ABSTRACT

KIM, DO HAN. Atomic Layer Deposition for Dye-Sensitized Photovoltaic Cells. (Under the
direction of Gregory N. Parsons).

Atomic layer deposition (ALD) is a thin film deposition method based on self-limiting
reactions so that it enables to deposit high quality and ultra-thin films on complex structures
with uniform thickness controlling thickness and chemical composition of films. ALD is
available at low temperature around 100°C depending on precursors and co-reactants, which
makes it possible to use plastic or biological substrates. The recent miniaturization in
electronic devices and development in analytical tools accelerates the great interest in ALD
and expands its applications from traditional semiconductor industries. Therefore, we made
use of ALD to improve the performance of dye-sensitized solar cells (DSSCs) in our studies
because DSSCs contain several interfaces based on mesoporous structure which need to
engineer them for efficient electron transport system.

We synthesized ALD TiO; on quartz fibers (QF) for the first time and investigated
ALD TiO; phase transition on QF upon annealing temperatures. Conformal and thin ALD
TiO, film is very stabilized even at 1050 °C and highly photocatalytic due to stable anatase
TiO, phase. For DSSCs, we employed coated QF as a light scattering layer for DSSCs and it
showed larger diffused reflectance than conventional light scattering layer improving power
conversion efficiency of DSSCs

Regarding to the interface between fluorine-doped tin oxide (FTO) and mesoporous
Ti0, we deposited TiO, film called as a blocking layer on FTO using ALD. Thus, conformal
and dense ALD TiO; film on FTO could efficiently inhibit charge recombination extending

electron lifetime. We systemically examined how ALD TiO, thickness affects the



performance of DSSCs and found the optimal thickness, 5-10 nm which is the thinnest up to
date.

ALD at low temperature enables us to deposit metal oxides on dyed TiO, and we
showed that a few ALD cycle contribute to enhance the dye-attachment improving thermal
stability of DSSCs especially under high temperature over 80 °C. We also introduced multi-
component ALD composed of TiO, and Al,O; ALD to optimize initial conversion efficiency
and thermal stability so that the specific cycle ratio of TiO, and Al,O3; ALD keeps the initial
performance of DSSC and stabilized the performance under high temperature at the same
time.

In terms of cathode for DSSCs, we tried to replace precious metal, Pt with
PEDOT:PSS (poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) using oxidative-
molecular layer deposition (o-MLD) for cathode. For better charge collection, we constructed
mesoporous indium-doped tin oxide (In:SnO, ITO) on a cathode and then coated with
PEDOT:PSS as an electrical catalyst. Compared to flat PEDOT:PSS film mesoporous
PEDOT:PSS-ITO showed lower charge transfer resistance as well as higher conversion
efficiency.

Lastly, we compared ALD Fe,O3 using oxygen and ozone as oxidants with ferrocene

as a precursor and characterized ALD Fe,O3.
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CHAPTER 1

Review of Atomic Layer Deposition for Dye-Sensitized

Photovoltaic Cells



This chapter will introduce atomic layer deposition (ALD), dye-sensitized solar cells
(DSSCs), and then review how ALD has been used to improve the performance of DSSCs.

The last section will discuss on what we should consider in using ALD for DSSCs.

1.1. Introduction to Atomic Layer Deposition (ALD)

As demands in academia and industry go to molecular level and recent development in
analytic tools make it easy to see true nano-world, atomic layer deposition (ALD) has attract
the large interest since the early 2000’s even if Suntola et al. got the first patent on ALD in
1977[1] In figure 1.1 the annual number of publications on ALD indicates that it
tremendously increases in 2000’s and the latest three years show historical increasing ratio

never seen before.

1.1.1. Brief History and Working Principle of ALD

The origin of ALD is somewhat controversial. It is, however, commonly acknowledged
that Suntola and co-workers in Finland first developed it under the name of “Atomic Layer
Epitaxy (ALE)” in which they grew ZnS, SnO,, and GaP over large areas with good
conformity.[2] It is indisputable that their achievement has led to the commercialization of

First commercial ALD deposited 11-V1 or 111-V semiconductors in 1980s for making
electroluminescent flat-panel displays. As a result, the first commercial reactor was launched
on 1989 by Microelectrochemistry. In the 1990s and 2000s, as the interest in silicon based
microelectronic devices such as Dynamic Random Access Memory (DRAM) and

Complementary Metal-Oxide-Semiconductor (CMOS), grew, ALD was applied to fabricate



high-k dielectrics, a copper diffusion blocking layer in CMOS, and a trench capacitor in
DRAM.

We can, however, track the earlier date when ALD work had been done to the Soviet
Union, 1960s by the group of Professor Aleskovskii for growing TiO, and GeO,. In 1967
Shevjakov et al. in the Aleskovskii group published their works on TiCl4/H,O process for
TiO, and GeCl4/H,0 process to grow GeO, and a series of publications were started by
Kol’tsov in the name of “molecular layering reactions” in 1960s.[2] Their achievements were
published in Russian and subsequently they have not been recognized as the first inventers of
ALD. It is, however, believed that Aleskovskii described the first concept on ALD in his
Ph.D. thesis on 1952.[3] In 1985, Japanese researcher Nishizawa called it by a different
name, “Molecular Layer Epitaxy (MLE)”.[4] Only starting in the 1990s, the name, Atomic
Layer Deposition (ALD) started to be used as a kind of thin film-techniques employing the
sequential use of self-terminating gas—solid reactions.

Beside thermal ALD since 1990s people have developed and demonstrated a variety of
ALD such as plasma enhanced ALD, molecular layer deposition (MLD), spatial ALD. They
expand material selection for ALD films (i.e. metals), precursors, substrates (i.e. polymers),
and process windows (i.e. low temperature, fast processing time).[5-8] ALD with fluidized
bed reactor was introduced to coat a floating substrate, particle. [9,10]

ALD is a type of modified chemical vapor deposition (CVD) where the film growth is
completely deposited in a cyclic manner. Usually one growth cycle consists of four steps as
follows:

1) A self-terminating reaction of the first reactant.



2 A purge or evacuation to remove the unreacted reactants and the gaseous by-
products of the reaction.

3 A self-terminating reaction of the second reactant or another treatment to
activate the surface again for the reaction of the first reactant.

4 A purge or evacuation.

A reaction cycle is constituted from step 1 to 4 and steps 1 and 2 are usually called half
reactions of an ALD reaction cycle. Figure 1.2 illustrates the schematic diagram of ALD.[11]
A reaction cycle can be repeated as many times as desired to obtain a final film thickness or
chemical composition. A self-terminating characteristic leads to the conclusion that ALD is a
surface-controlled process, which means the major controllable process parameters are
reactants, substrate, and temperatures. In self-terminating gas-solid reactions, atoms which
consist of the ALD-grown film are adsorbed onto the surface. At the same time, atoms not
adsorbed on the surface are removed as gaseous by-products and once atoms are adsorbed
they should not react with by-products. During adsorption and reaction of atoms they should
be thermodynamically favorable. Most ALD reactions are driven by free energy change (i.e.,
AG < 0) and overcoming activation energy barriers in which enthalpy change (AH) is
negative in overall reaction, that is to say, exothermic reaction. Heat, plasma, or radicals (ex.
H,) completes overall reactions as an external energy.

The benefits of ALD ascribes to self-limiting characteristics in half reactions composed
of one complete cycle. Once a large number of reactants enough to saturate a substrate are

dosed and they occupy all adsorption sites on a substrate, more adsorption and re-desorption



should not occur until co-reactants come in and react with them. Therefore, strong
interaction, chemisorption is more desirable than physisorption. In common thermal ALD,
temperature should be supplied to complete overall reaction at a suitable range, called as
“ALD window” during ALD process. High temperature can decompose precursors or desorb
absorbed precursors on substrate while low temperature leads the condensation of precursors
or is not enough to overcome activation energy barriers. Only in ALD window is constant
growth per cycle (GPC) and is formed a sub-mono or monolayer as shown in Figure 1.3.[12]
Depending on the process and the reactor, one cycle is maintained for a very short time
from milliseconds to a few seconds. As a result, GPC is between 0.1 and 3 A .[2] The film
thickness obtained per cycle generally depends on the size of the precursor molecule, because
the steric hindrance of large precursors such as organometallic compounds limits the number
of molecules capable to be adsorbed on the substrate. Therefore, smaller molecules and
elements as precursors show perfectly conformal monolayer growth. Moreover, the number
of adsorption sites on the surface affects the amount of adsorbed molecules. The temperature
of reactor in thermal ALD also determines the growth rate per cycle. If each adsorption and
evacuation step in ALD is ideally completed, the precursor molecules chemisorb or react
with the functional groups on the surface, where the surface gets to a saturation state, and no
further adsorption or desorption takes place on the substrate.[13] This kinetic characteristic
induces the film growth to be self-limiting. Separate and sequential processing in ALD
prevents gas-phase reactions which could produce undesired products that could in turn
adsorb into the surface. Moreover, the ALD process allows the use of highly reactive

precursors and gives enough time for each reaction step to reach completion. Finally, the



self-limiting growth mechanism offers facile doping, large area uniformity and thus
straightforward scale-up. Ultimately, the films exhibit excellent conformity and since no
surface sites remain after saturation, the film tends to be very continuous and pinhole-free.

On the other hand, the low growth rate of ALD is a challenge and a weakness to
overcome since a single ALD cycle makes only a monolayer of a precursor. Nevertheless,
requirements for future electronic devices, that is to say, ultra-thin and highly integrated, will
accelerate the use of ALD rather than hinder it. The recent development in spatial ALD is
able to get commercially available and it demonstrates that ALD is viable to make Al,O3
passivation layer for c-Si solar cells.

As other drawbacks, residue from highly reactive precursors could leave the impurity
content of the films at the level of several atomic percent, even though the ALD process is
ideally based on complete reactions after dose and purge steps of precursors. Typically halide
atoms of metal halide precursors such as TiCl, for TiO, ALD could remain in films as
impurity at the level of 1.5-2%.[14] The impurities can sometimes retard desirable phase
transformation and hinder conformal deposition in following cycles causing abnormal growth
mode. In electrochemical system, they can act as charge recombination centers reducing the
performance.

ALD can be used to seal pores and bond structures on a substrate other than coating
purpose as well. Philippe et al. sealed pores of low-k material with silica by ALD, in which
they used alumina catalyst-assisted synthesis for selective deposition of silica.[15] A small
dose of aluminum precursor are adsorbed to saturate only around open-end of pores to

deposit alumina catalyst. Then, dosing silica precursors leads anisotropic growth near pore



entrances completely sealing them. Jiang et al. made use of plasma assisted ALD to seal the
top surface of mesoporous silica structure.[16] The fact that plasma cannot penetrate inside
porous structure and silica is inert to plasma triggers selective reactions on the top surface of
mesoporous silica. Tan et al. attached a freestanding anodized alumina oxide (AAO)
template on gold-coated high refractive index glass (LaSFN9) by TiO, ALD and confirmed
inherently bonding through investigating optical properties before and after ALD

bonding.[17]

1.1.2. Functionalizing Porous Structures by Atomic Layer Deposition

The most important advantage of ALD is to deposit on high aspect ratio structures or
trenches. ALD is also able to coat non-flat structures such as mesoporous structures, bio-
materials, fibers, zeolites, aerosol, and nanoparticles under optimized conditions. We
generally expect high surface area or replicas of unique structures after etching way
substrates from these substrates. In addition, the ability of ALD in low temperature expands
the selection of substrates to polymers and biological materials. Among them porous film in
bulk solids is very attractive for a variety of applications such as catalytic membranes,
electrodes, capacitors, and filters because it has high surface area (several hundred m?/g) and
processing cost is cost-effective. It generally does not need vacuum system and huge
investment on patterning such as photolithography. Moreover, it is easily scalable. Dip-
coating, spin-casting, doctor-blade method, and inkjet printing is applicable to make porous
films as necessary.

According to International Union of Pure and Applied Chemistry (IUPAC) notation

porous materials are divided into three kinds of terms depending on pore sizes: microporous,



mesoporous, and macroporous. Microporous materials has diameter less than 2 nm in pore
size, those which have diameters between 2 and 50 nm are called as mesoporous, and those
larger than 50 nm is termed as microporous.[18] To functionalize porous structures a lot of
coating methods such as sol-gel, electrochemical deposition, and chemical vapor deposition
has been introduced, it, however, is difficult to make conformal films on porous structures
satisfying both of valid porosity and functionalization. ALD is feasible and powerful

technique to make conformal films on porous structures.

1.2. Introduction to Dye-Sensitized Solar Cells (DSSCs)

The efficiency of numerous classes of photovoltaic technologies has been steadily
increasing since the 1980s. One class of solar cells, dye-sensitized solar cells (DSSCs),
distinguish themselves from other technologies in that they use inexpensive materials and
they show high or comparable efficiency than traditional Si-based solar cells under any kinds
of light sources. Since the seminal report of a DSSC with a conversion efficiency of 7% in
1991, Gréatzel and co-workers pushed the efficiency up to 10% by 1993.[19,20] Through
competition in the improvement of efficiency since then, 12.3% was achieved in a sea of
relevant literatures. [21] This section will introduce working principles and review how ALD
has improved DSSCs so far. The last part will focus on what should be considered for using

ALD in DSSCs.

1.2.1. Working Principle of Dye-sensitized Solar Cells
Figure 1.4 (a) is schematic illustration showing DSSC structure.[22] Broadly speaking,

DSSCs contain five components: (1) transparent conductive glass (TCO), (2) TiO;



semiconductor film, (3) redox electrolyte, and (4) counter electrode with a platinum catalyst.
TiO, semiconductor film is mesoporous structure containing TiO; nano-particles, diameter of
20 nm. High surface area, ~ 150 m%g of mesoporous structure is one of reasons for high
efficient DSSCs. Dye (sensitizers) molecule absorbed on mesoporous TiO, is one of key
elements for making DSSCs efficient system. TiO, with wide band gap energy, 3.2 eV,
absorbs only UV-light which takes a small portion, 3% of sunlight. Most visible and infrared
light corresponding longer wavelengths, is abandoned not contributing to generate electricity.
Dye molecules composed of electron doner, linker, and anchor parts help DSSCs expand
absorption region to visible wavelength. Recently, quantum dots are also used to sensitize
meso-TiO, instead of dye molecules. Light shining though the photoanode excites electrons
in the ground state of dye molecules and makes them move up to the excited state. Excited
electrons are injected into the conduction band of TiO, where the oxidized dye is reduced by
electron donation from liquid electrolyte containing the iodide/triiodide redox system. The
injected electrons travel though the TiO, film and get to the TCO and pass through the
external load to the counter electrode. At the counter electrode, triiodie is reduced by
electrons to iodide, which marks the completion for one cycle. When this cyclic system is
under illumination, such as sunlight, it becomes a regenerative and stable energy-conversion
device. This electrons/holes movement inside DSSCs is indicated by green lines along with
energy levels in Figure 1.4(b).

However, there exist several recombination paths during generating and transporting
photogenerated electrons. Red lines in Figure 1.4(b) mean recombination paths to reduce

overall conversion efficiency. Time constants representing how much injection or



recombination occurs are shown in each path of Figure 1.4(c). Even if there are several
recombination paths in DSSCs injection rate is much faster than recombination rate so that
most electrons generally can be transferred and collected to TCO. Rapid injection rate (10™s)
from excited dye molecules to conduction band (CB) of TiO, and fast dye regeneration (10
s) govern other slow recombination rates (10“-10 s) so that this competition dynamics

directs overall electron movement to TiO..

1.2.2. Type of Dye-sensitized Solar Cells

Figure 1.4 (a) is common DSSC structure in which metal-organic or metal-free organic
dye molecule sensitizes inorganic scaffolds and a liquid electrolyte regenerates oxidized dye
molecules between two electrodes. Volatile liquid electrolytes cause evaporation in long term
operation especially for outdoor condition. Accordingly, solid or quasi-solid electrolyte
replaces liquid electrolytes for low volatility. They are referred as solid-state or quasi-state
dye sensitized solar cells. For solid-state, most widely-used material is 2,2°,7,7 -tetra-
kis(N,N-di-p-methoxypheny-amine)-9,9 * -spirobi-fluorene (spiro-OMeTAD).[23] Molten
salts, p-type semiconductors, conducting polymers, polymer gels, and ionic conductive
polymer gels have been used as a redox mediator, alone or in the combination of these
materials. Moving to sensitizers, dye molecules are generally vulnerable to moisture and high
temperature resulting in dye-degradation or —desorption. In addition, efficient dyes contain
precious metal, ruthenium (Ru) so that it increases manufacturing cost. Over a few years
guantum dots (QDs)-sensitized solar cells have attracted the great interest as alternative

sensitizers in dye-sensitized solar cell. QDs have high absorption coefficient, tunable band
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gaps, and multiple exciton generation. PbS, CdSe, CdS, InP, and InAs have been widely
explored as efficient QDs. Lee et al. achieved conversion efficiency, 5.6% with PbS:Hg QDs
realizing low band gap energy, 1.0 eV.[24] Inorganic semiconducting films referred as
extremely thin absorbers (ETA) were shown to achieve comparable efficiency, 6.3% to
conventional metal-organic sensitized solar cells.[25] Another promising materials is
ambipolar perovskite, CH3NHsPbX (X=Br, I, Cl) which can transport both electrons and
holes and convert absorbed photons into collected charge with close to 100% efficiency.[26]
Therefore, peroskite can be utilized as light absorber, electron and hole transporter.
Depending on device architectures peroskite can play two roles with the combination of
absorber and charge transporter. Surprisingly, Snaith group at Oxford University
demonstrated efficient solar cells with inert mesoporous structure where perovskite is
efficient absorbers as well as fast electron paths reaching the highest efficiency,

12.3%.[27,28]

1.2.3. Use of Atomic Layer Deposition for Dye-sensitized Solar Cells

As mentioned in previous section 1.1, ALD is a powerful technique to functionalize or
create porous structures with high surface area. Efficient sensitized solar cells is based on
mesoporous structures in which particle diameter is ca. 20 nm and total thickness of
mesoporous structure is ca. 1.5-12 um. Thus, over recent several years researchers in ALD
have shown the great interest in DSSCs or inversely people in DSSC community have
actively employed ALD technique. Figure 5 (a) supports this fact and shows 170 papers has
been published for late six years. Pie chart shows that ALD has been usually applied to

photoanode of DSSCs. Following sections will break down dye-sensitized solar cells as done
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in Figure 1.5 (b) and look at how researchers have used ALD and improved DSSCs based on

170 papers found above.

1.2.3.1. Blocking Layers

As a conductive glass or plastic, fluorine doped tin oxide (FTO) or indium doped tin
oxide film (ITO) is used on transparent substrates respectively. ITO has lower resistivity,
indium, is, however, volatile at high temperature, 450 °C so that the resistivity increases after
post-annealing process to make mesoporous inorganic structure. Therefore, FTO is preferred
for a transparent conductive glass in non-flexible DSSCs. For FTO-glass, FTO film is
deposited on glass with thickness of ca. 600 nm. The top surface of FTO is very rough due to
the crystallinity of FTO. So, mesoporous TiO, composed of TiO, nanoparticles with
diameter, 20 nm cannot fully cover rough FTO surface exposing conductive side of FTO-
glass to liquid electrolyte. This is one of recombination paths that occur in DSSCs reducing
overall conversion efficiency. Triiodide in liquid electrolyte can intercept injected electrons
from meso-TiO, then recombining with them. Loss through exposed FTO-glass gets more
noticeable under weak or moderate light intensity and it can takes up to 20% of total loss by
all recombination depending on light intensity.[29]

One way to this electron backward transfer through FTO, there is the deposition of
dense and conformal film on FTO glass which is referred as blocking, compact layer, or
interfacial layer. Some people use the term, “blocking layer”, to indicate coating film on
TiO; particles in core-shell structure so that we need to take care of using the term, “blocking
layers”. A number of deposition methods such as spray pyrolysis, dip-coating,

electrodeposition, spin-coating, and spurttering have been proposed to make the film, ALD,
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however, looks the most effective in principle. ALD film below 10 nm inhibits electron back
transfer on FTO. Figure 1.6 show blocking layers created by ALD and spin-casting.

