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conventionally been deposited on conductive gldeets. To reduce the costs and enable roll-tomalss production, the gla:
substrates should be replaced with flexible metal plastic substrates. The change of the substnates profound effect on the cq
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was to decouple the effects of the different celhponents on the cell performance. For this purpasaethod to study individua
electrode performance based on electrochemicalderpee measurements of a complete cell is presented.

Issues related to the up-scaling of the cell, ngroetrent collection and spatial performance disition, are also covered in this WO:Ik.

A novel, segmented cells configuration is presembestudy the spatial performance distributionwéts discovered that there are lal
variations in the cell performance leading to digant efficiency losses. The spatial distributiwas linked with the usual electrolyy
filling technique which resulted in an uneven disition of a common electrolyte componented-butylpyridine.

Finally, the lifetime of the stainless steel baselis was examined. Interestingly, the cells witkirdess steel photoelectrode substrg
aged much faster than those with stainless stegitepelectrode substrates. To examine the agirdpamésms, a segmented cell des

was also developed specially for the degradatiadies. With the segmented cells, it could be caméil that the degradation of the

stainless steel photoelectrode cells was not debdages in the electrolyte. The aging of the Eaimsteel counter electrode cells W
on the contrary, linked with the corrosion of thaiisless steel substrate by the electrolyte.
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1 Introduction

1.1 Why Photovoltaics?

One-fourth of the world’s population does not haeeess to electricity [1]. In addition,
both the world population and energy consumptioa eonstantly growing. The
growing needs of electricity cannot be fulfilledtiifossil fuels in a sustainable way:
Firstly, oil and natural gas reserves are limitgecondly, coal resources are excessive,
but their use produces large £€@missions, the capture of which is still expensive
Thirdly, nuclear power is practically GGree, but there are serious questions with the
disposal of the nuclear waste, nuclear proliferatand safe operation. To solve this
situation, the share of renewable energy needstmmdreased. Being a local energy
source, renewable energy addresses most energytgacul sustainability concerns.

Some of the renewable energy resources, such aseigdtric power, wind power, and
geothermal energy, are largely dependent on sitdittons and their use is thus limited.
Biofuels seem to be in a collision course with feogply; the use of land and water for
biomass crop may severely conflict with cultivatiohedible crops. Contrary to those,
solar energy is spatially one of the most evenlgtritiuted energy source and,
conveniently, its potential is largest in the aredsere the energy consumption is
growing fastest. Photovoltaic conversion (PV) isha@s the most elegant electricity
production technology since PV modules do not doraay moving components. The
absence of moving parts in PV modules results waathges such as a very long
lifetime and low maintenance requirements. The nmmamaining challenge with solar
energy is the cost.

Learning curve forecasts show that the price redoaif PV could be faster compared
to the other renewables [2]. In many energy scesathe proportion of solar energy is
estimated to grow enormously in the coming decaBesinstance, in the recent Shell
Scenario [3], the share of solar energy of all priynenergy is estimated to be 10 % in
2050. Efforts are, however, required to realizes¢hpgredictions. Most of the present PV
is based on single or multicrystalline silicon andhe preparation, large amounts of
ultra-pure and expensive silicon is required. Thiim PV, such as copper-indium-
gallium selenide (CIGS) or amorphous silicon, needsnuch smaller amount of
photoactive materials and they can be depositeldrger surfaces than the traditional
silicon cells. However, to speed up the implemémtaiof solar energy radically,
cheaper PV technologies need to be developed amdluted to the market. Therefore
the study of next generation PV, such as dye smdis and polymer cells based on
novel physical structures, is highly motivated. 3&enext generation PV cells are
prepared mainly from inexpensive materials and wigime material combinations even
roll-to-roll mass production is feasible.
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1.2 Background and Scope of This Study

The aim of dye solar cells (DSC) is to provide @&aer alternative to conventional
solar cells; the manufacturing methods of DSCsratfeer simple and the materials are
cheap and their availability is good. DSCs havéiti@nally been deposited on glass
substrates with a transparent conductive oxide (T€J@ting. These are in fact the most
expensive DSC components [4]. In addition, thedngsss and fragility of the glass
substrates cause restrictions to the productiorequiring batch processing. To enable
roll-to-toll mass production and to reduce the sote use of flexible substrates such as
metals and polymers has been introduced. For iostastainless steel has been
estimated to be even 25 % cheaper than TCO glass [5

The use of alternative substrates is interesting fibm the applications point of view.
Due to the large variety of cell colors availalil&sCs have important advantages also
in architectural applications and design produBemi-transparent DSCs prepared on
plastics could be used e.g. as transferable fagledeents which could be fastened to a
window. With such elements, the exterior and imtedesign could be easily altered.
DSCs prepared on metal could serve, for instarsca,raofing material.

The selection of suitable metal substrates is séwdimited by the stability: most
metals, for instance copper, corrode in the iodinataining DSC electrolyte [6-8].
Stainless steel (StS) is the cheapest metal whashphssed electrolyte soaking tests [6-
8]. The conductivity of StS is superior compared T8O as it is four orders of
magnitude larger [6, 7], even though StS is nohevéighly conducting metal.

Metal substrates were first employed as countetrelde (CE) substrates [6-8] since it
is optically beneficial to use a transparent suaibsir plastic in flexible cells, as a
photoelectrode (PE) substrate. The plastic sulestriibwever, require low temperature
processing and these methods have not been assiut@s high temperature sintering
in the PE preparation [9-10].

There are, however, several good low temperatuckntques, such as chemical
deposition [11] and sputtering, for the preparatdna high performance CE. Since
metal substrates withstand high temperatures, rgatietals on the PE and plastics on
the CE has become a popular cell configuration][3JL-in the metal PE setup, there are
additional optical losses because the light haal$o penetrate the CE and the bulk
electrolyte.

The purpose of this study is to determine the perémce and stability limiting factors
in flexible DSCs. The focus is on the issues spetifr the flexible DSCs, in particular
stainless steel based DSCs. From the issues the¢icothe DSCs field in general, only
those previously unknown are covered. In other wotkde aim of this thesis is to find
the most important questions related to the flex&Cs.

In this contribution, the cell design starts frdme substrates: stainless steel and indium
tin oxide coated poly(ethylene terephalate) (ITOFPRlastic. The substrate centered

14



approach is chosen because the substrates lamfelyrdne the preparation of the other
cell components. The study begins with the exanunadf the charge transfer between
the substrate and other cell components. From ,thbkee study is expanded to the
optimization of other cell components. Then, thesogling issues, such as spatial
performance distribution and current collectiorg eovered. Finally, the lifetime of the

stainless steel based DSCs is examined.

1.3 Outline of This Thesis

The thesis is divided into five chapters. In Chagtethe introduction, the motivation,
and the background for this study are presente@. Qdsics of dye solar cells are
discussed in Chapter 2. In Chapter 3, the expetmhemethods are described and there
the novel segmented cell configuration as well dscteochemical impedance
spectroscopy measurements are discussed in détairesults are presented in Chapter
4. In addition to the short review of the statettod art in Chapter 1, a more detailed
literary review on each studied subject is giverthia results section (Chapter 4). The
conclusions are presented in Chapter 5. The thissisased on the six original
Publications listed on page 13.
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2 Basics of Dye Solar Cells

2.1 Operating Principles of Dye Solar Cells

The schematics of the conventional DSCs are ifiistt in Figure 2.1. In DSCs, the dye
transfers the energy of photons to electrons. énphotoexcitation, an electron leaps
from the highest occupied molecular orbital (HOM@) the lowest unoccupied
molecular orbital (LUMO) of the dye. The energy dapbetween HOMO and LUMO
energy levels defines the maximum absorption wanghefor photoexcitation. Only the
amountEy of the photon energy can be used and thereforeéhéharetical maximum
voltage of the cell iEy/e.

