and absormn by the substrate, determined at a wavelentjigre none

of the dyes absorbed ligftypically, 800 nn).

2.6.3 Determination of D149 Loading via D esorption

For the determination of the dye loading of ZnO films sensitized with D149 in the pres-
enceor absencef cholic acid(not used for cell assemb)yp149 was dissolved out of

the porous ZnO by immersirgjther whole films or film quartensito dimethylacetam-

ide (DMAA) ( Wa k o, @ dirBethglidrmamide(DMF) ( Rot h, inCPar& 9 %)
film®-sealed liddedjlass botésor quartz cuvette®r 1 day UV/Vis absorption spec-

tra of the resulting D149 solutiomgere measured as describe®id. From theabsorb-

ance spec# the height of the absorptiomaxima (locatedat 5307 532 nm) werede-
temined. The dye concentration in the solutiwas then calculated usiraps =ecd
(chapterl.4.1), with absas theabsorbancealuein the maximumd = 1 cm ande=
72350L mol™* cm® (reportedfor a wavelength of 530 nifor D149 dissolved irDMF,

see Supporting Information of&f. 3!, andused as an approximation for both DMF and
DMAA solutionsin this worK. The result was multiplied by the volume of the solution

(5 mL or 10 mL) and divided by trsamplearea to yield the dye loading in nmolénif
sample pieces rather than whole ZnO films (area = 0.28were used, the piecegre
scanned in front of millimeter paper on a Sharp office printer/scanner and the area was

determined by pixel counting using the image analysis software GIMP2.0.

2.7 Preparation of Counter E lectrodes

For all solar cells with photoelectrodes made of ebelgposited ZnO, counter elec-
trodes based on ATQantimonydoped Sn@)-coated glasgGeomatec, thickness 1.1
mm, sheet Qe wdresused. These were mepared in the Yoshioadtory
at Gifu University as described below. Some of the counter electrodes (usled der
ries D149 without CA D149+S1.15PcZn, and D149+D131+3Qfere prepared by
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ShigeoHori. For the cells with screenprinted nanoparticulate ZnO films as photoelec-
trodes, counter electrodes based-di0-coated glas¢ As a hi , t ypesslDUO, |
mm, sheet resistand® ohmf ) prepared by Hayatiurotaki at Yamagata hiversity

were used, because the Yoshida group had discontinued the use -@o&&@ glass in
their laboratory. For the preparation ofd@ated counter electrodesetconductively
coatedglasswas cut into3.5 cm x 2 cnpieces The glass sheets weamersed into
water (Milli -Q) with their conductive side facing dowandholes were drilled in the
center using a Minimdrilling system witha KM11H 35 motor a HO11 head, and
diamondcoated drill bit. The samples were rinsed with w#kéitli -Q), driedin an air

flow and cleaned in a UV/ozone b@kilgen UV253H with Ozone Killer unit UV253

0OZ) for 571 10 minutes. Ford.c. sputter deposition of platinurgBanyu Electron Co.
Ltd., 99.99%)on the ATOcoated side of the counter electrodes, a Quick Coat&t0BC
(Sanyu Electron Co. Ltd.) was employéa.gas (GC Tokai, 99.999%) was used to cre-
ate the plasma, antid sputteringcurrent was adjustl to 24 mA The sputtering time

was 5 minutesyielding semitransparent films

2.8 Assembly of Solar C ells

To assemblesandwichtype solarcells, hot-melt foil (Surlyn®, thickness 30 um) was
cut into2 cm x 2 cm pieces, anales with a diameter & mm were punched into the
certer of each pieceThe pieces were cleaned with ethanol (Wako, 99.5% or Rbth,
99.8) and driedn an air or nitrogen flow. RPtoated counter electrodes (cf. secton)
were cleaned in a UV/ozone cleanEilden UV253Hor custombuilt modef’) for 5
minutes prior to their usef not used shortly after preparatiofd part of thecut and
punchedpieces of Surlyn® foil were kindly supplied by S. Hori of Gifu University, and
some of thePtsputtered counter elgodes werekindly provided byS. Hori of Gifu
University or H.Kurotaki of Yamagata University (cf. secti@n’). Dye-sensitized ZnO
working electrodestypically sensitized 0 2 days, but never more than 5yda prior to
cellassemblyjand counter electrodegereassembleat a 90° angle to each othierthe
bottom part of a custotuilt 2-piece steel mounting devid&igure 27), with their
conductive sides facing eadtherand withthe cut and punched hotelt foil in be-

tween(Figure 28).
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et
B
£

= tool f wval of cell from |
top part bottom part b"c,‘;to‘;{;;"r;“"a ofcellirom my

Figure 27. Custombuilt mounting device for assembly of ebensitized solar cells.
Replica ofa devicecustombuilt by Gifu University, prepared by the workshop of the
Department of Physics at University of Giel3en.

In order b pre-seal theelectrodes together, the top part of the mounting device was
heatedto 1407 190°C on a ceramic top hot plate in an overand manually pressed

down on the stacked electrodes the bottom part of the mounting devicehe pre-
sealed cell was then taken out of the mounting device, both top and bottom parts of the
latter wereheated tdl407 190°C andthe sealing was finalized Iplacing the cell into

the heated mounting devian the hot plater on a laboratory countertagmd firmly

pressing the top part doviny handfor about 30 seconds

The thuso bt a i n e(loefor@ whseniol of the electrolyteglls were stored in the

darkin No-filled and Parafiim®sealed plastic casésor typically O 1 week
more than 3 weeks), before thkectrolyte wasnsertedon the day otheir first photo-

voltaic and photoelectrochemical charactdr@@aas described below. As an exception

from this, thecells ofthe seriesD149 with CA ¢hapterb) were fully assefled, filled

with electrolyte,and then storeh tightly closing plasticsample cases in a desiccator

(in the dark)for up to 2 daydefore beingharacterized (cfTable 30 in Appendix A).

As an electrolytea freshly prepared or stock solution (up to 4 weeks old) of 0.2 M |

(Wako, 99.8% or Scharla) 99.8%) and 1 M tetrapropylammonium iodide (TPAI)

(Al fa Aesar, 098%Bim 4olr(by Yolumea) mikture of ethylene car-
bonate (Wako, @D998)% aonrd Mecrectkooni tril ® ( Wako,
99.9%, anhydrous (ROTIDRY®)) was used.
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fill cell with
electrolyte
and seal

)

Gielken

. ZnOfdye ATO/glass/Pt or
FTO/glass/Pt

. Cu tape IfGa

carbon-filed
I:l Ag paste . adhesive

Figure 28 Scheme showing the steps of solar cell asseamuolycontacting

A small drop of the electrolyte was placed onto the hole in the counter electrode and the
cell was placed into a vacuum drying oven (Yamato DP3) or into rtiadl sransfer
chamber of a glove box (M. BRAUN LABmaster). The boxtransfer chamber was
evacuated and the cell was left in that condition for about 30 seconds to remove air from
the space between counter electrode and ZnO/dye film and to fill thesilaedectro-

lyte solution. The pressure was increased back to atmosphescgiethe sample was
taken out, andhie excess electrolyte was removed thoroughly from the back side of the
counter electrode using laboratory wigesl a small amount of ethandl necessary

The hole was sealed by placing a piece of Surlyn® (1.5 cm x 1.5 cm) aBccan X

1.8 cmcover slip (Matsunamtihickness 0.12 0.17mm or Roth, thickness 0.130.16

mm) ontothe back side of the counter electrode and lightly pressimgnan the cover
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slip either withthe hot (140 °C) top part of the mountidgvice (cf.Figure 28) or with

a soldering iron heated to 240°C. On the day of cell characterizatiowotikéng and
counterelectrodes wre contacted as illustrated kigure 28 using either In/Ga alloy

and Cu tape (Gifu University) or Cu tape (Plano, product no. G3940) and conductive
silver paint (ACHESON 1415 via Plano, product no. G3692) (Usityeiof Giel3en).

The active area of the solar cells V@238 cn?.

2.9 Characterization of Solar C ells

The main charactézation of the cells of series D149 with G#as performed at Gifu
University, while the remaining cells were fully characterized at Unityedcdi Giel3en.
The characterization in GieRen was largely realirgidg a customized Zahner CIMPS
(controlled intensitymodulated photocurrent and photovoltage spectroscysygnmfor
photoelectrochemical measurengenthis system was established as pdirthis work
and is described in detail in Append For the cells of series D149+&PcZn,
D149+D131+SQ2 as well as #m0O+D149+D131+SQ2J-V characterization under
illumination with LED light, EIS at opewircuit under illumination of varied intensjty
OCVD, charge extraction from op@ircuit conditions, shottircuit photocurrent de-
cay, IMPS, IMVS as well as intensitlependent shodircuit current andpencircuit
voltage were measured in an automated sequence using an AutoHsitkipy pro-
grammedby AndréDragassef’? In al other measurementthe input of the parameter
settingsandstarting of the measurementss performednanually.

2.9.1 Current -Voltage Characterization

The curremtvoltage curves ererecordedusinga Hokuto Denko HSV100 potentiostat

or a Zahner IM6 electrochemical workstatidrhe IM6 workstation was controlled via

t he nA CIl MR 8fdhe softwhre Thales, which was modified by M. Bed A.
Dragasser to allow use of external light sour@sAppendix B)when employing the
AStart Max. P & FXJchafaetegizationT @ meiasure thédMtlead f or
acteristics under AM1.5G conditions, the cell was illuminated MamashitaDenso

YSS50 solar simulatoror an LOT Oriel solar simulator LS0108ith AM1.5G filter
LSZ189 Thelight intensity of 100 mWcm was set by means of @i reference solar

cell or anEKO LS-100 spectroradiometefhe Yamashita Denso Y S5 solar simula-



Experimental Procedures 89

tor ard the Sireference solar cell belong to the Sedtdte Electronics Engineering La-
boratory at Gifu University (Prof. Nonomura), who kindly permitted use of dupiip-
ment.At Gifu University, thesample was positionesh aflat surface illuminatedrom

the top for the measurement of tk&/ curves under AM1.5G conditions, whitark
characteristicsvere measured with tHeght source turned off and treample covered

by a thick black piece of felAt University of Giel3enthe sample was fixed on a sam-
ple holder in a custonbuilt dark box to exclude the influence of ambient light and al-
low only the light of the solar simulator to enter through a hole (cf. Appendix B). For
the measurement of the da¥/ characteristics, the hole in the dark box was closed b

a shutterlf not indicated otherwisehé illuminated cell area wagenerallylimited to
0.196 cm using a black shadow mask with a circular hole with a diameter of 5 mm
(compared to a diameter of 6 mm of the -@gasitized films, yielding a total activarea

of 0.28 cm). Current densgies werecalculated using the illuminated cell ar@is ap-
proach relies on the assumption thatlthetation of the illuminated areaidinot signif-
icantly change the recombination current compared to a fully illundrei. Compara-

tive J-V measurements with and without mask confirmed the validity of this assumption
(chapter9.2). The internal currentoltage characteristics (illuminated) were obtained by
plotting the meased cell current against the Ferlavel voltageV: determined using

the results of impedance spectroscopy measurements under Altyp&@lumination

(see details i2.9.3. For plots of the series resistarm®rected currenvoltage curves

in the dark, th&/s values from EIS under AM1.5G type illumination were used as well,
because dark EIS data had typically not been obtained. This procedure is based on the
assumption that thital series resistandgef. chaper 1.4.4) is independent of illumina-
tion. The influence of elevated temperatures on the cuk@tdge characteristics in the
dark and under illumination was tested on a few of the cells with D149 and ctidlic a
by using a hairdryer (Clatronic) to heat the air around the cell to about 70°C (as deter-
mined by a Greisinger GTH 1200 digital thermometer) and measitvhcurves under

these conditionby means of the Zahner/LOT Oriel setup

2.9.2 Measurement of the Incid ent P hoton -to-Electron C onversion

Efficiency (IPCE)
Measurements of the incident photimrelectron conversion efficiency were performed
at shorfcircuit, i.e. with a bias voltage of 0 V applied to the solar @gie illuminated



Experimental Procedures 20

cell area was restricted 0.196 crm using a black shadow maskd current densities

and IPCE valuesvere calculated based on this ar@a Gifu University, the measure-
ments were realized usirgg BunkeKeiki CEP-2000 system. Thehoton flux density

was kept constaratt 5-16° scm?, bothovertime and over the wavelength range inves-
tigated The cell was contacted to the cables of the setup and placedamnpéestage

so that the active area wpesitionedin the light beamBy making slightmanualad-
justments to the sampf®siion the locationof highest light intensityi(. in which the

cell showed the highest photocurpewas found, and the sample was fixed there for the
subsequenmeasurementThe wavelength rangef the IPCE measurementas 300i

800 nm and the step widtilas5 nm. For IPCE measurementd University of Giel3en,

two different systems were usedmparatively referred to as Zahner system akcl
ton/Ivium system(cf. AppendixC). The Zahner system consisted of a customized Zah-
ner CIMPS setuffcf. AppendixB) with CIMPSpcs adédon containing a TLS02 light
source(including amonochromatqgr as well aghe Thales software addn CIMPS-pcs

for control The light source was operated galvanostatically with a sinusoidally modu-
lated current of 300 mAd(c. bias current+/- 100 mA @.c.amplitude).The frequency

of the modulation wagenerallyset to 1 Hz, and the number of cycles recorded and
averaged for each wainsdme eagi¢nteasfrdmerntéenes 0 ) was
D149 without CA, a modulation frequency 40 Hz was used with a count of 10the
Acton/lvium system was developeals part of this work in cooperation with
Birkenstock’ and combinec 1000 W Xe arc lamp (OrieWith an Acton SpectraPro
2300i monochomatorand a LabVIEWbased sdfvare created by J. Birkensto€R The

light beam leaving the monochromator entered a dark box, in which the sample was
fixed on a sample holder, through a holée photon fluxdensity was constant over

time (i.e.,not modulateyland its value at the location of the sample was determined as a
function of the wavelength prior to the measurement of the spectral solar cell current
using aThorlabs FDS100 Si photodiodixed on the smple holder The maximum
photon flux density was observed at 470 nm, and typically showed a value around
7-10%7 8-10° stcm? (spectrum in Appendic). The IPCE values at each wavelength
were calculated from the wavelengtbpendent photon flux at theclation of the sam-

ple and the wavelengitlependent solar cell current density under the assumption that
the IPCE did not change due to the variation of the photon flux over the range of differ-

ent wavelengths. This was confirmésee Appendix Chy their experimentally ob-
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servedinear dependence tiiec e | currerid densityn the light intensity of eed LED
( Zahner nRTI63Drim) Thewavelength range and step width were 4330
nm (maximum rangegnd 5 nm for the Zahner system, &8&Di 700 nm (350° 800
nm for cells with reéabsorbing photosensitizers) and 10 nm for the Acton/lvium sys-

tem.

2.9.3 Electrochemical Impedance S pectroscopy (EIS)

For electrochemical impedance spectroscopy (EIS) measurerae8tdartron Imped-
anceGainPhase Analyzer 1260 combinedth a Solartron potentiostgglvanostat
1287, or acustomized Zahner CIMPS systevith IM6 electrochemicalvorkstation(cf.
Appendix B)was employed Measurementst varied bias voltagender white light
were performed using ~60 mWdhilumination by a 200 W Xe arc lamp (Ushioy
using AM1.5G-type illumination (100 mWim?) by an LOT Oriel slar simulator
LS0106 Additionally, many of the samples were studied by Bt®pen circuit at a se-
ries of light intensities by a red LED (Zahner RTR&{ax= 632 nm) and a small selec-
tion of cells was analyzed IS at varied bias voltage the dark-Table 33 (Appendix

D) contains a detailed list of the types of EIS measurements performed for the different
groups of cells, and specifies the corresponding bias voltage range, amplitude of the
voltage modulationand frequency rangén the measurements under illumination, gen-
erally the full cell area of 0.28 chwas illuminated, except in the measurements per-
formed at Gifu University, wheré¢ illuminatedarea was limited to 0.196 éwith a
black mask with ciralar hole.All impedance spectra were fitted the equivalent cir-
cuit shown inFigure 106 (Appendix D) usingthe software ZView?2 to obtain the re-
combination resistand&ec, chemical capacitancg,, substrate resianceRs, and ohmic
parts of the electrolyte and counter electrode resistaRgeand Ret. The Fermilevel
voltageV: was determined using eq.6)5and eq. (3) or, alternatively, using eq. &b
with the approximatiofy = O (Rr could not be determineas it was not distinguishable
in the EIS spectrajThe density of stateg(Es) in the nanostructured ZnO films was
calculated from the chemical capacitaieobtained by EIS using eq.g% assuming a
porosity of 0.6 for the electrodeposited ZnO filmsda0.7 for the nanoparticulate
screenprinted Zn@Ims.*3 To obtainthe normalized chemical capacitance (normalized
Cy), Cu was divded by the relative total trap densktyN ref(cf. section2.9.7).
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2.9.4 Stepped Light -Induced Transient Measurements of Photocurrent
and Voltage (SLIM -PCV)

Time-resolvedmeasurements of thieecay ofphotovoltageor photocurrent after a small
stepped change in ligimtensity (SLIM-PCVY%4 were realizedat Gifu University with
the help of afEKO PSL-100 sysem withred diode laser (660 nm).