Hamman et al. deposited ALD TiO; film with thickness of ~ 14 nm on FTO glass and
briefly mentioned that it effectively reduces dark currents using fast redox couples,
ferrocenium.[30]

Other than TiO,, Bills et al. employed HfO,. They grew ultrathin HfO, films, thick of
3.2 nm using ALD with HfCl,4 and O, precursors at 200 °C. HfO, blocking layers improved
60% in overall conversion efficiency compared to traditional blocking layer, thick of 15 nm,
formed by sol-gel method. The compactness and high quality of ALD films suppress the
surface states of interfaces, ITO/HfO, and HfO,/electrolyte then, reducing the possibility that
trapped electrons in surface states recombine with triiodide in electrolyte. They confirmed
that TiO, blocking layer prepared by sol-gel method is porous and the higher porosity is
ascribed to higher capacitance indicating that more electrons are trapped within blocking
layer formed by sol-gel.

Ding et al. found that 15 nm thick ALD ZnO film is optimal for TiO, nanofibrous
anodes, which results from the competitive relation between tunneling effect from TiO, to
FTO and suppression of backward electron transfer to electrolyte from FTO.[31] For ALD
TiO, we also investigated the thickness effect on the performance of DSSCs changing from 5
to 100 nm. Optimal thickness, 5-10 nm reaches the highest conversion efficiency. Electron
lifetime over 10 nm is not different from one of optimal thickness, thicker ALD films over 20
nm, however, have significantly low transmittance due to dense ALD TiO, film. The

transmittance is lower than TiO, blocking layer with the same thickness synthesized by other
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deposition methods.[32] For solid state-dye sensitized solar cells, 10 nm thick ALD TiO,
shows better blocking ability than 35-75 nm thick TiO, film formed by spin-casting.[33]
ALD at low temperature enables to deposit amorphous TiO, on flexible plastic substrates
(ITO-PET).

Miettunen et al. found that optimal ALD TiO; blocking layer for a flexible substrate
should be deposited at different thickness from FTO-glass. Heat-treated TiO, blocking layer
transform to anatase TiO, from amorphous TiO, and its conductivity upon annealing causes
FF loses in high light intensity. Accordingly, ALD TiO, blocking layer for a flexible
substrate should be thinner than heat-treated blocking layer for FTO-glass because thick
blocking layer deposited at low temperature also increases the internal contact resistance
between ITO/PET and TiO; blocking layer.[34]

High-performance ultrathin blocking layers formed through ALD is important because
thin layers can be processed quickly, promoting improved device productivity. Improvements
in spatial or roll-to-roll ALD methods could further reduce the process time and increase the
device through-put in industry.[32] Furthermore, ALD allows precise adjustment of the
blocking layer properties by careful control of the film thickness and by modifying the film

composition or by doping.[32]

1.2.3.2. Photoactive Layers

We define “photoactive layers” as alternative inorganic scaffolds to mesoporous TiO;
in conventional DSSCs. Therefore, core-shell structure will be separately discussed in
following section. As seen in Figure 1.5 photoactive layers take the highest percentage

among elements of DSSCs. Most researches referred here are on template-directed synthesis
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and functionalize insulating scaffolds for photocatalytic activity. As templates or insulating
scaffolds, anodic aluminum oxide (AAQ), aerogels, nano-spheres, biomaterials, fibers, and
conductive particles are used for photoactive layers. [35-49]

Hupp group has published a series of reports on template-directed synthesis since 2007.
They formed TiO, or ZnO ALD films on AAO or silica aerogels. For AAO, they deposited 1
pum conductive transparent film made of aluminum-doped zinc oxide (AZO) on the one side
of AAO for electrical contact.[35] Indium-doped tin oxide (ITO) prior to ALD TiO; films for
efficient electron collection in radial direction along inner walls of AAO opens a direct path
for electrons to move to FTO.[36] For aerogels, an important factor to determine DSSC
efficiency is TiO, or ZnO thickness.[37-39] Thick ALD film on aerogels significantly
reduces surface area and even clogs pores of aerogels so that redox couples cannot penetrate
innermost pores. Nevertheless, ~ 10 nm ALD TiO; or ZnO films lead better charge injection
and collection than conventional nanoparticle system. TiO, coated aerogels has lower
conduction bands than TiO, particles, which helps to inject electrons to FTO from
conduction band of TiO, on aerogels. Moreover, Low surface states of ALD TiO, film lead
lower recombination possibility than TiO, particulates.[39]

Han et al. synthesized hollow TiO, nanoribbon networks using aromatic peptide
templates. They deposited 10 nm ALD TiO, on peptide with titanium isopropoxide and NH3
reactants, and then removed peptide by annealing at 400 or 500 °C in air.[42]

TiO, inverse opals provide an effective way to enhance selective light-harvesting for
sensitizers and typically are prepared by the infiltration of precursors into monodispersed

polymer spheres. Liu et al. infiltrated TiCl, and H,O precursors into polystyrene spheres
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holding precursors vapor in each ALD half cycle for full coverage and successfully achieved
more than 96% of maximum possible infiltration.[43] Kim et al. made Ta-doped TiO;
inverse opals structure for photoanodes from silica spheres and found that Ta (3.4 atomic %)
doped TiO; achieved by controlling the unit cycle ratio of Ta and Ti precursors improves
conversion efficiency by 23% compared to pure TiO, owing to enhanced photocurrent
density.[44] However, typical inverse opal structures do not show high conversion efficiency
than conventional TiO, particles because of low surface area. To solve low dye-loading of
inverse opals Tétreault et al. filled inner inverse opals with large sized-diameter, 2.2 pm with
TiO;, nanoparticles.[45] In order to efficient electron transfer and less recombination they
coated inner walls of inverse opals with conductive AZO and TiO; film by ALD before
filling inverse opals.

Our group recently deposited TiO, film with thickness of 50 nm on quartz fibers and
observed that it is stable anatase TiO, even at 1050 °C.[46] Since TiO,-coated quartz fiber
has high reflectance and adsorbs more dye-molecules than pure quartz fibers, it was utilized
to scatter incoming light, and trap it inside DSSCs improving conversion efficiency.

Yang et al. made conformal ALD TiO, film with thickness of 14 nm on FTO
particulate films in which the high conductivity of FTO nanoparticle network assists the
efficient electron extraction through drift-transport mechanism from TiO, to FTO
particles.[50]

Over a few year Grétzel group have recently tried to deposit TiO, ALD on mesoporous
silica at high and low temperature.[48,49] They investigate TiO, thickness, sintering effect,

and thickness of silica template on the performance of DSSCs. They achieved promising
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efficiency, 7.1% with 10 nm TiO, deposited at 200 °C and their state-art-of sensitizer. In
these works, the most important factors for highest efficiency are ALD TiO, thickness and
the coverage of ALD TiO; film. Even if they are dependent upon physical geometries of
silica template, ALD TiO, thickness is not over 10 nm as an optimal thickness in all studies.
DSSCs prepared by ALD on templates or insulating materials for photoactive layers
generally have limited efficiency. The reasons are their low surface area and incomplete
coverage of ALD films. In case of mesoporous substrates thick over 10 um, it is difficult to
accomplish 100% coverage because thick mesoporous structures give a rise to diffusion
limitation of precursor although ALD film growth basically relies on surface limited

reactions.[49]

1.2.3.3. Core-shell Structures

Incomplete coverage of dye molecules partially exposes inorganic scaffolds to
electrolytes. As described in Figure 1.4, electron transport rate through mesoporous TiO; is
107 s, which is the slowest among forward electron transport rates, meanwhile recombination
rates with dye (or quantum dots) and electrolyte are 10* s and 10 s. This competitive
kinetics causes the primary loss in conversion efficiency of DSSCs. One of effective
strategies is coating inorganic scaffolds with insulating materials or semiconductors with
higher band gap energy, which called as core-shell structure. Sol-gel method is facile and
straightforward, it, however, is difficult to control thickness, composition and uniformity.
Thus, ALD technique has been extensively employed to make core-shell structure for

DSSCs. In core-shell structures, what we expect are below:
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(1) Passivation of surface states: injected electrons from LUMO of dye molecules can
be captured into surface traps beneath inorganic scaffolds and they have more chance to
recombine with holes in electrolyte. Shell films can prevent electrons from being seized to
surface states.

(2) Potential barrier (tunneling effect): shell films with high band gap energy make
potential barriers between inorganic scaffolds and electrolytes. Shell films with suitable
thickness inhibit backward transport to electrolyte from inorganic scaffolds allowing forward
transport rates to inorganic scaffolds.

(3) As some special cases, for ZnO core structure, shell film blocks the corrosion of
ZnO and the diffusion of Zn to iodine electrolyte.[51] TiO; shell films enable to anneal ZnO
cores at high temperature without surface area and therefore reducing recombination rate.[52]
ALD AIl,O3 over 20 cycles is found to increase dye-loading due to its higher isoelectric point
than TiO,.[53]

Table 1 summarizes core-shell structures formed by ALD with ALD process
conditions, thickness and improvement in efficiency. TiO,-Al,O3 structure is well studied in
experimental or theoretically and ZnO-Al,03, or ZnO-TiO, is also commonly found.

Although Al,O; ALD on TiO; is generally known to increase conversion efficiency
with the help of V. rise, its effect is quite controversial. Some studies find that even an
Al,O3; ALD cycle decreases overall conversion efficiency significantly reducing photocurrent
density.[51,54] Law et al. observed a cycle of Al,O3 on ZnO wires noticeably decreases
photocurrent and fill factor while gaining a little bit voltage (Figure 1.7).[54] Antila et al.

also showed that the suppression of recombination rate could not compensate for barrier-
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induced losses of electron injection from density functional theory calculation.[55] A core-
shell structure is also valid for quantum dots-sensitized solar cells (QDSCs). Bent group tried
to deposit Al,O3 with two kinds of ways: one is Al,O3; on TiO, and another one is Al,O3 on
quantum dots. Such experiments revealed major recombination occurs between TiO, and
electrolyte for QDSCs as well .[56] Campbell et al. showed that amorphous TiO, deposited
at low temperature has the same effect to other shell materials.[14] Hupp group designed
double shells composed of ZnO and TiO; with silica aerogels template, in which they made
use of fast electron transport property of ZnO and chemical stability of TiO,.[51]

It is noted that optimal number of cycle and improvement in Table 1 are inconsistent
despite of the same structure (e.g. TiO2-Al,03). Al,O3 growth on TiO, particles is on basis of
island growth mode in which TiO, surface states and phase determine the coverage of Al,Os
in first a few cycles.[57-59] For instance, Secondly, ALD on porous structure often needs
long exposure of reactants and soaking to make sure complete diffusion into pores. Thirdly,
blocking layer on FTO is required to estimate core-shell structure because ALD for shell

formation also deposit shell materials on FTO.

1.2.3.4. Sensitizers

Considering self-limiting characteristics of ALD it may be a powerful tool to deposit
sensitizers on inorganic scaffolds. Only a few studies are searched because of limited
selection in ALD precursors for sensitizers.[60,61] Sarkar et al. successfully sensitized TiO2
nanotubes with ALD In,S; which has low band gap 2.07 eV. They observed that it needs first

60-70 cycles as a nucleation step for conformal coating due to partial removal of metal
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precursor. 175 cycles corresponding to the thickness, ~5.2 nm fully covers TiO, nanotubes
with length of 4 pm with modified ALD sequence for long exposure.

On the other hand, Brennan et al. made use of nucleation step to synthesize CdS
quantum dots (QD) on mesoporous TiO, for QDSSC. The number of ALD cycle determines
QD sizes from diameter, 1 to 10 nm under nucleation region. 5 cycles achieved maximal
conversion efficiency, 0.25% and after 10 cycle, bulky property of CdS appears reducing the
efficiency.[62]

Although there is no electrical analysis with devices, it is interesting that Zhang et al.
used ZnO ALD to synthesize phorphyrin dye through metallization.[63] This approach
implies that ALD can enable to synthesize organometallic dyes on porous inorganic
scaffolds. Bang et al. sensitized ZnO nanorods with RuO, ALD in which they enhanced

visible light adsorption through surface plasmon.[64]

1.2.3.5. Passivation Layer

Plasmonic metal nanoparticles such as silver and gold can be used as an absorption
amplifier with dye molecules. The enhanced electromagnetic field near metal particles is able
to increase the effective dye absorptivity.[65] Silver particles intrinsically are damaged under
oxidizing conditions such as I'/l3" condition. Ultrathin ALD film TiO, can encapsulate silver
particles from corrosion or photo-corrosion while keeping plasmonic effects. 7.7 nm TiO,
film on silver particles is found to be thick enough to protect silver particles maintaining
electrocoupling between dye and silver particles. Additional adhesion Al,O3 layer thick of
0.2 nm, however, reduces the required TiO, thickness to 5.8 nm because hyrodroxylated

groups of Al,O3 adhesion layer provides a lot of absorption sites for conformal films on non-
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hyrodroxylated silver particles.[40] In similar way, it is found that 2 nm ALD TiO; film
successfully passivates CdS quantum dots from iodine electrolyte for QDSSC. [59,62]

Our group found that metal oxide ALD on Ru-P dyed TiO, strengthens binding mode
between dye and TiO, improving photostability.[66] We employed the ALD passivation
layer on Ru-complex (N719) dyed TiO, and achieved the great thermal stability at 80 °C for
DSSCs.[67] We showed that multi-components composed of Al,O3 and TiO, ALD with the
specific cycle ratio keep initial conversion efficiency improving thermal stability.[68]

In recent, Hupp group encapsulated organic dye with ALD TiO; showing enhanced
stability in aqueous electrolyte and wetting property transition to hydrophilicity from

hydrophobicity, which makes the contact with aqueous electrolyte better.[69]

1.2.3.6. Cathodes/Transparent Conductive Oxide (TCO)

Ru ALD was employed to replace Pt on cathode by Song et al. Several tens of nm
thickness of Ru works as electrocatalytic and/or conductive layer even if its performance is
lower than conventional Pt cathode.[70,71] Yang et al. synthesized unique inverse opals
structure of FTO for trapping visible light and high surface area. They deposited ALD film
TiO, on inverse opals of FTO which can make better contact to mesoporous TiO; reducing
recombination rate in DSSCs.[72] Garcia-Alonso et al. very recently deposited Pt-particles
on flexible substrate such as ITO-PEN (PEN: polyethylene naphthalate) using plasma-
assisted ALD (PA-ALD) in which they introduced additional steps, H, gas or H, plasma

exposure to reduce Pt lowering reaction temperature to 150°C.[73]
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1.3. Consideration of ALD for Dye-sensitized Solar Cells

1.3.1. Coverage of ALD Films on Porous Structure

Although ALD is on basis of surface-limited reactions and, in principle, an ideal
deposition to make conformal films on complex structures, there should be some
consideration for porous structure in DSSCs. First one is the coverage of ALD films on
mesoporous structure. DSSCs have several interfaces associated with high surface area and
photoelectrochemical system, even a little imperfect films on mesoporous structure causes
serious reduction in overall performance.

When we describe self-limited reaction as one of advantages for ALD we assume that
reactants spontaneously diffuse into substrates and then saturate with substrates. In reality,
ALD reaction is also limited by gas transport into for nanoporous structure. Diffusion time
for gas to reach inside nanopores is much longer than ideal ALD condition such as a flat
surface. Insufficient diffusion of reactants saturates only opening of pores leaving inner pores
unstaturated. Therefore, following co-reactants react with saturated opening of pores and
clog pores blocking reactants to access inside any more. Considering carrier gas removes
extra reactants purging is also as important as reactant diffusion. Besides gas diffusion the
high surface area of porous structures need to dose more reactants (long exposure) for
saturating all available adsorption sites. For example, Campbell et al. observed that TiCl,
precursor diffuses into porous surface only at 1 um below top surface without soaking steps
during ALD at low temperature, 120°C.[74]

Several groups have reported how ALD process parameters and geometry of substrates

make effects on the coverage of ALD films on cylindrical pores or mesoporous structure.
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AAO have been typically used because its geometry is well defined and has hydroylated
surfaces to readily react with precursors. Gordon group derived an analytical model to predict

the required amount of precursors for cylindrical pores:[75]

(Pt) = SV2mmkT (1 +2a +2a?) (1)

where P is precursor partial pressure, t is the required exposure time, T is temperature, S is
the number of absorption sites per surface area, m is the mass of the precursor molecules, k is
the Boltzmann constant, a is aspect ratio. In large aspect ratio, the last term in equation (1) is
dominant and it is note that exposure time, t, is proportional to aspect ratio, a. This equation
assumes that sticking probability of precursor molecules is 100% to available adsorption
sites. That is to say, all precursor molecules are adsorbed on substrate until the coverage
reaches 100%. However, we can estimate minimum amount of precursors from this equation
for full coverage. In practice, the probability that precursor are adsorbed, however, linearly
decreases as coverage increases according to Langmuir’s law, s(6) = So(1- 8) where s; is the
initial sticking probability and 6 is surface coverage.[76] Elam et al. and Dendooven et al.
extended the relation of coverage and exposure time in case of sticking stability less than
unity.[76,77] In addition, Angel et al. derived a general model based on time-dependent and
reaction—diffusion equation in non-dimensional form, which is applicable to any kinds of
geometries of nanostructure.[78]

It is almost impossible to determine the exact coverage of ALD films on porous

structure especially within the thickness scope for DSSC. TEM, SEM or EDAX simply
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enables to visually observe the conformality in selective positions, it, is, however,
questionable that partial observation can represent the coverage. Tien et al. used the relative
signal intensity ratio of X-ray photoelectron spectroscopy (XPS) with shell and without shell
for evaluating the coverage of ALD film with their core/shell model.[79] Figure 1.8(a)
presents theoretical curves with their model and experimental results showing coverage (¢) of
Al,O3 shell films on mesoporous TiO,. Accordingly, full coverage of Al,O3 requires at least
15 cycles and in Figure 1.8(b), 1 cycle reaches the highest conversion efficiency of DSSCs
while 15 ALD cycles drop the conversion efficiency to zero. They observed that thickness,
0.2 nm at 1 cycle is discontinuous from TEM measurement due to the island growth although
2 min. Therefore, they proposed that we can get more improvement than 52% seen figure
1.8(b) as we succeed to make continuous film at fewer cycles than 15 cycles through process
optimization.

Although more ALD cycles can lead conformal films, we need to consider that we may
lose the high surface area of porous structure as ALD deposits thicker film on the surface.
For DSSCs, thick ALD films on pore structure over a certain thickness decrease the
photocurrent density and therefore reducing the conversion efficiency.[36,48] Dendooven et
al. confirmed that as precursor exposure time or the number of ALD cycles increase, the
amount of metal deposited on porous structures differently varies in two regions from in situ
X-ray fluorescence (XRF). In first several cycles the amount of metal quickly increases due
to high surface area and once metal oxide completely fills into pores, the gain of metal

significantly decreases coating only the top surface of porous structure.[80]
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1.3.2. Growth Mode on Porous Structure

Growth mode on porous structure is related to the formation of conformal films or
coverage. Al,O3; growth on porous TiO; is known as the island growth mode.[79] Terranova
et al. theoretically explained the origin for the island growth of Al,O3 on TiO, particles on
basis of density functional theory (DFT) calculation.[81] Water on defect sites of TiO;
removes one or two methyl groups of absorbed on TiO; stabilizing the interaction at the first
half reaction. This stable intermediate state serves as nucleation seeds for following steps.
Thus, the hydration of mesoporous TiO, prior to ALD is important to make conformal films.