The dye molecules are attached to a nanoporous fli® which has a very large
surface area. The excited electrons are injectetheoTiG, conducting band. The
electrons travel by diffusion through the nanoalste TiO, to the conducting surface
of the substrate. The preceding materials formttegethe photoelectrode (PE) which is
the anode of the cell. In practice, the maximuntage of a DSC is determined by the
redox potential of the electrolyte and the Fermeleof the TiQ film as indicated in
Figure 2.1.

I o |
Energy level Iﬂl
EllY ws NHE
& Pt
054 | | e o Fermilevel
0 - M.
Yoltage
ns4 . = e
Liht ne, 1Ty redox
/\\ = medistar
1.0+ (0.4 %7
Electrolyte
Glass TCO TCO Glass

Figure 2.1 The structure of a conventional DSC anthe energy level scheme (not in
scale). Modified from the one presented in literatte [14].
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The conducting surface of the anode is connecteaugin an external load to the
cathode which is also called the counter elect(@fe). Typically, a CE consists of a
conductive substrate coated with a catalyst lagssst commonly Pt. The catalyst

accelerates the reaction in which tri-iodidg)(ls reduced to iodide flions:
I, +2e” - 3I° (1)

The T ions diffuse to the PE where the dye accepts relestfrom them and oxidizes
them back to 4 ions. In the ideal operation of a DSC, no permansremical
transformations take place.

2.2 Photovoltaic Characteristics

The photovoltaic performance of a solar cell candb@ned from a current density -
voltage (-V) curve. Thei-V measurements are performed with a solar simulator
typically in Standard Reporting Conditions (SRC)iethrefer to 1000 W/ light
intensity with AM1.5G spectra at 25 °C. The mainofvoltaic performance
characteristics of a solar cell are the open direolitageVoc, the short-circuit current
densityisc, the fill factor FF, and the conversion efficienay Voc is measured with
zero current, andsc with zero voltage as shown in Figure 2.2. Notet timathe
Publications, the sign dofoc changes according to the focus of the Publicatiamen
the focus is on electrochemical characteristicgatiee Voc values are given, and when
it is on cell performance in general, positiVec values are shown. The maximum
power point (MPP) and the corresponding volteger and current densitiypp are also
marked in Figure 2.ZF, which describes the squareness ofitfiecurve, is defined as

FFE :VMPP yee . )
Voc Usc

Knowing also the power of incident illuminationttee active area of the céll,, # can
be determined

- VMPP D]MPP - FF WOC lleC .
P P

in in

@)
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Figure 2.2 i-V curve of a solar cell.
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3 Experimental Methods

In this work, the test samples were mainly différeypes of DSCs. In addition to

complete solar cells, also other cell types werepared to study a specific cell
component. Substrate — counter electrode (SU-CHE were made to investigate the
PE substrate performance, namely, recombinatiom ftbe PE substrate. Counter
electrode — counter electrode (CE-CE) cells werd uséhe study of the charge transfer
at the CE and in the electrolyte. The structure metiies of the different cell types are
illustrated in Figure 3.1. New segmented cell ogufations were introduced to the
study of spatial performance distribution and t® tlictoring of aging mechanisms. The
segmented cells are discussed in Chapter 3.1. €taelsdof the cell preparation are
given in the Publications.

The measurement techniques in this work were masdtdgtrochemical: A standard
technique is photovoltaic characterization withoéas simulator in SRC. Polarization
also known as$-V measurements were conducted also in dark to detereng. tha-V
curves of the SU-CE cells. Open circuit voltage aje¢OCVD) [15] measurements
were performed in Publications I-IV to study theeatton lifetime at the PE.
Electrochemical impedance spectroscopy (EIS) iswepful tool for the separation of
the electrochemical performance of different celinponents and therefore it was used
widely in the Publications. An important methodotad aspect of this work is to show
how quantitative comparison of the data of différeells can be made. Further
discussion of the EIS measurements is presentedapt€r 3.2.

Some optical measurements were also made, maintiiéaanalysis of CEs described in
Publication VI. Scanning electron microscopy (SEMjnbined with element analysis,
energy dispersive x-ray spectroscopy (EDS) (Pubtinat IV-V), crystal structure
analysis, and electron backscattered diffraction SEB (Publication II) was also
employed. X-ray diffraction (XRD) measurements waiso made in Publication II.
The specifics of the measurement equipment anchdesurement parameters are given
in the Publications.

Solar cell SU-CEcell CE-CEcell
Dyed TiO, Substrate |- Dye Substrate L catalyst
i Hectrolyte — Hectrolyte — Hectrolyte
Substrate Catalyst Substrate Catalyst Substrate Catalyst

Figure 3.1 The structure of a solar cell, a SU-CEatl, and a CE-CE cell.
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3.1 Segmented Cell Design

Segmented cells are divided to electrically is@latwmpartments sharing the same
electrolyte. Some segmented structures have beshprgor to this study, for instance,

as an internal reference electrode [16]. In thistidoution, new segmented cell designs
were introduced for the examination of spatial perfance distribution and aging.

3.1.1 Segmented cell for studying spatial performan  ce distribution

Spatial performance distribution in DSCs has presfp been studied with spatially
resolved photocurrent imaging [17-19], which, adoog to its name, provides the
distribution ofisc. The most significant advantage of the segmengdideethod is that

it gives the spatial distribution of all the photdtaic characteristics.

Here, 2-segment cells and 4-segment cells (Figu2) 3vere employed. The
performance of the individual segments was compaoethe performance of single
cells with similar active area. Figure 3.2 showeference single cell for a 4-segment
cell. The segments of the 2-segment cells were ge&mally completely symmetric
contrary to the segments of the 4-segment cellsthin 4-segment cells, there is
asymmetry between the middle and the outer segméotsnstance, the amount of
electrolyte surrounding the active area is differétence, the 2-segment cells are better
suited for quantitative analysis than the 4-segnuastiis. The 4-segment cells show,
however, the trends in the spatial distributiomiore detail since increasing the number
of segments results in higher resolution. Furthpecsics of the segmented cell
structure for the spatial distribution studies gireen in Publication III.

Electrolyte in

\| Filling hole

— Dyed TiO; layer

Electrolyte

| Spacer

ﬂ\ Current collector

BB EE
u;u;u;u

Figure 3.2 On the left schematics of a four segmenell and on the right a picture of a
4-segment cell and a single reference cell.
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3.1.2 Segmented cell for aging studies

In aging studies the segmented cells can detecigelsathat are related to or transmitted
by the electrolyte. This is because as the segnaetsharing the electrolyte layer,
changes in the electrolyte in one segment shouldecahanges in the other as well. An
important benefit of using the segmented cells wetlkompared to most of the
spectroscopic analysis methods is that it doegawptire dismantling of the cell, which
enables continuous examination of the degradation.