For the transient measurement of the photovoltage,cell was kept at open circuit
throughout the experiment. Measuremenith wix different initial laser voltages were
performed: 0.9 V, 1.2V, 15V, 19V, 2.3V, 3.5 V. The light intensities corresponding
to these laser voltages were measured using an EKODQSpectroradiometdfollow-

ing a 10-60 ssettlingtime, in whichthe cell was illuminated with the initial laser inten-
sity andallowedto equilibrate the systembegan to record voltag@ne data The sam-
pling interval was set to 200 ps and the total number of recorded data points was 1000,
resulting in a totalecordirg time of 0.2 s. After 10% of the specified total time, the
laser voltage waautomaticallystepped dowro a previously defined final laser volt-
age. The latter was chosen to be 0.00.03 V smaller than the iitial laser voltage,
leading to a small redtion of the light intensityand a decrease of the oparcuit pho-
tovoltage bytypically 1 mV. With the help of thd®SL-100 software, thelectron life-

time (was determined by fitting thebtainedvoltagedecays to a monoexponenti-

t-
cay function of thetype Voc =Voc,o0- COHSQL GX%ME}J whereVe is the open
e
circuit photovoltageVoc ois its equilibrium value before the onset of the decanstis

a constantt is the time andb is the time of the onset of the decay

The transientphotocurrent measuremenising the EKO PSI100 systemwere per-
formed under shoitircuit conditions The same set of initial laser voltages as in the
voltage measurementgas usedandthe final laser voltages were again 0100.03 V
smaller than thearresponding initial voltags. While the sttling time wasagainchosen
to bebetween 10 s and 60 the ampling interval and total number of data points were
set to 30 us and 1300, amounting to a total measurement ti@terd. As in the volt-
age measurements, the laser voltags 8&t tobe stepped dowrftaer 10% of this total

recording timej.e. 3.9 ms The resulting current decays were fitted to a monoexponen-

tial function of the typeJdsc = Jsc,0- COHS@' eXpBegQJ using the PS1100 soft-
é

¢
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ware, wherelsc is the shokrcircuit current,Jscp is its equilibrium value before the onset
of the decaygonstis a constant,is the timefo is the time of the onset of the decay, and
Uis the time constant of the decay. Based on the fit result, the software automatically

calculated the diffusion @fficientDn viaeq. (71).

2.9.5 Open-Circuit Voltage Decay (OCVD) M easurements

To measure the decay of the photovoltage under-opeunit conditionsthe customized

Zahner CIMPS systerfAppendix B)with CIMPSHit addon was used with a red LED

(Zahner RTR01)Thecell was illuminated with dight intensityof 25 mWcn?. After a

settling time of 5 s, the voltage measurement was automatically started. The resolution
and total measurementtiniep ar a met e r were setto 0.1dms tarid B0esOAfter
10%(valueof t he par amet eofthditpal redagemanptimej.e.86h ar e 0)
the LED was turned off by the ggsn and the voltage started tacdg. Using OriginPro

9.1 software, the voltage decay curves were smoothed (SaGizlay smooth, ? or-

der, 5@-points windows) and differentiated, and the reswise used to determine the

voltagedependenelectron lifetimel} according teeq. (70).

2.9.6 Charge Extraction M easurements from Open -Circuit C onditions

Charge extraction from opegircuit conditions was realized by means of 81O PSL-

100 measurement setup with 660 nm laser u s i negx ttrhaecti @ no f unct
Zahner CIMPS system with red LED (RTRO&sax = 632 nm)or cyan LED(Zahner
CYRO01, amax = 513 nm). In the measurements with the R$Q0 system,he laser volt-

ages corresponded to the ones used in thedapendent current anabltage measure-
ments (see secin 2.9.4. For each laser intensity, the exact op@&nouit voltage was
determined prior to the charge extraction measurements by applying: iieserved in

the first part of the timeesolved photovoltage measurements (6a@i9.4 and then
making small changes to this applied voltage until the current measured by ti®®SL
system was as close to zero as possible. Thediétesmined opewircuit photovoltage

was then appliedbtthe cell while it was being illuminated with the corresponding laser
intensity. After an equilibration time of 10 s, the data measurement was started by the
system. The sampling interval and total number of data points were 200 us and 6000,

resulting ina total measurement time of 1.2 s. After 10% of this total time (i.e. 0.12 s),



Experimental Procedures 94

the laser was turned off and the bias voltage was switched to 0 V-¢gieart condi-

tion), causing the charge stored in the ZnO to be extracted. By means of ti®®SL
softwae, the current recorded during the extraction part was integrated over time to
yield the chargeoc stored in the porous ZnO films under opmrcuit conditions at
different light intensitiesln the measurements with tdahner CIMPS systenthe tar-

get wltage was set to 0 V and the discharge current (Zaspemific paramet$t’* was
typically setto 400 pA. The sample time (resolution) was 10 ms. The cell was illumi-
nated under opeaircuit conditions for 10 s, after which the LED was automatically
turned off and the cell was simultaneously stooduited. The resulting current was
measured for 20 s, and the system delivered the extracted afgarrent integrated

over time) as an output. The measurement was performed at 12 different LED intensi-
ties between 0.5 and 25 mW2énThe Qo obtainedoy both measurement systems were
converted into the electron density: using eq. 72), with the porosityp assumed to be

0.6 for the electrodeposited ZnO films and 0.7 for the nanoparticulate screenprinted

ZnO films.136

2.9.7 Short-Circuit Photocurrent Decay Measurements (Charge E xtraction
from Short -Circuit C onditions)

Time-resolved measurements fofl shortcircuit photocurrent decay® determine the
charge stored in the porous ZnO under shimauit conditions,Qs;, were performed

using the EKO PSI1100 systen{cf. section2.9.4and2.9.6 or the Zahner CIMPS sys-

tem with red Zahner LED (RTROBmax = 632 nm) and CIMPEIT addon. For the
measurements with the P800 setupthe same procedure and parameters as in the
charge extraction measurements from epecuit conditions were appliedut thecell

bias voltage was set to 0 V (shaitcuit) for all laser intensities. For each cell, the
background current due to small amounts of background light was measured by repeat-
ing the shorcircuit charge extraction measurement with a laser voltage \of All
charges were automatically determined from the current decay curves by tHi®®SL
system. Thdackground charge was subtracted from the charges measured at different
laser intensitiego yield the inensitydependenQsc In the measurements withe Zah-

ner CIMPSsygem, te cell was allowed to equilibrate during a settling time of 5 s be-
fore the recording of measurement datas started by the systeResolution andotal
measurement tim( par amet er \ieresettoOrlans and male)ED was
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switched offto start the current decajter 1 s corresponding t@ value 0f20% of the
par amet er i pr etheshagegikotal medswemend timgfter.which the
LED is switched off) The experiment was performed It differentLED intensities
between 0.1 and 25 mWcintegation of the current over time, whiebas performed
in OriginPro 9.1in an automated process using an Orgased script programmed by
André Dragasset’? yielded Qsc for each of thdight intensitiesinvestigatedQsc values
from the measurementwith both setupsvere converted into the electron densiiy
usingeq. (72), assunmg p = 0.6 for the electrodeposited @nfilms andp = 0.7 for the
nanoparticulate screenprinted Ziins.'3® The short circuit electron density was plot-
ted logarithmicdl against the shostircuit currentdensityJsc, andthe factors necessary
to align thensc vs. Jsc curves witha reference curve wemetermined. These factors cor-
respond to relative values of the total density of trap stétesth respect to the refer-
ence celP>?which will be referred to adli/Nrerin this work

2.9.8 Intensity -Modulated P hotocurrent /Photovoltage Spectroscopy
(IMPS/IMVS)

All IMPS and IMVS measurements were performed uding customized Zahner
CIMPS setup with red LED (Zahner RTROThe constant backgund Ight intensity
was varied between 0.1 and 25 mW&mwith up to 12 light intensities in between. The
amplitude of the light modulation was set to be about®% of the constant back-
ground light intensity, except for the smallest light intensitie§.1 and 0.2 mWcr
for which the amplitudewvas about 25 45% of the background intensityhen using
the smallest value the system allowse lower frequency limit wachosen between
100 mHzand1 Hz, while the upper limit was 100 kHz 1 MHz. IMPS was measured
under shortircuit conditions, while IMVS was done under opgrcuit conditionsThe
real part(Re)and imaginary partim) of the IMPS and IMVS spectra were fitteging
eq. 1) and eq. §2),2%® with ¥ min= 1/ in the case of IMVS an®min= 143 in IMPS, to
obtain the effective electron lifetiméand the electron transit timg. For each cell e
fitting for the complete serie®f measurements at differehght intensitieswas per-
formedin OriginPro 9.1 in an automated way using an OHgased scripprogrammed
by AndréDragéassef/? The scriptallowed either a separate fitting of the imaginargt pa

or a combined fitting ofeal part and imaginary paytelding values for theparameters
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M and Uthat are optimized for both functionk.not otherwise mentioned, the results

obtained by the combined fitting are presented.

2.9.9 Intensity -Dependent M easure ments of Short -Circuit Photocurrent

and Open -Circuit P hotovoltage

The shorcircuit photocurrent and opesircuit photovoltage of the solar cells were

measured as a function of the light intensity usingfittet at i ¢ transfer funct
of the customezed Zahner CIMPS system with ré&ED (RTRO1). The intensity was

varied between 0 and 25 mwe&nm 0.5 mWecn? steps. After each change in light in-

tensity, a settling time of 2 s allowed the ¢elbadjust to a new equilibrium
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3 Nanostructure and Film Thickn ess of the

Electrodeposited Porous ZnO Films

The preparation of porous ZnO by electrodeposition in the presence of the structure
direction agent eosin Y is most commonly realized using an eosin Y concentration of

40 to 50 &M and a nutahdaf-0.8¥ vsc AgAgChoo maretnega-n  p o't
tive 25 136, 137, 186, 213 nder these conditions, a fast deposition of ZnO/eosin Y hybrid

films is observed and the structtdieecting agent can be completely removedrfrine

pores of the ZnO matrix by soft alkalineeatment® 3 The resulting porous ZnO

structure exhibits typical pore sizes of arodfid 20 nm.2” 18 At less negatig deposi-

tion potentials (and using4®0 e M of eosin Y), smaller am

porated into the film and it is difficult to extract tB®A.2"°

In the electrodeposition of the porous ZnO layers used in this work, a slightly different
approach was utilized, which has first bestndiedin a PhD project in the group of T.
Yoshida?’® In this approach, an increase of the concentration of &bginthe deposi-

tion bath to several hundreds of UM opens up the possibility of applying a less cathodic
deposition potential but nonetheless obtairtydrid films with high loadings o&o-

sinY that are fullyremovableby the standard alkaline treatmé#ft.2’®Besides the ad-
vantage of requiring a smallpolarization potentialit was found that it leads to rils

with a more homogeneous film thickness and improved mechanical stability compared
to porous ZnO prepared under the abdescribed standard conditioff§.The specific
deposition parameters used hér800 uM of eosiny and a potential 0f0.75 V vs.
Ag/AgCl 1 yielded ZnO layers with a nanostructure as seen in the scanning electron
microscopy image ifrigure 29. The columnar structure closely resembles thdtiros
deposited at more negative potentiaénglower concentrationsf eosin Y28 27, 136, 277

with a similar’’ averagepore diameter estimated from thiisage to be in the range of

207 30nm.
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Figure 29: High resolution cosssectionalSEM image of an electrodepositedrqas

ZnO film typical of the films used in this work. The sample was prepared by electrodep-
osition from an aqueous, oxygsaturated bath containing 0.1 M KCI, 5 mM ZnCl

and 300 uM eosin Y. The deposition potential viag5 V vs. Ag/AgCReprinted from

ref. 2’8 Copyright2013 with permission from Elsevier.

The fabrication othe samplesisedfor the studies in this thesiwas realized by means

of a custordbuilt setuppermittingelectrodeposition of ZnO ogightsulstrates at a time
under exactly the same conditions with respect to temperature and concentrations of
reagentsn the bath Besides being timefficient, this approactwas expected toffer

the advantage ofabricating &ts offilms of highest reproducibilitywhich isa crucial
preconditionfor the systematic study of modifications in tiphotosensitizetayer in-
tendedn this work To verify the comparability of simultaneously deposited ZnO layers
and examine theatchto-batchreproducibility, the curreatime curves attained during
deposition were analyzed for each sample utilized to build test solar cells (cf. full list of
samples inTable 30). A number of films that were not used for cell assembly were fur-
ther analyed by crossectional scanning electron microscopy (SEM) to relate the ob-

served currentime curves tdhefilm thickness.

A representativexample of a set of chronoamperograms obtained in the deposition of
eight ZnO films can be seen kigure 30. On the left, the currefitme curves during
electrochemical activation of the substrates and deposition of the compact ZnO blocking
layersareshown, and on the right, the curves recorded during deposition of the porous
ZnO films are presentedThe observed behavior is typical for this pretreatment and

depodtion routine® 2% 2°The achieved current densiyring activatiorwassimilar to
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that reported previously for the samprocedurg® confirming successful activation of
the substratand, as a result, observation of a diffusiionited oxygen reduction cur-
rent Note that the chronoamperograral8 exhibit very similar shapes and the current
densities show littlsampleto-samplescatteing. Thissuggest that thereduction of Q
and thefilm growth proceededlentically, which gives &rst indicationthat theinternal
morphologies andilm thicknessef these layershould be comparabks well Sam-
ples with a notably different behawiof the activation or deposition current (such as

A 2 oFigura 30, left) were generally sorted out and not used to build DSCs.
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Figure 30: Chronoamperogramsecorded duringthe simultaneouselectrochemical
preparation of 8ZnO films. Left: current density during electrochemical activation
(electrolysis in the absence of Za@hd eosin Yjor 30 minutes andubsequent block-
ing layer depositiorior 10 minutesRight: Current density during deposition of the po-
rous layer in the presence of eosirfoY 30 minutes (directly following activation and

blocking layer deposition)

Figure 31 presents crossectionalSEM images of five of thB samples corresponding to

the chronoamperograms shown abd®erous film, compact film and FTO layer could

be easily distinguished based on differences in contrast (see areas highlighted in green,
red, and blue)The thickness of the porous layer was mesdfrom images takemt

three different places along the diameter of each fifing image analysis software.

The average valuesrangel from 4.4 to 4.7 umwith lateral variatioa o f O 0.1 On
(Figure 31). This SEM-based thickness measurement was repdated/e more films

taken from two other batches



Nanostructure and Film Thickness of the Electrodeposited Porous ZnO Films 100

-

mn! )ihldQ

G OK&Q‘G‘-‘

5.00um

Figure 31 Scanning electromicroscopy of cross sections£iO films electrodeposit-
ed in parallel usinga custorrbuilt 8-electrode deposition setup. Deposition conditions
as specified irFigure 29. The film thicknessed (subscript indicates sample nawe
averages of values determinidm three different imagesakenalong the diameter of
each film: close to the left edge, in the film center, and close to the right edge.
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Figure 32 Film thickness of porous electrodeposited ZnO films determined from SEM
cross sections as a function detcharge transferred during their depositidrne red
line is a linear fit to the data (intercept fixed at SEM film thickness = 0 um).

Based on these results, the thickness of each @i¢lsrodepositednO films used for
DSC assembly in this worgseeTable 30, Appendix)was determined using the depos-
ited charge and the conversion factorlef3um-(C-cn¥)?, cf. Figure 32. The narrow
distribution of thicknesses for this large numbesamplesFigure 33, further confirms
the highsampleto-sample and bateto-batchreproducibility ofthe electrodeposition of

porous ZnO using the-8lectrode setup.
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Figure 33: Thickness distribution of the electrguisited ZnO films used in the present

work.
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4  Reproducibility of the Properties of Standard Cells

Each of theexperimental series discussed i thresenwork includedone or more
standar® ZnO-basedDSCs sensitigd with D149or D149/CAfor 2 hours(cf. Table

30). The properties of these cells mostly served as a reference point to discuss the influ-
ence of adsorbing different sensitizers and/or coadsorbBles present chapter will
mainly focus on the reproducibility among the two groups of standard samples (D149
and D149/CA), while the significant difference between samples with and without CA

will be discussed in detail in chapter

The absorfpion spectra of the D14%r D149/CAsensitized electrodeposit@hO films
of chapter5 (Figure 34 (a)), which werefabricatedat Gifu University or University of
Giel3en showed negligible variationswithin each set o3 identically preparedfilms

stored for the same time prior to sensitization (see labé&lgure 34).
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Figure 34: UV/Vis absorption spectra of varisuporous ZnO films sensitized with
D149 or D149/CA for 2 hours using D149 of synthesis batch A (a) or synthesis batch B
(b). Curve labels correspond to the age of the ZnO f{imgnonths)at the time of dye
sensitization. In the legend$iet numbers in pantheses indicate the chaptemmbes

in which the samplewill be discussed in detail.