As the number of Al,O3 cycle increases, the island growth mode generally goes to
continuous mode. Tien et al. found that this transition is different in anatase and rutile
TiO,.[57] Understanding the difference is meaningful because typical DSSC structure has
light scattering layer composed of large sized TiO, particles (rutile) with anatase TiO, for
efficient light-trapping. Transition is more pronounced on anatase than rutile TiO; and its
growth rate lower as shown in Figure 1.9. Abrupt increase of growth-per-cycle in first a few
cycles on anatase TiO, indicates the island growth mode and constant growth rate is in
continuous mode after 15 cycles. On the other hand, there is no distinct in this transition for
rutile. This result indicates that larger sized TiO, is desirable to make conformal films at low
number of cycle. As a reason, smaller sized anatase TiO, experiences more lattice strain
stress as Al,O3 films are deposited producing surface hydration which is the primary origin
of island growth. Therefore, small size anatase has higher probability to form island growth

than rutile. Finally, it is also essential to select optimal TiO, particle size for uniformity.
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Likewise, thin Al,O3; adhesion layer on silver particles as discussed earlier, promotes

continuous TiO, growth on non-hydroxylated silver partilces proving hydroxyl-rich surface.

1.3.3. Crystallinity

The crystallinity is critical to properties of metal oxides. For instance, Park et al.
anatase TiO, is more desirable than rutile TiO, for photoactive layer in DSSCs.[82] Anatase
TiO, absorbs more dye molecules and has faster electron transport property. As there are
numerous parameters involved to process and materials and one more parameters can
determine the crystallinity, it is challenging to predict it. Recently, Miikkulaninen et al.
extensively reviewed the crystallinity studies of metal oxides synthesized by ALD.[83] As
origins to lead the crytallinity, there are temperature, reactants, impurities, plasma, substrates,
film thickness, and so on.

Campell et al. deposited amorphous TiO, on anatase TiO, at low temperature
expecting less recombination with help of higher band gap, as Al,O3 of Al,O3-TiO, core-
shell structure. [74] Dirnstorfer et al. studied the effect of surface and substrate structure on
cyrstllinity of TiO; films. Planar substrate of rutile TiO, needs Al,O3 buffer layer thick of 0.5
nm to encourage anatase TiO;, instead of rutile TiO,. Porous rutile TiO,, however, does not

need Al,O3 buffer layer for anatae TiO,.

1.3.4. Other Conditions
Molecular size of metal precursor is also important to travel through nano-pores. Once

ALD film shrinks nanopore size below molecular size of metal precursor, precursor vapor
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cannot penetrate nano-pores leaving inner pores intact. For ALD material selection, metal

oxide with high isoelectric point is desirable to absorb more dye molecules.
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Figure 1.1 (a) The number of publications on ALD during the latest 20 years, taken
from the Web of Science inputting a keyword, “atomic layer deposition” in topic, as of

July 7th, 2013. Patents and conference are excluded.
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Figure 1.6 Comparison of morphology in TiO, coated FTO-glass: (a) side view, (b)

top view deposited by ALD, and (d) side view (b) top view synthesized by spin-
casting. Scale bar is 600 nm. (Adapted from ref. 33)
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Table 1.1 Summary of core-shell photoanodes formed by ALD for DSSCs from literature

Materials Precursor Co-reactants Cycle' Core structure Improvement Ref.
Core Shell S (nm) Particles  Wires (%)
TiO, Al,O3 TMA H.0 1 o) 140  [84]
TiO2 ZrO; Zr(NMz)4 H20 3 0] 300.0 [85]
TiO, Al;O3 TMA H.O 20 ] 10.0 [86]
TiO, Hf,03 HfCl4 H.O 5 ] 69.0 [86]
TiO, Al,O3 TMA H.0 o) N/A  [87]
TiO, Al,O3 TMA H.0 o) N/A  [88]
ZnoO TiO, TTIP H.0 10 o) 211 [89]
TiO, Al,O3 TMA 0O, 20 ] 35.0 [53]
ZnO TiO, TIP H.O 10 o) N/A  [52]
SnO; Al,O3 TMA H.O 1 ] 500.0 [90]
TiO,  a-TiOy" TiCly H.O 50 o) 12-25  [74]
TiO, Al,O3 TMA H.O 1 o) 375  [91]
Nb:TiO, Al,O3 N/A N/A 15 o) 212 [92]
Nb:TiO2 Hf>03 N/A N/A 10 o 74.7 [92]
NiO Al,O3 TMA H20 1 o 74.2 [93]
ZnO Al;O3 TMA  H20,50% H,O3  (0.3nm) o -11.2 [94]
ZnO TiOz TIP  H20,50% H,O3  (0.4nm) O 30.4 [94]
ZnO ZrO; N/A N/A N/A o N/A [94]
TiOz Ga;03  Gaz(NMz)s H.O 4 O 30.0 [95]
SnO; TiO2 TiCl4 H.O (2 nm) ) 80.0 [96]
ZnO TiO, TTIP H>O 20 (0] 14.4 [97]
Cds QD TiOz TTIP H.O 100 ) 41.3 [59]
TiO, Al,O3 TMA H>O 1 o 27.7 [98]
Cds QD Al;O3 TMA H.O 1 ) 34.6 [98]
ZnO TiO, TiCl4 H20 1 (0] 147.0 [54]
Zn0O Al,03 TMA H>O 1 0] Reduced [54]

* Comparison in overall conversion efficiency before and after forming shell structures by ALD
T Optimized number of ALD cycle or thickness

* Trimethyalminum

TTIP: Titanium isopropoxide

Zr(NMz)a: Tetrakis(dimethylamido)zirconium

Amorphous TiO;

TMA: Gaz(NMy)s: Tris(dimethyl)amido gallium
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Figure 1.7 TEM characterization of ZnO-Al,O3; core-shell nanowires. (a) Low-

magnification image of a wire that has been cleaved in two. Scale bar, 50 nm. (b)
Electron diffraction pattern of the same wire. Only ZnO spots are present. (c) EDS
elemental profile along the dashed line in part a. (d) High-resolution image of the
ZnO-Al,O3 interface. Scale bar, 5 nm. Note that uncoated ZnO wires lack an

amorphous shell. (Adapted from ref. 54)
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CHAPTER 2

Fabrication and Characterization of Dye-Sensitized Solar
Cells
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It is crucial to make reliable DSSCs and measurement for analysis and comparison to
others.[1] This chapter will introduce the fabrication of common dye-sensitized solar cells as

shown in Figure 2.1 and the basic characterization regarding on photocurrent-voltage.
2.1. Fabrication of Dye-sensitized Solar Cells

2.1.1. Cleaning Procedure for Photoanodes

Cleaning process is basic, but very important to make high-efficiency DSSCs. FTO-
glass is cleaned rubbing FTO-side with detergent for glassware dissolved into deionized
water (DI water). The purpose is to remove organic contaminants such as fingerprints which
can be made during handling FTO-glass. Handling FTO-glass should be always done by
plastic tweezers for preventing FTO-glass from contaminated by metals. Metal debris plays a
role of strong recombination centers in DSSCs. Keeping FTO-side up in detergent solution, it
needs to sonicate for 5 min. After rinsing FTO-glass with DI water and then it should be
sonicated with isopropyl alcohol (IPA) for 5 min again. Rinsing FTO-glass with DI water to
wash residual IPA out, it is completely dried by following nitrogen gas stream. Before
moving to final cleaning step, the electrical contact for later DSSC assembly should be

masked by Kapton® tape. As a final step, it is cleaned by UV-Oj treatment for 18 min.

2.1.2. Blocking Layers

As discussed in chapter 1 there are many methods to make blocking layer on FTO-
glass. Even if hydrolysis with aqueous TiCl, solution is a typical method, ALD is simpler
and time-saving for forming efficient blocking layer.[2] Therefore, this section describes

ALD methods to make blocking layers. Cleaned and partially masked FTO-glass is put inside
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reactor for ALD. Reactor temperature should not be over 200 °C because it is a high
temperature limitation for Kapton® tape. ALD is performed by alternatively introducing
TiCls (Gelest) and H,0 into a homemade viscous flow ALD reactor at 150 °C. The reactor
pressure is controlled at 1 Torr by flowing ultrapure nitrogen carrier gas (99.999%, National
welders) that is further purified by a filter (Gatekeeper, Entegris). Substrates are heated for,
at least, 30 min inside the reactor under purified nitrogen flow before starting the ALD. TiCl,
and H,O precursors were dosed for 1 s each and purged after each dosing step for 40 s
respectively. The thickness of 5 nm is controlled by the number of ALD cycles used. After
taking off masking tape, the as-deposited film is annealed in air at 550 °C for 2 h to crystalize

TiO,.

2.1.3. Mesoporous TiO;

Mesoporous TiO, layer is divided into two kinds of mesoporous TiO, which have
different TiO, particle size. One is TiO, dia. 20 nm for transparent layer and another one is
100 nm for scattering layer on transparent layer. Deposition method is doctor-blade for each
layer. Before spreading TiO; paste, 3M scotch tape which has the thickness ca. 60 pm is
attached, two times, to FTO side along dimension of DSSC. Therefore, spacer made by
taping is thick of ca. 120 pum. Scotch tape should be attached to make pretty larger than final
area of mesoporous TiO, because this deposition method will be repeated for making thick
mesoporous TiO,. TiO, paste (Ti—-Nanoxide H/SP, Solaronix) for transparent layer is spread
over FTO-side using a micro-slide glass. Left-over paste should not be taken back to TiO,
paste container and disposed because glass chips or other particles disturb the dispersion of

TiO, particles in TiO, paste. Otherwise, it is difficult to make crack-free TiO, after annealing
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process. As-coated TiO; paste film is pretty rough. To remove the irregularity of top surface
the leveling process is required. Printed substrates are kept in a clean box saturated with
ethanol for approximately several minutes. Keeping time is dependent on the irregularity and
saturated conditions, excessive time, however, causes to dewet TiO, paste film. Figure 2.2
shows the difference in the top profile with leveling and without leveling after annealing
process. Uniform profile makes better light distribution and good physical contact to
following TiO, layer. Next, printed substrates should be pre-baked at 150 °C for 30 min to
evaporate solvents included in TiO, paste. The reason is to minimize strain stress of TiO;
film which can make cracks during annealing process and to protect fluidic TiO, paste film
from dusts or other debris during annealing. As the last step, it should be annealed at 550 °C
for 30 min with the ramp rate, 5 °C/min. The slow ramp rate is very crucial to get crack-free
TiO, film. After annealing process, it should be slowly cooled down to room temperature and
final thickness is around ca. 6 um. In order to get optimized thick TiO, film it can be
repeated. Based on literatures and experience, optimized total TiO, thickness exists between
12 and 18 um. Although the great performance of DSSC relies on high surface area of
mesoporous TiO,, too thick TiO, film also has higher probability to recombine with hole in
electrolyte and increases internal series resistance.[3]

Light scattering layer is coated on the top of transparent TiO, film with the same
procedure as done in making transparent TiO,, but, the particle size in TiO, paste (Nanoxide
R/SP, Solaronix) should be larger than 100 nm. 6 um is enough to make light scattering.

Electrodes are treated with aqueous TiCl, solution to make highly efficient DSSCs

reaching ca. 9%, after final annealing.[4] The purpose is to increase roughness factor for
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enhancing dye-loading and improve the connectivity of TiO, particles better. Before
immersing into 40mM TiCl, solution electrical contact part should be masked by Kapton®
tape. Pre-heated TiCl, solution at 75 °C by furnace and then electrode is taken into the TiCl,4
solution. After 40 min treated electrodes is cleaned by flowing ethanol to remove residual
solution and then dried by nitrogen gas stream. It is also required to crystallize it with the
same procedure as done for printed electrodes.

Mesoporous TiO, needs to be trimmed to make the geometry and area of mesoporous
TiO, layer constant using mico-slide glass. Light scattering and diffusion differently occur
dependent on the geometry of mesoporous TiO; layer.[5] Regarding on the projected area of
mesoporous TiO,' as it increases, the series resistance of DSSCs proportionally goes up
reducing overall conversion efficiency. Thus, it is important to keep constant geometry and

projected area of mesoporous TiO, for reliable data.

2.1.4. Dyeing Mesoporous TiO, Photoanodes

To avoid moisture on printed TiO; it should be cooled down to 60 °C right before
sensitizing. Moisture absorbed TiO, degrades dye molecules and desorbs dye molecules from
TiO; under high temperature. Sensitization is performed under room temperature, dark and
for 24 h on a shaker. Longer sensitization rather can lead dye-desorption depending on
thermodynamic equilibrium relation. For the best result, dye molecules can be purified by
column chromatography and it improved conversion efficiency by up to 18%.[6]

High temperature around 60 °C can accelerate dye absorption on TiO; to save time,

but evaporate solvents of dye solution. During dyeing TiO, water or light should be
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minimized and shaker helps to absorb. After sensitization, extra dye-solution is washed out

by anhydrous ethanol and then dried out by nitrogen.

2.1.5. Cathode

Before cleaning FTO-glass, it should be drilled to make two holes for filling
electrolyte. In cleaning procedure for cathode, one more process is added with dilute HCI
solution because it can remove metal debris that fall down from drill bits. IPA and water
cleaning are followed. Wetting property of FTO is hydrophobic so that it makes Pt precursor
solution to wet FTO surface well. Plasma treatment, however, can change the property. After
15 min plasma treatment a few drops of Pt precursor solution should be immediately dropped
on FTO-glass and then dried out at room temperature. Following annealing process at 550 °C
for 30 min removes solvent and attaches Pt particles on FTO-glass, in which temperature

ramp rate does not matter unlike mesoporous TiO;.

2.1.6. Cell Assembly

It is best to prepare photoanodes and cathodes right before cell assembly. However, if
it is not available, it is recommended to do, at least, sensitization for photoanodes and
annealing for cathodes right before cell assembly.

Surlyn film® is used as a spacer. It is cut along gasket design. The film thickness
determines cell gap which is also important factor to get high efficiency. In case of iodine
based electrolyte, 25-60 um thickness is used. Placing a gasket on photoanode it is covered
by cathode facing FTO side down. It is heated at 150 °C by hot plate to melt gasket film

where cathode side touches heating plate to minimize dye degradation by heat. Pressing
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down for 20 s and it needs to inspect complete sealing. If it correctly is sealed, gasket should
be transparent. Assembled cells are quickly cool down to room temperature by nitrogen
stream. Otherwise, filling volatile electrolyte into assembled cells makes air bubbles inside
cells. Syringe makes electrolytes filled through two holes and then holes are sealed with

cover slip and Surlyn film® as done in cell assembly.

2.1.7. Anti-reflecting Film

Typical FTO-glass reflects 8-10% of incident light so that it decreases incoming light
to mesoporous TiO,.[1] An antireflection film on photoanodes inhibits light-loss by scattered
light on glass substrate for photoanode. Self-adhesive fluorinated polymer film (ARCTOP®,
ASAHI GLASS) serves as anti-reflecting films as well as 380-nm UV cut-off filters.[7]
Actually transmittance and incident photon conversion efficiency is improved then resulting

in the improvement of the conversion efficiency by 5%.

2.2. Photocurrent-photovoltage Measurement

Standard measurement needs to calibrate light spectrum and intensity to AM 1.5G
illumination condition. Sunlight emits light with a wide range of wavelength from ultraviolet
to infrared region. Sunlight intensity is different every day depending on locations on the
earth and weather. Cloud, dusts, ozone, and CO, absorbs the partial spectrum of sunlight,
especially UV-light. In perfect clear sky, the sunlight intensity is when sunlight shines
overhead. This shortest path length is called as air mass, AM which can be calculated with
the relation, AM = 1/¢p. ¢ is the angle of elevation of the sun. Therefore, ¢ = 48.2° gives AM

1.5. People distinguish direct and diffuse components for AM 1.5 intensity. Sunlight in space
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is diffused through atmosphere and reached the earth. Cloud, particles and objects on the
earth diffuse sunlight. AM 1.5 global (G) considers all diffused light and AM 1.5 direct (D)
does not include diffused light. Therefore, AM 1.5G has a pretty higher intensity than AM
1.5D especially in the visible region. Since DSSCs are composed of rough interfaces inside,
AM 1.5G is fitted with DSSCs for measurement and less sensitive to the movement of Sun.
AM 1.5G corresponds to 1000W/m? which is the integrated irradiance (the amount of radiant
energy received from the sun per unit area per unit time) is 1000 W m™.[8] Figure 2.3
presents the solar spectrum of AM 1.5G, AM 1.5D, and AM 0.

However, light spectrum of solar simulator without AM 1.5G filter does not match to
AM 1.5G where it contains stronger visible and infrared light spectrum. So, despite of the
same light intensity, it can overestimate the performance of DSSCs without the filter so that
the filter makes the difference in spectrum from solar simulator and AM1.5G minimized.

Generally, light intensity in solar simulator show slow degradation in light intensity as
the lifetime decreases. Therefore, light intensity should be calibrated at every measurement.
Using a certificated reference cell, the power should be adjusted to get correct current and
voltage under AM 1.5G condition.

In photocurrent and photovoltage measurement, the most important is masking
scattered light. Considerable lateral light comes in DSSCs because they use thick glass as a
substrate. Except for mesoporous TiO,, photoanode facing illumination should be masked by
black matt paper or electrical tape with suitable aperture.[9-11] The difference in conversion

efficiencies with and without masking is up to 20%.
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The overall solar-to-electrical energy conversion efficiency, #, for a solar cell is given
by the photocurrent density measured at short-circuit (Js), the open-circuit photovoltage

(Voc), the fill factor of the cell (FF), and the intensity of the incident light (P;,) as follows.[8]

V,.FF
n(%)zj“wao

Fill factor (FF) is estimated by max power (Pmax) ratio to the product of Jsc and V:

P
—MaX <100
.]SC X I/OC

FF =
FF has a value from 0 to 100 %. Pmax is obtained from the product of photocurrent and
photovoltage at photovoltage where it shows max power. Ideal FF is 100%, which means
there is no parallel resistance such as series and parallel inside DSSCs. Actually, it gives
much lower FF than 100% because there are many defects and interfaces in DSSCs.
Electrons movement inside DSSC photoelectrochemically occurs. Since it is slow
system compared to Si solar cells, it requires longer time to reach equilibrium state. Thus, the
voltage-sweeping need longer delay time enough to reach the equilibrium so that we can get
reliable results from I-V measurement regardless of sweeping directions. Delay time should

be over 40 ms, at least and longer integration time is better.[12]
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CHAPTER 3

Stable Anatase TiO, Coating on Quartz Fibers by Atomic
Layer Deposition for Photoactive Light-scattering in Dye-

sensitized Solar Cells”

" This chapter is partially based on D. H. Kim, H. Koo, J. S. Jur, M. Woodroof, B. Kalanyan, K. Lee, C.
K. Devine, and G. N. Parsons, et al., Stable Anatase TiO, Coating on Quartz Fibers by Atomic Layer

Deposition for Photoactive Light-scattering in Dye-sensitized Solar Cells, Nanoscale, 4, (2012) 4731-4738.
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3.1. Introduction

Atomic layer deposition (ALD) is emerging as a valuable process to satisfy
challenging demands for nanostructure fabrication in a variety of applications.[1] ALD is a
self-limiting growth technique that permits uniform deposition with precise control of film
thickness in the monolayer range onto planar or patterned substrates even with a high aspect
ratio. For optimal processing, the deposition temperature must be within an ‘ALD
temperature window’ that allows for precursor irreversible chemisorption without
decomposition.[2] For some materials, the ALD temperature window can extend to near
room temperature allowing coatings on biomaterials and polymer-based membranes, paper,
and polymer fibers.[3-15] However, optimizing crystal structure of deposited films (e.g.
metal oxides) may require post-deposition annealing at high temperature. For example, ALD
TiO, films can be grown at 150 to 400 °C with TiCl4 and H,O, or at 75 to 225 °C using
titanium isopropoxide (TIP) and H,O, but as-deposited TiO, films can take on many forms
depending on detailed deposition conditions. Depending on the starting conditions and
substrate, annealing TiO, above 450 °C usually transforms the amorphous phase to the more
photoactive anatase phase. Therefore, the high temperature annealing process makes most
polymer-based substrates unfavorable for TiO, crystal formation. Annealing coated polymer
fibers in air removes the substrate producing free-standing TiO, tubules, but they are so
brittle that it is difficult to apply them to devices without destroying them.[10, 12] Therefore,
other support substrates are needed for high temperature processing.