In Publication IV, the time constant for the seginezl, i.e. the period of time in which
the segments should affect each other, is deriveith Wwoth experiments and
calculations. Both techniques indicated that thestant for the segmented cell design
employed in Publication IV was approximately 1 diyghould be noted that changes in
the cell geometry and in the electrolyte compositimainly the viscosity of the solvent,
affect the time constant.

The segmented cell technique has some limitatidime studied materials must be
freely moving in the electrolyte so that changdateel to them may be seen in all the
segments. In other words, if the adsorption of sfedied material is much faster
compared its diffusion, it adsorbs to the surfackshe segment where it originates
never reaching the other segments. For instan@®rdiog to Publication I, 4ert-
butylpyridine does not move freely but causes ckanm the spatial performance
distribution.

Another limitation is related to charge transferhem current is driven through a
segment, the electrolyte in the other segments takg part in the charge transfer
process. This feature complicates comparison os#ggnented cell performance to that
of the small single cells. According to our meameats, this becomes a problem
mainly in long measurements. If a segment is podarifor a long period of time, e.g. an
hour, large visible changes in the electrolyte caloe to the shift ofsl may be seen.
The i-V measurements performed in the Publications Ill Ahdvere short, about 1
minute, which is why this effect did not impact tresults. The reliability of the data
could be confirmed, for instance, by changing theasurement sequence of the
segments and checking that it did not affect tiselts.

3.2 Electrochemical Impedance Spectroscopy

In the EIS measurements, impedance components vii#itetht time constants appear
at different frequencies and hence their respoasebe separated. In practice, the EIS
measurements are carried out atian point (DC) by applying a small amplitude
alternating voltage to the test sample and meagtin@ current response. EIS spectrum
is achieved by varying the frequency of the alténgavoltage. In practice, the EIS
spectrum shows the derivative of the seleatdd point (DC) divided to different
components.
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3.2.1 EIS analysis of solar dye cells

In EIS analysis, an equivalent circuit, which desesi the different parts of the test
sample with electrical components, is fitted to thmeasured EIS spectrum. The
difficulty of the EIS analysis lies in the fact than infinite number of circuits can be
fitted well to an EIS spectrum. In order to get pbgbBy relevant data from the fitting,
great care needs to be given to the constructidheogquivalent circuit.

A complete equivalent circuit model of a DSC igglirated in Figure 3.3. The model is
similar to the one presented by Fabregat-Santiagh 0, 21]. In the circuit, constant
phase elements (CPE) are used instead of pure tagasince a CPE corresponds to a
realistic electrode with an uneven and porous sarfA pure capacitor would describe a
completely homogenous and even electrode surfaoe.efuivalent circuit of a DSC
shown in Figure 3.3 reduces to simpler circuitdiffierent voltages as described in
literature [20]. The different ways to understari tdata at different voltages are
discussed in Publications | and II.

The components of the equivalent circuit model @nésd in Figure 3.3:

* Rs is the ohmic series resistance caused mainly metshesistance of the
substrates.

* CPEsy and Rsy are the CPE and charge transfer resistance at Ee P
substrate/electrolyte interface.

e CPE0c and Rco are the CPE and charge transfer resistance atPthe
substrate/porous TiQnterface. In Publication II, also the responsesea by a
blocking layer between the substrate and the pof@Ds layer are included in
CPE:z0 andRco.

* R (=rd) is the electron transport resistance in the ;Ti@er andd is the
thickness of the Ti@layer.

* CPEcr (= cper/d) and Rer (= rer/d) are the CPE and the charge transfer
resistance at the Tielectrolyte interface.

* Zy is the mass transfer impedance at the CE due rtw idiffusion in the
electrolyte.

* CPE: andRce are the CPE and charge transfer resistance &HEhelectrolyte
interface.

Substrate Reo Iy I TIO, ;s Electrolyte Substrate

Pt
Rs CPE,, fcr rer et

Cpecr Cpect Cpecr
RSU RCE
o . rZe

e, =

Figure 3.3 A general equivalent circuit model of &SC modified from the ones
previously presented [20, 21].
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Rs, Rco, R, Zg, and Rce impede the charge transport which relates to tiopgy
operation of a DSC. In practice, they reduce tlilefdictor and thus also the cell
efficiency. In a good DSC, these resistances ar&@lsithe recombination resistances
Rcr andRsy should on the contrary be as large as possibte girey resist the current
leakage from the PE to the electrolyte. A low rebomation resistance decreases mostly
Voc Which again results in losseszin

The impedance spectra are usually plotted as $edchlyquist and Bode plots. In the
Nyquist plot the real and imaginary impedance parts plotted in a complex plane
(Figure 3.4). The Bode plot shows the real and imeyi impedance as a function of
frequency (Figure 3.5).

A typical DSC response at high negative voltagesvshtwo arcs in the Nyquist plot
(Figure 3.4) and two peaks in the Bode plot (Fig8rg). Arcs and peaks refer to
constant phase element — resistor -pairs. CommtmiyRc-e and CPEcg pair results in
one arc in Figure 3.4 and a peak in the kHz raisge &igure 3.5Rct andCPE:t cause
another arc (Figure 3.4) and a peak in the lowuesgy range at about 10 Hz (Figure
3.5). The electrolyte diffusion causes a WarbuggrantZy which shows in the mHz
range [22] and it is overlapped by tRer and CPEcy pair in Figures 3.4 and 3.5. The
ohmic series resistané® does not have a capacitive component and theréfovalue
can be read directly from the real impedance akitha high frequency end of the
spectrum (Figure 3.4).

The effective electron lifetimey is useful quantity when studying recombinatiomiro
the PE to the electrolytae.s can be determined from the frequency of the PE pea
(Figure 3.5) with the following relation [22]:

1
2]Tfmin 1

(4)

Teff

wherefni, is the frequency of the minimum value of the PBkpé\s the recombination
increases, the PE peak moves to higher frequencies.

1
[0
=

R Fee Rt
0 10 20 a0 40 ad B0 o
Impedance real (£

Impedance imag (&)
=

=
T

Figure 3.4 Nyquist plot of a dye solar cell.
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Figure 3.5 Bode plot of a solar cell. E = electrotg, PE = photoelectrode, CE = counter
electrode.

Teff CaN also be calculated from the PE equivalentitipgrameters [23]:

Tor = (Rer Q). 5)

whereQ is the CPEr pre-factor angs is the CPEr exponent in the equation which
describes the impedance of the constant phase eti&@xe

1
ZCPE - Q[ﬂ] B:«))ﬁ ! (6)

wherew is the angular frequency apd the imaginary unit. Factgrtakes into account
the porosity and unevenness of a realistic eleetsadface which results in dispersion
in theR andC values. In the case of a pure capacitor, resistapacitor pair results in a
perfect semi-circle which corresponds to situatiowhich g is 1. The dispersion of the
values shows as flattening of the semi-circle iqiNgt plots such as in Figure 3.4. In
practicep is regarded as an empirical factor and used aniyprove fitting accuracy.