This demonstratesxcellent reproducibility of the dye loadifigf. eq. (24))for electro-
deposited filmf the same aggensitized at a given laboratowyhich allowed to forgo

the preparation of multiple samples with identical preparation conditions in chépters
through8 in favor ofexploring a large number of different dye/dye and dye/coadsorbate

combinatias. The optical absorption anO films sensitizedvith a different batch of
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D149 atUniversity of Giel3erat a later timgdashed lines ifrigure 34 (b)) was largely
comparabldo that of thethree films withD149 of chapters (dashed black lineis Fig-

ure 34 (a)) except for slightly increased peak heighithus neither the increased age of
the electrodepositedilms at the time of sensitizatiof21 i 22 months compared to 3
months cf. Figure 34), resulting fromseparated experimental peripa®r the use of a
different D149 synthesis batch had a significant effect on the amount of D149 loaded
into the ZnO films in the@bsence of CAThe D149CA samplegrepared at University

of GielRen golid linesin Figure 34 (b)), on the other hangyresentectlearly smaller
absorption peakthan theD149CA samples prepared Gifu. This may, at least in par
berelated to the fact that the sensitization and optical characterizagi@parformed

in two different laboratoriesi.e., under slightly different experimental conditions (cf.
chapter2.5). Moreover,theincreased age of the samples might have led to a change of
the ZnO surface (see below) that, in the competitive adsorption of D149 and CA, fa-
vored adsorption of CA over adsorption of D1#ar electrodeposited ZnO films of
similar age sensitized with D148% D149/CA in GielRerfred and pink curves), quite
comparable absorbance curves were foagain confirming reproducibility at a given

laboratory.

The trend of the shottircuit photocurrent densitiekcand opercircuit photovoltages
Voc in the currentvoltage characteristicdigure 35) of the solar cells built from the
D149sensitized ZnO filmsvas approximately in line with the trend of their dye load-
ing: the cells with D149/CA of chaptérshowel reproduciblelsc and Voc, which were
larger than those of theell with D149/CA basedon nanoparticulate ZnO (chaptéx.
The smallestlsc andVoc were found foithe sample with D149/CA of chapté For the
cells with D149 (without CA) based on electrodeposited ZREandVoc also decreased
between the cells athapters (again all showing similar curveahd those of chapté
even though the dye loading was slightly larger in the lafieis indicates a reduced
efficiency of electron injection from D149 to ZnO (cf. chaf@ds), which was probably
the result of chemical chaagof the ZnO surfaceinder the influence of atmospheric

oxygen and wateduringthe longer storage times of the ZnO films prior to dye adsorp-

ton( whi c h, however, did not negatively affe

in the absence of CA).
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Figure 35 Currentvoltage characteristics of the DSCs based on Db49D149/CA

sensitized ZnO of different chapters, as indicated by the numbers in parentileses

cells were built from the two additional films produced éomparison in chapteb

(pink curves in the previous figure).

I n a Master o6s

version efficiency was found for DSCs based on D149#8Asitized ZnO in cases in

project

perfor med

wi t hi

which the ZnO films hd been stored in water for 100120 days prior to their us&®

n

Storage under air of the present filmay have caused a similar type of degradation,

albeit less pronouncegdiven the smaller changes in treell performance The time

dependent development of the properties of fully assembled DSCs will be addressed in

depth in chapte9.

Since theD149 or D149/CA cells allcontained the same sensitizer ansitiz-

er/coadsorbate combination, variations in taeombinatiorbehavior among tise sam-

plesshould primarily be determined by differences in their trap distributions (cf. section
1.2.3 eq. (19)), se€igure 36. TheD149 and D149/CAellsbased on electrodeposited

ZnO of chapter6 anda D149/CA cell prepared from a 19 months old electrodeposited

ZnO film with longer adsorption time (chapt®) all showed comparable trap distribu-

tions A slightly reduced density of states at a given Fermi lexasd observed for the

D149 cells of chapteb and aclearly steeper trap distributiofeaturinga significantly

reduced dengjtof states at higher energiessfound for the D149/CA cells of chapter

5. The good reproducibility within the groups of D149 or D149/CAcbépter 5 was

again confirmed.

t

he
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Figure 36: Density of states g within the ZnO band gaps a function of the quasi
Fermi energy(Em = q\k) for cells withD149 orD149/CA of diffeent chaptersas indi-
cated in parentheseg(En) was calculated from the chemical capacitance measured by

impedance spectroscopy (eq. (45)).

The difference between the trap distribusarh the electrodeposited cells with D149 or
D149/CA of chaptel5 could have been an effect of the coadsorbate cholic acid (cf.
chapterb) that was not reproduced in later experiments as a result of the different batch
of D149 used. lis conceivable that batch B of the indoline dye contained impurities
that coadsorbed to ZnO and had a similar effect on the trap distribution as CA, thus
masking the effect of the additional presence of CA on the trap distribntiob49/CA

cells with repect to D149 cellsOn the other hand, the trap distribution in the electro-
deposited ZnO films may also be influenced by the age of the film, so that the increase
of g(Em) from the D149/CA cells of chaptérto the D149 cells of chaptérto thesam-

plesof chapterss and8 may reflect an increase of the density of traps witheiasing

film age from less than 2 weeks to 3 months td9 months.The D149 and D149/CA

cells fabricated from nanoparticulate ZnO show clearly different trap distributions com-
pared to the electrodeposited cedisggesting thate propertiesof these celi should be
discussedeparately from those of tieéectrodeposited cells, selkapter7.
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5 Influence of D149 and Cholic Acid Molecules on
Photovoltaic Performance and Recombination in
Dye-Sensitized Solar Cells Based on

Electrodeposited ZnO

5.1 Optical P roperties of the ZnO/D149 P hotoelectrodes

Theindoline dye D149vas adsorbed to electrodeposited porous ZnO fitmg4, 2, 10
or 120 min with or withouthe coadsorbateholic acid in the dye solutioihe UV/Vis
absorption spetra of the resulting ZnO/dye and ZnO/dye/coadsorbate fithexhibit
a main absorption band in the same wavelength rangleeasolution spectrumi.e.,
around 500 550nm (Figure 37).
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Figure 37: UV/Vis absorption spectra of D14fnsitizednO films with (Gifu, —) or
without Giel3en----) coadsorbateand of D149 in DMF solutioig). The dye adsorp-
tion timefor the filmswas 1 (light magenta), 2 (pink), 10 (purple) or0l@lack) min.
Eachfilm spectrunis the average of spectra 8identically prepared sampleReprint-

ed fromref. 2’8 Copyright2013 with permission from Elsevier.

" Most of the original work presented in this chapter has been published in
J. Electroanal. Chen¥09(2013, 10-18.
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However,the film spectraare significantly broadeaindin some cases show a different
shape These observations are the resultlpé-dye interaction (aggregatioapdbr dif-
ferences in the dielectric environmeuit the dyecaused by adsorption to ZnQhe
strongest deviationsom the solution spectrurare found for long adsorption timg4d.0

min, 120 min) in the absence dfolic acid(purple and blackijashedines) The corre-
sponding spectra show stronglgyanmetric absorption bandgth a redshifted maxi-
mumwith respect tdahe solution spectrunthis kind d peak shape hgseviouslybeen
observed ilJV/Vis absorptionspectra of the indoline dy2102 adsorbedn TiO, and

has beersuggested to indicatbe presence ofdggregate®® 24% 281|n this type ofag-
gregaes the molecules which aregenerallyexpected to lie almost flat with respect to
the semiconductor surfaéd, are arrangedheadto-tail, with the head roughly corre-
sponding to the carboxylic acid anchoring gram the tail corresponding to tde
(2,2-diphenylethenyl)phenyfiroup?®! However, it shouldoe noted that in the present
spectrathere is not only an increase in electronic transitions with lower energiesr(highe
wavelengths), but a part of thlescillator strength islso transferred to a blushifted
transition Thisis even moreapparentn the spectra of the films with cholic acid (all
adsorption times) or without cholic acid and shorter adsorption timesn12nnin).
Here, the maximum of the absorption band is shifted to slightly shorter wavelengths
compared to the peak of the solution spectramobserved before for D14@nsitized
Zn0.?82 Blue-shifted absorption bandsf dyes can indicatethe presence of H
aggregates, in which the molecules are arrarfigeglto-face, i.e., with theimolecular
planeson top of each othe&f® 281 2830n the other hand, the observed blue shift may
also be the consequencetioé difference in dielectric environment between the dyes in
solution and adsorbed to Zrf®f.Hence, the optical measurements of the present films
only tentatively suggest theresence of Faggregates under all conditionsjt deliver
stronger evidence of &dditiona) formation of Jaggregatesit high adsorptiortimes in

the absence a€A. When comparinghe spectra dilms preparedvith adsorption times

of 10 min or 120 min with or without cholic a¢id can be clearly seethat the use of
the coadsorbate removes the asymmetry aneshigd of the main absorption band
Thus, thepresencef cholic acid at least partially suppredsagregatiorof D149, even
though in the present group of samples the dye loading in films with cmtcwas
higher than in films withouCA (see discussiofurther below). While the aggregatien
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preventingnfluenceof cholic acidor cholic acid derivativelas already been suggested
in previous studies on the basis of efficiency improvement&)? 2'%he present results

deliverthe firstclearconfirmationof this effect byoptical absorptiomeasurements.

Assuming that the absorption of light by th&49-sensitized films can be described by
the BeerLambert law (eq. Z4)), the spectra&anbe used tassesshe concentration of
dye molecules in the filmsThe presence of dye aggregates with excitation energies
different fromthat of monomeric D149, particularly in films with loadgsorption tims,
indicaes thatthe integrated absorbance (eq. (28)) rather thapeakvalue of theab-
sorbanceshould be used asnaeasure for théotal dye concentration in the samples in-
vestigated here

700nm 700nm 700nm
abs, = ﬁ;\bsda= ﬁabsM +absg,; +absy, +...)da~= do ﬁe,\,,c,\,I +E431Ca1 T Ex2Cho +...)da
4251m 4251m 425nm (73)
a 700nm 700nm 700nm 0
=d ('§§M O fPude+ca O fpudetcy O I’FAzda»+...8
(o3 425m 425m 425m +

where the integral was chosen to ext@ver the width of the main absorption band
(4257 700 nm).In eq. (73), the overall measured absorbance is described as a superpo-
sition of contributions arising from dye monomers (M) and different types of dye ag-
gregates (Al, A2, and possildfiether types), with every species exhibiting a different
wavelengthdependence of the molar absorptivith, Ch1, Ch2, etc). cu is the concen-
tration of dye molecules in monomeric form asd, ca2, etc. are the concentrations of
molecules in aggregateBhe integral of the molar absorptiviover the wavelength is
proportional to the oscillator strength tbe transition and depends on the average tran-
sition wavelengtit®® Since aggregation in the present case only shifts the average tran-
sition wavelength by small amounts and sincetthal oscillator strengtlof the transi-

tion can be expected to lsenstant for a monomeric dye andlye in an aggregafé®

the three integrals ithe last part oéq. (73) should be approximately equal. As a conse-
guenceabsnt should be a suitable measure for the sum of the monomer concentration
and the aggregate concentrationg.test the validity of this approadwo separateses

(not used forcell assemblypf D149sensitized Zndilms with and without CAwere
prepared and characterized by sdlidte UV/Vis absorption spectroscopy before the
D149 was desorbed from the filmsing dimethylformamidand the optical absorption
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of the obtained dotions was measured. Thabs: determined from theolid-state spec-
trais plotted inFigure 38 (left) against thalye loading in the filmper projected sur-
face aredliaye) as determined from th@aximum absorbanasf the desorptiorsolution
spectra assuming a correspondimgolar absorptivity 0f72350M-1cmt.3! For compari-

son, Figure 38 (right) shows the relationship between the maximum absorbance of the
solid-state spectra andiye Both absn and absnax (films) show approximately linear
dependence ofigye As expected, howevethe correlation betweeabsn: and Gaye iS

more signifcantthan the one between the maximum absorbance of thestatelspec-

tra anddiaye (adjusted R of 0.952 compared to 0®0). This confirms hatabs. is abet-
termeasure for the amount BfL49 inthe filmsthanabsnax, for all adsorption times and

in the presence or absence of cholic acid.
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Figure 38: Maximum absorbance ahs (left) and ntegrated absorbance akhgright)
from solidstate UV/Vis absorption spectad ZnO filmssensitizedvith D149 fordiffer-
ent adsorption times (see labeig) the presence (filled symbols) or absenemity
symbols) of cholic acid. The values are plotgainstthe dye loading in the filmsThe

lines are linear fits to the dataith fixed intercept at (0]0)

The integrated absorbance values determined from the speEiguie 37 are given in
Table 8. Upon increasing the adsorption time from 1 m@rl20 min,abs. and hence

the amount of D149 in the ZnO films increased by a factor of approximately 4.5 (with
cholic acid) or by a factor of about 3 (without cholic acid), respectiMdiyrte D149

was adsorbed tanO in experiments with coadsorbate tlmathose without coadsorbate

atequal adsorption time3his isclearly an unexpected result, as cholic acid reduces the
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number of adsorption sitesailable for D149 andaccordingly, wafound to decrease
the amount of adsorbed dye in previous stutligs’: 4% 2'§yhat must be kept in mind,
though, is that the two series afilsorptionsvere performed in two different laborato-
ries, at Gifu University (Japan) andJustus Liebig University Giefy (Germany). A-
hough greatest care was taken to perform the experinganscally, it cannot be en-
tirely ruled out that subtle, unmonitoreldtails affecied the procedure in a way that
higherdye loadings were obtainéa GieRen(samples witbut cholic acid)comparedo
the films preparedn Gifu. Regardingthe two sets otomparison samples fabricated
entirely at Justus Liebig University €kn the amount of D149n films sensitized in
the presence of A was smaller than in films sensitized without coadsorl@teny

given adsorption timeHjgure 38), asexpected andeported earlier.

tads/ min | absnt (+/- 16) / nm

1 92

with 2 124
CA

(Gifu) 10 303
120 396

_ 1 97
without > 108
CA 10 197

(GielRen)

120 258

Table8: Integrated absorbance ahs serving as a measure for thenaunt of D149 in
samples determined from the absorption spectifadyesensitized ZnO filmgrepared
with various adsorption timesdt(cf. Figure 37). Each value presents an average over
the integrated absorbancef the spectra of three identically prepared films and the
largest observed deviation ofdividual valuedrom the average is given as an estimat-

ed error.

5.2 Photovoltaic P erfor mance of ZnO/D149 Solar C ells

The measured external and calculated).((56) and eq. (5))nternal currentvoltage
curves of the DSCsbuilt from the different D14%ensitized ZnO filmgFigure 39)
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show a systenti& increase oflsc andVoc with the adsorption times a result of the in-
crease in dye loadind-igure 37) and the concomitant increase in the rate of electron

injection according to eq. (4

-
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Figure 39: Measured eternal(——; current density vsappliedvoltageV) and intenal
(- - - - ; current density vsseries resistanceorrected Fermievel voltageVr) current

voltage taracteristics for ZnO/D149 solagells with (a) or withaut (b) coadsorbate
D149 was adsorbed for 1 (light magenta), 2 (pink), 10 (purple) or 120 Adiapted
fromref. 278, Copyright2013 with permission from Elsevier.

For the sets of samples analyzed here, the maxidsgattaned for an adsorption time
of 120 minutes shows a value of aroutid mA cn¥ independent of the presence or
absence of cholic acid~or the openrcircuit photovoltage on the other hand, higher
maximum values 0f0.63 V were achieved for the cells with de@cid ascompared to
-0.59V without CA. Knowing that the dependence of the dye loading on the adsorption
time differs for the cellsvith and without CA, a further discussiof the photovoltaic
parameters should focus on their dependence on the i@@gbsorbance rather than
on the adsorption timeéA representation o¥oc, Js¢, fill factor FF and power conversion
efficiencyd as a function ofbs.: (as ameasire of the dye loadingFigure 40, reveals
that heuse of cholic acidh the presently discussed cdisl to a weaker increasd Jsc
with the dye loading for cells with CA compared to those without coadsorbaite.

may indicatgcf. eq. (36) and eq. (40 decrease in thedectron injection efficiecy.
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Figure 40: Dependence of opegircuit voltage( a ; ,shore)rcuit current densit

( a; pbwercpnversion efficienc(b; 0,3) and fill factor (b;D8 ) the ZnO/D149

solar cells on the integrated absorbance. Filled and open symbols represent cells with
and without cholic acid, respectiveljhe data points shown were obtained by averag-
ing results of one to three cells per condition anarebars are largest deviation of
individual valuesfrom theaverage.Reprinted fronref. 2’8 Copyright2013 with per-

missionfrom Elsevier.