Quartz fibers (QF) are mechanically strong and thermally stable up to ~ 1100 °C

making it a robust and practical substrate for the anneal requirement of TiO,. Most
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importantly, since QF is chemically stable and a low light absorber, even in UV-region, it is
especially suitable for photovoltaic or photochemical devices where optical losses from
substrates or photocorrosion by electrolyte are detrimental to efficiency and reliable
operation. Rolison and coworkers[16] first introduced the use of commercial QF for RuO,
deposition through solution-based synthesis and demonstrated its potential for energy storage
applications. Its high surface area and low-cost processing make QF more attractive,
especially for precious metal deposition such as Ru. Nevertheless, solution deposition is
unable to produce completely continuous coatings on QF with uniform thickness and
chemical composition control. Therefore, our group has demonstrated highly conductive
fibers (> 1000 S cm™) using tungsten (W) ALD on QF at 200 °C and ALD produced
conformal tungsten coatings on QF creating a fiber-based capacitor for liquid chemical
sensing.[17]

In this article, we show that quartz fiber substrates can be readily coated with ALD
TiO,, and the chemical structure of the fibers stabilizes the TiO, in the anatase phase,
inhibiting a transition to rutile even after annealing at 1050 °C for 2 h in air. The crystallinity
was monitored using X-ray diffraction (XRD), and the optical properties were measured
using UV-Vis spectroscopy as a function of deposition and post-deposition annealing
conditions. The structural transitions of the TiO, on QF were also confirmed using atomic
force microscopy (AFM) imaging after various stages of annealing temperature.

Also, we introduce the TiO,-coated quartz fiber mat (TiO,-QF, with the quartz still
present) as a light scattering layer in dye-sensitized solar cells (DSSCs), where increased

light scattering and photon-to-electron conversion improve the overall cell efficiency. The
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ALD coating provides a facile means to make QF optically and electronically functional. In
DSSCs, for example, TiO, coated fibers show not only higher light-scattering than
conventional particle-based scattering layers, but incident photon to current efficiency
indicates that the coated fibers adsorb additional photoactive dye contributing to the overall

photocurrent output.

3.2. Experimental Procedure

Materials: TiO, paste (Ti-Nanoxide H/SP and R/SP) and ruthenium dye ((cis-
bis(isothiocyanato)-bis(2,2"-bipyridyl-4,4"-dicarboxylato) ruthenium(Il) bis
(tetrabutylammonium), N719) were used as purchased from Solaronix. Fluorine-doped tin
oxide (FTO) glass substrates (TEC 8, Pilkington) were used after cleaning with ethanol and
deionized (DI) water followed by drying out residual solvents with nitrogen stream. 1-butyl-
3-methylimidazolium iodide (BMII, Aldrich), iodine (l,, Fischer Scientific), 4-tert-
butylpyridine (TBP, Aldrich), and guandinium thiocyanate (GSCN, Aldrich) were also used
as purchased without further purification. Quartz fiber (2500QA0-UP, mat thickness 432
um, Pall life sciences) was used as a substrate for ALD TiO,. Titanium dioxide (TiO;) was
deposited with titanium tetraisopropoxide (TIP, SigmaAldrich) and H,O as precursors by
ALD on quartz fibers. For each deposition run, we also included a flat silicon wafer with
native oxide to allow characterization of film thickness by ellipsometry (alpha-SE®, J.A.
Woollam Co., Inc).

TiO, Atomic Layer Deposition on Quartz Fibers: TIP and H,O were alternatively
introduced into a homemade ALD reactor composed of flow tube flowing ultra-purified inert

gas, argon. The growth zone was heated by tube furnace (Thermolyne 79300, Thermo Fisher
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Scientific Inc.). To obtain high vapor pressure of TIP, a heated bubbler at 75 °C was used
and TIP gas lines to the reactor were also kept at the same temperature to suppress
condensation during the TIP vapor delivery to the reactor. Similarly, H,O and its gas lines
were heated at 45 °C. The system was pumped by a rotary mechanical pump and pressure
was controlled at 2 Torr with flowing argon. TiO, film was grown on QF at 100 °C by
sequentially dosing TIP and H,O precursors for 1.5 s and 1 s, respectively, and purging extra
precursors between dosing steps for 55 s and 45 s. A total of 1250 cycles was performed to
achieve an ALD TiO, film thickness of 50 nm. The films after ALD process were annealed
in air at 450 °C for 2 h to promote TiO, crystallization.

Fabrication of Dye-Sensitized Solar Cells (DSSCs): A TiO; blocking layer with
thickness of 25 nm was deposited on cleaned FTO glass by 625 cycles of ALD and then
annealed in air at 500 °C for 30 min. TiO; paste was spread over the TiO, blocking layer
using a doctor-blade and a 3M Scotch Magic Tape™ spacing layer. Each tape layer produces
a thickness of ~ 6 um of TiO, after annealing process. The paste was then annealed in air at
500 °C for 30 min. Samples with 2 or 3 layers of tape (i.e. ~ 12 or 18 pm of TiO,) were
constructed. We placed and immobilized the TiO,-QF onto the 12 um thick TiO, with TiO,
paste coating, whereas 18 um samples were designated for testing without quartz fibers.
Because the coated quartz fiber adds additional TiO,, all the completed DSSC devices will
have about the same amount of TiO,. After preparation, photoanodes were immersed in
anhydrous ethanol solution containing 0.5 mM of N719 dye for 24 h at room temperature. A
Pt counter electrode with two drilled holes was prepared by spin-casting with H,PtClg

solution (7 mM in isopropyl alcohol) onto cleaned FTO glass, and then annealing at 500 °C
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for 30 min. The dyed photoanodes were rinsed with anhydrous ethanol solution and dried by
nitrogen gas, followed by immediate assembly with the counter electrode using a 500 pm-
thick Surlyn® sheet (SX 11170-500, Solaronix) as a gasket spacer. Electrolyte composed of
0.7 M BMII, 0.03 M 15, 0.1 M GSCN, and 0.5 M TBP in a mixture of acetonitrile and
valeronitrile with volume ratio of 85:15, was injected into the assembled module through two
holes and then holes were sealed by thin Surlyn® sheets with thickness of 60 pm and micro-
cover glass.

Characterization: Photocurrent-voltage was measured using a solar simulator (M-
9119, Newport) equipped with a 300 W Xenon lamp and a source meter (Keithley 2400)
where the light intensity was adjusted to AM 1.5G using a calibrated Si standard solar cell
(91150V, Newport) before each measurement. In order to measure TiO, active area of
DSSCs, images were taken by a digital camera (IXUS 500, Canon) in macro mode to include
both active area and stainless steel precise ruler certificated by NIST (National Institute of
Standards and Technology) in single shot such that the actual area could be measured by
image processing software, ImageJ.

Incident photon to current efficiency (IPCE) data were recorded by use of a
monochromator (Oriel 74100, Newport) in DC mode after calibrating with a calibrated Si
photodiode as a standard solar cell. Diffuse reflectance and transmittance were obtained by
UV-Vis spectrophotometer (Evolution 300, Thermo scientific Inc.) with an integrating sphere
accessory (DRA-EVA 300, Thermo scientific Inc.) and Fluorilon 99W™ (Avian
technologies LLC) as a standard. To estimate the total number of dye molecules in each

photoanode, the dye was desorbed in 0.1 M NaOH solution made of H,O and ethanol with
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50:50 v/v for one day and then the absorbance of desorbed dye solution were measured using

a UV-Vis spectroscopy.
3.3. Results and Discussion

3.3.1. TiO, Atomic Layer Deposition on Quartz Fibers
We performed ALD runs on silicon substrates at temperatures between 50 to 350 °C
using titanium isopropoxide (TIP) and H,O, and Figure 3.1(a) shows the growth rate per
ALD cycle (GPC) obtained by ellipsometry plotted versus deposition temperature. The
growth rate is nearly independent of temperature between ~ 75 to 225 °C, and the increase at
> 250 °C is consistent with TIP precursor decomposition.[18] Figure 3.1(b) and (c) show
SEM images of TiO,-coated quartz fibers with low and high magnification, respectively,
after annealing in air at 450 °C for 2 h. The fibers are randomly dispersed with diameters
ranging from ca. 1 ~ 10 um. TEM images in Figure 3.1(d) show highly conformal and
uniform coating of TiO, with thickness of 50 nm on individual fibers, consistent with
previous analyses of ALD on fibrous materials.[10] We also studied surface texture of TiO;
films on the quartz fibers as a function of annealing temperature using AFM, and the results
are presented in Figure 3.2 Topographical profiles show a small area (500 500 nm?) of a
relatively large quartz fibril (d = 10 um).
The as-deposited surface shows a relatively smooth texture, consistent with the
amorphous structure.[12, 19, 20] A similar morphology is obtained after annealing at 250 °C
(Figure 3.2(b)), but the crystalline structure becomes evident after annealing at 450 °C

(Figure 3.2(c)). Moreover, clear and distinct crystalline domains up to ~ 50 nm, likely
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containing multiple individual crystals, are visible at 650 °C (Figure 3.2(d)). This
morphology is comparable to TiO, nanostructures formed upon calcination of coated electro-

spun fibers and other polymers.[12, 21]

3.3.2. Stable Anatase TiO; on Quartz Fibers

The structure of the TiO, is analyzed by X-ray diffraction (XRD) and by optical
absorption. The dependence of the crystallinity of ALD TiO; on quartz fibers on annealing
temperature in air is shown by XRD patterns in Figure 3.3(a). As expected, no crystallization
is observed in TiO; in the as-deposited state and upon annealing at T < 350 °C. Characteristic
peaks of anatase appear after annealing at 450 °C including the (101) reflection.
Interestingly, the anatase structure is retained (some undetected rutile may also be present)
even after annealing at 1050 °C even though metastable anatase is known to transform into
the thermodynamically preferred rutile at T ~ 650 °C.[22, 23]

The anatase phase has band gap energy of 3.22 eV at 450 °C and it slightly increases
up to 3.34 eV at 1050 °C due to enhanced formation of interface between SiO, and TiO,. We
even found that the stability of the anatase phase extends to thicker films (up to 200 nm) on
the QF substrates. In addition, we observed that a planar quartz substrate with 50 nm thick
TiO, also retards phase transformation to rutile. Therefore, the stability of the anatase phase
on quartz is ascribed to Si diffusion from the QF into the crystal interstitial regions, which
inhibits crystallite interactions and thereby impedes the transition to the rutile phase not
coming from thin TiO, film or curvature of quartz fibers.[19, 20, 22-27]

At each annealing temperature, the crystallite size is estimated by using Scherrer’s

formula,
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B(20) cos6

where D is the crystallite size, A is the wavelength of X-ray source, B(26) is the full
width at half maximum (FWHM), and @ is the Bragg angle. Using the highest intensity (101)
diffraction peak the estimated anatase crystallite size is 13.1 and 14.3 nm after annealing at
450 and 1050 °C, respectively, showing no significant change with higher annealing
temperature and keeping small crystallite sizes.

The UV-Vis spectra are also collected to investigate how the indirect band gap energy
of TiO,-QF relies on the annealing temperature. Figure 3.3(b) is the transformed UV-vis
absorption spectra in which band gap energy is estimated by linear extrapolation.[28, 29]
Band gap energy of 3.22 eV was obtained at 450 °C, where anatase peaks start to appear in
the XRD data, and it increased up to 3.34 eV at 1050 °C. This blue shift in band gap energy
is attributed to Ti-O-Si bonds at the TiO,-SiO; interface, with some possible contribution
from size quantization effects in the well-defined TiO, crystals on QF.[30-32] The higher
temperature can cause considerable Si diffusion into TiO; phase decreasing Ti/Si ratio which
affects the overall band gap energy, similar to that of TiO,/SiO, multilayers or

composites.[33]

3.3.3. TiO,-quartz Fibers for Dye-sensitized Solar Cells

To explore the performance of the TiO,-coated QF as a light scattering and photon
harvesting layer, coated fiber mats are added on the top of the mesoporous TiO, layer in dye-
sensitized solar cells (DSSCs). Figure 3.4 shows the schematic illustration of DSSCs with

Ti0,-QF with the dimensions of individual TiO,-QF and the cross-sectional SEM image of
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the photoanode in DSSCs. For the base cell (without QF layer), a mesoporous TiO; layer was
formed by the doctor-blade method using TiO, paste followed by annealing.[34, 35] For
DSSCs including the extra TiO,-QF scattering layer, a small amount of TiO, paste was
spread on top of the flat mesoporous TiO, layer to ensure successful contact between TiO,-
QF and mesoporous TiO,. The TiO,-QF was placed onto the mesoporous layer and slight
pressure was applied before annealing, so that TiO, paste rose to make visible contact with
TiO,-QF. A cross section of a constructed sample is shown in Figure 3.4(b). As a control, an
equivalent thickness of TiO, layer was fabricated using the same procedure but without QF
or TiO,-QF. Figure 3.5 shows optical and electrical results for conventional DSSCs (without
a scattering layer) as a control and DSSCs produced with TiO,-QF and uncoated QF layers.
Figure 3.5(a) presents a DSSC sample with TiO,-QF and a conventional cell without the
scattering layer. The DSSC with the TiO,-QF scattering layer shows much lower visible
transmission, indicative of effective light trapping compared to the control.

Figure 3.5(b) shows typical I-V curves obtained for three types of DSSCs. For each
sample type, three different samples were measured, and the data plotted shows the
representative currents of the best cells measured at each voltage. For each type of samples,
the deviation in the data between samples is small compared to the difference between the
DSSC types. Table 1 reports the resulting short circuit current (Jsc), open circuit voltage
(Voc), and fill factor (FF). The TiO,-QF layer improves photocurrent density by > 20 % and
accordingly the overall efficiency increases from ~ 6.5 to 7.4%. The improvement is ascribed
to enhanced light scattering, as described later. Samples including uncoated QF also show

improved efficiency compared to conventional DSSCs without light scattering layers. This
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suggests that the fibrous structure of the QF itself, even without the TiO, coating, helps
improve light scattering within DSSCs.

To study the mechanisms associated with improved cell performance, we performed
IPCE studies. The IPCE results presented in Figure 3.5(c) illustrate that the IPCE in DSSCs
with bare QF and TiO,-QF layers are larger than the conventional DSSC (without a
scattering layer) across all wavelengths from 400 to 700 nm. This trend with wavelength is
consistent with broad-band light scattering by the TiO,-QF and bare QF layers. As expected,
TiO,-QF has slightly higher IPCE than bare QF especially around 425 and 535 nm, which
corresponds to the dye molecule absorption region. Therefore, we can conclude that dye
molecules adsorbed onto the TiO,-QF help enhance and improve the overall photocurrent
density. By analyzing the amount of dye adsorbed onto free-standing QF and TiO,-QF, we
find that the TiO, promotes dye adhesion with significantly more dye molecules on the ALD
coated fibers as compared to the uncoated samples after the same soaking treatment in
alkaline solution (Table 3.1).

To investigate the contribution of anatase TiO, on QF in DSSC performance, we
constructed two different photoanodes composed of only TiO,-coated quartz fibers with no
mesoporous TiO,. One fiber sample was annealed (anatase) and the other was not annealed
(amorphous). Then, we inserted uncoated QF between the cathode and the TiO,-QF,
squeezing to fix TiO,-QF to mesoporous TiO,/FTO-glass side and insulate it from the
cathode. Results in Figure 3.5(d) demonstrates that both the annealed and amorphous TiO,

are photoresponsive, but the annealed TiO, shows a larger photocurrent density and a 2x
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improved efficiency, further demonstrating that the anatase TiO, on quartz works to transport
injected electrons.[36]

In addition to the TiO,-QF scattering layer, we also examined a conventional
scattering layer, 6 um thick, composed of ~ 400 nm of TiO, particles. The overall efficiency
values presented in Figure 3.5(e) show that the TiO,-QF layer yields an increased conversion
efficiency in comparison to DSSCs with a particle scattering layer using the same cell gap.
The difference between the TiO,-QF scattering layer and the conventional scattering layer
can be clearly observed in visible light image presented in Figure 3.5(f). The conventional
scattering layer produces more visible light transmission compared to the TiO,-QF sample.
This trend is also confirmed through diffuse reflectance measurements (not shown here). For
these devices, the cell-gap is about 500 um due to the relatively thick QF, which is larger
than an optimal gap. The thicker gap is known to increase resistance associated with
electrolyte diffusion, thereby reducing the overall conversion efficiency. A previous report
on cell-gap effect showed ~ 2.7%, the difference in overall conversion efficiency between
optimized gap, 75.5 um and a thicker 600 um gap in DSSCs using a Lil electrolyte.[37]
Therefore, the improvement of 14.9% (from 6.46% to 7.42% overall) demonstrated here with
the TiO,-QF scattering layer is notable considering the relatively large cell gap.

Diffuse reflectance results in Figure 6 directly show that the dye-loaded QF and TiO,-
QF materials lead to improved light scattering performance. Figure 3.6(a) and (b) show
reflectance before and after dye loading, respectively. In Figure 3.6(a), TiO,-QF shows the
highest light scattering of ~ 97% before dying. The high light scattering effects of TiO,-QF

and QF result from the randomly oriented structure, micro-sized pores (i.e. Mie scattering),
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and the unmatched refractive index between TiO, and QF.[38] In Figure 3.6(b), the dyed
TiO,-QF presents less diffuse reflectance than QF especially for the N719 dye absorption
bands. This inversion in diffuse reflectance means TiO,-QF strongly adsorbs more dye
molecules than the uncoated QF. This result is likely due to the higher basicity of TiO;
compared to SiO,[39] This demonstrates that TiO,-QF aids in light-scattering and
contributes sites for dye adsorption and charge transfer. Indeed, the images of dyed TiO,-QF
(left) and uncoated QF (right) in Figure 3.6(c) clearly show that the dye adsorption on the
Ti0,-QF is uniform and dense compared to uncoated and dyed QF. Dye extraction results in
Table 1 confirm that TiO,-QF has about 13x more dye molecules than bare QF.[39] As
another visual illustration, Figure 3.6(d) shows that the TiO,-QF photoanode (left) traps more
incoming light compared to a similar sample prepared using uncoated and dyed QF (right)

under the same illumination conditions.