In addition to ElSze can also be determined with transient technigsiesh as open
circuit voltage decay (OCVD) [15]. In the OCVD, thell is first illuminated, then the
light is switched off and the decreaseMVigt is measured.i can be calculated from the
time derivative olVoc with following equation [15]:

@Td%ﬂﬂ
=-_—5_| & 7
Z-eff e ( dt ()
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wheret is the time kg is the Boltzmann coefficient, is the temperature, argis the
elementary charge. The advantage of OCVD is thattan be obtained easily and
quickly over large voltage range (Figure 3.3} values determined with OCVD and
EIS were found to have quite good comparabilitcas be seen from Figure 3.6b and
as shown in Publication I.
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Figure 3.6 a) The raw data of the OCVD measuremerand b) z.; values determined

with EIS and OCVD measured from a glass cell.

3.2.2  Quantitative analysis of EIS response

The conventional way to make EIS measurementsdsmiiumination at open circuit
(OC). A downside of this method is that it gives ttell performance only at one point
which does not give a comprehensive view of thd pelformance. In addition,
guantitative comparison of the recombination rasisés at the PE/electrolyte interface
in different cells is feasible only if they are cpaned in the same state meaning same
Voc. This is problematic sincéoc typically varies from cell to cell. Sind&:-t depends
exponentially on the voltage, even some tens ofdifférence inVoc will cause a clear
difference inRct. That is to say, a direct comparison Rft in different cells with
differentVoc leads to false conclusions. An example of a gadand a poor cell may
clarify this issue: The good cell has smaller reboration losses and high®&pc than
the poor cell. Due to the exponential dependencthervoltage, the EIS measurement
at OC typically gives a largd®ct to the loweVoc. It would be erroneous to conclude
that the cell with the smaller recombination resise at OC would have higher
recombination losses in general.

A more complete picture of the cell performancgamed if the EIS is measured as a
function of voltage as shown in literature [20].eTimeasurements at different voltages
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are commonly conducted in the dark as functionxtémal voltage. Continuing from

the same good cell — poor cell comparison, the gadidwill more likely show a larger

Rcr than the poor cell at a given voltage. When theagarison is made this way, the
result is understandable: the good cell suffers flesn the recombination losses.

The external cell voltage is divided differentlytiveen different cell components at
different voltages. If a single cell component iamined, it should be studied as
function of voltage over that particular componengain quantitative comparison. The
voltage over a single electrode can be calculati¢ld te EIS data measured in a two
electrode mode as first shown by Fabregat-Sant&ga. [21]. In Publication I, it is
illustrated in detail how the polarization curveasingle electrode can be determined.
The method is based on analyzing the EIS datarasifun of cell current instead of cell
voltage. The voltage over a single electrode caw dle measured with a proper
reference electrode (three electrode measurem2ht)2b]. The application of such a
reference electrode into a gt thick cell is, however, very challenging.
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4 Results and Discussion

The charge transfer at the different interfacethefsubstrates is studied in Chapter 4.1.
In Chapter 4.2, the study is expanded by studyliregcell cross section layer by layer.
In Chapter 4.3, the up-scaling issues are examiRgudlly, in Chapter 4.4, stability
analysis of the DSCs on StS is made.

4.1 Electrochemical Characteristics of Substrates

4.1.1 Charge transfer from the substrate to the ele  ctrolyte (Publications
I and II)

Depending on which electrode is prepared on thetsatle, either a very small or very
large charge transfer resistance between the atbstnd the electrolyte is desired. In
the case of a CE, a small charge transfer resestanthe substrate would be preferred.
If the resistance is small enough, no catalystrlesyeeeded on the CE substrate. This is,
however, rarely the case and a catalyst layergsired to reach low charge transfer
resistance at the CE. For instance, Toivola eegbrtedR. of 10" Q.cnf for plain StS
CE while a properly working CE should resuliRg about 1002-cnf [8].

Contrary to the situation at the CE, a large chargesfer resistance at the PE substrate
/electrolyte interfacdRsy is needed to minimize the current leakage i.eormdaination
from the substrate to the electrolyte. In Publmati, the electron recombination from
the StS PE substrate was studied and it was shovire tapproximately an order of
magnitude smaller than that from the FTO-glass tsates. Hence, in regard of
recombination StS is a better PE substrate compare@O-glass. In Publication I, the
recombination from ITO-PET substrate was detectetle similar to that from FTO-
glass.

The effect of the recombination from FTO-glasszois typically insignificant at high
light intensities (~1 sun) [26, 27]. In Publicatinthis result was again confirmed for
FTO-glass and shown to apply also for ITO-PET. tally, the same should apply for
StS as well, because of the even lower leakagemucompared to FTO-glass.

Previously, thin (1-200 nm) compact Ti®locking layers have been made typically
with spray pyrolysis or sputtering [26-29]. In Pightion 1, a new method for the
blocking layer preparation, atomic layer deposi{{ahD), was tested in the preparation
of compact TiQ layers. At low light intensities, recombination svdetected significant
for both FTO-glass and ITO-PET; for instance, 4 AD TiO, layer on ITO-PET
increasedVoc 50 % at low light intensities as Figure 4.1 indiésa(Publication II).
Similar results have been reported in literatureéHbO-glass based cells [26, 27].
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Figure 4.1 Voc as a function ofigc in the ITO-PET cells with and without a

recombination blocking layer. Data is from Publicaton II.

In conclusion, the use of blocking layers does ppear to be beneficial in outdoor
applications, such as in roofing or fagades, wlaoh typically exposed to quite high
light intensities. In indoor applications on thé@t hand, the blocking layers appear to
be very useful. Note that the results presentedealoe gained with a standard liquid
type electrolyte and the recombination from thessuate has been reported to be larger
in the cells filled with ionic liquid electrolyte3p].

4.1.2 Charge transfer from the substrate to the oth er electrode

components (Publications | and II)

Efficient charge transfer from the substrate to titker parts of the electrode is
important but seldom discussed characteristic. ubliation II, the charge transfer
resistance at the high frequencies was multiplegidarger in the case of DSCs with
ITO-PET substrate and also with some of the blagKeyers compared to that in
normal glass cells. The enlarged resistance wabuttd namely to the presence of the
charge transfer resistance between the substrdttharporous Ti@layerRco. In some
cases at high light intensities, the use of a btarkayer resulted in a larger negative
effect due to increaseBco compared to the positive effect caused by the Ismal
recombination as presented in Publication Il. Heriicss advisable to examingco in
particular when studying the influence of a blockiayer.

The detection ofRco is not as straightforward as that of other DSC edgnce

components: Firstly, in Publication Il as in theypus ones [21, 31Rce overlapped
Rco. Without a duly quantitative comparison, the preseofRco could have not been
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confirmed in any of these studies. Second®o was not a constant but changed
significantly as a function of current (and voltagBublication Il). In practice, if EIS
measurements are made only at one high voltagk,agiander illumination atoc, Reo
might be too small to be seen and thus easily mhigseen if it would be highly
significant at smaller voltages. Hence, it is gdodnake several EIS measurements as
function of voltage (or current) and compare thedstd impedance component as a
function of current as suggested in Publicationd @lustrated for the charge transfer at
high frequencies in Publication Il to quantitativelecouple separate the effects caused
by different cell components.

Only the charge transfer at the PE was considelbediea In principal, similar charge
transfer problems could also occur at CE betweenstibstrate and the catalyst. Such
interfacial resistance might explain, for instamnetay thermally platinized StS CE has
poorer performance compared to similarly preparé®4glass CE (data presented in
Publication 1).