In spite of causing a lower rate of charge injection towards higher dye loadings, the co-
adsorbatelid not affect thé/oc at a giverabsnt. This may be explained yn adsorption
time-dependent upward shift of the comtion bandor redution of the exchangeur-

rent densitydok for recombinatiorin cells with CA €q. (34)) As reportedbefore®’ the

fill factor decreases with increasing dye loading, indicating that larger amounts of D149
molecules on the ZnO surface promote recombination in the intermediate voltage range
(atV & Vmpp). The decay ofF with abs. appeas steeper for cells without cholic acid
compared to cells without CA, leading to a significantly smaller value already at rela-
tively low dye loadingsThe presence of the coadsorbate, on the other hand, keeps the
FF at a comparatively large val@gen forhighea dye loading. A closer examination of

the origins of the observed trendsJef Voc, andFF will follow in the discussion of the
electrochemical impedance spectroscopy measurements bEl@vincrease of the
overall efficiency with the dye loadinghows that the decay &F is overcompensated

by the observed increaseJs andVo.. However, in cells without cholic aciishows a
saturation at intermediate dye loadings, while there is a monotonous increase up to the
highest dye loadings for cellsittw CA, underlining the overall benefit of using cholic
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acid as a coadsorbaf€he maximum values achieved are ~3.5% without CA and ~4%
with CA.

5.3 Impedance Spectroscopic A nalysis

5.3.1 Distribution of Trap States

Thecapacitances derived from impedance speabmsmeasurements (cf. sample spec-
tra in Figure 104) increasd exponentiallytowards more negativieermilevel voltages
(Figure 41). This showshat themeasuredapacitancevas dominated lp the chemical
capacitanceC, rather than by a depletion capacitance (cf. sedid) and is inline

with thetypical obserationfor dye-sensitized nanostructured semidantors

10°
L
O:
10
3X10'5 : ! . ) : L : | .
-045 -050 -0.55 -060 -065 -0.70
VF/V

Figure 41: Chemial capacitanceof ZnO/D149 solar cells with (filled symbols, solid
lines) and without (open symbotiashedines)the coadsorbateholic acid fabricated

with D149 adsorption times of 1 (light magenta), 2 (pink), 10 (purple) or 120 (black)
minutesas a function of the Fermievel voltaggdata representative of results observed
for one to three samples per conditiomhe lines are linear fits in the semilogarithmic
representationReprinted fronref. 28, Copyright2013 with permission from Elsevier.

Linear fits of the data to eq. (52) yieldedluesof the trapdistribution parameted be-
tween 0.17 and 0.3@rable 9), which is higher than the tragistribution parameters
commonly olserved for DSCs based on nanoparticulate ZnO films ({0.Q3)136: 141

251 Thus, the trap distribution in electrodeposited nanostructured ZnO fikessless
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steep which has aobeen suggested in a previoupaa*® and will be confirmedor a
separate set of sampleschapter7. Comparing thesolar cells with(prepared at Gifu
University) and without(prepared at University of GieRedholic acid, the former ex-

hibiteda smallerUvalue than the latter

Table9: Trap distribution paramets'lU and r el ati ve
for the different ZnO/D149 solar cel{positive E/q correspond tacdownward shifts,
negative valuesorrespond taupward shifts) Values represent averages obtained from
one to three identically prepared samples, with the maximum difference between indi-

vidual values and average given as an error estimate.

comauklgcti on

tags/ min | U(+/- 0.06) | gqEdq (+/- 15) / mV
1 0.24 -11
with 2 0.18 0 (ref.)
CA
(Gifu) 10 0.17 - 24
120 0.18 - 17
| 1 0.37 +33
without 2 0.36 +37
cA 10 0.33 + 40
(GielRen) i
120 0.27 +34

As directly apparent from the plot of tlkensity of stateg(qV:) = g(Em) (calculated

from C, accordingto eq. (44))in Figure 42, this means that the trap distribution in the
cells with D149/CA (Gifu) was higher than in the D149 samples prepared in GAfien.

a resultin the energy ranggV: > 0.55 eVthe density of states in the former wasge

ally reduced by about 50% compared to the latter. The steeper trap distribution in the
cells prepared in Gifu was either related to the presence of cholic acid molecules, which
could have reduced the density of certain surface traps by binding toraioselly un-
saturated surface sites, or it was the result of the fact that the ZnO films were aged for a
shorter time than the ones used in Giel3en (cf. chdpkegure 36). Increasing the ad-
sorption ime in samples with CA from 1 minute to 120 minutes cdwssemall addi-

tional decrease aj(Em), indicating that the effect was at least in part caused by coad-

b a
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sorption of CA (and thus became stronger when the amount of CA was increased by

increase of thadsorption time)

0.7 ‘ . I ‘ .
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Figure 42: Density ofstatesof ZnO/D149 cell{color and symbol code as in previous
figures) Reprinted frontef. 28, Copyright2013 with permission from Elsevier.

In cells wihout cholic acid, on the other hand, no significant influence of the soaking
time can be noticed, suggesting that the density of states is largely independent of the
amount of D149While the nature of surface statesdye-sensitized solar cells is still
subject of investigations, is knownthatanchoringmolecules to semiconductor surfac-
es can entail a reduction tiie densityof surface trapor a change otheir eneregtic
distributioncompared tdaresurface (cf. chapterl.1.2.6¢7°% %0For instance, a dipole
induced shifthas been aterveduponadsorption of dyes with carboxylic acid functions
to TiO2.”% Cholic aciddoes havea carboxylic acidgroupthat acts as anchoring group
for adsorptionto thesemiconductor surfacd hus,its possibleinfluence onte density

of statecouldhave beeraused by dipoleeffect On the other hand, D149 possesses a
carboxylic acid function as well, buidinot show any notable effect @tEsm). This

may indicate thathe dipole moment associated with the cagftio acid group of D149

did not have a strong effeon the ZnO energy levelwhich likely resuled fromarela-
tively weak interaction betweed149 and ZnQ asreported inearlier studies on indo-

line dyesensitized Zn(3%®

The fact thatn the preseiy discussed experimental serthe trap distribution parame-
ter Uvaried betweerells fabricated with different parametgnecludes a reliable and
exact determination of rel at EMaccosdingtb t s

of
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the procedurdlustrated inFigure 16 (chapterl.4.4. Neverthelessapproximatevalues
wereobtainedto enable a discussion of a range of possible conduction band edge shifts
(Table 9). Figure 43 demonstrates the approximate alignment across a limited voltage

range resulting fromshifts of the curvesbly h e s e e Edgvalmest ed @&

001 E T T T T
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Figure 43. Chemical capacitanceurves of the D148ensitized ZnO solar cells shifted
along the voltage axiby aEc/q (Table 9), resulting in approximate gjnment in the
voltage range0.55 V t0-0.7 V. Due to the different slopes of the curves, no complete
alignment could be achieved and the skafs/q merelyrepresent rough estimations of
the relative conduction band edge shifReprinted fronref. 2’8 Copyright2013 with

permission from Elsevier.

A possible upward shift of theonduction band edday about 40° 60 mV is indicated
in the cells containing CAvith respect to the cells without coadsorb@table 9), with a
tendency of higher shifts for the cells prepared with longer adsorption times (10 min,
120 min) A similar trend issuggested byhe Vs vs. g(Em) plotsin Figure 42, which
approactdifferent saturation voltagefccounting forthe estimated erroof +/- 15 mV,
the approximation obtained hemould beroughly comparable to the upward shift of
the conduction band eddsy 80 mV previously observedfor TiO>-based DSCs with
Ru(ll) sensitizers upon coadsorption afenodeoxycholic acjda derivative of CA4°
An upward shift of the conduction band edige¢he cells with CAin particular at high
dye loadingsthusmay havecontributed (via eq. (34)) tthe fact that th&/,cat a given
dye loadng was constant in the presence or absence of CA in spite of therawes of

charge injectionn the cells withcoadsorbatéchapter5.2). Sinceanupward shift of the
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conduction band edgmncause aeducton in the electron injection efficiendgf. sec-
tion 1.1.2), theseresults mayalsodeliver an explanation fahe decreaseslope of the

shortcircuit current densityn cellswith CA (cf. Figure 40).

5.3.2 Recombination

The EIS-basedrecombination resistand®ec of the ZnO/D149 solar cells shows an ex-
ponential decrease a% becomesmore negativeFigure 44 (a), as expected for

nanostructured senaaductors based ay. (53)

10° m-

_ _ 1x1lo*9 2x1IO19 3x1IO19 | 4x1lo“‘ | 5x10™

VIV g(E )/ eV em®

Figure 44: Recombination resistance of D14@nsitized solar cells with (solid sym-
bols) or wihout (open symbolgholic acid. (a) Rc as a function of the Fernhevel
voltage YV, together with liear fits; (b) Rec vs. the density dftatesg(Em) (lines are a

guide to the eye only). Increasing color depth represents increasing adsorption time as
in the figures aboveReprinted fromref. 2’8 Copyright 2013 with pernission from

Elsevier.

As explained in detail in sectich4.4 the recombination resistanae a given voltage

of a set of samplegnder comparisonan only be used as a measurehefprobability

of interfacal recombination event$ the samples exhibit the same conduction band
edge positiorEc and the same recombination paramétésee beloy, or if they show
the samé and are plotted against-qEd/q, cf. eq. (54) The physical originbehind this
approach is that, at a given Fe#ewvel voltage samples with differenE: andb would
show different relative occupancies of traplaronduction band states, which has an
effect on the total rate of recombination and would mask possible differenégs of
caused solely by differences in the interfacial rate constant of recombirattbe.pre-
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sent casethe analysis oRecis complcated bytwo factors: (1)a reliable determination

of gqE/q was precluded due to the variations in the trap distribution between differently
fabricaed cells; (2)he slope of th&ec vs. Vi curves (and, hencé) is not constant ei-
ther (Figure 44 (a)). Somepreviousstudieshave intended to avoid such complications
by plottingthe effective electron lifetimaj of cells with differentrap distributionsas a
function ofthetotal density of stateg(En) or the total electron densityinstead o&ana-
lyzing Reec as afunction of Vi-gE/q.>" 126 To formally confirmthe validity of this ap-
proach the dependence & on density of states and electron densitgording to the
multiple-trapping mode(cf. eq (47), (18), (9) and 10) as well as ref°) is considered

o ~ . E _ . _
t, = RrecCp o ?%0 . g ( fn) C6<Cb )l ant C6<r(:b +krss) 1 (74)
CH'e

- g (Efn) Ne

wheren; andnc are the density of trapped and conduction band electibissthe free
electronlifetime descibing recombination without the influence of bulk trapping but
including the influence of surfe statemediated recombinatio!(Em) andg®(Em) are
the densites of statesof trappedand conduction band electrofassumed to be expo-
nential to obtainte last part of the equatigrgndk® andk:® are the rate constants for
recombination from the conduction band or from surface statesmbination with eq.
(1), eq. (74 shows thata plot of (4 vs g(Emn) & g'(Emn) or Rec Vs g(Emn) & g'(Em) (cf. eq.
(45)) will only adequately reveal sample-sample differences in the interfacial rate
constants for recombination gF°(Em), determined byhe effective density of statest
the conduction bad edgeNc, is constantin the samples under comparisdi.depends
on the effective electron mass in the conduction bandsaa@temperaturalependent)
material constarf As the present experiments all used the same ZnO struatittes
the only difference beindifferentsurface modificationst is expected thag®®(Em) was
equal for he series of cells studied here and, heReg,s plottedas a function of the
measuredensity of stated Figure 44 (b).V In the range o§(E:m) 01.5-10*°eV-cm®,

the recombination resistance increases with increasing adsorption time (i.e., dye load-
ing) for both groys of cellswith and withoutcoadsorbate. Comparison wigure 40

andFigure 42 shows that this range tfie density of stateacludes the g(Em) observed
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underopencircuit conditions Based on the above considerations, the increa&adn
reflects a decrease of either or both of the rate constants for recombination from conduc-
tion band states or surface stat@hich should be related to the increased average spac-
ing between semiconductor and electrolyte in the presente atlsorbedlye entailing

a reduced electronic coupling between the two phases (cf. eq. \\i#))the conduc-

tion band edge position being largely independent of the adsorptionTabte @), the

slowea recombination kinetics at highg(Em) by increase of the dye loading delivers a
partial explanation of thancreaseof Voc with the dye loadingcf. Figure 40), while the
remainingincreaseresuled from theincrease inlsc (eq. (34). Moving towards smaller
densities of states in the rang@Em) < 1.5-10'° eV-lcm (corresponding to voltages

less negative tha¥oc), the improvement of the recombination resistawdé the dye
loading at a giveng(Em) becomes notably weaker until the trend is even reversed for
d(Em) & 0.5-10%eVicm?. At these lowest levels of the qud&rmi level,Rectends to

be smaller in samples prepared with longer adsorption times than in those with shorter
adsorption times. The observed inversion is conndotadvariation of theslopeof the
recombination resistancaurveswith the dye loadingKigure 44 (a)), which will be
discussed in the following sectioBy comparing theR.ec of cells prepared with a given
adsorption timevith and withoutcoadsorbate, it can be seen that §fEm) ©2.5-10'°
eV-lcm® recombination is stronger in sampleih CA than in those without CAT ak-

ing into account that, in the present set of samples, the dye laadied|s with cad-
sorbate was higher than in thosghout CA (Table 8) and that a blocking effect of
D149 on recombination in the range of hgfm) was detected as discussabve, the
difference between samples with and without coadsorbate is probably not related to the
difference in the dye loadisgRather, it indicateshat CA may have a catalytic effect
onrecombinatiorat high levels oEsn. A comparablesffectwas seen upon coadsorption

of chenodeoxycholic acid iIBSCs based on Ru(ll) dygensitizedliO.*° Nevertheless

the presentells containing the cadsorbate showed comparable op&nuit voltagesat

a given dye loading asells without CA(cf. Figure 40). Thus,the higher opeftircuit

rate constant of recombination as well as the lower rate of chargeanjémticells with

V' Note that the common procedure of plottldgs n & nis only valid for an evaluation of rate cstants
of recombination if samples with the same trap distribution parardetes compared and therefore is
not an @tion for the present samples.
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larger dye loadingsH{gure 40) in the samples with CA must both have beempen-
sated bya gain inVqc resulting from thepresumedupwardshift of the conduction band
edgeof up to ~60 mV(Table 8). With decreasinglensity of states belo@.5-10*° eV-
Iem3, the Rec curves ofthecells with CA intersectvith the ones of samples withoG#
and, hence, the recombination resistaneeoms higherin the cells with coadsorbate
This means that under conditiomms low electron densities in the semiconductor the
effect of cholic acid is tadeducerecombination with respect to DSCs without CA,
which is likely the consequence of the aadggregation effect of thebadsorbate, as will

be discussed in more depth below.

5.3.3 Voltage -Dependence of the Recombination R  esistance

The recombination parametedisof the ZnO/D149basedDSCs, obtained from fits of
the voltagedependent recombination resistanEg(re 44 (a)) to eq. 63), showedval-
ues between 0.35 and 0.@3gure 45), which is slightly lower than the values of 0.45
to 0.64 previously reported for D14@nsitized Zn33 141
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Figure 45: Dependence of therc o mb i nat i o onthp iategeatd ebdsarbanceé
(representing the dye loading) of ZnO/D149 DGt (filled symbols) and without
(open symbolsgholic acid (data points represerdverages of one to three individual
values per preparation conditionReprinted fronref. 2’8 Copyright2013 with permis-

sion from Elsevier.
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b clearly decrease with increasing dye loadg, with asignificant differencen slope
depending on the presence of the coadsarkahs that il not contain CA exhibéda
strong decreasaf the recombination parametay gpproximately30%over the range of
dye loadingsstudied, whilen DSCs with cholic acid wasonly reduced by 10%, even
though the maximum dye loading achievadhose cells was higher than in the series
without CA. The fact thatthe flattening of the voltagdependenRec curves with in-
creasing amount of D148as less pronounced in the cells withdic acid mayindicate
that the coadsorbateounteraatd the dyerelatedincrease of recombinatioat lower
voltages(cf. Figure 44).