3.4. Conclusions

Quartz fibers are a suitable substrate for ALD TiO, and provide a unigque support
structure compatible with high temperature TiO, annealing (at least up to 1050 °C),
producing stable anatase structure. Optical band gap, surface microstructure, and X-ray
diffraction analyses all confirm the crystallization structure. This stable anatase phase is
particularly attractive for photoactive structures, where anatase provides superior
performance over the more thermodynamically stable rutile structure. It is believed that the
origin of stability is chiefly involved on Si diffusion to TiO, phase suppressing anatase
agglomeration. The TiO,-coated and annealed fibers were easily integrated into dye-

sensitized solar cells where they increased the amount of dye loading and photocurrent
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density by enhancing incident photon scattering and promoting charge transfer to the anode.
Using the dye-loaded quartz fibers as a scattering layers with additional dye adsorption sites,
dye sensitized solar cells with overall conversion efficiency > 7% under AM 1.5G
illumination were readily obtained. The improved scattering of the dye-loaded fiber
structures compared to uncoated fibers and conventional TiO, particle scattering layers was
confirmed through photon-to-current efficiency measurements and direct diffuse reflectance
analysis. Based on the observed dye loading and scattering performance of the TiO,-coated
quartz fibers, the significance of the fiber scattering layers will be more pronounced in
DSSCs using advanced dye molecules which can absorb longer wavelengths.

Therefore, quartz fibers show potential as a suitable substrate for ALD, to build up
nano-structures for use in harsh processing and operating conditions because of their
stability. The versatility of the QF-ALD process will readily extend to photoelectrochemical
energy conversion, catalytic structures, and other structures that require finely tuned

nanoscaled components.
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Figure. 3.1 (a) Growth rate per cycle (GPC) of ALD TiO, obtained from 100 cycles with TIP
and H,O from 50 to 350 °C. ALD window is 75 to 225 °C indicating GPC is about 0.4
A Jcycle. (b) and (c) are SEM images of TiO»-QF after annealing at 450 °C for 2 h. There is
no significant damage in QF (d) TEM image showing that 50 nm-thick TiO, film uniformly
covers the QF. The inset highlights the distinctive boundary of QF and ALD TiO, film.
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Figure 3.2 AFM images showing morphological changes of a TiO, film on a curved quartz
fibril. The film was deposited at 100 °C, and the temperatures shown indicate post-deposition
annealing temperature. (a) As-deposited film, where the initial phase of TiO; is amorphous
without any observable crystallites. (b) 250 °C, where there is also no change in the
crystallization. (c) Crystallization starts from 450 °C and (d) 650 °C. The domains observed

by AFM are believed to contain multiple individual crystals.
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Figure 3.3 (a) XRD change of ALD TiO, film on QF as annealing temperature increases.
Amorphous TiO; is crystallized into anatase from 450 °C and it is very stable at higher
temperatures. (e.g. 1050 °C). There is no significant difference in crystallite sizes calculated
from the (101) peaks of 450 and 1050 °C. The asterisk (*) denotes peaks from quartz fibers

or cotton (gray). (b) Indirect band gap energy change of ALD TiO; film on QF depending on
annealing temperatures.
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Figure 3.4 (a) Schematic illustration of DSSCs with TiO,-QF and the dimension in the
thickness of individual TiO,-QF. The coated quartz fiber is placed on top of the TiO, paste
layer to ensure good contact between TiO,-QF and mesoporous TiO,. (b) Cross sectional
SEM image of a photoanode including TiO,-QF where the TiO, paste layer penetrates into
the TiO,-QF mat for good contact.
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Table 3.1 Measured photovoltaic parameters under AM 1.5G calibrated by standard solar
cell where the active areas were about 0.15 cm? and the distribution of adsorbed dye amount

in TiO; coated quartz fibers (TiO,-QF), bare quartz fibers (QF), and conventional TiO, layer

Jsc Voc FF n Adsorbed dye

Photoanode Type 1 njem?l V] [%] [%] [x10” mol/cm?]
Meso-TiOo/TiO»-QF  13.6 081 648 7.42 0.42°
Meso-TiO,/QF 125 084 701 7.07 0.03*
Meso-TiO, 11.0 086 681 6.46 3120

2Dye molecules adsorbed on self-supporting quartz fiber samples with area ~ 1.5 x 1.5 cm?
with no mesoporous TiO, present. Dye was desorbed by alkaline solution (NaOH and
ethanol) for 24 h, and the concentration of the desorbed dye was measured in solution using
UV-Vis absorption at 535 nm. The relative amount of dye molecules was calculated by
normalizing to the sample area. ® Dye molecules were extracted from mesoporous TiO, with
thickness ~ 18 um, equivalent to that used in DSSCs used for I-V and IPCE, and the value is
also normalized per unit sample area in the normal direction. As expected, the adsorbed dye
density on the mesoporous TiO; is significantly larger than on the fiber substrates. Likewise,

the dye density on the TiO,-coated fibers is larger than on the uncoated fibers.

90



a b

@ 400 ®) .,
£ g0 [Po00000%00 0000000 g sol _
[
g 8 K

< ~—

£ 60f § 60 ©
o o
< —Tio,) S [ s
2 40} —o—QF 2 40t S
2 ~—4—Ti0,-QF g~ - N 2
£ —— .|  \[msdessonanc] <
5 20+ s 20}

o A 1 A A r n
400 500 600 700 800 200 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure. 3.6 Diffuse reflectance of photoanodes (a) before dyeing and (b) after dyeing. The QF
photoanodes show improved light scattering. Photoabsorption due to the dye is evident on the
QF samples after dyeing, consistent with the absorbance spectrum of the dye (also shown). The
reflectance from the TiO,-coated QF shows the larger density of dye molecules. (c) Photograph
of dyed TiO,-QF and QF shown side by side. Darker and much uniform color is observed in
dyed TiO,-QF. (d) Comparison of light trapping in TiO,-QF (left) and QF (right). More dye

molecules on TiO,-QF harvest more light under the same incident light intensity.
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CHAPTER 4

Atomic Layer Deposition of High Performance Ultra-thin
(< 10 nm) TiO, Blocking Layers for Dye-sensitized Solar
Cells™

“This chapter is partially based on D. H. Kim, M. Woodroof, K. Lee, and G. N. Parsons et al., Atomic Layer
Deposition of High Performance Ultra-thin (< 10 nm) TiO, Blocking Layers for Dye-sensitized Solar Cells,

ChemSusChem, 6, (2013) 1014-1020.
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4.1. Introduction

An important advantage of dye-sensitized solar cells (DSSCs) over conventional
semiconductor photovoltaic devices is that their efficiency can be higher under low or
moderate light intensity, which makes them attractive for use indoors or under cloudy light
conditions.[1,2] Therefore, since their first demonstration in 1991,[3] researchers have
continued to work to understand performance limitations to improve overall efficiency and
ease of use. A notable obstacle for DSSCs is electron recombination with photogenerated
holes at interfaces within the photoanode matrix. For perfect (zero loss) charge collection, all
photo-excited electrons should be injected from the illuminated dye molecule into the
mesoporous TiO,, then transported to the conductive transparent substrate (typically fluorine
doped tin oxide, FTO). In practice, however, several pathways permit charge loss through
electron/hole recombination. One major loss pathway is through the triiodide ion (I3) in the
electrolyte. As shown schematically in Figure 4.1, charge recombination can occur through:
1) the TiOy/electrolyte interface at sites without dye molecules; and 2) the FTO/electrolyte
interface where the FTO is not covered with TiO,. Core-shell structures such as TiO,-ZnO
and ZnO-Al,O; are found to inhibit electron back-transfer and decrease the first
recombination at the TiOy/electrolyte interface.[4] The recombination can also be kinetically
inhibited by replacing TiO, particles with TiO, nanowires, nanotubes, and nanofibers to
decrease the charge residence time in the TiO,. To suppress the second FTO/electrolyte
recombination, a thin oxide blocking layer (B/L) on top of the FTO is usually used.[5] The
FTO/electrolyte recombination is particularly critical because it becomes more dominant

under low photon flux conditions.[6] It is reasonable to expect that replacing the
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iodine/triiodide redox couple with other ions, including, for example, the faster cobalt (11/111)
system which recently achieved 12.5% efficiency,[7] will also noticeably increase
FTOlelectrolyte recombination rates. Flexible dye-sensitized cells that use thinner
mesoporous TiO, layers also are more sensitive to FTO/electrolyte recombination.[6] It will
also be critical for other systems, including quantum dot-sensitized solar cells or solid
electrolyte designs,[8] as well as dye-sensitized synthesis cells under study for solar-driven
water dissociation.[9]

The blocking layers can be made by many different materials other than TiO,,
including doped TiO;, Al,O3, ZnO, and Nb,Os, and so on.[1-3] Table 1 summarizes
published deposition methods and thicknesses of TiO, blocking layers for DSSCs reported to
date. An ideal blocking layer will completely and conformally cover the relatively rough
FTO surface and be thick enough to prevent charge tunnelling from the FTO into the
electrolyte but, at the same time, it should be thin enough to maintain facile charge transfer
from the mesoporous TiO; into the FTO. The some data in Table 1 show the ‘optimized’
TiO; blocking layer thickness to range from ~ 25 to more than 400 nm. This wide range is
likely affected by the details of the deposition method and conditions, as well as the
underlying FTO texture and the structure of mesoporous TiO; layer. We notice that few
studies using ALD blocking layers also show promising performance for very thin layers,
consistent with uniform dense ALD films with minimal pinholes.[4] ALD is more attractive
than other deposition methods because it allows deposition of amorphous TiO, at low
temperatures, which makes it compatible with flexible plastic substrates. The amorphous

structure helps block charge transfer more effectively than crystalline anatase TiO2.[5]
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Considering these advantages of ALD for blocking layer formation, it is required to
understand the role of blocking layer thickness in controlling device performance. However,
until now, there is no comprehensive report to figure out the effect of blocking layer
thickness on DSSC performance.

Herein, we describe experiments where we deposited ALD TiO; films onto FTO-
glass and precisely controlled the thicknesses between ~5 and 100 nm and characterized
surface roughness, UV-visible transmission, and performance in DSSCs. Consequently, we
found that an ultra-thin (5 nm) TiO, layer is sufficient to enhance the DSSC short circuit
photocurrent, open circuit photovoltage, and fill factor. We also characterize the effect of the
blocking layer thickness on open circuit voltage decay, electron lifetime, and voltage decay
rate versus illumination intensity. These results provide new insight into the role of the
blocking layer by ALD for improving and optimizing DSSCs and other related

photochemical device systems.

4.2. Results and Discussion

4.2.1. TiO, Atomic Layer Deposition on FTO-glass

Figure 4.2 presents several atomic force microscope (AFM) images of FTO-glass,
including one uncoated and three coated samples after 10, 20, and 100 nm of ALD TiO; at
150 °C. The untreated FTO is fairly rough, with sharp crystallite facets. The 10 nm TiO;
coating does not markedly affect the surface roughness, whereas after 20 nm the surface

becomes smoother, with nearly complete facet smoothening after 100 nm.
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Figure 4.3 (a) shows that the TiO, film thickness scales directly with number of ALD
cycles at 150 °C for growth on FTO-coated glass (as measured by scanning electron
microscopy) and on silicon with native oxide (as measured by ellipsometry), demonstrating
good correlation for the growth on these two surfaces. The slope gives a growth rate per
cycle of ~ 0.4 A/cycle, which is close to that reported previously for the TiCls/H,O ALD
process at this temperature.[6] The root-mean-square (RMS), roughness of the FTO-glass
from AFM analysis is shown in Figure 4.3 (b). Visible light transmission through the
blocking layer is important for devices illuminated through the FTO/glass substrate. Figure
4.3 (c) shows the transmittance versus wavelength for each blocking layer thickness studied.
The shaded region represents the primary absorption range for the N719 dye used in the cells
analyzed here. The 5 and 15 nm thick blocking layer show somewhat low transmittance
relative to the uncoated FTO, but thicker layers indicate more significant light blocking. The
effect of layer thickness on light transmittance is plotted in Figure 4.3 (d). For the materials
presented in Table 1, the ALD films generally show lower transmittance than films formed
by other methods.[7-9] This may be due to higher density leading to increased reflectance for
the ALD materials. The inset image in Figure 4.3 (d) shows high reflectivity for a 100 nm

thick TiO, ALD coating on FTO-glass.

4.2.2. Performance of Dye-sensitized Solar Cells

Dye-sensitized solar cells incorporating different blocking layer thicknesses were
fabricated as described in our previous report[40] and results including overall efficiency,
open circuit voltage (Voc), short circuit current (Js), and fill factor (FF) are presented in

Figure 4.4. Each data point represents an average of three values for each parameter collected
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from three different cells fabricated for each blocking layer thickness. The error bars
represent standard deviation of each data set. The overall conversion efficiency with no
blocking layer present is ~ 7 %. The efficiency increases to ~ 8.5 % for 5 and 10 nm, then
decreases for thicker layers. The decreased performance with thicker blocking layers is likely
due to decreased transmittance and weakened tunnelling effect. It is noted that the 5 nm
blocking layer is thinner than for any other previous blocking layer reported in Table 1.

The data for Vo, Js, and FF plotted in Figure 4.4 demonstrate that the thickness of
blocking layer influences both V. and Js.. The increase in Js is expected for the
recombination reduction. In addition, the decreased recombination can lead to an increase in
electron density in the TiO, conduction band, effectively raising the Fermi level and thereby
increasing Voc.[6] The detailed mechanisms leading to improved performance with blocking
layer structures continues to be an important area of study. [7, 10-13]

The electron lifetime is also an important consideration for estimating charge
recombination in DSSCs. Open-circuit voltage-decay (OCVD) and intensity-modulated
photovoltage spectroscopy (IMVS) are often used to analyze electron lifetime.[14] Figure 4.5
shows open circuit voltage decay (OCVD) and electron lifetime calculated from the OCVD
data. Upon removing illumination, a slower decay of open circuit voltage reflects less charge
recombination with I3~ and more current in the external circuit. Figure 5(a) shows that the
blocking layer retards OCVD compared to uncoated FTO. The 5 nm blocking layer
effectively decreases the decay rate, although the 10 nm film shows the best performance.
The effective electron lifetime t,, plotted in Figure 4.5 (b), is obtained from the V. decay

rate using:
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(0%
n e dt
where kg is the Boltzmann constant, T is temperature, and e is the elementary charge.

The blocking layer improves the electron lifetime for all samples. The lifetime values
between ~ 0.2 and 0.5 V are meaningful because they relate directly to how much
recombination occurs under moderate light intensity. With a 5 nm blocking layer,
increases from ~ 0.2 to 2 second at 0.3 V, which is similar or better than previous values
measured for ‘optimized’ blocking layers.[15][16] Thicker blocking layers all lead to longer
charge lifetimes, with values distributed between ~ 3 and > 30 seconds at 0.3 V. The
distributed values for thicker blocking layers do not indicate a clear trend in blocking layer
thickness, likely reflecting variations in the sample measurement.

A key reason that DSSCs perform well below moderate light intensity is that V. does
not significantly degrade under low photon flux conditions.[17] The linear trends with the
blocking layers are more ideal, providing more evidence that they work to block the electron
back-transfer-rate. Figure 4.5 (¢) shows V. versus illumination intensity for the DSSCs
produced here. With no blocking layer present, the V. decreases at 274 mV per decade
change upon illumination intensity, in good agreement with that reported by Cameron et
al.[12] For the cells with a blocking layer, on the other hand, V.. decreases at 55-67
mV/decade, which is nearly a 5x improvement over devices with no blocking layer. Each
blocking layer thickness shows similar improvement. Additionally, bare FTO-glass shows a
relatively large deviation from linear response to low light intensity, consistent with non-

ideal diode behavior.
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We also performed experiments to directly compare ALD TiO; blocking layer to
TiO, blocking layers formed by hydrolysis and spin-coating methods. The detailed and
optimized procedures for these methods are shown in Table 4.1.[7][15] We produced ‘blank’
cells comprised of only TiO, blocking layer on FTO-glass, i.e. without mesoporous titania
and dye, and compared dark currents through the different blocking layers under negative

bias in contact with the iodide redox couple. The results are shown in Figure 4.5(d). The dark

current under negative bias arises from electron recombination with I3 (i.e. I3 + 2e” A 3I),

so it provides a reasonable means to compare blocking layer performance. The data in Figure
4.5(d) shows that the ALD blocking layer produces smaller values for dark current than the
hydrolysis and spin-coated layers, consistent with its better performance, even though the
ALD layers are thinner than the other layers studied. Since imperfections in film coverage
will permit direct pathways for charge recombination, the improved performance for the
ALD films is likely due to better film coverage with smaller pin-hole density compared to

films formed by hydrolysis or spin-coating techniques.

4.3. Conclusions

A 5 to 10 nm TiO, charge recombination blocking layer formed by ALD improved
DSSC overall conversion efficiency from ~ 7% to ~ 8.4% under AM 1.5G. These layers are
the thinnest optimized blocking layers reported to date for DSSCs. We find that thicker
blocking layers tend to reduce performance due to lower light transmittance and effects
related to excess charge accumulation within the mesoporous TiO,. The ALD blocking layer

was shown to improve photocurrent, open circuit photovoltage, and fill factor. The electron
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lifetime, quantified by measuring the rate of open circuit voltage decay, increases from ~0.2
second at 0.3 V without a blocking layer, to ~ 10 second or longer with a 10 nm ALD TiO;
blocking layer, confirming that the blocking layer acts to impede charge recombination.

The demonstration of high performance ultra-thin ALD blocking layers is important
because thin layers can be processed quickly, promoting improved device productivity.
Improvements in spatial or roll-to-roll ALD methods could further reduce process time and
increase device throughput in industry.[18] Furthermore, ALD permits precise adjustment of
blocking layer properties by careful control of film thickness and by modifying film
composition or doping. ALD-based blocking layers will continue to be crucial for solid state
DSSCs, devices with alternate electrolytes, and for other electrochemical charge transfer

device systems.

4.4. Experimental Procedures

TiO, atomic layer deposition on FTO-glass: For DSSC starting substrates, FTO-
coated glass (TEC 8, Pilkington) was cut into 25 mmx 12 mm pieces then sequentially
cleaned by isopropanol and deionized water with sonication for 10 min. Any residual solvent
was dried using nitrogen. Polyimide tape (Kapton®) masked the uncoated side of FTO-glass.
The edge of the FTO was also covered to prevent TiO, deposition to allow for device
contact. ALD was performed by alternatively introducing TiCl, (Gelest) and H,O into
homemade viscous flow ALD reactor at 150 °C. The reactor pressure was controlled at 2
Torr flowing ultra-pure nitrogen carrier gas (99.999%, National welders) further purified by a
filter (Gatekeeper®, Entegris). Substrates were heated for 30 min inside the reactor under

purified nitrogen flow before starting ALD. To estimate TiO, thickness after ALD a native-
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oxidized Si wafer sample was simultaneously coated in each ALD batch. TiCl, and H,O
precursors were dosed for 1 s each, and purged after each dosing step for 40 s respectively.
Blocking layer thickness of 5 to 100 nm was controlled by the number of ALD cycles. As-
deposited films were annealed in air at 550 °C for 2 h to crystalize TiO..