4.2 Optimization of Cell Structure

The structures of the different types of flexibl&Cs are presented in Figure 4.2. DSCs
with CE on stainless steel (StS CE) and DSCs caelglen plastics are illuminated so
that the light comes directly to the PE, similaithe situation in the conventional glass
cells. These cell types are hereafter called aEhdluminated cells. The cells with a
non-transparent PE substrate, to which the lightethrough the CE, such as the StS
PE cells, are referred to as the CE illuminatetscel

The optimization of the PE and the CE illuminatetiscdiffers greatly. For instance, in
the former case an opaque CE can be used wher#aes lamtter case a transparent or at
least a semi-transparent one is required. The cteaistics and optimization of the CE
catalyst layer, the electrolyte, and the dyed;li&yer are discussed in Chapters 4.2.1-
4.2.3. Although, the optimization of the TiCayer thickness was not examined in the
Publications, the issues affecting it are brieflgcdssed in Chapter 4.2.3 for the sake of
completeness. Here, the optimization focuses onQBeilluminated cells since the
optimization of the PE illuminated cells has beem®d widely in the literature, in fact
the majority of the publications about DSCs aimsimprove the standard type PE
illuminated glass cells.

StS PEcell StS CEcell Plastic cell
TCO plastic Catalyst TC plastic Dyed TiO. TCO plastic Dyed TiO
= T g 2 A 1w-t*-;..._ 2
et ag i — ClECtrolyte w Electrolyte P~ Hectrolyte
Dyed TiO, Catalyst TCO plastic - Catalyst

Figure 4.2 The structure of a StS PE cell, a StS Ceell, and a plastic cell.
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The study of the performance of the CE, the elédepand the PE were all found
important: The charge transfer in the Ji@as particularly important in those PEs
prepared with low temperature methods as showmnubli¢ation Il. For the StS PE and
the standard glass cells prepared for Publicatjom Wwas calculated that the losses
caused byRcg, Zy, andRs were of similar magnitude, and further action $ticae taken
to reduce them all. Interestingly, the sumReag, Zy, and Rs remained approximately
constant as a function of cell current. This iséhese the changes in the valueRef
andZy canceled each other out: when increasing the miutineough the cell, the losses
caused byRce decreased whereas lossesZgydecreased. As a result, the combined
effect of Rcg, Zg, andRs to thei-V curves did not differ from that of lard®. This is an
important issue to realize also in the preparagiod validation of DSC models.

4.2.1 Counter electrode catalyst layer (Publication s | and VI)

The most important characteristic of a good catadlyger is a small charge transfer
resistance from the CE to the electrolye. Commonly used high performance
catalyst materials are Pt and carbon black. Indémedhighest StS CE cell performance
(9.15 %) has been reached with carbon black adysatiyer [33]. In the CE
illuminated DSCs, such as the StS PE cells, highugh transmittance of the CE is
equally important. For instance, porous carbonlblzatalyst layers cannot be used in
the CE illuminated cells, because they are prdttican-transparent.

In Publication VI, a series of different semi-trpagent catalyst layers for the CE
illuminated cells were tested. The studied catatysterials were Pt and conducting
polymers PEDOT-TsO and PEDOT-PSS and they were sitegousing different
methods. Optimization was done between the trateme and the efficient charge
transfer since typically a decrease in the catdbgtr thickness improves the former
but decreases the latter. In Publication VI, trghbsty of the CE illuminated cells was
reached with 2-3 nm layer of sputtered Pt. It may pwssible to reach even high
performance by decreasing the sputtered Pt layam &uther. PEDOT-TsO resulted in
quite good catalytic activity as well. The diffeoms inRcg with the different layers
show clearly in the-V curves (Figure 4.3): with PEDOT-PSS the curve was quite
flat near OC whereas with sputtered Pt and PEDQJ-Tsvas much steeper. Henee,
of the PEDOT-TsO cells was in fact more than 500%er compared to the others. The
performance of the polymer catalysts is in agregmh the literature [34].

The best deposition method depends both on théysataaterial and on the substrate:
For instance regarding the application of PEDOT-TaGhick, almost non-transparent
film was needed with spraying to reach the sd®ae achieved with a thin, highly
transparent thin film prepared with spin-coatingl{ication VI). In Publication I, it is
shown that the StS CEs prepared with thermal piatiion gave larg&-e whereas for
glass cells the technique is regarded as one dbg¢beRce of StS CE cells was in fact
so large that it resulted in s-shape curvature tiearopen circuit in theé-V curves
(Figure S3 in Publication I), which is typical farlargeRce. The s-shape curvature can
also been seen in Figure 4.3 and in Publicatiomthe DSCs with no catalyst layer.
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Figure 4.3i-V curves of DSCs with glass PE and ITO-PET CE withifferent catalyst
layers. The straight lines refer to PE illuminationand the dotted lines to CE illumination.
Data is from Publication VI.

The catalyst layer must also be properly attachechbise detached catalyst particles
may form recombination centers in the Ti@yer. In Publication VI, the physical
attachment of PEDOT-TsO was detected to be poamipared to sputtered Pt in tape
tests. The DSCs with PEDOT-TsO had lowésc and isc compared those with
sputtered Pt (Figure 4.3). Since the differencagddcoot be explained with optics or
RcEg, the catalyst layer had presumably contaminated’t@, layer.

4.2.2  Electrolyte (Publication VI)

The resistanc@&,y caused by diffusion of the electrolyte at the @Btabutes to the fill
factor losses. Sincg'lions in the electrolyte absorb light in the wawefih range less
than 500 nm, the electrolyte causes also opticedel® [35]. The other electrolyte
components used in this work are practically transpt at least in the wavelengths of
visible light. In the PE illuminated cells, sometbg incident light is absorbed by the
electrolyte in the pores of the Titayer. In the CE illuminated cells, there is alke
bulk electrolyte layer causing optical losses. €fmne, the losses by the electrolyte and
also the need for optimization are much greatehéncase of the CE illuminated cells
compared to the PE illuminated cells.

The optical losses caused hyih the electrolyte are to some extent dependerthen
current passing through the cell. This is becahsddcal concentration of’ ldepends
on both the applied current and the distance frbm dlectrode. In practice, when
increasing the cell current, a larger part pfimoves from the bulk electrolyte layer to
the TiQ, film [36]. The shift of § in the working conditions decreases the opticstés
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in the CE illuminated cells whereas in the PE ilinated cells the optical losses
increase.

The two easiest ways to decrease the amougt sliddowing the PE are to decrease the
bulk electrolyte layer thickness and to lower thecbncentration as shown in our
previous work [37]. The reduction of the bulk etebtte is in general beneficial since it
eases the mass transport in the electrolyte. THactien of k° concentration is by
contrast restricted since there needs to be enkutghtransport the current in working
conditions. When the concentration of one chargeeraspecies goes to zero at one
electrode, the current through the cell cannotrioeeased further and thus the limiting
current is reached. The limiting curreipt, of DSCs is proportional to the distance
between the electrodésthe diffusion coefficient ofsl Dj3., and the concentration of |

ci3- [38]:

. 2nFD, . c, .
lim :% (8)

wheren is the number of electrons transferred in eacbti@a (here 2), andF is the
Faraday constant. In practice, the limiting currembuld be at least about 50 % higher
compared to the cell current in working conditiansorder to have efficient charge
transfer in the electrolyte. With this kind of silamdjustments in the bulk electrolyte
layer thickness and in’Iconcentrationisc was increased by 15 % in the StS PE cells as
shown in Figure 4.4.