The voltage dependenad the recombination resistaneg generallydetermined by
chargetransfer from a distribution of surface statleghe semiconductoit has been
derived thab can be expressed bs 0.5+ whereUsis the trap distribution parame-
ter of surface staté8 Based on this, a correlation betwdeand themeasuredrap dis-
tribution parametet), which reflects an averagé the trap distributions in the bulk and
at the surfaceyas expected. Howevethe samples containirngholic acidshowed gen-
erally lower values ofU than their coadsorbafece counterpartsT@ble 9), while b at
high dye loading was higher with respect to cells without CAVioreover, the amount
of dyewas not foundo influenceU, whereas it hdia considerable effect dn Thus, in
the cells investigated in this study, the voltage dependence of the recombination re-
sistance l nat seem tacorrelate with the energy distribution electronicstates in the
dye-sensitizedoorous ZnO filmThis suggests thatwas rather the distribution aflec-
trolyte acceptor statethat controled how the recombination rate chawigeith Em. The
fact that the drop ib andFF is less pronounced in the cells withdic acid, in which
D149 was lessaggregatd (Figure 37), suggestshat thedye-relatedincrease of the re-
combination ratat lower voltagess mainly caused by D148 aggregates

5.3.4 Origins of the Variations of the Fill F actor

The experimental external fill factéiF is generally influenced by the series resistance
as well as byoc andb (cf. eq. (35)). ©mparison othe internal fill factord=Fint,exp(de-
termined fran the internall-V curves inFigure 39) with FF (Table 10) reveals thain
the present set of samplide series resistance lowerthe fill factor by up to 1%, as

discussed in more detail belowheoreical fill factors FFintcaic expected based on the
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experimentalMoc and b valueswere calculated using the correspondinll expression
of theb-recombination modekg. (26)of ref.1%9), seeTable 10.

Table 10: Expermental internal and external fill factors, FF and kfxp as well as
theoretical internal fill factors Fhtcac for ZnO/D149solar cellswith different dye

loadings, represented by the integrated absorbancg:.abs

absnt (+/' 16) /nm FF FFint,exp FFintcalc

92 0.66 0.69 0.71

with 124 0.63 0.66 0.71
CA

(Gifu) 303 0.59 0.63 0.70

396 0.57 0.62 0.69

97 0.69 0.71 0.71

without 108 0.68 0.71 0.71
CA

(GieRen) 197 0.61 0.66 0.67

258 0.54 0.59 0.65

For small D149 loadings, the calculated e@&Fintcacare well in line withFFintexp.
Furthermore, e experimentally observedeakerdecay of the fill factor with the dye
loadingin cells containing CA is confirmed: a decay from 0.71 to 0.6&lsulatedor

the cells with CA, compared to aedrease from 0.71 to 0.65 fthre samples without
coadsorbateBecause the change \d§c with the dye loading was identical for cells with
or without CA, this result shows that the decay of the fill factor afik,: was caused

by thedecay ofb. For larger amounts of dye, the cells show smaller internal fill factors
than expected according to the modepossiblereasorfor this maybe that theate of
recombination in the model is approximated by an empirical expression including a
constant(i.e., voltageindependentrecombination rate constakt(cf. eq. (32)) How-
ever, in the present ceks mayhavedepen@don the voltagesince therevas evidence

for additional recombinatiomt lower voltagesn the cells with high dye loadings. A
more precisedescriptionshouldinclude an energgependent average rate constaint
recombinatiorather than a constant one, as for exarapigestedhy Wang et alt®
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5.3.5 Series R esistance

The comparison othe internaland external fill factorgjiven inTable 10 reveakd that
the efficiency of the DSCs analyzed in this chaptes significantly limited byhe se-
riesresistanceéseries IN Figure 46, the variousontributionsto Rseriesareill ustratedor a
sample cell (adsorption time of 120 minutes, without @8)a function of the d.c. cell

current density flowing through the cell at different d.c. bias voltages
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Figure 46. Graphs illustrating the different Et8erived contributions to the series re-

sistance of a sample ZnO/D149 solar cBY: diffusion resistance of the electrolyte; R

resistance of the FT©oated glass substratepRresistance of the Rtoated counter

electrode.

In the current range relevardrfsolar cell operation (positiv@, the resistanseof the
substrate and of the counter electr¢Beand Rey) presened the main contributions to
the total series resistandeor negativel, on the other hand, the diffusion resistaRge

of ions in theelectrolyte beameincreasingly dominant. The constant distance between
the curves showin®s and Rs+Rs in Figure 46 demonstrates that the resistance of the
FTO-coated glass substrates constanin the current nage investigatedl he diffusion
resistance of the electrolyte, however, clearly incetdge®ards negative, while the

counter electrode resistanemdedto grow with increasingpositiveJ.

Comparing the counter electrode resistance for all differepapagon conditions stud-

ied in this chaptefFigure 47), there wa a tendency of an increaseRy with the ad-
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sorption time, whiclwas particularly pronounced for cells without cholic ad: was

clearly smallein samples with coadsorbatempared to thos&ithout CA.
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Figure 47: Chargetransfer resistance at the electrolyte/counter electrode interface vs.
the d.c. cell current density for ZnO/D149 solar cells with (filled symbols)ithout
(open symbols) coadsorbate cholic acid. Curves belong to one solar cell each and are
representative of the behavior of samples with identical adsorption condifiesign-

ment of colorsasin previous figures.

The diffusion resistance of the eledjte (Figure 48) exhibited a similar dependence
on adsorption time and coadsorbaté&asincreasingadstendedto increasdrgand sam-
ples with CA showd a somewhat lower diffusion resistance than those withoad-c
sorbate SinceRptand Ry reflect propertiesof the electrolyte and thelectrolyte/counter
electrode intdace, theirdependenc®n the adsorption time indicat¢hat the D149
molecules partially desoeld from the ZnO surface and dissotvim the redoxelectro-

Ilyte when the DSCwrere filled with the solutionThis mayhaveaffected the transport

of charges between counter electrode andsgyesitized ZnOOnce dissolved in the
electrolyte, it is likely that some of the dye molecules ad=sbonto the sulace of the
Pt/FTO counter electrode, hindey charge transfer between electrolyte and counter

electrode.
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Figure 48: Diffusion resistance of the electrolyte (0.1 Mahd 1 M TPAI in 4:1 eth-
ylene carbonate:acetonitrile) of ZriD149 solar cells with (a) or without (b) cholic

acid, determined by fitting the impedance spectra.

In a laboratory project performed by J. Schmidt under the supervision of the &dthor,
the influence of D149 molecules intentionally added to ‘Agi &lectrolyte (identical
composition as used in this thesis) on charge transport through thelglecand
charge transfer at the interface to-cBated FTO/glass were investigated. Current
voltage characterization and electrochemical impedance spectroscopy of symmetrical
Pt/electrolyte/Pt cells showed that with increasing concentration of D149%@retiviM

and 5 mM) the diffusion coefficient of Idecreased by a factor of about 1.5, while the
chargetransfer resistance of the Pt/electrolyte interface increased by a factor of almost
20. These results strongly support the hypothesis that the vasiatidt: and Ry ob-
served for cells with different dye loadings in the present work were caused by different
amounts of dye that desorbed from the ZnO film and dissolved in the electholifte.

cells containingCA, D149 mayhave beemore stably bound tthe ZnO surface, so

that less dye moleculegere present in solution and at the counter electrode surface and
Ret was smaller than in cells without coadsorba®epeated-V measurements of the
present samplefour weeks after preparatiqeee chapte®.2) showed a significant de-
crease of the shedircuit photocurrent in the cells without CA, whileosewith coad-
sorbate in fact exhibited an increaselgf supporting theuggestiorthat the stability of

the D149attachmenmmay have beetower in thecells without coadsorbateAs larger

amounts ofdye aggregates were present in gamples without CAa weaker attach-
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mentto ZnO of D149 molecules in aggregatesnpared to monomeric D149 molecules

could be the reason for the elbpged differences.

5.4 Summary and C onclusions for T his Chapter

In this chapter, an idepth analysis of the influence of dye loayland cadsorption of
cholic acid in dyesensitized solar cells based on D&&hsitized electrodeposited ZnO
was presented. Byarying the dipping time of ZnO films in D149 solution with or
without cholic acid CA) between 1 minute and 120 minutésaO/D149films with var-

ied amounts of D14%vere attained, as demonstrated by UV/Vis absorption spectrosco-
py. The optical measuremenfigrther indicated aggregation of D149 molecules on the
surface of the ZnO, which was particularly pronounced for samples prepared with long-

er adsorption times of 10120 minutes in the absence of CA.

In DSCsfabricated from ZnO/D149 electrodes without lh@cid, theincrease of the

dye loadingcausedan improvement ofhe shoricircuit photocurrent, opeaircuit pho-
tovoltage and overall conversion efficiendyowever, a concomitant deterioration of
thefill factor notablylimited theincrease of the effiency.Analysis by electrochemical
impedance spectroscopy showed that the decay of the fill factor upon increasing the
adsorption time wasaused by two separate effeds: increase in the series resistance

and adecrease of the recombination resistagiclower quaskFermi levels The growth

of the series resistance with the adsorption time was found to originate in an increase in
the diffusion resistance of the electrolyte as well as the clieagsfer resistance at the
electrolyte/counter electrodetaénface indicatingthat D149 molecules detached from

the ZnO surface and were present in electrolyte and at the Pt counter electrode surface,
hindering charge transport and transfer in these parts of the cells. The decrease of the
recombinatiorresistanceRec at lower voltagesvasreflected ina decay in the recombi-
nationparametew with the dye loadingFor opencircuit conditions, on the other hand,
increasing the amount of D14fhd a blocking effect on recombinaticas seenn an
increase oRec This, together with the enhanced rate of electron injediimrease in

the shorcircuit photocurrent density caused the opetircuit voltage to rise with the

D149 loading.
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In ZnO/D149 solar cells containing theadsorlate cholic acid aggregatiorof D149 at

high dye loadingsvas clearly reducedshortcircuit photocurrent, opeaircuit photo-
voltage and power conversion efficiency again increased with increasing adsorption
time. The fill factor still decreased, but the decay was significantly lessymoed than

in the absence of CA, which in turn allowed the conversion efficiency to reach higher
values than in cells without coadsorhamphasizing the benefit of coadsorbing cholic
acidin DSCs based on D14&nsitized electrodeposited ZnDwvo reasonsvere found

to lead to the improvement of the fill factor at a given dye loadimg series resistance
remained at a low level up to the highest adsorption tingsssibly indicating a more
stable bond between D149 and Zh@nd the decrease of the redonation resistance

at lower quasFermi levelswasclearly reducedOn the basis of the observed effects of
adsorption time and the presence of cholic acid, it was proposedagipaiyated 149
moleculesin the cells without CAcaused the additional recbmationin the energy
range that is crucial for the fill factor, which entailed systematic changes in the voltage
dependence of the recombination resistance as a function of the dye |@hdgorp-

tion of cholic acid prevented strong aggregation of Ddd$he ZnO surface and, hence,
had a positie influence on the fill factoin contrast to thisthe rate of recombination at

a given D149 loading under cell conditions close to epemit (higher quasFermi
levels) was increased in the cells with GAowever the opercircuit photovoltage was

not affectechegativelyby this since thesamples wittcoadsorbatalsoexhibiteda neg-

ative shift of the conduction band edbg about 60 mV
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6  Panchromatic Dye-Sensitized Solar C ells Obtained
by Co-Sensitizatio n of Electrodeposited ZnO with

Indoline and Squaraine D yesv

6.1 UV/Vis Absorption of D ye Solutions and Sensitized ZnO

Films
The optical propertiesf the dye solutions used feensitization ofelectrodeposited
ZnO with the indoline dye D14%he indoline dyd>131, the squaraine dye SQ2, and
combinations of thessensitizeraverestudiedby UV/Vis absorption spectroscopy both

asprepared and after dilutipRigure 49.
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Figure 49: UV/Visabsorption spectra cfolutions 0f0.5 mMD149,0.5 mMD131,and
0.25 mM/0.25 mMD149/D131in acetonitrile:tertbutanol (1:1)and of 0.1 mMSQ2in
ethanol, before(a) and after(b, normalized dilution, together with asuperpositionof
the D131 and D149 (Wited) spectra{---). Labels in (b)indicate peak heights of the
correspondingunnormalized spectraAdaptedwith permission fronref.288, Copyright

2015American Chemical Society.

The undiluted adsorption solutiofBigure 49 (a)) show very broad and high peaks in
the range 350 500 nm (D131), 350 600 nm (D149, D149/D131), and®D 700 nm

v Most of the original work presented in this chapter has been publisded®hys. Chem. €19 015,
1298-1311.
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(SQ2), indicating pronounced aggation of the dye moleculeEhe spectra of the di-
luted solutiongFigure 49 (b), dilution factorca1:0.2 for D149, D131, and SQ2, and
cal:2.5 for D149/D13), on the other hand, exhilibnsiderably narrower absorption
bands, indicating that the dyes were largely present in their morwfoen. The ab-
sorption maxima of D149 and D131 are foutdB90 nmand530 nm and at350 nm
and440 nm, respective)ywhich is inaccordancevith previously reported resulfg 23

282, 289, 290The two absorptbn bandsseen in each spectruane associated witthe HO-

MO A LUMO (peak at higher wavelengtand HOMO A LUMO+1 (peak at lower
wavelength)transitions where LUMO+1 represents the second excited state of the
dye? 222 The equimolar mixed solution of D149 and D131 shows a wider absorption
feature with three maximat 395 nm 462 nm,and527 nm This is inline with a calcu-
lated spectrum obtained lsymple addition of the individual spectra of D149 and D131
(Figure 49 (b)), indicatingthat the D149 and D131 molecules do not interact with each
other in the diluted solutiorS5Q2exhibitsits absorption maximunin the wavelength
range of ~ 550 700 nm, complementary to theesjra 0fD149 and D131Based on its
optical absorption,he squaraine dytherefore constitutes a suitable choice of a red
absorbing cesensitizer to be used together with the indoline dyes to create panchro-
matic solar cellsFrom earlier investigations,is known thathe absorption spectrum of
SQ2 in DMFsolutionshowsa narrowband centeredt 662 nmanda shouldetocated

at about 610 nr¥¥ These fetures carbeenassigned taghe HOMO A LUMO transi-
tion®2 and(by analogy to a structurally similar squaraine sensifi¥er) excitation from

the ground state to higher vibrational states, respectividig. spectrumin ethanol
measured in # present studgxhibitsa broadeipeakcenteredat 643 nmwith promi-
nentshoulders at 610 nm and 660 nhme differences in peak position and shape com-
pared tothe literaturespectra are probablyne result of aggregation &Q2 molecules

evenin thedilutedethanolicsolution.

Comparing the UV/Vis absorption specthithe diluted dye solutionwith the corre-
sponding spectraf electrodeposited porous ZnO films sensitized viitt19, D131,
SQ2,0r D149/D131 Figure 50 (a), dashed lingssimilar peak positions are found.
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Figure 50: UV/Vis absorption spectra of electrodeposipesiousZnO filmsphotsensi-
tized with different dyes or dye combinatiomsthe presencesblid lineg or absece
(dashed lines of the coadsorbates cholic acid and/or octanoic a&teéprintedwith
permission fronmef.?88 Copyright2015American Chemical Society.

However,for D149 andespeciallySQ2, theabsorption bandsf the films are much
broacer andmore closely resemble the spectra of the concentrated adsorption splutions
suggestingthat these dyesiad formed aggregatem theZnO surface?’! 282The peak
broadening and slight asymmetry observed for thetgpa of the film sensitized with
D149 is comparable to the findings of chafiewwhere aggregation of D149 was dis-
cussed in detail. Ae broadening of thabsorption peak of SQ2 t®nsistentith a pre-

vious stidy reporting the appearance of an additional absorption band at about 600 nm
due to formation of Faggregated’* asalso observed in the spectrum of tadiluted
adsorption solutionin the case o0D131 andD149/D131,the absorption bands for the
sensitized films are hardly broader than the corresponding peaks in the diluted solution
spectra indicatingthat D131 shows littl@aggregationvhen adsorbed to ZnO and that

the tendency of D149 to form aggregatesetuced when adsorbed together with D131
When the porous electrodeposited ZnO W sensitized with SQ2 and subsequently
immersed into a D149 or a D149/D131 solution, the indoline dyes were successfully
adsorbed to the ZnO without removing signifitamounts of previously adsorbed SQ2.

As a resultthe ZnO films caesensitized with SQ2 and D149 or with SQ2, D149, and
D131 showedpanchromatic optical absorptigkigure 50 (b), dashed lines)As in the

case othe films with SQ2 or D148s individual sensitizershe absorption bands of the

co-sensitized film SQ2D149are strongly broadenedo that the individual absorption
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featuresof D149 and SQ2 are largely merged. For SQ2+D149/D131, the individual
peaks of 31 and D149 can still be distinguished, indicating smaller amounts of the
indoline dyes and/or less pronounced aggregatmnpared to the sample SQ2+D149

As a result of usingholic acidandbr octanoic acid as coadsorbateafrowerabsorp-

tion bands wih decreased height are observed when compared with films sensitized
without coadsorbate$igure 50, solid lines) This points to areduced dye loading and

to asmaller extent oflye aggregationlhe coadsorbate @ecules occupy a part of the
surface adsorption sites and, hence, both limit the number of dye molecules on the sur-
face and prevent undesired eyge interaction While the two films sensitizedith
SQ2or with D149 in the absence of CA show comparableximaum absorbancehe

peak height of theorresponding samples prepared inghesencef the coadsorbatie
different, with SQ2 showinga notably smaller maximum absorbanc8iven that the
molar absorptivityof SQ2 in its absorption maximum is more tHiaar times as high as

the molar absorptivity 0D149 ($02= 319,000 Mcm* at 662 nr? and G149 = 72,350
M-lcm? at 530 nit both for solutionsn DMF), it can be concludethatthe amount of
SQ2molecules adsorbed the porous ZnGrom ethanolic solution over an adsorption
time of 4 hourss considerablysmaller than theamount of D149 agbrbed to ZnO from

acetonitriletert-butanol solution within 2 hours.