TiO, blocking layer by hydrolysis and spin-casting: For accurate comparison,
blocking layers are carefully synthesized by optimized recipes in Table 1. [7][15]

Fabrication of dye-sensitized solar cells: Assembled cells were prepared using
procedures described previously.[19] TiO, paste (Ti-Nanoxide H/SP, Solaronix) containing
TiO, particles (d = 20 nm) was spread on TiO, coated FTO-glass using doctor-blade and 3M
Scotch magic tape™ and then pre-baked at 150 °C on a hot plate for 10 min followed by
annealing in air at 550 °C for 1 h. This coating process was repeated three times to get total
titania paste thickness of 18 um. Additionally, as a scattering layer, large sized TiO, particles
(d= 100 nm, Nanoxide R/SP, Solaronix) layer was placed on top of the 18 pum thick
mesoporous TiO, layer. Prepared photoanodes were immersed into dye solution composed of
0.5 mM dye (cis-bis(isothiocyanato)-bis(2,20-bipyridyl-4,40-dicarboxylato) ruthenium(Il)
bis(tetrabutyl-ammonium, N719, Solarnonix) in anhydrous ethanol for 24 h at room
temperature. Pt-counter electrodes with two drill holes were made by dropping H,PtClg
solution (7 mM in isopropyl alcohol) onto air plasma- treated FTO-glass, followed by
annealing. Two electrodes were assembled with a 60 pm thick Surlyn® sheet as a spacer.
Space between two electrodes were filled with iodine based electrolyte by vacuum back-

filling method through two holes and sealed by Surlyn® sheets and micro-cover glass.
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Characterization: Overall conversion efficiency was measure following protocols described
previously.[19] Photocurrent - voltage under AM 1.5G light intensity was measured by solar
simulator (M-9119, Newport) equipped with a 300W Xenon lamp and AM 1.5G filter. The
light intensity was calibrated to AM 1.5G using a calibrated Si standard solar cell (91150V,
Newport) every measurement. A source meter (Keithley 2400) recorded a photocurrent
sweeping a voltage with sampling delay time, 40 ms. Black matte paper with suitable
apertures was employed to mask divergent or scattered light coming from the sides. In order
to measure TiO; active area of DSSCs, images were taken by digital camera (IXUS 500,
Canon) in the macro mode to include both the active area and a precise ruler certificated by
National Institute of Standards and Technology (NIST) in a single shot such that the actual
area could be measured by image processing software, ImageJ. Each reported value
represents an average of three values obtained from three separate cells prepared under
identical conditions. The error bars represent one standard deviation. Surface roughness and
morphology of coated FTO-glass were examined by atomic force microscopy (AFM) (DI
3000, Digital Instruments) and scanning electron microscopy (SEM) (JEOL 6400).
Transmittance was measured by a UV-Vis spectrophotometer (Evolution 300, Thermo
Scientific Inc.). Open circuit voltage decay measurement was performed as described by

Zaban et al.[14]
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@ 23l

~— Blocking layer

Figure 4.1 Electron/hole movement in a photoanode (a) Photoelectrons should move
through mesoporous TiO, oxidizing dye molecules and get to FTO-glass. (blue arrow)
But, some electrons may be captured through uncovered surfaces such as TiO;, and
FTO-glass reducing I3~ (red arrow) (b) Complete covering on rough FTO-glass with

blocking layer suppresses electron back-transfer-rate.
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Table 4.1 Summary of TiO, BLs for DSSCs from literature

Method Ti source Detall Thickness Ref.
(nm)
TTIP porogs TlOz Ie_lyer and B/L were annealed together at 150-200 1151
100 °C in a microwave furnace
@l five dipping and drying at 70 °C were done; annealed at ) 16]
with TP 450 °C in a thermal furnace and air 250-500
aqueous
Precursors | .~ immersed into 50 mM TiCl, ag. solution at 70 °C for 30 100 17
Dip- 4 min; annealed at 450 °C in air
coating
Ticl immersed into 40 mM TiCl, ag. solution at 70°C for 30 o5lel 18]
4 min; annealed at 450 °C in air
Ticl ethylene glycol as oxygen precursor is used for dense 1821 119]
with non- 4 films
aqueous
Precursors |\ pyil diethanolamine as oxygen precursor is used for 110 120]
compact films
TAA spraying times were investigated for solid-state DSSCs 122 2
Spray-pyrolysis Ti(acac) Oprtd temperature-controlled deposition and annealing to g5l [22]
e produce solid-state DSSCs
TAAM concentration of the Ti precursors affected the porosity o71el 23]
of TiO, film
Spin-casting
TTIPE amphiphilic di-block copolymer was used as a 20! [24]
templating agent
TiCly controlled voltage and deposition time 450" =
Electrodeposition Ticl controlled current densities to prepare an anchoring 30 26]
4 structure under N,
Titanium deposited Ti and then oxidized in air by using post- 93 127
annealing process
Tio rutile TiO, deposited at high temperature and under high 200 28]
2 Ar pressure
Sputtering
Titanium deposited by reactive direct current (DC) magnetron 20 [29]
sputtering
. ' Ti and TiO, films were deposited by radio frequency 40+ (301
Titanium, TiO, (RF) and DC sputtering respectively. 50+
TTIP® ferrocene/Ferrocenium were used as redox couples 14 (ol
ALD Unknown deposflted on a flexible substrate and FTO-glass at low 4 35 [14]
and high temperatures
TiCly low-temperature-processed solid-state DSSCs 20 1)

[a]: Titanium isopropoxide, [b]: Titanium butoxide, [c]: Titanium bis(acetoacetonato) di(isopropanoxylate), [d]: Titanium
diisopropoxide bis(acetylacetonate)
[e]: described as optimal B/L thickness (range) in the literature.
[f], [g] corresponds to TiO, film obtained from thermally oxidized Ti film and directly sputtered from TiO, target respectively.
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b/

100 nm TiO,

Figure 4.2 Morphological changes of TiO, coated FTO-glass depending on the number
of ALD cycles taken from (a) AFM and (b) SEM images. Roughness change was
visually observed from 10 nm and the surface clearly got smooth at 100 nm.
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CHAPTER 5

Stabilizing Chromophores for Dye-sensitized Solar Cells
Using Multicomponent, Sub-nanometer Atomic Layer

Deposition”

* This chapter is partially based on D. H. Kim, M. D. Losego, K. Hanson, L. Alibabaei, K. Lee T. J.

Meyer, and G. N. Parsons et al., Stabilizing Chromophores for Dye-sensitized Solar Cells Using

Multicomponent, Sub-nanometer Atomic Layer Deposition (in preparation)
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5.1. Introduction
While DSSCs have achieved power conversion efficiencies at costs that allow them
to compete economically with more traditional semiconductor photovoltaics, their interface
complexity introduces challenges to achieving the long-term stability necessary for large-
scale commercialization.[1-3] DSSCs are generally composed of molecular chromophores
(sensitizers) attached to a conductive inorganic nanostructure with surface area (e.g.,
mesoporous TiOy). The molecular sensitizers absorb broad solar radiation and generate
excited electrons that are injected into the inorganic scaffold. The electrical circuit is
completed via immersion of the nanostructure in an electrolyte with a redox couple. The
complex tandem interactions between nanostructure, molecular sensitizer, and electrolyte
introduces a number of mechanisms for device failure in lifetime.[3] Common mechanisms
of failure include evaporation of the electrolyte, detachment of the molecular sensitizer via
hydrolytic attack by water, or sensitizer degradation by illumination. Engineering
“impermeable” sealants has been the primary approach for extending DSSC lifetime.[3,4]
While this approach impedes the penetration of external contaminants, it provides no
inherent protection to the complex device structure. Thus, devices are still susceptible to
degradation species introduced by side reactions between dye, electrolyte, and TiO, that lead
to dye-detachment when exposed to high temperature, illumination, or small amounts of
oxygen.[5-7]
Several approaches for inherently stabilizing molecular sensitizers have been applied
with limited success. One approach is to use amphiphilic dyes with hydrophobic moieties

that repel water and hydrophilic groups that strongly bind to the inorganic nanostructure’s
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surface.[8,9] A second approach is to kinetically impede dye-desorption via the addition of
co-adsorbents under temperature control or the addition of excess dye to the electrolyte.[10—
12] Recently Park et al. have also tried using in situ cross-linking polymerization to
physically immobilize dye molecules on a TiO; surface.[13] These approaches can require
complex synthesis techniques and narrow process windows. Herein, we demonstrate that
atomic layer deposition (ALD) of subnanometer layers composed of inorganic materials
applied after dye-sensitization improves dye-attachment and reduces DSSC sensitivity to
both moisture and temperature.

Atomic layer deposition is a vapor phase thin film deposition technique that relies on
sequential, self-limited surface reactions that enable subnanometer film thickness precision
and exquisite conformality over complex three-dimensional nanostructures.[14] A number of
previous reports have demonstrated that ALD prior to dye-sensitization can improve DSSC
performance. For example, ALD coated nanostructures have shown reduced recombination
of photo-excited carriers.[15-18] ALD layers have been also used as blocking layers at the
collector electrode.[19] However, to our knowledge this is the first work exploring ALD
post-dye-sensitization in a DSSC device structure. Although recent investigations in our lab
have shown improved chromophore attachment using post-dye-sensitization ALD, clear
questions were raised about potential device performance due to reduced charge injection
rates observed in ultrafast spectroscopy experiments.[20] Herein, we directly answer on this
device performance by fabricating and testing full DSSCs. We find that the ALD
stabilization layers modestly degrade the initial DSSC performance, but after aging for 500 h

at 80 °C, devices with the ALD layers show efficiencies markedly higher than control
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samples aged under the same conditions. The interface bonding between the dye and the
meso-TiO; is observed during the ALD using in situ Fourier transform infrared spectroscopy

(FTIR) to understand mechanisms for further improving performance.

5.2. Results

The DSSCs we investigate here are prepared using standard protocols. The photoanode
is composed of blocking, active, and light scattering layers. Platinum is used as the counter
electrode and a iodine electrolyte is used for the redox couple.[19] We select the
commercially available N719 dye as our chromophore (Solaronix). Al,O3; and TiO, ALD
are chosen because their ALD chemistry is well understood, they are chemically stable, and

the ALD processes proceed at low temperatures (<100°C) that prevent N719 decomposition.

5.2.1. Effects of ALD on the Optical Absorption and Attachment of N719

UV-Vis absorbance data in Figure 5.1(a) reveal spectral changes after depositing three
ALD cycles of Al,O3 or TiO;, onto sensitized meso-TiO; electrodes. Both ALD chemistries
cause a blue-shift of N719’s metal-to-ligand charge transfer (MLCT) band (~532 nm). This
blue shift increases proportionally with ALD layer thickness (see Figure Al in the
Supplementary Information), and the shift is somewhat larger for Al,O3 than for TiO,

To evaluate dye-attachment, sensitized electrodes are immersed in aqueous solutions at
pH 10 (KOH) at room temperature. Such solutions are commonly used to quantitatively strip
dye molecules from oxide surfaces[13,21]. A video in the supplementary information clearly
shows the significant retardation in dye desorption observed when only three ALD cycles are

applied to the sensitized electrodes. We quantitatively assess this desorption rate by tracking
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the dye’s optical absorption as a function of time. Figure 5.1(b), (c), and (d) plot the
absorption versus time for the control structure, TiO, coated structure, and Al,O3 coated
structure respectively. In Figure A2, as of MLCT, the half decay time of TiO, ALD-N719 is
11 h while it is only 6 h for bare N719. It is noted that ALD Al,O3; shows the best dye-

attachment losing only 10% of the initial MLCT absorbance.

5.2.2. Insitu IR Spectroscopy

IR spectroscopy is a useful analytical tool for investigating chemical changes to
molecular chromophores used in DSSC devices. We have constructed a unique ALD reactor
capable of in situ transmission IR spectroscopy as described previously.[22] This in situ
capability permits analysis during each ALD half reaction (i.e., precursor dosing and co-
reactant dosing) without exposure to atmosphere. For these experiments, a double-side-
polished silicon wafer with resistivity of ~100 is used as an IR transparent substrate.
Meso-TiO, 6 pm thick is screen printed onto these wafers and dye-sensitized in the usual
way.

Figure 5.2(a) shows molecular structure of N719, and Figure 5.2(b) schematically
illustrates the three major surface binding modes. Figure 5.2(c)-(e) summarizes the IR spectra
collected during ALD of Al,O3, TiO, and Al,O3/TiO, mixed layers onto sensitized
mesostructures. The bottom spectrum in Figure 5.2(c)-(e) is the initial absorbance spectrum
collected from the sensitized meso-TiO, prior to ALD treatment. Each subsequent trace is a
difference spectrum, showing the net change from the previous collected spectrum. In this

way, relative absorbance changes that occur during each ALD half-cycle are highlighted.
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New absorption bands produce positive-going peaks, while valleys indicate the
disappearance of an absorption band.

Considering the spectra for the bound N719, absorption peaks are observed for bound
carboxylate (1382, 1608 cm™), unbound carboxylic acid (1716 cm™), and thiocyanate (2000-
2050 cm™) bonding groups. The carbonyl peak near 1716 cm™ indicates that some of the
N719’s carboxylic groups are either unbound or unidentate bound to the TiO; surface.[23,24]
The first differential spectrum shows that all of these modes are influenced by the first TMA
exposure step. Most noteworthy is that the 1716 cm™ mode disappears after a single exposure
to trimethyl aluminum (TMA) or TiCl,. This suggests that the unbound carbonyl units react
with the ALD precursors, promoting extra bonds to form between the dye and the meso-TiO,
surface. While the detailed process is not clearly identified, it is likely that the TMA or TiCl,4
forms a Lewis acid/base adduct with the Lewis base carbonyl group, promoting reaction
during the subsequent water exposure to form oxygen-metal-oxygen linkages to the surface.

Meanwhile, the mode of bound carboxylates can be further assessed by evaluating the
spectral separation between asymmetric and symmetric COO" stretches.[24,25] Unidentate is
the weakest binding mode and the most susceptible to hydrolytic attack, particularly at high
temperatures.[4,9,26] Bidentate modes are stronger and provide more effective charge—
injection.[27,28] Spectral narrowing between the aym COO’) and s, COO) absorption
bands indicates a transitioning from unidentate to bidentate binding. Spectral similarity
precludes specifying whether these are bridging or non-bridging bidentate binding

geometries. In Figure 5.2(f) we plot asym COO) - gm COOY) as a function of each

ALD half cycle. For all ALD chemistries, the spectral separation of aym COO’) and
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sym COQ") oscillates during each ALD half cycle with an overall trend of progressively
decreasing spectral separation. Due to stronger Lewis acid of TMA than TiCly it vigorously
reacts with functional groups of N719 such as carboxylic acids and NCS, which makes
relatively larger variation in Al,O3; than other two. We interpret the overall decrease in
separation as an indication of more effective bidentate attachment of the N719 molecule to
the inorganic scaffold. The oscillatory nature during each ALD half cycle suggests that H,O
doses may partially detach the carboxylate group to form a unidentate binding mode. This
hydrolytic attack is gradually reduced as additional ALD layers are applied. Empirically, we
observe minimal effects from water doses after 3 ALD cycles. Therefore, a large number of
ALD cycles is not necessary to strengthen binding modes between dye and TiO,. Rather, too
much ALD coating can degrade performance as discussed below in relation to Table 1.

n addition to changes to the carboxylate binding mode, we also observe a systematic
shift in the thiocyanate (NCS) absorption band at 2000-2050 cm™. The frequency of this
band shifts with every ALD half cycle. NCS peaks in Figure 5.2(c)-(f) also shift frequency,
as evident by comparing with the full spectra in Figure A3. This is attributed to oxidation of
the NCS by TMA or TiCl4, where the nucleophilic C N Lewis base sites are attacked by the
Lewis acid precursor.[29] This process is at least partially reversed during the H,O dosing
step. Likely, these modifications to the NCS group are what cause the blue-shift in the UV-

Vis absorption spectra.[5]
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5.2.3. Photophysics Analysis of Electron Transfer Kinetics

Transient absorption (TA) spectroscopy is used to assess electron injection yields (i)
and back electron transfer rates for N719 sensitized meso-TiO; electrodes having 1, 3, 5, and
10 cycles of Al,O3 and TiO, ALD. Previously, we used TA spectroscopy to examine electron
injection yields for Ru(bpy).(4,4’-(PO3H2)bpy) dye adsorbed on meso-TiO,, and found that
ALD coatings generally decrease the total electron injection yields.[20] We find similar
trends for our series of ALD films on N719 sensitized meso-TiO, electrodes. The injection
yields monotonically decrease with ALD cycle number for both TiO, and Al,O3 chemistries
(See Figure A6). However, we believe the mechanisms for this decline is different for these
two ALD chemistries.[30] Specifically, we hypothesize that Al,O3 layers simply act as
dielectric barriers to charge transfer while TiO; layers increase back electron transfer rates to
picosecond timescales that make injection yields appear to decrease. Based on this premise,
we hypothesized that mixed layers of Al,O3 and TiO, ALD could potentially counterbalance
one another and improve overall performance. Measured injection yields for such “mixed
ALD layers” are summarized in Table 1. Here we use the notation of “A” to represent a
single Al,O3 ALD cycle and “T” to represent a single TiO, ALD cycle. In nearly all cases,
these three mixed ALD cycles show improved injection yields when compared to the pure
component treatments, consistent with our hypothesis. We find injection yields are highest

when the Al,O3:TiO; cycle ratio is 2:1, for either titania first (TAA) or alumina first (AAT).
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5.2.4. Optical Properties and Stability of Bicomponent ALD Layers

The bicomponent ALD layers show changes in optical properties that are consistent with
trends obtained for the single component layers. For the 2:1 alumina/titania coating, the
MLCT absorbance band shift is between that for the pure Al,O3; and that for pure TiO,
(Figure A4). Using an acetonitrile / valeronitrile electrolyte solution containing the iodide /
triiodide redox couple and 5 volume % water contamination, we tested electrode stability for
24 h in the dark at room temperature. The dye desorption was tracked using UV-Vis
absorbance, and results are shown in Figure 5.3 and A5. The untreated electrode shows a
large loss of N719 dye, as shown in Figure 5.3(a). Using the full UV-Vis spectra in Figure
A5, we compare the dye desorption from one uncoated and six ALD-coated electrodes. The
normalized absorbance near the MLCT at 532 nm is shown for each sample in Figure 5.3(b).
The normalized absorbance decays biexponentially, consistent with dye desorption
kinetics.[31] Untreated electrodes exhibit very rapid desorption rates (83% loss of
absorbance), whereas all ALD treated electrodes show much slower desorption rates (<
50%). Sensitized electrodes treated with three cycles of Al,O3 ALD (AAA) show the best
stability (34%), while the mixed ALD layer, TAA, is also very stable (39 %). While three
ALD cycles of TiO, shows the worst stability (59%) it is still 40% better than the untreated
electrodes. Additionally, Figure A7 confirms that electrolyte after desorption test contains

N719 dye.

5.2.5. Dye-sensitized Solar Cells and Thermal Aging Test
To assess DSSC performance and lifetime, seven separate sets of solar cells, consisting

of 3 identically prepared DSSCs, were prepared. These sets included one control set and six
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sets that underwent different ALD treatments. These six ALD treatments are listed in Table
1. Each reported data point represents an average of the three identically prepared devices.

Figure 5.4(a) shows initial DSSC performance measured under calibrated AM 1.5G
illumination, along with results from the six devices with ALD-coated photoanodes. In these
measurements, the cell edge was masked to avoid lateral light. The bar chart coloration
indicates compositional structure for ALD layers. While the initial conversion efficiencies for
all ALD treated samples are lower than the control, several treatments including TAA and
AAT have efficiencies within 10% of the untreated DSSC. Power conversion efficiencies
generally correlate with measured electron injection yields (Figure A6). As observed in the in
situ IR analysis, the Al,O3 ALD coating strongly affects the NCS unit in the N719. The NCS
is known to regenerate oxidized N719 through the oxidation of iodine electrolyte. Therefore,
the degraded performance observed in the AAA set of devices may be due to NCS
modification.

Figure 5.4(b) shows how various device performance values are affected by the ALD
coatings. While the coatings appear to affect the short circuit current density (Jsc), open
circuit voltage (Vo) and fill factor (FF), the Jsc appears most closely correlated to conversion
efficiency. We note that devices with the Al,O3 coating show higher V. values, possibly due
to interface dipoles that increase the apparent TiO, conduction band edge.[32,33] Incident
photon-to-current efficiencies (IPCE) are reported in Figure 5.4(c). The diminished IPCE at
shorter wavelengths and particularly near the MLCT absorption band (532 nm) appears to
parallel UV/Vis absorption data, suggesting that the reduction in device efficiency is the

result of decreased light absorption at shorter wavelengths. At longer wavelength region than
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MLCT AAA shows low IPCE different from other treated DSSCs. This again could be
attributed to changes in the NCS ligand or unfavorable electronic coupling between
chromophores and conduction band of TiO,.[34,35] The IPCE data also shows generally
better performance for the electrodes with multi-component oxide compared to those with
TiO, or Al,O3 alone.