A more exotic way of reducing the electrolyte coldiieaching, was tested in
Publication VI. The idea in bleaching is to convtre highly absorbingsl ions to
colorless 10 ions with a base [35]. Although the bleached etdygte had high
transparency, the charge transfer reactions slale@ad to the extent that the net result
in the efficiency was negative as described in na@t@il in Publication VI.

12 4

10 _%\

8 1 \

4 4 ——Liquid, 0.05 M, 40 pm\

———Liquid, 0.05 M, 20 ym
Liquid, 0.03 M, 20 um
Gel,0.03 M, 20 ym

i (mA/cm?)
[e)]

0 0.2 0.4 0.6
vV (V)

Figure 4.4i-V curves of glass solar cells with differentsl concentration in the electrolyte
and distance between the electrodes in CE illumingn.
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In addition to the performance, also the stabdityl safety of the electrolyte need to be
taken into account in the designing of the elegteol The solvent used in this work, 3-
methoxypropionitrile, is known as more robust [29]d also less toxic compared to
other commonly used alternatives such as acetenifi hazard related to the DSCs is
that electrolyte may leak out of the cell in thee®af a physical breakage. By using gel
and ionic liquid electrolytes instead of liquid ei®lytes, this may be prevented. As
noted in Publication VI and described also in Fegdr4, gelling of the electrolyte
reducedVoc about 20 mV, but optically the gel and liquid etetyte were very similar
resulting in equalsc. The viscosity of the ionic liquid electrolytesriauch higher than
of normal liquid and gel electrolytes and hencedharge transfer is not as efficient. To
gain sufficiently highiym with ionic liquid electrolytes, sl concentration needs to be
very high. This increases optical losses in paldicin the CE illuminated cells. Hence,
if the ionic liquid electrolytes do not additionallimprove some other cell
characteristics such as lifetime, gelling is a drettption to the mechanically stabilize
the electrolyte in the CE illuminated cells.

4.2.3 Dyed TiO, layer (Publication 1l and VI)

The light absorption in the dyed Ti@Ims follows the Beer-Lambert law which means
for the normal PE illuminated cells that the amoahiphotons absorbed by the film
decreases as the distance from the PE substratages. In other words, the light
absorption in the PE illuminated cells is largesamthe PE substrate. The situation is
the opposite in the CE illuminated cell in whicte tight absorption is the smallest near
the PE substrate. The closer the electrons aretégdo the PE substrate, the higher is
the probability of electron collection. Hence, ligtbsorption near the PE substrate, as it
is with the PE illuminated cells, is preferablethe TiQ film is of very good quality
meaning that electron lifetimgg is long, electron collection should not be a peabl
even if the electron is absorbed and injected famfthe PE substrate. Typically
sintered TiQ films have good characteristics.

Current collection is, however, a significant issoethe case of the low temperature
treated PE, such as those made on plastic. Typital necking of the Ti@particles is
not as good with low temperature methods which ltesn poorer performance as
shown in Publication 1l. The issues related to #ectron collection in the low
temperature pressed films has been discussed ail dgt Halme et al. [32]. With
optimization of the TiQ particle size, the solvent, and the treatmentsthier low
temperature treated T3@Im respectable 7.4 % cell efficiency has beehniewed [40].

The light absorption is often increased by reflegtthe light back to the photoactive
layer after it has once passed though it. In tlsgbnd plastic cells, this can be done,
for instance, simply by placing a back reflectoctsas a mirror behind the cell. In the
StS cells, the StS substrate serves as a backtwef[@1, 41]. In the glass cells, the back
reflector is most commonly integrated to the Fl@yer by using two different kinds of
TiO, layers [4]: the first layer has low reflectancalahe second one high reflectance
so that the second layer reflects the light badkedirst layer.
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Figure 4.5 IPCE spectra of the black and the N3 dye[42], transmittance of the electrolyte,
and AM1.5G solar spectral irradiance. Data is fromPublication VI.

The differences in the light direction affect ald® selection of the dye: The CE
illuminated cells cannot utilize the low wavelergytifficiently due to high absorption
by the electrolyte in that spectral range (Figuf.4However, in the high wavelengths,
there are practically no optical losses by thetedde (Figure 4.5). Thus, it would be
convenient to improve the utilization of the higlawelengths in the CE illuminated
cells (Publication VI). This could be done, fortemsce, by using a black dye (Figure
4.5) instead of commonly used red dyes, such a@-i8ire 4.5) and N-719. The black
dye does not, however, adhere to the;T&yer as efficiently as the red dyes [43] and to
reach the same amount of injected electrons, &ehitiO, layer is required in the case
of the black dye compared to the red dyes. In tRelldminated cells, the increase of
the TiG, layer thickness results in that the electronsrgested on average even further
from PE substrate which may cause problems inldetren harvesting.

4.3 Scaling Up

A few demo DSCs with a larger area (substrate &ize cm) were prepared during this
thesis work although they were not included in Budblications of this thesis. A demo
cell with StS PE and plastic CE is presented irufeigd.6. In further tests conducted
mainly by others in the group, some changes wermdenta the demo cells; the largest
change being that the silver stripes for the cuaroeflection on the plastic CE were

printed instead of handmade as in the cell in Egub. 3.4 % efficiency was achieved
for the demo StS based DSC in the further testy Mthose tests, the electrolyte
contained 4ert-butylpyridine which was shown in Publication lib ttause spatial

performance losses when the standard filling methasl used. Hence, by changing the
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electrolyte composition or the filling method, evégher performance than that
reported in [44] should be reached. Next, curresilection and spatial performance
distribution are discussed more.

4.3.1 Current collection

Current collection is a common problem in the ualisg of solar cells. The width of a
single conventional DSC is restricted to approxahatl cm due to the high sheet
resistance of TCO layers (~1I0'Sq.) [45]. In other words, to increase the celldule
size, current collectors need to be placed 1 cnrtdpam each other. The current
collectors shadow the cell and thus decrease ttigeaarea. The effect of the silvery
current collectors to the active area can be sedfigure 4.6. The optimization of the
current collectors is analyzed in detail by Toivetal. [44].

With sheet resistance of StS (~0.@0&q. [6, 7]), the width of a single cell could dgasi

be above 10 cm. In the StS based cells, currem¢atois are still required for the
transparent electrode with the TCO layer as inditadlso in Figure 4.6. The cell
preparation and the encapsulation would be sigmtig easier if current collectors
were not needed inside the cell at all. In the riejtioreakthroughs in nanotechnology
may lead to substantially higher conductivity of@yers.

Although the metal substrates are convenient sino@nt collectors are not required on
them, there are problems in the series connectighese cells. In practice, the series
connection of a metal based DSC is impossible witlcotting the substrate whereas in
the cells based completely on TCO coated substiaissufficient to cut only the TCO
layer to form the series connection. If the secesnection is not made, the voltage of
the module is limited to that of a single cel€ is typically about 0.6-0.8 V). Most
practical applications require much higher voltaban that and an up-converter is
needed.

Figure 4.6 Example of a StS DSC with a larger actevarea.