6.2 Steady-State Characterization: Photovoltaic Performance

and Quantum Efficiency
The photovoltaiccharacteristicainder AM1.5G-type illumination of DSCsbuilt from
the ZnO filmswith different sensitizers or sensitizer combinati(seeFigure 51 and
Table11) will be discussed together with thecident photorto-electron conversion
efficiency (IPCE) speca (Figure 52) andwith the theoretical shotircuit current den-
sities Jheo(Table 11) calculated from théatter via eq. §6). The highestlsc among the

cells without coadsorbates was m&cm? and was observed for the cell with D149 as

a result of its comparatively high and wide IPCE peak. The lowestsincuit current

of 2.6 mAcn? was obtained with SQ2 as individual sensitizer, in line with thetlfeatt

the IPCE spectrum of this cell shows a very small (albeit broad) peak with a maximum
of IPCE = 25%.
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Figure 51 Currentvoltagecurvesof dyesensitized solar cellsased orelectrodepos-
ited porousZnO filmsanddifferentdyes or dye combinationgth (solid line9 or with-

out dashedines) coadsorbatesReprintedwith permission fromef.?%8 Copyright2015

American Chemical Society.

Given the high and broad absorbance peak esémpleSQ2 (cf. Figure 49), corre-
sponding to anaximumlight harvestingefficiency of 99% ¢f. section6.5), the poor
IPCE should not belue to insufficient light harvesting but must rather be asciibed
poor electra injection efficiency between SQ2 and electrodeposited ZnO and/or to
slow regeneration of oxidized SQ2 by the electrolyte.
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Figure 52 Incident photorto-electron conversion efficiency (IPCE) spectra of ZnO
based solar cells with D149, D131, D149/D131, SQ2 (a), or combinations thereof (b).

Reprintedwith permission fromef.?88 Copyright2015American Chemical Society.
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Table11: Photovoltaic parameterderived from the -¥ cuves and theoretical short

circuit current densityyie of ZnO-based DSCsvith different dyes or dye ntixes

Adaptedwith permission fromef.288, Copyright2015American Chemical Society.

Voc/ mV
2| giheo/ mAcm2 0
sample code | Jsc/ mMAcm e (+/-5 mV) FF d/ %
D149 7.8 7.6 - 558 0.59 | 257
D131 5.0 4.4 - 581 0.64 | 1.84
D149/D131 6.0 7.8 -578 0.59 | 2.04
SQ2 2.6 2.7 - 344 0.51 | 0.45
SQ2+D149 5.1 5.2 - 403 052 | 1.04
SQ2+
D149/D131 6.0 6.2 - 405 0.49 1.2
D149/CA 5.8 5.6 - 557 0.64 | 2.06
D149/D131/0A 6.7 6.0 -579 0.63 | 2.42
SQ2/CA 2.7 2.9 - 457 0.61 | 0.74
SQ2/CA+
D149/D131/OA 8.6 8.7 -539 0.55 | 2.55

Electrochemical measuremeiraisthe energy levels of the dye SQ2 have shown that the
Fermi levelE%(S'/S*) (cf. Figure 3) of excitedSQ?2 is located at abotB.7 eV3?which

iswell above the conduction baedge of ZnO at cat.5 eV to-3.9eV.*2 292 The Fermi

level E(S'/S) of groundstateSQ2 is situated ab.3 eV3? which is clearly below the
redoxlevel of the acetonitribased /I electrolyte Eredox= -4.85 €V)2 Consequently,

the enegetic alignment between the squaraine sensitizer and the semiconductor or the
electrolyte, respectively, should allow for efficient electron injection and regeneration of
SQ2 Most probably, the small injection efficiency or regeneration efficiency icdhe

with SQ2 can therefore be attributed to the pronounced aggregation observed for this

squaraine sensitizer on ZnO, as aggregation can effect a high rate quiesathing of
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the dye excited state without electron injection into the semiconductomandlso
block access of the electrolyte to a part of the oxidized dye molecules.

The combination of D149 and D131 the present series of experimenisideda short
circuit current density of 6.mAcm?, which is smaller than the 7.8Acm™? obtained

with D149 only This finding contrastsvith the IPCE curves and correspondirgde°

attained for the same céFigure 52 andTable11), with the results oprevious investi-
gations®' as well as with the results obtained for DSCs based on nanoparticulate ZnO in
chapter7 of this work all of whichshowed a highelsc for the combinationD149/D131
thanfor D149 only. Thus, the relatively lowlsc measured for D149/D131 in the current
voltage characterization was most likely an exception caused by an involuntary devia-
tion from the standard measurement conditidxss for theIPCE spectrum, e use of
D131 as a cesensitizer withD149 leads toa corsiderable gain inthe shorter
wavelength range, while thaluein the longeiwavelength region isnly slightly re-
duced beaase of adecrease in th®149 loading €f. Figure 50). The relatively large
IPCE of the DSC wittD131 as individual sensitizesind of the sample D149/D131 in
the absorption range of D131 point towaad$igher eleiron injection efficiencyfor
D131 compared to D149rhis finding is in accordanceith previous experimental
work3®: 214 217and withtheoreticalstudie$!® 21’ demonstating that unlike in D149, the
HOMO-LUMO excitation in D131 shows a notable shift of charge density to the car-
boxylic acid anchoringgroup FurthermoreD1317 unlike D149 did not show signs

of aggregation on the ZnO surfadggure 50), which may havedditionallycontribut-

ed to a higher electron injection efficiendgo-sensitization of D149 or D149131

with SQ2resulted in a decay of the shaitcuit photocurrent density, which can be
undestood with referene to te correspondinglPCE spectra While the D149 or
D149/D131loadingin the co-sensitized filmss comparableo that of the films with
D149 and D149/D13bnly (cf. Figure 50), the IPCEof the correspondingels in the
rangeof absorption othe indoline dyess decreased by half possible explanation for
this could be undesired eggrtransfer fromexcited D131 and D14 SQ2 which
would deactivate the excited states of the indoline dyes without elecjextion to
ZnO, leaving only SQ2 as pdor)electron injector.

As for theopencircuit photovoltageVoc, the highest valuan the absence of coadsorb-
atesis ~ -580 mV and was achieved by the two cells vidth31 or D149/D131 This is
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closely followed bW, = -558 mV for the sample witD149. With Vo6 s -344f mV,
-403 mV and-405 mV, the squaraine sensitizer SQ2d the dye combindions
SQ2+D14%ndSQ2+D149/D13Pproduced drastically lowearpencircuit voltageghan

the cells withindoline sensitizes. In contrast, TiQ films sensitized withSQ2 have
yielded very good/ocd ef up to-667 mV.3? Impedance spectroscopy served to detangle
the effects that @verned the opeaircuit voltageand to determinevhat microscopic
processes limited the voltage in the present cells, as discussed in the following sections.
The best fill factor amongells without coadsorbates wagainedwith D131 (64%).
D149 and D14AD131yielded aFF of 59%, and SQ2ndthe dye mixures SQ2bD149

and SQ2+D149/D131 resulted ithhe lowestFF of only ~50%. Sincethe fill factor is
influenced bythe same factors dlse opercircuit photovoltagg?® theimpedance spec-
troscopic analysis further below will also address possedsons fothe trends ob-
served for this parameter

Coadsorption of cholic acid or octanoic acid resulted in a reduction of the dye loading
and, thus,in the light harvestingefficiency for all dyes and dye ntixes (cf. Fig-
ure 50). For the sampleB149/CA and D149/D131/OAhis lower light harvestingeffi-
ciencycaused decrease of the overakternal quantum efficiendyFigure 52) and, as

a result, of theheoretical shortircuit current densyt (Table11). For the sampleavith
D149/CA, he measureds. follows this theoretical prediction, bdor D149D131/0A
the shorcircuit current densitys unexpectedihigher tharfor D149/D131 This can be
assumed to banotherresult ofthe presumedexperimentaldeviationin the current
voltage characterizatioof D149/D131 as discussed abaw€omparing the IBE spec-
tra of the two cells with SQ2 and wiBQ2/CA, thdatter shows a narrower but signifi-
cantly highempeak in the range of 600700 nm. The combined result of these two ef-
fects is aslightly higher theoreticabnd experimentashortcircuit current @nsity for
the cell SQ2/CA in spite afs reduceddye loading.This indicates thahe reduced level
of aggregation in the presenceatiolic acidresulted in ammproved efficiency of elec-
tron injection and/or dye regeneratifon the squaraine sensitizé-or the dye combina-
tion SQ2+D149/D131the coadsorption o€A and OAenhanced the external quantum
efficiency both in thenolecular absotmpn band of SQ2 anoh the absorption range of
the indoline dyes. The improvement in the shorter wavelength naagesignificant
enough(increase by dactor of~2) that the IPCE in this range becacmmparable to
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thatof the sarple D149/D131As a resultthe cell SQ2/CA+D149/D131/OA achieved
the highestlsc of the samples studied in this seriés3.6 mAcn?, which corresponds to
a 43% increase compared to tkeof the corresponding cell without coadsorbate® (6
mAcm?). Thus, it appears that the coadsorbaltecks undesiredenergy transfer from
D149 and D130 the squaraine sensitizer, allowing each of theethdges to inject
electrons into the ZnO film and thereby contribute to the photocurrent generation.

The opercircuit voltage reached with149 and D149/D13Was notnoticeaby affect-
ed by ooadsorptionof cholic acid or octanoic acid-or SQ2 and SQ2+D149131,
however,Voc was enhanced fron844 mV and-405 mVto -457 mV and539 mV.The
fill factor was improved by the presence of CA and/or @Adil cells with the most

significantincrease from 0.51 to 0.@&bservedor thecoadsorption of CA witlsQ?2.

6.3 Impedance Spectroscopy Analysis

6.3.1 Trap Distribution and Total Trap Density
Figure 53 showsthe voltagedependent capacitance of the DSCs with different dyes or
dye combinations as determined Ibgotrochemical impeshce spectrscopy

aD149 oD149/D131 8 o
| mD149/CA ™D149/D131/0A g .E pL .‘
D131 '
4
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Figure 53 Chemicalcapacitanceof the DSCs based on sensitized osseasitized ZnO
as a function of the Ferntevel votage V. The lines represent linear fits to the higher
voltage parts of the dataandwartes ed t o det er mine the trap dis

Adaptedwith permission fromef.?88, Copyright2015American Chemical Society.
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The linear behavior in the semilogarithmic plot for voltagesdof V or more negative
confirms theexpectedpresence oexponentiallydistributed trap stateslsoin the pre-

sent set of samples. The generally reduced slope of the curves at voltages less negative
than-0.4 V is a common observation and typically points to a transition from a range in
which the meaged capacitance reflec, to a range where it is dominated by charge
accumulation at internal interfaces such as the blocking layer/electrolyte int@fface.
However, in case of the cells containing the squarsémsitizer without coadsorbate,

i.e., SQ2, SQ2+D149, and SQ2+D149/D131, the change in the slope of the capacitance
is much more significant than for the remaining samples, with a plateau or even a local
maximum visible at abow = -0.3 V. This finding sggests the presence of deep trap
statesin ZnO that are narrowly distributed around a single energy levetgded mo-
noenergetic traps), in addition to the exponentially distributed band gap%t&te<>?
Alternatively, the additional density of states could correspond to electronic states in the
dye molecules themselvé¥.When CA or OAwere coadsorbed with SQ2 or with the
SQ2/indoline dye combinations, the pronounced change in slope of the capas#ance
removed, indicating that the additiordénsity of states waassociated with the pres-
ence ofaggregaed SQ2 moleculesRegardingthe exponentially distributed trapsiet
majority of samples exhibiqualtrap distribution parametet$of 0.37 +£ 0.03(Table

12), as determined from fitsf the highefvoltage section of the captance curveso

eq. (52) cf. Figure 53. With U= 0.44 andU = 0.32, theU valuesof the sanples with

D149 or SQ2as individual sensitizemre slightly outside that rangas for the effect of
coadsorbates, combing D149 with cholic aciccause a decrease df from 0.44 to

0.35. Similarly, coadsorbing OA with D149/D131 slightly decreases the trap distribu-
tion parameter from 0.39 to 0.34. Hence, the trap distribution in electrodeposited ZnO
films sensitized with @49 or D149/D131 is somewhat steeper in the presence of OA or
CA, roughly in accordance with observations discussed in chapfer the squaraine
sensitizer SQ2, on the other hand, the presence of cholicasgs an increase in the

value ofUfrom 0.32 to 0.36, i.e., the distribution of trap states is slightly flattened.
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Table1l2 Trap distri but i elativepaduesaime towirtrap déhsitph d r

of the ZnO solar cells with different dyes or dye contimna.

sample code U Nt/Nt ref
D149 0.44 1 (ref.)
D131 0.37 1

D149/D131 0.39 0.9
SQ2 0.32 0.5
SQ2+D149 0.39 0.7
SQ2+D149/D131 0.38 0.7
D149/CA 0.35 0.5
D149/D131/0A 0.34 0.4
SQ2/CA 0.36 0.4
SQ2/CA+D149/D131/0OA| 0.37 0.5

The largelysimilar slopes of the capacitance curves enable the determinaitiehative
conduction band edge shiftgEc/q (see following section)As apparent from eq. (52),

gE/g can only be accurately determined from shéts of theC,, curvesalong the volt-

age axidf both the trap distribution parameters and the total trap denbltieghin the

set of cells to be compared are equal. While total trap densities are commonly assumed
to be equal for cells based on a given semiconductor material, it has been argued in a
previaus report®? tha N is influenced by surface treatments such as adsorption of dyes
or coadsorbates and should therefore be monitored experimentally and taken into ac-
count in the determination of conduction band edge shifts from vedtagendent
charge density plots (anl t er nat i v é&:fronoC,).oThet nmethad suggpstegby
O6Regan et al . i nvol ved didyneanmof shadircubo n o f
charge extraction measurements (cf. secfigh?), followed by normalization of the
openci rcuit charge density by theEreThati ve

present chapter introduces a protocol S

mi
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normalization ofC,, curves in order to more reliably determine cacttbn baw edge
shifts from these curve¥alues ofN; relative to that of the cell with D14@ere ob-
tained by determining the factors necessary to align the-sincuit charge density vs.

Jsc datameasured using illumination by a red LEEIgure 54), seeTable12.
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Figure 54: Electron density in the ZnO at short circuit under different levels of illumi-
nati on by mx=63 am)lcarmepondieg to different steaestate shor
circuit currentdensities & (lines are a guide to the eye onlgolor and symbol as-

signment as in previous figures.

It is assumed that the use of red light instead of simulated solar light did not have an
effecton the charge at a given shoitcuit current density, as the intensity and spectral
distribution of the light source will only affect the achievi&elbut is not expected to
influence the Fermdlievel gradient and, hence, the occupation of trap statesspand-

ing to a givenJsc value. Nt is nearlyconstantn the cells with D149 (reference), D131,
and D149/D131For the sample sensitized with SQ2, however, it is reduced to about
half compared td\: of the indoline dyesensitized sample$Vhen the squarae sensi-

tizer is combined with D149 or with D149/D131, the relative total trap density becomes
0.7, which is roughly the average of the values of the cell with SQ2 and the cells with
indoline dyes as expected based on the shared coverage of the interfagkesarea of

the ZnO by SQ2 and indoline dye molecul€sadsorption of CA or OA with D149 or
D149/D131, respectively, decreadéf\; ef to about one half of that in the correspond-
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ing samples without coadsorbates. In the case of SQ2, the coadsorbaity @Hected

a minimal redation of the total trap densityndicatingthat N: (by adsorption of SQ2)

had already reached a lower limit, which maydetermined by theonstantdensityof

bulk traps.As the relativeN; in the cells withSQ2/CAand D149/0131/OA arecompa-
rable the combination SQ2/CA+D149/D131/O#, which the surface is covered par-
tially by ASQ2/ CAO and partial NMNelvgl. AD149/ D!
The systematic change dlfie total trap densitin response to variations the surface
dye/coadsorbate layatemonstrates that the majority of trap states must be surface
states as opposed to bulk trapsadsorption of CA or OA with indoline dyes decreases
the relative total trap density by ca 50%, indicating that the two cdzaiss passivate
surface trap states, for instance by attaching to coordinatively unsaturated surface atoms
that would otherwise forrelectronic states in the band gd@hese observations aire
accordance withhie conclusioadrawnin chapter5 on the basis of changes in the trap
distribution by coadsorption of cholic acidth D149 In view of tre reduced values of

Nt measured forthe cells containing SQ2 without caamibate (samples SQ2,
SQ2+D149, and SQ2+D149/D131) is important tore-evaluate the findinghat ther
capacitance curvesiggestedhe presence afdditionalfitrapd states (in ZnO or the dye
itself) in these cells, whichwere not observed in the samphith indoline dyes only.
Provided the trap distributions remain otherwise constast,atlditional presence of
these monoenergetic trapould, in principle,increase the total trap densifyhe over-

all reductionof N; in the three cells with SQ2 (withib coadsorbatejompared tondo-

line dye cells (without coadsorbatalst therefore have resulted from a reductiothef
density of exponentially distributed tratigt overcompensated the expected increase of

Nt due to the additional deemps.