The different metal oxide coatings on the meso-TiO, are also expected to affect dark
currents, and results are shown in Figure 5.4(d). The Al,O; ALD layer will increase the
barrier to charge transfer to electrolyte from meso-TiO,, so that a larger voltage is needed to
promote charge flow. The sample with three cycles of alumina (AAA) therefore shows the
smallest dark current, whereas the titania-coating (TTT) shows the largest.

Accelerated DSSC lifetime testing was conducted using thermal aging for 500 h in the
dark at 80 °C, where device performance was monitored every 100 h. These conditions are
typically used to quantify thermal stability.[36,37] Results are shown in Figure 5.5. For the
control samples, overall power conversion efficiency drops within the first 200 h and
saturates at ~ 4.4 %, or about 40% less than the initial performance. This result is comparable
to a previous report by Gréatzel and co-workers who found ~ 43% efficiency loss under
similar conditions.[38] ALD treated DSSCs perform much better in these lifetime tests. Most
maintain about 80% of their initial efficiencies after 500 h of aging, while the best
performers, TAA and AAT, maintain 83% and 86% of their initial performance respectively.
More impressive is that after 250 h, both of these cells show an overall efficiency > 5.1%,
which is > 14% larger than the control device (~ 4.4%). This is remarkable because these

ALD treatments are clearly not fully optimized and the control devices began with average
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10.4% higher efficiency. From the data in Figures 5.5(c)—(f) we conclude that the degraded
efficiency is most closely related to a decrease in Js;, which is well known to be linked to dye
desorption during thermal aging. Collectively, the data presented here provides strong
evidence that utrathin ALD coatings applied to photoanodes after dye sensitization improve

dye-attachment in functioning DSSC devices.

5.3. Discussion

Considering typical nucleation of metal oxides in first tens of ALD cycles total three
ALD cycles used here do not make continuous film on dyed TiO,. Especially, Al,O3 film on
meso-TiO, grows in island growth mode.[35,39,40] Thus, bicomponent film composed of
Al,O3 and TiO, by total three ALD cycles such as TAA and AAT is likely to exist as a
composite on dyed meso-TiO,. This is why TAA and AAT show similar effect in dye
desorption, initial performance of DSSCs, and thermal stability regardless of deposition
sequence. Optimized cycle ratio, 2:1 of Al,03:TiO, we found can enhance stronger electronic
coupling between dyes and conduction band of TiO, than pure Al,O3; making stronger
binding modes than pure TiO, as well. With the reasoning it should be also interesting to try
other combination, ATA never tried in this manuscript.

In summary, we have presented the first study using ALD to stabilize dye molecules in
DSSCs and extend their useful lifetimes. These improvements require subnanometer layers
of oxide materials applied after dye sensitization. Applying these layers while still
maintaining high performance devices remains a challenge. However, in this work, we
demonstrate that mixed oxide layers of Al,03; and TiO, can give devices with 90% of the

performance of untreated DSSCs and significantly extended lifetimes. Based on in situ IR

125



spectroscopy we partially attribute this improvement to an increase in carboxylate binding
strength upon ALD treatment. However, these IR studies also reveal that ALD precursors
may react with NCS ligands on the N719 dye molecule, possibly causing the reduction in
initial performance. Nevertheless, this work successfully demonstrates that ALD is a very
powerful strategy for stabilizing dye molecules on mesoporous metal oxide surfaces used in
device structures. Large opportunity exists in further optimizing dye molecule structure,
metal precursor reactivity, and ALD reaction conditions to meet or exceed untreated DSSC

designs.

5.4. Methods

Preparation of dye-sensitized photoanodes: Mesoporous TiO, photoanodes were
prepared on FTO glass (TEC 8, Pilkington). Prior to preparation, a 5 nm TiO; blocking layer
was deposited onto the FTO glass by atomic layer deposition at 150°C and then annealed at
500 °C for 30 min in air.[19] TiO; paste (d = 20 nm, Ti-Nanoxide H/SP, Solaronix) was
doctor bladed over the TiO, blocking layer using 3M Scotch tape™ as a spacer. These
structures were then calcined at 500 °C for 30 min to remove organic binders. After
annealing, the TiO, layer measured 6 pum thick. This coating process was repeated three
times to achieve a total meso-TiO, thickness of 18 um. A light scattering layer composed of
100 nm TiO, particles was then added on top (Ti-Nanoxide R/SP, Solaronix). These meso-
TiO, electrodes were next immersed in an anhydrous ethanol solution of 0.5 mM N719 dye
(cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(I1)

bis(tetrabutylammonium), N719, Solaronix) for 24 h at room temperature. After sensitizing,
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the photoanodes were washed with anhydrous ethanol to remove excess dye molecules and
dried with a nitrogen gas stream.

Atomic layer deposition on dyed TiO,: A homemade viscous-flow ALD reactor was
utilized to deposit Al,O; and TiO, at 70°C and 1 Torr ultra-pure nitrogen carrier gas
(99.999%, National welders). Al,O3; layers were synthesized using sequential doses of
trimetylaluminum (TMA, Strem) and H,O while for TiO, was synthesized from titanium
tetrachloride (TiCls, Strem) and H,O. Prior to deposition, photoanodes were held in the
reactor at 70°C for 30 min in flowing dry nitrogen to remove adsorbed moisture. For both
chemistries, precursors were dosed for 1 s, held for 15 s, and purged for 90 s. Holds were
done by closing a gate valve in front of the pump.

Dye desorption test: Dye desorption tests were carried out on 6 m thick TiO; layers.
The first desorption test was conducted in aqueous 1 mM KOH solution (pH 10). The second
desorption experiment used the standard iodine / triiodide electrolyte contaminated with 5
vol% deionized water. Electrolyte composition was the same as DSSCs fabrication: 0.7 M 1-
butyl-3-methylimidazolium iodide (BMII), 0.03 M I, 0.1 M guanidinium thiocyanate
(GSCN), and 0.5 M 4-tert-butylpyridine (TBP) in mixture of acetonitrile and valeronitrile
with a volume ratio of 85:15. In both experiments, dye-desorption was performed in
independent vials, at room temperature, and in the dark. UV-Vis spectra were measured after
rinsing with anhydrous ethanol and drying with nitrogen.

DSSC fabrication: A Pt cathode with drilled holes was prepared by solution casting
and pyrolyzing a 7 mM H,PtCl, isopropanol solution on a clean FTO-glass substrate. The

FTO glass was treated by air-plasma to improve wetting property of Pt precursor. A few
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drops of the platinum solution were drop cast off on the FTO glass, and then annealed at 500
°C for 30 min in air. The Pt cathode was immediately assembled with a photoanode using 60
um thick Surlyn® sheet as a gasket. Electrolyte was filled in the void space between the two
electrodes using a syringe. The holes were then sealed with a Surlyn® sheet and micro-slide
glass.

Thermal aging test: After keeping DSSCs in the dark at room temperature for three
days they were moved to a dark furnace for thermal aging at 80°C. DSSCs were cooled to
room temperature before each measurement.

Characterization: in situ FT-IR spectra were obtained using a Nicolet 670 Thermo
Scientific spectrometer integrated with a homebuilt ALD reactor as described in our prior
report.[41] Each spectrum was acquired from a total of 2050 scans with a resolution of 4 cm’
! Preparation conditions for these IR transparent 3 um thick meso-TiO, film on double side
polished Si were identical to DSSC photoanode fabrication procedures.

Transient absorption (TA) measurements were carried out by inserting derivatized thin
films at a 45° angle into a standard 10 mm path length square cuvette containing acetonitrile
with 1 M LiClO,. The top of the cuvette was fit with an o-ring seal with a Kontes valve inlet
to allow the contents to be purged with Argon. TA experiments were performed by using
nanosecond laser pulses produced by a Spectra-Physics Quanta-Ray Lab-170 Nd:YAG laser
combined with a VersaScan OPO (532 nm, 5-7 ns, operated at 1 Hz, beam diameter 0.5 cm,
~5 mJ/pulse) integrated into a commercially available Edinburgh LP920 laser flash
photolysis spectrometer system. White light probe pulses generated by a pulsed 450 W Xe

lamp were passed through the sample, focused into the spectrometer (at 500 nm with 3 nm
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bandwidth), then detected by a photomultiplier tube (Hamamatsu R928). A 532 nm notch
filter was placed before the detector to reject unwanted scattered light. Detector outputs were
processed using a Tektronix TDS3032C Digital Phosphor Oscilloscope interfaced to a PC
running Edinburgh’s L900 (version 7.0) software package. Single wavelength kinetic data
were the result of averaging 50 laser shots and were fit using the Edinburgh software. The
data were fit from 50 ns to 10 ps by using the tri-exponential function in equation 1 and the
weighted average lifetime (<t>) calculated from equation 2.
y= Ale-(1/ Dx o Aze'(ll 2x Age'(” 3)x (eq 1)
=1k ;< >=3A; °/ZA (eq 2)

Electron injection efficiencies (®in) were calculated by using thin film actinometry
with untreated TiO,-N719 in MeCN (0.1 M LiClO,) as the reference, which is known to have
an injection yield of 100%.

DSSCs characterization - Photocurrent—voltage was measured using a solar simulator
(M-9119, Newport) equipped with a 300 W xenon lamp and an AM 1.5G filter. A calibrated
silicon-based solar cell (91150 V, Newport) was used to calibrate light intensity before every
measurement. A source meter (Keithley 2400) recorded the photocurrent with a sampling
delay time of 40 ms. Black matte paper with suitable apertures was used to mask divergent or
scattered light coming from the sides of the cell.[42] To measure the TiO, active area of the
DSSCs, images were obtained with a digital camera (IXUS 500, Canon) and a National
Institute of Standards and Technology (NIST) certified ruler. Area was evaluated with
ImageJ software. All electrical data is an average of three values obtained from three

identically prepared solar cells. The error bars represent one standard deviation. Incident
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photon to current efficiency (IPCE) data were recorded with a monochromator (Oriel 74100,

Newport) in DC mode after calibrating with a Si photodiode.
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Table 5.1 Photophysical properties of multi-component and single ALD on dyed TiO;

Cycle of ALD lifetime (us)
Samples i
Al,Os  TiO» o Keet (10°57)
Bare N719 0 0 100 0.10(2) 0.78(11) 9.31(87) 9.2 10.8
TAA 2 1 0.60 0.08 (4) 0.66(19) 5.91(77) 5.8 17.3
Mint TiOz first TTA 1 2 0.45 0.08(6) 0.56(27) 3.31(67) 3.1 32.0
ixture
ALD* TIT © 3 0.40  0.07(6) 0.41(23) 2.29(71) 2.2 458
ATT 1 2 050 0.05(4) 0.27 (19) 1.83(77) 1.8 56.4
AlLOs first  AAT 2 1 0.60 0.08 (6) 0.54(27) 3.21(67) 3.0 33.0
AAA 0 3 055  0.07(5) 0.52(24) 3.73(71) 3.6 27.9

* denotes ALD sequence composed of ALD TiO; and Al,Os. For example, TAA means that a cycle of TiO, ALD

is performed on dyed TiO», and then two cycles of Al,O3 ALD are done. ® are measured at delay time at 50 ns in

1 M LiClO4in MeCN. Full TA traces are in Figure A9.
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CHAPTER 6

Mesoporous PEDOT-ITO Cathode for Dye-sensitized
Solar Cells Using Poly(3,4-ethylenedioxythiophene)
(PEDOT) via oxidative Molecular Layer Deposition
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6.1. Introduction

Dye-sensitized solar cells (DSSCs) in Figure 6.1(a) have attracted the great interest as
an alternative Si solar cell due to low cost and high efficiency since DSSCs were first
introduced in 1991 by M. Grétzel.[1] Incoming light excites electrons in dye molecules to
lowest unoccupied molecular orbital (LUMO) and they are injected to the conduction band
(CB) of TiO; in picoseconds and then travel mesoporous TiO,. Dye molecules absorbed on
TiO, extend light absorbance to visible region enhancing conversion efficiency.
Photogenerated electrons reach conductive glass and go through external loads then getting
cathode (CE). Electrons on CE are spent to reduce electrolyte filled between two electrodes,
in which platinum (Pt) is used as an electrical catalyst.

Precious metal, Pt, is, however, expensive so that large efforts to replace Pt have been
reported. As an alternative Pt, Poly(3,4-ethylenedioxythiophene) (PEDOT) in Figure 6.1(b)
has been extensively investigated because PEDOT has high electrical conductivity as well as
electrocatalytic activity.[2] Highly conductive particles such as TiN, carbon black, CulnSs,
CoS, and graphene or carbon nanotubes were employed to support PEDOT films for the best
performance.[3-11] Nanostructured PEDOT such as fibers and nanowires was used to make
high surface area and efficient electron transport path.[12,13] TiO, particles or polymer
binders was incorporated to PEDOT for making high surface area and better PEDOT
connectivity.[14,15]

In this work, we synthesized PEDOT films on mesoporous indium doped oxide (ITO)
structure using oxidative molecular layer deposition (o-MLD) for higher surface area and

conductivity. Recently, we first developed novel PEDOT synthesis, o-MLD in which we
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demonstrated highly conductive, conformal PEDOT films on nanostructure with a high
aspect ratio.[16]

0-MLD sequentially doses EDOT monomer and oxidant, MoCl; on mesoporous ITO.
Purging steps are carried between two dosing steps to remove extra monomer, oxidant, and
by-products so that o-MLD enables to form conformal PEDOT films on mesoporous 1TO
which provides higher electrical conductivity and surface area. Herein, we compared
PEDOT-ITO to PEDOT on flat conductive glass and conventional Pt. This work presents that
0-MLD of PEDOT on mesoporous ITO can be potentially utilized to replace Pt CE through

the optimization in the process.

6.2. Experimental Procedures

Materials: PEDOT precursors molybdenum(V) chloride (MoCls, 99.6 %, Alfa Aesar)
and 3,4-ethylenedioxythiophene (EDOT, 97%, Sigma Aldrich) were used as received without
further purification. As substrates, anodic aluminum oxide (AAO) membrane (Whattman)
and fluorine doped tin oxide (TECS, Pilkington) glass were used. High purity N, (National
Welders Supply Co.), further purified with an inert gas filter (Gatekeeper, Engtrigas), served
as the purge and carrier gas for reactants. TiO, paste (Ti-Nanoxide H/SP and R/SP) and
ruthenium dye ((cis-bis(isothiocyanato)-bis(2,2"-bipyridyl-4,4”-dicarboxylato) ruthenium(ll)
bis (tetrabutylammonium), N719) were used as purchased from Solaronix. Fluorine-doped tin
oxide (FTO) glass substrates (TEC 8, Pilkington) were used after cleaning with ethanol and
deionized (DI) water followed by drying out residual solvents with nitrogen stream. 1-butyl-

3-methylimidazolium iodide (BMII, Aldrich), iodine (l,, Fischer Scientific), 4-tert-
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butylpyridine (TBP, Aldrich), and guandinium thiocyanate (GSCN, Aldrich) were also used
as purchased without further purification.

0-MLD for PEDOT: PEDOT depositions were performed in homemade hot wall
viscous flow vacuum reactor. Process pressure was ~0.8 Torr with a N, flow rate of
approximately 200 standard cubic centimeters per minute. In this study, reactor temperature
was fixed at 100 °C. MoCls and EDOT were transferred to glass bulbs in an oxygen- and
water-free environment under N,. At room temperature MoCls is a solid and EDOT is a
liquid; therefore, heating (80°C) was required to obtain reasonable vapor pressures for both
precursors. Additionally, during MoCls and EDOT doses, N, gas was directed through the
precursor bulbs to aid in delivering the reactants to the reactor cell. Each precursor bulb was
equipped with inlet and outlet computer-controlled ALD solenoid valves which were
simultaneously opened during dosing. To ensure solid MoCls particles did not enter the
reactor cell, quartz fibers were used as filter media in the exit and entrance (in case of back-
pressuring the system) lines of the precursor bulb. Exposure times of 5 s were utilized for
both precursors and the reactor was purged with N, for 60 s after each exposure. The
amplitude of the pressure increase during precursor exposures was ~10 mTorr. For flat
PEDOT and PEDOT-ITO cathodes, polyimide tape partially masked FTO-side to block
PEDOT film deposition. Whole glass (non-conductive)- side was also masked by polyimide
tape.

ITO particle preparation on FTO-glass: ITO particle synthesis was described
elsewhere in detail.[17] Acetic acid (3 g) was added to 200 proof ethanol (10 mL) to afford a

5 M solution. Nano ITO particles was then added via powder funnel (for 22 wt%, 3 g was
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added, etc.). This mixture was sonicated for 20 minutes after manual shaking. The colloidal
suspension was shaken further manually so that none of the powder remained at the bottom
of the vial. The colloidal suspension was poured into a tall 25 mL beaker and sonicated using
a Bransonultrasonic horn flat microtip (70 % power, 50 % duty cycle; 2-5 minutes). The
suspension was allowed to cool to room temperature before further use. Polyimide film was
applied to one edge of FTO-glass to maintain an area (~ 0.3 cm x 2.5 cm) to later make direct
electrical contact to the underlying FTO-glass substrate. The nanolTO colloidal suspension
was transferred to the substrate by Pasteur pipette so that the entire area was covered with the
suspension. The sample was spun at 1000 rpm for 10 seconds, carefully removed from the
spin coater, and placed on a hot plate at 100°C for several minutes to remove residual
solvent. The resulting electrodes were placed in a tub furnace and annealed under
atmospheric conditions by using automatic heating program. The samples were slowly
cooled to room temperature and annealed at 300 °C under a steady flow of 3% Hj/No.
Heating profiles are described in detail elsewhere.[17]

Dye-sensitized Solar Cells Fabrication: A TiO, blocking layer with thickness of 25
nm was deposited on cleaned FTO glass by 625 cycles of ALD and then annealed in air at
500 °C for 30 min. TiO, paste was spread over the TiO blocking layer using a doctor-blade
and a 3M Scotch Magic Tape™ spacing layer. Each tape layer produces a thickness of ~ 6
um of TiO, after annealing process. The paste was then annealed in air at 500 °C for 30 min.
Samples with 2 or 3 layers of tape (i.e. ~ 12 or 18 um of TiO,) were constructed. We placed
additional TiO, layer composed of large sized TiO, particles with the diameter, 100 nm.

After preparation, photoanodes were immersed in anhydrous ethanol solution containing 0.5
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mM of N719 dye for 24 h at room temperature. A Pt counter electrode with two drilled holes
was prepared by spin-casting with H,PtClg solution (7 mM in isopropyl alcohol) onto cleaned
FTO glass, and then annealing at 500 °C for 30 min. The dyed photoanodes were rinsed with
anhydrous ethanol solution and dried by nitrogen gas, followed by immediate assembly with
the counter electrode using a 500 pm-thick Surlyn® sheet (SX 11170-500, Solaronix) as a
gasket spacer. Electrolyte composed of 0.7 M BMII, 0.03 M I, 0.1 M GSCN, and 0.5 M
TBP in a mixture of acetonitrile and valeronitrile with volume ratio of 85:15, was injected
into the assembled module through two holes and then holes were sealed by thin Surlyn®
sheets with thickness of 60 um and micro-cover glass. EIS measurement was carried under
AM 1.5G illumination at open circuit voltage. The perturbation amplitude was 10-2V and the

frequency range was between 10° and 10 Hz.