35



4.3.2  Spatial performance distribution (Publication 1))

In addition to the conventional up-scaling problewith current collection discussed
above, spatial performance distribution may alagseasignificant losses. In Publication
lll, a segmented cell design was introduced toyaeathe spatial distribution of all the
photovoltaic characteristics. There was a cleaiatian, about 10-20 %, not only igc
but also inVoc (Publication 111).

The even decrease dbc along segmented cell led to the hypothesis thatetifiect
could be connected to the electrolyte filling asatidbed by Figure 4.7. The hypothesis
was found correct since the cell performance cdiddmanipulated by changing the
position of the electrolyte filling hole (Publicati IIl). The problem was further linked
with the uneven adsorption of tdrt-butylpyrine, a common additive in DSC
electrolytes, in the filling process (Publicatiadh).

The performance loss due to the uneven spatialldision was highly significant since
in the case of a 4-segment cell with an active afea? cnf, the efficiency loss due to
the spatial effects was already 20 % (Publicatibn To improve the performance of
large area DSCs, it is essential to eliminate thesses. Since the spatial variation was
connected to the electrolyte filling and a cer@ectrolyte component, the study of the
alternative electrolyte filling methods and/or étetyte compositions is called for.

14
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Figure 4.7i-V curves of the different segments in a 4-segmentlic@ he segment nearest to
the electrolyte filling hole is marked with S1. Theother segments are numbered
consecutively towards the other end of the cell. Bhnnumbering order is indicated with the

arrow.
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4.4  Stability of Stainless Steel Based Dye Solar Ce s

Since high efficiencies can be reached with flexibSCs (record 8.6 % [13]), the focus
of the study should be turned to the lifetime @& tells. In the Publications | and IV-VI,

the stability of the StS based DSCs is examinec [ifetime analysis of the plastic

substrate was not included in this work. It is, beer, an important subject for the
development of flexible DSCs and hence it shouléxsmined in further studies.

Considering the stability of StS substrates, thesipe of the electrolyte soaking tests
[6-8] is only a basic stability requirement andsash it does not prove the stability of
the complete DSC based on StS. Indeed, the St3l i3S€s showed poorer stability
compared to the glass based cells as noted indatibhs IV-VI, see also Figure 4.8.
The instability of the StS CE cells has been mewmtibin literature and there it was
linked to sealing problems [6]. It has also beeggested that StS cells might be subject
to corrosion [33] and that StS PE substrate mawmltrés significant leakage current
[11]. Furthermore, it has been recommended torrdétaim contacting DSC components
with metals to avoid possible surface contaminatbRE TiQ layer by harmful metal
oxides [46]. On this ground, preparing DSCs on ieatantains many questions. In this
contribution electrochemical and spectroscopicys®s of the StS based DSCs is made
to clarify these issues.

The initial state (Figure 4.8, A) of the StS ceNas studied in Publication | and in
Chapter 4.4.1. The stability related to the inittdte covers the reactions from the cell
preparation to the first measurements. The rapiladkation of the StS PE cells (Figure
4.8, B) was examined with the novel segmented method in the Publication IV
(Chapter 4.4.2). In Publication V, it was foundttliae StS CE cells are not stable
either, and their aging was linked with corrosi@inépter 4.4.2 and Figure 4.8, C).

t / days

Figure 4.8isc as function of time in typical StS PE, StS CE, andlass cells. The ovals
marked with letters A-C refer to different phases n the degradation. Part of data is from
Publication V.
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4.4.1 Initial stability (Publication I)

In Publication I, the initial performance of StSsbd cells and the effect of the stainless
steel to other cell components was examined. Inerorid perform quantitative
comparison of the components, a method to calcalatagle impedance componéfit
curve on the basis of the whole cell EIS responag meeded. It should be noticed that
if the EIS data would have been analyzed in themonly used way i.e. as function of
external cell voltage, it would have resulted ifiedent, erroneous, conclusions.

With the calculations explained in detail in Pultion |, it could be determined that the
StS PE substrate increased the recombination d¢unen the dyed Ti@ layer (Figure
4.9). Interestingly, the StS CE did not affect thiial performance of the PE. The
mechanism through which the StS PE substrate affette TiQ layer is still unclear.
StS substrate affecting other cell components daererefer to a steady characteristic
or, as more likely, to arising stability problem.

The possibility that the StS might cause surfacgtamination to the Ti@layer with
metal oxides, such as iron oxide forming recomlamatcenters as suggested in
literature [46], was investigated in Publication A direct evidence of surface
contamination of Ti@ layer by a contact to a metal object has not h@esented in
literature. In Publication |, some glass PEs weesged against StS during the sintering
to cause surface contamination. Their performandendt, however, differ from the
normally made glass DSCs indicating that there waisat least significant surface
contamination. In addition to that, th& values of the StS cells were equal to those of
the glass cells when illuminated from the samectiva which also implies that there is
no contamination by the StS cells that would afféw photovoltaic performance
(Publication 1). Note that these contaminationgesiply only for the initial state.

1 (A)

LZ*= o SISPE

-108 { -
10% 1 54 — Dyed StS SU
-10° i'/' —x— Glass PE

Dyed Glass SU

0 -01-02 -03-04 -05 -06 -0.7
V(V)
Figure 4.9 Polarization curves of StS PE and gla$*E calculated based on EIS data and
measured curves of dyed StS substrate and dyed gdasubstrate. Error bars indicate the

standard deviation and they are shown when largeran the marker size. Data is from
Publication I.
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4.4.2 Fast degradation (Publication V)

The StS PE cells were subject to very fast degmamtain a few hours under
illumination the StS PE cells experienced abou#@ss ofisc (Publication IV). The
StS PE cells were sealed similarly to the StS GE wéich remained stable that period
of time. Hence, the aging of the StS PE cells cowlidbe due to insufficient sealing.

There were no visual changes in the StS PE ce#s would correspond to this
performance loss (Publication IV). For instancethia case of corrosion; ltypically
reacts with the metal resulting in a clear col@slan the electrolyte [6, 8]. The SEM
and EDS analyses showed changes neither in thecsurtructure nor in the
composition of the StS PE (Publication 1V). Thessults imply that the aging of the
StS PE cells was not due to corrosion either.

Both OCVD and EIS measurements indicated increessambination from the StS PE
(Publication 1V). This led to the hypothesis tha¢ taging of the StS PE cells might be
due to contamination of the TiQayer. Note, that SEM and EDS cannot detect small
guantities of small particles (diameter less thanni) and the contamination tests
presented in Publication | apply for the initightst only. Thus, based on these tests the
possibility of contamination cannot be completetgladed.

To further analyze the mechanisms leading to ti& FE cell degradation and the

possibility of contamination, segmented cell desigrs developed for aging studies in
Publication 1V. In the segment cell tests, the ®auas on the participation of the

electrolyte to the aging process. The idea in #mrented cell tests was that if there
were significant changes in the electrolyte during aging of the StS PE cells, they
should transfer from a StS PE segment to the neferglass segment as explained in
Publication IV and Chapter 3.1.2. The performant¢he reference glass segmented
was compared to that of 2-segment cells composédmflass segments. No changes
in the reference glass cell could, however, beatiete(Publication 1V).

The adsorption of the contaminating material in $8 PE segments might, however,
prevent it from occurring in the reference glasgnsent. To study this possibility, the
probability of the adsorption was reduced by desirgathe amount of active area in the
StS segment. In practice, the large surface a®a photoelectrode film was left out of
the StS segment. To mimic the DCS performancedyee StS substrate was polarized.
The polarized StS substrates did not affect thesgé@gment either.