6.3.2 Conducti on Band Edge Shifts

Normalization of the voltagdependent capacitance Bigure 53 by the relative total
trap densitiesTable 12) notably influenced th&orizontal shiftsof the C, curves rela-
tive to each otheffFigure 55), which highlights the importanceof accounting for varia-
tions inN:. Table13 (middle column)showsthe conduction band edge shifg/q ob-
tained for the different DSCisom the normalized capacitancene shifted capacitance

curves,Figure 56, showexcellent overlap across the entire exponential partfirming
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that the variations of the trapsttibution parameter in the preseslls aresufficiently
smalland, hence, the determineanduction band edge shifts are meaningful.
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Figure 55. Chemical capacitance of the ZAtdsed DSCs (assignment of colors and
symbols adn Figure53) following normalization by the relative total trap density
Linesare linear fits toselected rangesf the dataAdaptedwith permission fromef.288

Copyright2015American Chemical Societ

The three samples with indoline dyes without coadsorbates (D149, D131, and
D149/D131) show almost identical positions of the ZnO conduction band edge. Com-
pared to these cells, the sample with SQ2 shows a pronounced positive (tBwagds
shitoftheconducti on band edge bBtexpldnshalfofthet 0 mV.
difference in opertircuit photovoltage between the DSCs with D14%5Q2 (see fur-

ther discussiofin chapter6.4). A relative positive Bift of Ec canindicatethe presence

of a stronger dipole pointing towards the surface of the semiconductor (or a weaker di-
pole pointing away from the surfac®)146 29 2%pe Angelis et al. have reported com-
putations for TiQ showing that all dyes they investigated introduced upward shifts of
the conduction band edge with respect to bare;, ThOt the upward shift was much
more pronounced if the dye was adsorbed in a bridged bidentate mqaes @eharged
molecule) as opposed to monodentate mode gisea neutral molecul&y.2%Thus, tre
present relative downward shift & observed for SQ2 may reflect differences in the
attachmenof SQ2 compared to D149cssibly related to the strong aggregation of SQ2

having suppressed the formation of stable bidentate bonds to the ZnO.surface
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Table13:

Rel at i veof thehcorfductson lzpitl edge betwdlba DSCsdis-

cussed in this chaptePositive values indicate downward shifts (towardsdg, nega-

tive values indicate upward shifts.

sample code gEdJq from Cy/ mV | gEdqfrom nod mV
D149 +/- 0 (ref.) +/- 0 (ref.)
D131 -1 + 38

D149/D131 +6 + 27
SQ2 + 108 + 186

SQ2+D149 + 56 + 80

SQ2+D149/D131 + 64 +93
D149/CA + 59 + 87
D149/D131/0A + 65 + 82
SQ2/CA + 88 + 105
SQ2/CA+D149/D131/0A + 42 + 64
10°F g -
O:.
3 o
omb
N - modg
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Figure 56: Normdized capacitances.theband edge shHtorrectedvoltage.Reprinted
with permission fromef.288 Copyright2015American Chemical Society.

Moreover, n a previous study investigatiigl49-sensitized electrodeposited ZnO it

was proposed thdd149 does not form a covalent bond to the ZnO but ratitsiorbs
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via ionic interactiont3” Negatively chargeddsorbed D149 ionsould have created
strongerdipolarfield relative to adsorbe8Q2 moleules, resulting i grongerupward
shift of Ec. Usingthe conduction band edge position of D149 as ageter pointthis is
detected asa relative downward shiiof the conduction band edgethe cell with SQ2
For adeeperanalysis of the origins of the relative conduction band edge Seifigeen
DSCs with SQ2 and with D14%heoretical calculatiot$ 2°or experimatal methods
like vibrational spectroscopy must & employedo clarify the binding mode of the
different dyes and coadsorbategichwasbeyond the scope of this workhe relative
Ec shifts ofthe co-sensitized cedl with SQ2+D149 or SQ2+D149/D131are both about
half wayin betweerthe gE. of the cellswith indoline dyesandthat of the sample with
SQ2.Thus, the effects of SQ2 and D149 and/or D131 on the energetics of the porous
ZnO areaveragedvhen the dyes are combinédioadsorption o€holic acid or octanoic
acid with D149 or D149/D31 in the present study led to a downward shifEpfwvith
respect to the cells without CA or A#y about60 mV. Based on the results of chapter
5, which suggested an upward shift of the conduction band eddgeAbin D149
sensitized ZnO, this finding at first appears unexpedtethct, studies by other groups
that have addressed the influence of cholic acid or cholic acid derivatives (e.g. deoxy-
cholic acid and chenodeoxycholic acid) on the conduction bandpedgen of ZnO or
TiO2 have not been unambiguous eithaoth upward and downward shifts B&f have
beenreported#® 219 2%8Thjs apparent inconsisteneyay be explained by variations in
the total trap densitgf the semiconductahat were not accounted for, leaditmgfaulty

r e s ul Esintheostudy gresented thapter5, for instance Nt was notyet moni-
tored experimentally and was assumed toidsntical in cells with D149 and with
D149/CA when estimating conduati band edge shift®ased on the assumptitmat
D149 and D149/CA exhibited simildifferences with respect to the total trap density as
observed in this chapteN¢pi49/cad 0.5 Ny,p149), theapparenupward shift ofEc by CA

by ~50 mV (cf. Table 9, values for cells with adsorption time of 120 minguld
change into a downward shift by approximately 30 mV, roughly confirming the trend
found after normalization o€, in the present set of cell§herelative domward shifts

of Ec inducedin cells with indoline dyeby the presence of CA and Q& most reason-
ably explained by different modeof adsorptionof the coadsorbatesa their carbox-
ylic acid groupscompared to D149 an®1312% Adding cholic acid or octanoic acid to
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the squaraine sensitizer or ttee mixture of 32, D149 and D131 causes a smagit

ward shift (away fromEredoy Of the conduction band edge of ZnO by about 20 mV
compared t&8Q2 or SQ2+D149/D13Without coadsorbate3 he aboveresultssuggest

a situation in whichihe indoline dyes induce the strongest upward shif:pfthe coad-
sorkates cause a smaller upward shift, and adsorption ofcs€2esan even smaller
negative shift ofE..5” 2% Adsorbing combinations of several dyes and/or coadsorbates
effectsan averaging of thewarious individial impactson the position othe conduc-

tion band edgeAs a result, thehreecells with D149 D131 or D149/D13Ehowed the
highest position oE. andall other samplesxhibitedconduction band edg@ositive of

that

For comparisonthe relative ban@dge shifts were determined frahifts of thevolt-
agedependent opeaircuit electron densitynprmalized byN/Nrer, SeeFigure 57)

along the voltage axi&f. chapterl.4.7).
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Figure 57: Opencircuit electron density g3 normalized by relative differences in the

total trap density (MNtref), plotted against the operircuit photovoltage (lines are a

guide to the eye only). The data was obtained by ehargraction measurements from

various illuminationintensitieso f a r emg= G3E Om).Coder and symbol as-

signment as in previous figures

T h eEc v@lues attained by this meth@@iable 13, right column) areltogether larger,
but qualitatively showlargely the samé&ends with respect to the influencedfferent

dyes and coadsorbatdbus providing an independent confirmation of the results de-
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rived from the capacitance curvés.particular, the strong daward shift of the con-
duction band edge in the cells with SQ2 without coadsorbates and the downward shift of

Ec by CA or OA in indoline dye cells were confirmed.

6.3.3 Recombination

Figure 58 showssemilogarithmic plat of the recombination resistanBec from EIS as

a function of theFermtlevel voltageV: (a) and thecorrected Fermlevel voltageV-
gEJq (b), respectivelyWhile the plot against the uncorrected voltage gives an insight
into the sampldo-sample diffeences in the rate of recombination as a combined effect
of various factors the focus here will be on the plots agairiee band edge shit
corrected voltage, whichaccording to thé-recombination modelallow to interpret

Rec asa measure of the ratemstant of interfacial charge transfef. eq. (55)and eq.
(32)).128 252Note that the expression f&.c in the b-recombination model is obtained
by use of an empirical formulation for the rate of recombimatie (eq. (16))that ac-
counts forthe influence ofurface trap statemly by introducing thexponent. More
sophisticated modelmclude a specific distribution and density of surface trap states
and of acceptor statewhich leads to an expression f&c thatreveals its dependence
on therecipracal value of theotal surface trap densjtgee for example eq. (15) and
(16) in ref8, Thus,in the interpretation of thBeec VS. Vi-gE/q plots of the present cells
with varied densities of surface traps (cf. sec8dhl), bothchanges irk: or the surface
trap densitymay be responsible for (inverse) change®ia In the corrected voltage
range morenegative than abou®.35 V, most semilogarithmidzec curves show the
linear decrease typical for cells with arponential distribution of surface staies.
(54)).128 This range is characterized by simitacanbination parametsib of ca. 0.4i
0.5for most samples, as obtained from linear fits to eq. (54)Fispee 58 (b) andTa-

ble 14. With b = 0.2, the cell with SQ2/CA+D149/D131/OAshows theonly larger
deviationfrom this range, representative of a steeper exponential distribution of surface

states than in the remaining samples.
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Figure 58 Plot of the ecombination resistancef the ZnGbased DSCs againshe
Fermi-level voltagebefore (a) and after (jorrection by relative conduction band edge
shifts. Thin lines are a guide to gheye only,hick lines in the highevoltage rangeof
(b) represent linear fit curvesdéshed without coadsthate, solid: with coadsbate)
Plot in (b) adaptedwith permission fromef.288. Copyright 2015 American Chemical
Society.

When comparinghe b values ofthe samples with D149 or D149/CA withoseof the
corresponding samples of chapsediffering effects of the coadsorbate cholic acid are
observed. In chaptér;, the recombination paramet&as higher for the cells with cholic

acid at a given dye loading (dfigure 45), which was explained by the breaking of

D149 aggregates by CA amelateddecrease afecombnationat energies further away

from the conduction band edge. In the present set of cell§ Wadue for the D149
sensitized cells with and without cholic acid is virtually identical. The dye loading in the
sample with coadsorbate was clearly smaller, with an integrated (integration range 425
nm to 700 nm) absorbance of 170 nm compared to 280 ine film without CA. Ac-
cording to the trend presented kigure 45 of chapter5, the present cell without CA
should thus exhibit a smalldr than the value found hemnd the sample with CA
should show a larger recombination parameter. Thus, the effect of CA on the voltage
dependence of recombination in the cells discussed here deviates from the influence that
was found for the samples studied in chaptef possible explanatio(cf. chapterd)

for this could be the fact that different batches of D149 were utilized in the two experi-
mental series and that, for the dye batch used in the presetgrciiap coadsorbate had

a less significant effect on the voltadependence d&ecthan in the previous chapter.
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Table 14: Recombination parameter for DSCs based on electrodeposited ZnO and vari-
ous dyes or dye combinations wathwithout coadsorbates. Values were extracted from
the linear part of the R curves observed for higher voltages and do not describe the

full voltagedependence of the recombination resistance.

sample code b
D149 0.44
D131 0.39

D149/D131 0.41

SQ2 0.45
SQ2+D149 0.50
SQ2+D149/D131 0.50
D149/CA 0.43
D149/D131/0A 0.40
SQ2/CA 0.41
SQ2/CA+D149/D131/0A 0.21

The slightly reduced slopef Rec seen for many cellat smaller voltages is typical and
reflecs a transition to a regime in which the measured resistance is dominateel by
charge transferesistance othe electrolytéblocking layer interfacenstead of there-
combination resistandé® The samples witt5Q2 without coadsorbate, however, exhibit
a very different behavior with a pronounced local minimunRRef centered at a cor-
rected voltage of abou®.3 V.By comparison with the chemical capacitance of the cor-
responding sample&igure 56), this strongncreasdn recombination around-qEd/q
=-0.3 V is due to the presence of the additiaiattronicstates that led to an increase
in C, in the same voltage ran§®1?® 23 In the presence of coadsorbates (cells SQ2/CA
and SQ2/CA+D149/D131/0OA), the pronounced decreasg.pfowards lower voltages
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is considerably reduced, in line with the absence of signadditional states in the
chemical capacitance. (A certain shanlincrease irC, expected from lower densities

of suchadditional statess probably concealed by the exponential backgrouNdje

that n the rangef Vi-qEJ/q of -0.5V or more negativesells withSQ2with or without
coadsorbateshow high recombination resistances compared to the indoline dye cells
with or without coadsorbate, respectively. Thexrticularlylow rate of recombination
outside the energetirange of thexdditional density of statas probablyrelated to the
overall significantly reducedensity ofZnO surface trap states the samples with SQ2

(cf. Table 12 and discussion corresponithg to a reduceddensity of dectron donor
statesable to participate in recombination reactions to the electrolyte or oxidized dye
moleculesAmong the samples with indoline dyes, D131 and D131/D149 (without OA)
show higher recombination resistances WsqEd/q than D149 (without CA)As the

total trap densityn the ZnO filmswas similar for these three cells, the differenpaint

to a lower rate constant of recombination in cells containing D131, which could reflect a
more efficient physical blocking dhe ZnO surface from the electrolyte by D131 mole-
cules (reduced electronic coupling in eq. (17)he addition of CA or OA entailed a
very pronouncedecrease dReec VS. Vi-qEJ/q both for D149 and for D149/D13Which
wasat least in part theesult of hereduction in the total trap densitygble 12).

Taking the influence of the different positions of the conduction band edge into account
(Figure 58 (a)), the cells with SQ2 without cosatbate show the highest rate of recom-
bination at a given Ferniével voltage due to the strong downward shifts of the conduc-
tion band edge (see previous section). D149 (without CA) shows similarly poor proper-
ties, while D131laltogetherexhibits the mostavorable recombination behavior. The
addition of CA and OA overall leads to an improvement of the recombination resistance
in the higher voltage range. A further discussion of the different factors influencing re-
combination and, eventually, the oparcuit photovoltage, will be presented in the
following section.

In the ZnO/D149 cells studied in chapfercholic acid increaseB.c over alarge range

of voltages, butvas found to have the opposite effect dtages beyond0.55 V Q(Em)

> 2.10"° eViem®, cf. Figure 44). The data of the present cells with indoline dyes show
no indications of a decrease Rt at high voltages by the presence of CA or OA. It
must be kpt in mind, however, that the voltagegfEm) axes in the plots of the recom-
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bination resistance in chapt&rwere not corrected for possible variations in the total
trap density between the samples and thightmot have accurately reflected the rate
constant of recombination. If the ratio of total trap densities between cells with D149
and cells with D149/CA in chapté&y was similar to the one found in this chapte
(Nt,p149/ca @ 0.5 Ni,p149), the recombination resistanaea plot vs. the normalized (by
relative total trap densitieslensity of statesvould have been higher for the cell with
CA over the whole measurement range. This would have suggegeteeallylower

rate castant of recombination in the presence of CA, as found in the present cells with

indoline dyes.

Sincethe recombination resistancerelated tathe slope of the voltaggependente-
combination currendrec (€q. (%)), local minima inRec, as observedue to additional
recombinationfor the cells containingaggregated SQ2Zhould appear asnflection
points (Sshapg in plots of therecombination currenagainst the voltag® The dark

recombination currentg®k (equivalentto the totaldark current) as a function dhe

rec

correctedrermilevel voltage Vi-gEd/q exhibit the typical exponenti@hcreasewithout

any indications of inflection poin{&igure 59 (a)).
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Figure 59: Recombination currents. correctedvoltage in the dark (a inset shows
blow-up) and underAM1.5Gillumination (b) of DSCswith differentdyes(assignment
of colors as inprevious figures), with (solid lingor without @ashedlines) CA/OA

Adaptedwith permission fromef.288, Copyright2015American Chemical Society.
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However, he lower estimates for the voltagikependentecombination current under
illumination (39", Figure 59 (b)) for the cells with SQ2, SQ2+D149, or

rec ?