6.3. Result and Discussion

We deposited PEDOT films with thickness of 20 nm on anodic alumina oxide (AAO)
in which the diameter of nano-pores is 200 nm. Figure 6.2(a), (b) shows the morphology of
PEDOT on AAO taken from atomic force microscopy (AFM) measurement. Overall, it has
crumbs and rough surface due to the crystallinity of PEDOT films. Nanopores of AAO could
be still observed as indicated by arrows after PEDOT deposition and it indicates that o-MLD
may form conformal PEDOT films over AAO template.

For CE of DSSCs, three type CEs were prepared as shown in Figure 6.3 (a)-(c). As a
control, we deposited Pt particles on fluorine doped tin oxide (FTO) by conventional method,
pyrolysis as used to make conventional CE for DSSCs. The second type is flat PEDOT film

on FTO and third type is mesoporous PEDOT-ITO. PEDOT thickness of all three types is the
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same, which is ca. 12 nm because thick PEDOT clogs the nanopores inhibiting liquid
electrolyte access toward FTO side.

Figure 6.4(a) is for comparison of each CE after o-MLD. Despite of the same
thickness, PEDOT-ITO looks darker compared to flat PEDOT because mesoporous ITO has
high surface area and scatters light. Figure 6.4(b) is a photocurrent-voltage measured under
AM 1.5G illumination. Pt CE shows the best conversion efficiency and PEDOT and PEDOT-
ITO have similar efficiency, but fill factor of PEDO-ITO (67%) is much higher than flat
PEDOT (47%). It is attributed to high surface area and electrical conductivity of mesoporous
ITO reducing the series resistance of DSSCs.

Important several performance of DSSCs are compared in Figure 6.5(a)-(d) in which
each value is average and standard deviation obtained from three cells of each type. Overall
conversion efficiency of Pt CE is the highest and the rest of two CEs are similar. In detail, the
voltage (Voc) of PEDOT is higher than PEDOT-ITO and short-circuit current density (Jsc) of
PEDOT is a little bit higher than PEDO-ITO. However, fill factor (FF) compensates this
difference in Jsc and V. between PEDOT and PEDOT-ITO. The noticeable improvement in
FF comes from highly conductive ITO and the similar improvement is also observed in other
literatures which employ conductive mesoporous structure and PEDOT.[6,7,9,10,18]

Electrical impedance spectroscopy (EIS) is commonly accepted to evaluate charge-
transfer resistances that occur at photoanode, cathode, and electrolyte of DSSCs. EIS
measures current responses applying small perturbation in potential with a variety of
frequencies (10-10° Hz). Accordingly, three semicircles are obtained from DSSCs as seen

in Figure 6.6 which called as Nyquist plot. Each size of semicircles represents charge transfer
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resistances that correspond to dyed-TiO,, cathode, and electrolyte. Regarding to charge
transfer resistance of CE, R a semicircle at high frequency comes from CE as indicated by
arrows in Figure 6.[19] Lower R means that electrical catalysts have higher electrocatalytic
activity toward electrolyte. R of flat PEDOT is huge compared to PEDOT-ITO and Pt CE
and PEDOT-ITO has the smallest R¢, which is consistent to the improvement in FF. It is
considered that largest R of flat PEDOT is ascribed to insufficient growth of PEDOT film
within 10 nm showing discontinuous film. Meanwhile, higher surface area and electrical

conductivity of PEDOT-ITO overcomes troubles in ultra-thin flat PEDOT film.

6.4. Conclusion

We explored the possibility of o-MLD for PEDOT films incorporating ITO particles
for a cathode in DSSCs. o-MLD allows PEDOT to coat complex 3D structure such as AAO
with ultra-thin films and mesoporous PEDOT-ITO shows good electrical catalytic property
with the help of high surface area and electrical conductivity. In this work, the overall
conversion efficiency of DSSCs using PEDOT is not impressive, the large enhancement in
FF, however, is promising as an alternative CE which also makes PEDOT deposition
possible at low temperature for flexible substrates even if it still needs to optimize o-MLD

for PEDOT.
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Figure 6.1 (a) Basic structure of DSSCs (b) chemical structure of PEDOT
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Figure 6.2 AFM images of PEDOT coated AAO (a) top view, (b) 3D view, in which

arrows indicate nano-pores of AAO.
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Figure 6.3 Three different CE types used in this manuscript (a) conventional Pt (b) flat
PEDOT on FTO glass, and (c) PEDOT coated ITO particles on FTO glass.
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CHAPTER 7

Atomic Layer Deposition for Iron (I11) Oxide
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7.1. Introduction

As the demands for renewable energy, immense researches on photocatalysts or
efficient photoelectrochemical system have been carried out. Over a few years, among them,
iron (1) oxide, Fe,O3 recently have vigorously studied especially for photoelectrochemical
cells. As the reasons, Fe,O3 abundantly exists as various forms in the earth so that it is
inexpensive compared to other photocatalysts. As a photocatalyst, Fe;O3 has small band gap
energy, ~2.05 eV which corresponds to absorption onset wavelength, ~605 nm.[1] That
means that it can theoretically absorb the most sunlight without further modification. It also
has excellent chemical stability under neutral and basic conditions. However, it has not
actually shown good efficiency with several reasons. The first reason is that it has short
diffusion length for holes causing very short lifetime (~1 ps). It means that holes easily
recombine with electrons before they move to electrolyte through the interface of
semiconductor-electrolyte in water splitting.[2] The diffusion length of holes in Fe,O3 is
known as 4-10 nm. The second reason is poor conductivity especially with thicker Fe,O3
film. Third one is surface-defect-catalyzed recombination of holes and electrons, which
means Fe,O; is sensitive to surface defects within semiconductors and rapid recombination
occeurs.

Therefore, a number of researches contribute to modify Fe,O3 using doping, make
Fe,O3 nanostructure, and combine with other semiconductors such as TiO, or WO3[3-10]
Also, people have tried various deposition methods to synthesize Fe,O3.[11] For example,
Solution-based synthesis such as sol-gel, solvothermal, and hydrothermal methods is low-

cost and scalable processes. Vapor phase deposition such as chemical vapor deposition
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(CVD), reactive sputtering, physical vapor deposition (PVD), and atomic layer deposition
(ALD) can make thin films on nanostructures. In particular, ALD makes Fe,O3 thin films
with high quality crystallinity controlling precise thickness or chemical composition.[12—-16]
In this manuscript, we synthesized ALD Fe,O3 on flat surface, fibrous, and mesoporous
substrate with ferrocene (FeCp,) as a precursor and O, or O3 as co-reactants. O, co-reactants
showed good uniformity upon distance from gas inlet on sample boats while O3 with higher
growth rate showed the large variation in the thickness. We will also show band gap change

depending on post-annealing process.

7.2. Experimental Procedures

Material: Iron precursors, ferrocene (FeCp,, 99.6 %, Alfa Aesar) was used as received
without further purification. For co-reactants high purity O, (National Welders) and O3z (23
wt%) were used. High purity N, (National Welders Supply Co.), further purified with an
inert gas filter (Gatekeeper, Engtrigas), served as the purge and carrier gas for reactants. As
substrates, Si wafer (University wafer), quartz disk (Chemglass), and quartz fibers
(2500QA0-UP, mat thickness 432 pm) were used.

Fe,O3 ALD: Fe,O3 depositions were performed in homemade hot wall viscous flow
vacuum reactor. Process pressure was ~1.0 Torr with a N, flow rate of approximately 200
standard cubic centimeters per minute. In this study, reactor temperature was fixed at 100-
350 °C. To make high vapor pressure of FeCp, bubbler were utilized in which N, gas passes
through bubbler and helps to evaporate solid FeCp,. Glass container of bubbler was heated at
100 °C and delivery line from outlet of bubbler to reactor chamber was heated at 140 °C

inhibiting the condensation of FeCp, vapor. FeCp, was dosed for 20 s, and then purged for
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90 s. Before dosing FeCp,, there is an additional preparation step for charging FeCp,. As a
co-reactant, O, was introduced for 20 s and purged for 60 s. O3 was introduced for 250 s, and
then purged for 90 s. After ALD, Fe,O5 film was annealed at 450 °C in air to enhance its
crystallinity.

Characterization: To measure band gap energy, diffuse reflectance were obtained by
UV-Vis spectrophotometer (Evolution 300, Thermo scientific Inc.) with an integrating sphere
accessory (DRA-EVA 300, Thermo scientific Inc.) and Fluorilon 99W™ (Avian
technologies LLC) as a standard. Fe,Os crystallinity was determined using SmartLab® X-ray
diffractometer with Cu Ka radiation as X-ray source (20 kV, 30 mA) and its morphological
change on quartz fibers was examined by atomic force microscopy (AFM) (DI 3000, Digital

Instruments) with tapping mode™

7.3. Results and Discussion

We made homemade ALD reactor which allows several bubblers for low vapor
pressure precursors such as FeCp, as seen in Figure 7.1(a) Purified N, flows bypass line at
idle state. At FeCp, dosing step, bypass valve is closed and the inlet and outlet valves of
bubblers open at the same time which makes N, gas to flow through heated FeCp, precursor.
FeCp, vapor goes into reactor passing through heated delivery line at higher temperature than
bubbler. O, and O3 co-reactants share the same delivery line with H,O. Figure 7.2(b) shows
bubbler cabinet which includes three bubblers. Each bubbler lines are independently heated
according to the volatility of precursors and decomposition temperatures.

We introduced two kinds of oxidants, O, and Oz Generally, cyclopentadienyls need

strong oxidants to finish reactions. Rooth et al. could not succeed to get Fe,O3 films with
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H,0 instead of O,.[15] Therefore, we tried both of O, and O3 and compared ALD growth
rate and uniformity upon the distance of gas inlet. Figure 7.2 represents how the variation in
Fe,O3 film thickness changes as the position of Si substrate is far away from gas inlet. Total
16 Si substrates are placed on a sample boat with the same separation, 3 cm, along the length
of reactor chamber, about 50 cm. For O, the reactor temperature is 350 °C and 200 °C is
used for Os. Overall growth rate per cycle (GPC) of O, is lower than Oz O, shows constant
0.2 A /cycle while O has the large range in GPC, 0.6-1.8 A /cycle. Martinson et al. observed
this wide variation in Fe,O3 thickness when used Os.[14] The first possibility is the
decomposition of FeCp, or Oz along the length of reactor chamber. There may be
concentration of precursor or Oz gradient. Especially, O3 can be easily dissociated by H,O or
some other oxidized by-products. The second possibility is volatile decomposition product on
Si wafer. Likewise, there may be the concentration gradient of decomposition product as
precursor or Os. The third one is catalytic decomposition of O3 on metal oxides so that there
can be O3 concentration along the axial direction of sample boat.

ALD Fe,03 films with thickness of 20 nm on flat substrate (quartz disk, circle) and
fibrous substrates (quartz fibers, square) are shown in Figure 7.3(a). It shows typical color of
Fe,O3 color, red and indicates uniform coating. To investigate the uniform coating inside
quartz fibers we cut coated quartz fibers into half and visually confirmed the color along
cross section whose thickness is around 432 pum. As seen in Figure 7.3(b) the color is
constant along the cross section of quartz fibers which means that precursor and oxidant

penetrate in quartz fibers forming Fe,Os film on inner fibers. Figure 7.3(c) and (d) are AFM
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image obtained Fe,O3 film, thick of 5 nm on Si. We could observe Fe,O3 crystallites which
make morphology rough and it got rougher after the annealing process.

To identify crystallinity we measured XRD with coated quartz fibers and compared as-
deposited Fe,O3 to annealed Fe,Os;. Figure 7.4(a) is a XRD change after the annealing
process at 500 °C in air for 1 h. As-deposited film has characteristic Fe,O3 peaks but they
look weak. Meanwhile, annealed films show strong Fe,O3 peaks and additional Fe,O3; peaks
are shown up. We also measured optical band gap energy using diffuse refraction from
coated quartz fibers. The color of Fe,O3 turns to bright orange after annealing as shown in the
inset of Figure 7.4(a). The absorbance change of annealed Fe,O3 gets noticeable indicating

that the optical band gap is around 2.26 eV in Figure 7.4(b).

7.4. Conclusion

In this work we showed ALD Fe,O3 film on flat and fibrous substrates using O, and
Os. As co-reactants O, showed better uniformity along the length of reactor chamber than O3
even if O, has lower GPC than O3. As-deposited Fe,O3 film has crystallinity, it, however,
gets strong after annealing process and the intrinsic property of semiconductor gets stronger
based on the transition of band gap energy. This work will be important to use Fe,O3 ALD on
the complex structure such as porous structure for photochemical cells or dye-sensitized soar

cells.
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Figure 7.1 (a) Homemade viscous hotwall ALD reactor which includes three bubbler units
(b) Bubbler cabinet of ALD
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Figure 7.3 (a) Fe,O3 ALD on quartz fibers (square) and disk (circle) (b) Cross-section of
coated quartz fibers (d) Top view of Fe,O3 ALD with thickness of 5 nm on Si taken by
AFM (e) 3D view of (d)
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APPENDIX B

SiN, charge-trap nonvolatile memory based on ZnO thin-film

transistors

We have demonstrated the fabrication and application of a nonvolatile thin-film
transistor memory with SiNy charge traps using a ZnO thin film as the active channel layer.
The thin film of ZnO was deposited using an atomic-layer deposition process and was
subsequently post-annealed in an Op-filled atmosphere. X-ray diffraction and x-ray
photoemission results indicated that the O, annealing process was effective for the
crystallinity and stoichiometry of the ZnO films. A saturation field-effect mobility of 6
cm?/Vs, on/off ratio of ~10°, subthreshold slope of 0.7 V/decade, and threshold voltage of ~ 5
V were obtained in transistor operations. Threshold-voltage shift measurements performed
for various stress voltages and time durations revealed that these devices had a large memory

window of 5.4 V and a long retention time (>10 years) in nonvolatile memory operations.

“E. Kim, Y. Kim, D. H. Kim, K. Lee, G. N. Parsons, and K. Park, Appl. Phys. Lett. 99,
112115 (2011): | participated to deposit ALD ZnO film on thermal SiO,.
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Mechanisms for hydrophilic/hydrophobic wetting transitions on

cellulose cotton fibers coated using Al,O5 atomic layer deposition”

This report explores reactions that proceed during the first few cycles of inorganic film
atomic layer deposition (ALD) on natural cellulose cotton fibers, and how surface reactions
can explain the previously observed transitions in surface wetting upon ALD on cotton
fibers. Atomic layer deposition of aluminum oxide and zinc oxide onto natural cotton
cellulose produces a transition from hydrophilic to hydrophobic, then from hydrophobic back
to hydrophilic, and we describe here the main factors that bring about. Interestingly, we show
that air exposure and related adventitious carbon adsorption also affects the subsequent
reactions and wetting properties obtained after subsequent ALD cycles. X-ray photoelectron
spectroscopy and in situ Fourier transform infrared spectroscopy data indicate Al-(O-C-);
bonding units form when trimethylaluminum interacts with surface —OH units during the first
precursor doses, producing a hydrophobic finish on the cotton that remains for only a few
ALD cycles. Also, field-emission scanning electron microscopy results show that some
surface roughening may occur in the first few ALD cycles, and the roughening of the

hydrophobic-finished surface can also promote an increase in measured hydrophobicity.

" K. Lee, J. S. Jur, D. H. Kim, and G. N. Parsons, J. Vac. Sci. Technol. A 30, 01A163
(2012): | participated to partially deposit ALD metal film on fibers and discussed the

mechanism with the first author.
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Mesoporous Metal Oxides by Vapor Infiltration and Atomic

Layer Deposition on Ordered Surfactant Polymer Films

Catalysis, chemical separations, and energy conversion devices often depend on well-
defined mesoporous materials as supports or active component elements. Herein, we show
that ordered assembled organic surfactant films can directly template porous inorganic solids
with surface area exceeding 1000 m?%g by infusing the polymers with reactive inorganic
vapors, followed by anneal. The specific surface area, pore size, chemical composition, and
overall shape of the product material are tuned by choice of the polymer and precursor
materials as well as the influsion and postinfusion treatment conditions. X-ray diffraction,
infrared spectroscopy, and electron microscopy show that vapor infusion changes both the
physical and chemical structure of the starting ordered polymer films, consistent with
quantified trends in specific surface area and pore size distribution measured by nitrogen
adsorption after film annealing. This method yields porous TiO, films, for example, that

function as an anode layer in a dye-sensitized solar cell.

" B. Gong, D. H. Kim, and G. N. Parsons, Langmuir, 28, 11906-11913 (2012): |

contributed to fabricate dye-sensitized solar cells and characterize the performance.
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Solution-Processed, Antimony-Doped Tin Oxide Colloid Films

Enable High-Performance TiO, Photoanodes for Water Splitting”

Photoelectrochemical (PEC) water splitting and solar fuels hold great promise for
harvesting solar energy. TiO,-based photoelectrodes for water splitting have been intensively
investigated since 1972. However, solar-to-fuel conversion efficiencies of TiO,
photoelectrodes are still far lower than theoretical values. This is partially due to the dilemma
of a short minority carrier diffusion length, and long optical penetration depth, as well as
inefficient electron collection. We report here the synthesis of TiO, PEC electrodes by
coating solution-processed antimony-doped tin oxide nanoparticle films (nanoATO) on FTO
glass with TiO, through atomic layer deposition. The conductive, porous nanoATO film-
supported TiO, electrodes, yielded a highest photocurrent density of 0.58 mA/cm? under AM
1.5G simulated sunlight of 100 mW/cm?. This is approximately 3x the maximum
photocurrent density of planar TiO, PEC electrodes on FTO glass. The enhancement is
ascribed to the conductive interconnected porous nanoATO film, which decouples the
dimensions for light absorption and charge carrier diffusion while maintaining efficient
electron collection. Transient photocurrent measurements showed that nanoATO films

reduce charge recombination by accelerating transport of photoelectrons through the less

" Q. Peng, B. Kalanyan, P. G. Hoertz, A. Miller, D. H. Kim, K. Hanson, L. Alibabaei,
J. Liu, T. J. Meyer, G. N. Parsons, J. T. Glass, Nano Letters, 13 (4) 1481, (2013): I
contributed to estimate roughness factors of coated antimony-doped tin oxide using dye-

desorption method.
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defined conductive porous nanoATO network. Owing to the large band gap, scalable solution
processed porous nanoATO films are promising as a framework to replace other conductive

scaffolds for PEC electrodes.
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High performance photocatalytic metal oxide synthetic

nanosheets formed by atomic layer deposition”

Two-dimensional nanosheet materials, including graphene, MoS,, perovskites and
others derived from naturally occurring bulk layered compounds show unique electrical and
mechanical functionality. Because nanosheets are typically exfoliated from bulk materials,
structures are generally limited to single-compound systems with limited control over layer
dimension. Here we present a new strategy for synthesizing 2D nanosheets, including single
and multi-compound structures, using atomic layer deposition (ALD) on dissolvable
substrates. The synthetic nanosheets formed by ALD are distinct from exfoliated natural
nanosheets in that they are ultrathin variants of common 3D materials.

We have used this ALD method to synthesize TiO,, ZnO, Al,O3 and TiO2/ZnO bi-
layered nanosheets that function as dispersible photocatalysts in aqueous media. We find a
5x synergistic rate enhancement in our bilayer nanosheets which is unprecedented when
compared to other bi-component photocatalysts. Most importantly, we believe that this
synthetic approach can be universally applied to a wide range of materials systems,
revolutionizing nanosheet applicability in nanoelectronics, nano-optics, nano-catalysis, and

nano-composites.

" K. Lee, M. D. Losego, D. H. Kim, and G. N. Parsons (submitted): | derived the

Kinetic equation on dye degradation.
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