The two different segmented cell tests both inéicdiat the electrolyte was neither

contaminated nor was subjected to other significhlainges that would itself cause the
rapid degradation of the StS PE cells. Interestingtcording to the Publications | and

IV, the degradation of the StS PE cells was nottduany of the reasons suggested in
the literature [6, 11, 33, 46]. Thus, further waskneeded to determine the mechanisms
leading to the short lifetime of the StS PE cells.
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4.4.3 Slow degradation (Publication V)

The lifetime of the StS CE was considerably longempared to the StS PE cells as
noted in Publications IV and VI and as illustratedrigure 4.8. The StS CE cells show,
however, much poorer stability compared to glasis ¢Eigure 4.8). A steady decrease
in the performance of StS CE cells has been reghamtéterature [6], and the effect was
suggested to be caused by insufficient encapsaola@ontrary to that, here the StS CE
cells were completely stable for about a week, dfter the stable period the cells
suffered from a rapid degradation affecting mogfy(Publication V). In addition to the
decrease ofisc, a simultaneous loss of electrolyte color was aeté and it was
followed by formation of black spots in the celufcation V).

The aging of the StS CE cells was linked with gaheorrosion (Publication V):
Firstly, the color loss of the electrolyte is tyaidor metal corrosion in DSC electrolyte
[6, 8]. Secondly, SEM analysis revealed presencevafent corrosion pit holes on the
StS CE substrate (Figure 4.10). Thirdly, EDS eleargnanalysis proved that the black
spots on the PE of the StS CE cells were compaos8tSometals and iodine, and hence
they were apparent corrosion residues.

To stabilize StS CE cells, a corrosion protectiagel is needed. Alternatively, the
electrolyte composition could be changed to leggressive; for instance, some solid
state polymer electrolytes could be suitable.

100 pm EHT =45.00 kW Mag = &00% Signal & = SE2 Date ;20 Mar 2006

: )
stscece 320f WO = B4 rm Aperure Size = 80.00pm  Time :11:01:0%

Figure 4.10 SEM image of the surface of the agedSSCE. The pit holes are marked with
arrows.
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5 Conclusions and Summary

In this thesis, the technological aspects relatetthé production of larger area flexible
dye solar were examined to find the factors timitlthe performance and stability. The
study is centered around the substrate. Firsttretdeemical characterization of the

substrates was made. Second, optimization of ther @ell components in the different
cell configurations were examined taking into acddhe restrictions that the substrates
cause (direction of light, limitations in the temgtire treatments etc.). Third, up-
scaling issues i.e. current collection, focusingdifferences between metal and TCO
substrates, and uneven performance distributiore vetudied. Fourth, the stability

issues related to the cells based on stainledssstiegtrates were examined.

The largest problems were seen in the area oflisgaliihe aging was serious in the dye
solar cells with stainless steel photoelectroddhay degraded in a matter of hours
under illumination. The dye solar cells with stags steel counter electrode suffer from
insufficient stability as well, since the cell lilme was only about a week under
illumination.

In the case of stainless steel counter electrotls, ¢tbere were multiple changes that
related the aging of the stainless steel countmtrelde cells to general corrosion: the
loss of electrolyte color indicating loss of trgide, pit holes on the StS that are typical
for corrosion, and apparent corrosion residuesherPtE. Contrary to the stainless steel
counter electrode cells, the mechanisms resultirige degradation of the stainless steel
photoelectrode cells remain unclear. Accordingisual observations as well as SEM

and EDS analyses, there was no corrosion in th@esta steel photoelectrode cells. The
initial studies as well as the later segmented ctlidies showed no sign of

contamination either. With segmented cells, it ddog also determined that there were
no changes in the electrolyte that would causeathieg. Thus, the systematic analysis
of the stainless steel photoelectrode cells needbet continued to determine their

degradation mechanisms.

Significant problems were found also in the fiefdup-scaling. A previously unknown
loss factor affecting the whole DSCs research fislghtial performance distribution
occurring in the electrolyte filling, was discovdria this work. A novel segmented cell
configuration was introduced to acquire spatialpsalvedi-V data. The spatial
distribution losses are very important as in a soell with active area of 1.2 che
losses by the uneventdrt-butylpyridine distribution were already 20 %. Sinthe
spatial distribution problems were detected toddated to a specific filling method and
an electrolyte component, alternative filling methoor electrolyte compositions are
logical areas of future study.

Both StS and ITO-PET are at least as good substrate FTO-glass regarding
recombination, and for high light intensity appticas no blocking layers are needed
on either of them. If the cells are designed toragemainly at low intensities such as
indoors, a blocking layer is useful in increasihg tell voltage, for instance the 4 nm
TiO, layer on ITO-PET increaselloc even as much as 50 % at very low light
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intensities. The performance of the blocking layety even improve if the thickness is
reduced. A thinner layer would also be better igard to manufacturing as the
preparation time would be shorter.

Good low temperature counter electrodes and elgtgroompositions to be used in the
counter electrode illuminated cells, e.g. stainkegl photoelectrode cells, were found.
The preparation of low temperature Fildyer for plastic photoelectrodes still has room
for improvement.

The thesis also produced achievements in the mekbgidal side, namely by the

introduction of the segmented cell design and by phesentation of how to reach
guantitative EIS analysis. The purpose of both saged cell method and EIS is to
decouple the effect of different cell componentgtom cell performance. Both methods
are non-destructive and therefore they can be aksadfor continuous examination of
the cell performance. The theoretical principleshef techniques are very different and
therefore they are largely complementary as indatat Publication V.

The quantitative method to analyze EIS data asetifon of cell current was presented
and the conventional methods were shown to be fingrit and even misleading. By
employing this technique, it could be determineat the StS PE substrate had increased
the recombination from the PE while the StS CE maid The effect could not be caused
by the increased recombination from the substrateshe recombination losses from
the StS PE substrate are smaller compared to thiose conventional TCO glass
substrate. Hence, the StS PE substrate appeaasdaffected the dyed T@ilm.

The segment cell method was useful since it pravsjmtial distribution data of all the
photovoltaic parameters whereas the previous tqaksi showed only the distribution
of the photocurrent. Hence, it could be directljcakated how large the losses are that
the spatial distribution causes to the cell efficie The segmented cell method for
aging studies is a good technique for the exanunati those degradation effects that
are transmitted by the electrolyte. In Publicativn the reactions with the electrolyte
and stainless steel substrate were examined. The ganciples can be used for several
other aging problems, such as dye desorption.

In conclusion, one of the most critical issuestezldo the flexible dye solar cells is the
stability as reaching high cell performance witlkexfble DSCs substrates is not a
problem anymore. In regard to stainless steel bas#ild, a longer cell lifetime is

needed. In the case of the cells with stainlessl githotoelectrode, continuing the
systematic analysis to determine the aging mechenimight be the best way to solve
the degradation problem. As the mechanism causiegaging of the stainless steel
counter electrode cell is known, the next stepifind a suitable protective layer or an
electrolyte composition to avoid the corrosion. Amportant issue is also the
determination of the lifetime of the plastic electes. More aging studies in the DSC
field are in general needed and the segmented daslign will be useful in the

examination of cell degradation in the future.
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