SQ2+D149/D131 exhibihe S-shapdandicativeof additional recombinatiom a limited
voltage ranggethus independently verifying the results of the EIS analsised o the
exclusive appearance of the inflection points inilheninated recombination current, it
can be concluded that onlpxidizedSQ?2 inaggregatesause the voltagedependent

increase in recombinationThe fact that the 9" generdy showed a voltage

rec

independent increase compared to daek recombination currengzrobably resutd
from an increased concentration of oxidized redox species formed in the pores of the

ZnO film during solar cell operatiofs.

Assuming hat the observed trap states related to oxidized SQ2 in aggregates correspond
to unoccupied electronic states in the grogtate dye, the energy level around which
the states were centersdould coincide with the maximum of the distribution of unoc-
cupiedstates in SQ2%x in Figure 3). The traps were detected aroundca eV above

Eredox i.€., at-4.55 eV, *2 cf. Figure 53 and Figure 58. Previous studies have deter-
mined the Fermi leveE‘(S/S") of the oxidation potential of SQ2 to Iséuated at5.33

eV, i.e.,approximately0.5 eV belowEedox0f the [/l15” electrolyte®? Thus, if the position

of the monoenergetic trap states detecte@,irand Rec does correspond tB%x, the
reaganization energy othe adsrbed SQ2molecules would be 0.8 eV. This is in the
range of typical reorganization energiesOofi 1 eV reported for DSC dye®d> 2%°

which makes it reasonable to assume thabbserved traps did, in fact, respond to
unoccupied states in oxidized SQ2 molecukes. the sake of convenience, the follow-

ing discussion will continue to refer to these traps as (additional) monoenergetic trap

states.

VI Calculatedby subtractinglsc from the total current density measured under AM1.5G illutionaThis
approacthrelies on the simplifying assumption pégligible recombination under shaitcuit condi-
tions(not always thease, cf. ref. 92), trudelivering lower estimates rather than exact values



Panchromatic Dy&ensitized Solar Cells Obtained by -Sensitization of Electrodeposited ZnO with
Indoline and Squaraine Dyes 151

6.4 Detangling the Different Effects Influencing the Open-
Circuit Voltage and Fill Factor

Having analyzedphotovoltaic characteristics, trap distributioasd recombini@on
propertiesof the ZnQObased DSCs with different sensitizers and coadsorhatése
previous sectionghe following discussion will nowsethese redts to quantitatively
determine the origins dhe experimentally observedhariationsgoc in the opercircuit
photovoltage(as well aghe fill factor of the cells According tothe b-recombination
model(eq. (34), differences in the opecircuit photowltage are due tohangesn the
conduction band eddg., the recombination parametéx the rate of electron injection
reflected by theshortcircuit photocurrent densitysc, and/or the rate constaktof re-
combination under illuminatioifor the total tap densityN;, cf. discussion ir6.3.3,
which is contained in the factadok, cf. eq. (32) For cells with similar recombination
parameter$, such as the sampletudied in this chapter (cf.able 14), expressions for
thechange ophotovoltagevi t h r espect t osolelycausddéoyddfer-c e

ences inJok or Jsc can be readily derived from eq. (34):

KT .. &3, 0
DV (Dlge) = — ne-=s¢ @ 75
OC( SC) q(i) glscref 9 ( )
_ KT . & jlant §
V, (D3t = = (perec 0 (76)
0@ @0

In eq. (/6), the parametedox has been replaced by the recombination current under il-
lumination, pa/d™ (cf. section6.3.3, exploiting the fact thamni the case of sanfeandEc

rec

the ratio Jow/Jokref iS equivalent topad / D39 (cf. eq. (31) and eq. (32.*%8 The

Dilgnt values were taken from plots agaiNstyE:/q (Figure 59 (b)), thus removing the

influence of differences i, and weraleterminedutside the rangmfluenced by the
additional monoenergetic trap statgs -0.55 V) to ensue applicability of the b-
recombinationmodel The enhancement afecombinationdue tothe presence aho-
noenergetic deep traps tells with SQ2 without coadsorbateannot be describealy

the b-recombination modeko that the calculations made in this section do not account
for the effects of thisdditional recombination on the opeimcuit voltage As discussed

further above, threcombnation parameterdetermined from the higholtage range of
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the Rec curves & between 0.4 and 0.for most sarples To enable the calculations
based on eq7b) and eq. T6), the averag® value of 0.44not including thesingleout-

lier of b = 0.2]) was usedBased on the simplifying assumptions made apbtwe re-
sults attained by e@75) and(76) must be considered rough approximations rather than
precise valuesRegardinggVoc( ), it should also be kept in minthat any increase

(or decrease) in thehortcircuit current densitynay entail an increased (or decreased)
rate of recombination to oxidized dye molecul8siceindications for recombination
with oxidized dye molecules wenadeed observeit severalof the cellsof this chapter

it is likely thatthe change in opewircuit voltage due to the changeJa s slightly un-

derestimatedor these samples

The three calculatecbntributions to the changesWa., Table 15, were summed up for
each cell toyield the theoretical total change in the o#cuit voltage,
Voc,cacqESg+qVod d)+qVod DI/9M). In spite of thesimplifications made in the calcu-

lations, themajority of the values ofpVoccacare very close (+/10 mV) tothe experi-
ment al |l y obs eVbcWed(D149)(Tatdesl5), provingghe applicability

of the model The cellswith SQ2 or combinations of SQ2 amtloline dyes (without
coadsorbatesghow larger deviationef about 60 mVbetween theoreticand experi-
mental change Vo, which shows that the presence of the additional monoenergetic
trap states in these samples induceddditionalloss in photovttage by 60 mV. The
results inTable 15 clearly show that the two DSCs containing D131 and D149/D131
exhibited the besfmost negativeppencircuit photovoltages among the cells of this
chapter owing tdahe smallrate constant of recombinatidef. section6.3.3. The favor-

able influence of the sluggish recombination\@awas slightly counteracted by a loss
due to the smalledsc of these cells comparead the referene cell with D149.If the
shortcircuit photocurrent density would have been as high as that of the reference, the
opencircuit voltagewould have been evanore negative by 16 25 mV. The cell con-
taining the squaraine dye SQ2 without cholic acid yieldwedlbwestVoc as a conse-
guence of the strong downward shift&f(cf. 6.3.2 coupled with its very lowsc Alt-
hough thecalculationssuggest that the photovoltage losses due to the small injection
rate and theonduction band edge downward shift are ceratted byeduced recom-
binationdue to the decreased surface trap densityT@ble 12 and sectior6.3.3, this
finding does not accurately describe thé t uat i on i n t h\&cckfaal

cel
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the containingSQ2 without coadsorbategdchotinclude the voltage loss due tecom-

binationvia monoenergetic trap states

Table 15: Partial changesp V. (..) of the opercircuit voltages of Znebhased DSCs with
different sensitizers and coadsorbatesh respect to a reference ceth Ve cac is the

calculated total change ofoy(sum ofpVc () 6 a@ndl V. is the experimental total
change of V. Adaptedwith permission fromef.%8. Copyright2015American Chemi-

cal Society.
sample code mvjéqidw Cp\frcrfvﬂ&) qwo;r(n?]/:iggt) Woc.cac/MV | Voc/MV
D149 +/- 0 (ref.) | +/-0 (ref.) | +/-0 (ref.) | +/-0 (ref.) | +/- 0 (ref)
D131 -1 + 26 - 46 -21 -23
D149/D131 +6 +16 -33 -11 -20
SQ2 +108 + 65 -21 + 152 + 214
SQ2+D149 +56 +25 +9 +90 +155
SQ2+D149/D131 +64 +16 +15 +95 +153
D149/CA +59 +18 -77 0 +1
D149/D131/0A + 65 +9 -77 -3 -21
SQ2/CA + 88 + 63 -54 +97 +101
oo | waz -6 -5 +31 +19

For the two co-sensitized cdd with SQ2+D1490r SQ2+D149/D131the opekcircuit
photovoltage reached higher values tharttiesamplewith SQ2 as an individual sensi-
tizer because of themaller downward shift of the conduction band edge and the higher
Jse¢ When D149 or D149/D131 wercombined witlcoadsorbates, the opeircuit pho-
tovoltage remained the same, becathseneficial effect ofdecreasedecombination

(reduced total trap density, dfable 12) wasfully compensated by lossessulting from
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the lowered Jsc and the downward shift oE.. Coadsorbing cholic acid with the
squaraine sensitizehowe\er, led to a great improvement \f3c on account of the re-
duction of boththe downward shift of the conduction band edge srmbmbination
lossesFor theco-sensitized cell with SQ2/CA+D149/D131/CAn improvement of the
opencircuit photovoltage compared to the corresponding sample without coadsorbates
was achieved through the less pronourd@anward shift ok, the highershortcircuit
photocurrent desity, and reduced recombination loss@sis cell yielded a higher
shortcircuit current density than threference celith D149, butexhibiteda lowerVqc
due tothe ~40 mV downward shift of the conduction band edfmjsresuling in a
marginallysmaller powerconversion efficiencyfFor the different cells containing SQ2
as individual sensitizer or in combinations, the results ofpie analysis are summa-
rized in the illustration ifrigure 60.

SQ2+ SQ2/CA+
SQ2 _ SQ2/CA _D149/D131 D149/D131/0A

> 54

€-50+ ; : :
3 21

> ; : i

<0 7 : -

%’ ‘ e 15 U

5 s0f a2

B 65 63 64 |__|AEJ/q

§ ﬁ l:lﬂvot:(“'.,sl:)
1 00 i m l:] AVOC(JreC)

Figure 60: Graphic representation of ththree calculatedcontributions to the total
opencircuit photosoltage changeof four of the DSCswith respect to the reference
sample D149conduction band edge shifts (grey), differences in the €lvorit photo-
currert density ¢oral), and differences in the rate of recombinatigneér). Negative
values indicate gains of the (negative) opécuit photovoltage, positive values indi-

cate losses.

For an analysis of the microscopic origins of the different fill factdrthie cells in this

chapter it should be noted thahe (internal) fill factorFF dependson the same basic
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factors as the opetircuit photovoltage, i.eh, Ec, 39" andJs cf. eq. (35) To study

rec

FF independent of influences of tiseries resistance, its internal value was determined
and was plotted vghe experimental/oc in Figure 61. An exact analysis to examine
which microscopic parameters determirielel would involve a plot of the inteal fill
factor against the calculataéc based on the parametdes Jok, b and Jsc (eq. (34)),
rather than against the experimern¥ad. However, calculated absolute voltage values
could not be determined for the present sampleg; asnd Jok were only accessible as
relative quantitiesThe data was compared to a simulatedveurased on the above

equation under the assumption of a condtarstiue of 0.44 (see discussion above).
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Figure 61: Internal fill factor of the ZnGbased dyesensitized solar cells with various
photosensitizers plotted vs. tbeperimentalopencircuit photovoltage. Black symbols

are experimental values, blue symbols are calculated values obtained by inserting the
measured and b values of each sample into eq
based on eq. vaB&of044i th a fixed b

A fair agreement of the experimental datigh the simulatedbehaviorcan be seenn-
dicatingthat the variations of the fill factdsetween different samplese mostly the
result ofthe abovediscusseahanges in the opetircuit photovdtage. In other words,
the diffeences in the fill factorsf the various cellare largely due tthe variations in

Ec, 319" andJsc that were responsible for the variations/, cf. Table 15. Calculating

the internal fill factorof each samplbased on the measur¥gt of each indivdual sam-
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ples and consideriniipeir individual experimentab values(blue symbols irFigure 61)
does not lead to a sigigantly improved congruence between experimental internal fill
factor and theoretical value. Thus, the small variation obtii@eluesdoes not seem to

have a crucial influence d¥F.

6.5 Analysis of the Factors Determining the External Quantum

Efficiency

This section will first focus on a quantitatiestimation of théactors limiting the IPCE

(cf. eq. @0)). Explicit investigations othe electron injection efficiencyinj andthe dye
regeneration efficiencyeggenerallyrequire specific experimental mettwsuch as ul-
trafast transient absorption spectroscopy and scanning electrochemical micf8scopy
105, 282, 30Qyhich were beyond the experimental scope of this wbhle presentdiscus-
sionof those quantitiewil| therefore be limited to the combined effectdef anddregat
short circuitas concluded based on the determined charge collection effiadgayd

light harvesting efficiencyjn, which is atypical approach irphotoelectrochemical and

impedancestudies of complete DSCG8 141d.. is commonly assesséxy comparinghe
electron diffusion length., = ¢ D, (eg. (2) with the film thicknesgl. Sinceeffective

electron lifetimel and effective diffusion coefficienD, depend on the bias volt-
agefilumination, a correct determination bf must usel} and D, valuesat the same
electrical conditiort!* which is the shortircuit conditionin the present analysis of the
IPCE andls. For U, the valueat an applied voltag¥ = -0.3 V (obtained fromC, and

Rrec Via eq. (#)) was used as an approximation for #iertcircuit value because the
impedance spectra could not be reliably fitted anymore at less negative volpges
proximate values oD, were obtainedby means oeq. 69) usingthe electron tnasport

time (4 measured by IMPS und&b mWcm? illumination bya red LED at shortircuit

(cf. Figure 75) and a factoe of 3.1, as roughly estimateolased on an extrapolation of
the chart in the Supplementary Information of #ftoUsgdd&d 5, t he val ue

ing to the highespeakabsorbance of 2.2 among the samples of this chépt€onsid-

VI g = 3.1 constitutesa higher valughan used in most other studies (ef. 141,242, 263, an@64)
chosen here to ensure tliatis underestimated rather than overestimated.

corr
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ering thatl} increases towards smalleoltages and} decreases with increasing light
intensity®”: *the Ln values determined usirg atV = -0.3 V and@ under 25 mWcri
illumination represent conservative lower estimates for the-sirottit diffusion length
under standard AM1.5G operating conditioN®arly all of the estimated shedircuit
electron diffusion lengthor the different cells are at least 3 times as large as their film
thicknessd (Table 16), demonstrating that the charge collection efficiency approached
100967 and the IPCE was not limited by this part of the phdteourrent conversion

(cf. Table17). The cell D149/D13®xhibitsanLq/d ratio of 2.6 (as a result of a relative-

ly low electron diffusion coefficient)which acording toa graphical estimation based
on Figure (17) ofef. 8 should still correspond to eharge collectiorefficiency dec of
about97%.

Table 16: Effective electron lifetime (at an applied voltage-0f3 V) and diffusion
length (at short circuit)} and Dy, film thickness d, estimatesthortcircuit electron dif-
fusion length kse and ratio ofLnscand dfor ZnO solar cells with diierent dyes with

and without coadsorbates.

sample code | Gh(V=-0.3 V)/ ms / 1%'5((?;351 d/pum | Lnsc/ pm | Lnsdd
D149 6.6 3.2 4.2 14.6 3.5
D131 10.7 n.a. 4.3 n.a. n.a.
D149/D131 8.9 1.3 4.2 10.8 2.6
SQ2 7 145 4.2 32.2 7.6
SQ2+D149 2.9 116 4.2 18.3 4.3
SQ2+D149/D131] 4.1 105 4.3 20.6 4.8
D149/CA 18.3 57 4.1 22.1 5.3
D149/D131/0A 16.5 21 4.6 18.6 4.0
SQ2/CA 3.9 5.6 4.4 14.7 3.3
+D129Q/§)/]iﬁ/OA 3.8 5.2 4.5 14.1 3.1
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The spectral light harvestingfficiency, determined from theptical losscorrectedab-

sorbance curves iRigure 50Y" exhibits ery high peak valueof 971 99% for cells
without coadsorbates, while the samples with CA and/or OA show slightly simabler
imumdn of 891 96% Figure 62

Figure 62 Light harvestingefficiencies of the DSCs with SQ2, D149, and/or D131,

calculated from the absorbance.

For the solar celperformancethe spectrally integratddyht harvestingefficiency dpn,int
is the relevant quantityhe dn,int values of the various DSCs weretermined using an
integration rangef 3507 750 nmandwere referred to the integratéight harvesting
efficiency of a hypothetical ideal absorisowingdn = 1 over the range 350750 nm
(the corresponding]n,int is 400 nm)to attainrelative integratedight harvestingeffi-

ciencies with values between 0 and 100%ble 17.

Having quantifieddcc anddp,int, it is now possible to assess the combined effect of elec-
tron injection and dye regeneration on the quantum efficiency. For this purpose, the
IPCE curves ofigure 52 were firg corrected for optical losse$ 80%* (i.e., divided

by 0.8)to yield an internal IPCE that refers to the light intensity actually arriving at the

WWThese Ainternal o values of t hesmallertgahthosedetermigest i ng ef f |
from the uncorrected absorbance, acknowledging that a part of thReamsmitted light intensity can-
not contribute to the photocurrent generation but is rather reflected or absorbed by the FTO/glass sub-
strate, see further .

X Estimatedbased on aoffset of 0.09of the absorbance curves at 800 nm, where none of the dyes ab-
sorb, i.e., any measured absorbance must be due to the substrate.












































































































































































































































































































