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Abstract 

Bismuth Ferrite Sensitization of Titanium Dioxide Nanowire-based Photovoltaic Devices 

Jonadan A. Burger 

Jonathan E. Spanier, Ph.D. 

 

 

Bismuth ferrite (BFO) is a ‘mid-range’ band gap, multiferroic (ferroelectric, 

antiferromagnetic) material of interest in numerous applications
39,96,100-106

. Though its use 

in photovoltaic applications has been investigated
39,96,100-102,104,105

 with interesting result, 

such a material has not yet been used as a photovoltaic sensitizer/thin absorber in 

sensitized solar cell (SSC) or extremely thin absorber solar cell (eta-SC) devices.  A band 

gap (Eg~2.2-2.8eV)
 40,100,103,105,117,139,147

 within the visible light range (albeit high) makes 

BFO a potential candidate for such application.  Moreover, BFO is ferroelectric (Ec ~500-

600kV/cm, Pr = 60μC/cm
2
)
100,159

, which provides the material with an internal electric 

field (which can be directed/’poled’ towards one electrode or another in a(n) SSC/eta-

device), which may provide an additional mechanism for either or both charge separation 

and transport. 

 

CuSCN/ZnO, CuSCN/TiO2, CuSCN/Bi-Fe-Zn-O/ZnO, CuSCN/BFO/TiO2 thin-film 

‘sandwich-like’ structures were fabricated on transparent-conducting-oxide-glass (TCO) 

substrates, via combinations of electrodeposition and suspension or sol-gel (requiring 

‘high temperature’ for crystallization) dip-coating, and characterized at various stages of 

production to assess material/phases present, optical absorbance characteristics, and 

preliminary electronic device performance.  ‘High-temperature’ heat treatments in air or 

N2 of Bi-Fe-Zn-O/ZnO samples result in films yielding crystalline non-BFO phases, 

while O2 annealing of similar samples appear promising.  BFO has been successfully 
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crystallized on nearly-pure anatase TiO2 synthesized/deposited two ways, as well as on 

F:SnO2-glass.  Moreover, BFO is found to enhance absorbance in at least a portion the 

visible portion of the electromagnetic spectrum. Such are promising signs that thin-

absorber-PV devices based on either TiO2 or ZnO may be viable for development in the 

near future.
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CHAPTER 1: INTRODUCTION 

1.1 Background and Motivation 

The United States Department of Energy (US DoE) Energy Information Administration 

(EIA) predicts, as of 2006, that world energy consumption is expected to increase by over 

18% (85 quadrillion Btu) by the year 2015 and almost 45% by 2030 (Fig. 1.1.1)
1
: 

 
Figure 1.1.1[1]: World marketed energy consumption, historical and projected (OECD is 

Organization for Economic Cooperation and Development) 

 

 

Electricity is a major and vital part of energy production and consumption throughout 

much of the world today.  From 2006 onward, electrical power generation is expected to 

jump by approximately 31% (~5.5 trillion kWhr) by 2015 and by almost 78% (~13.8-

13.9 trillion kWhr) by 2030 (Fig. 1.1.2)
1
:
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Figure 1.1.2[1]: World electricity generation, historical and projected 

 

 

The supply of fossil fuels is non-renewable and decreasing with increased consumption 

of and demands for energy. Undesirable byproducts from and environmental 

consequences of the combustion of such for energy production have become more 

profound and realized
2
. Carbon dioxide and other greenhouse gas emissions from human 

activities have markedly increased since the onset of industrialization in the 19
th

 century
4
, 

correlated with and likely leading at least somewhat to climate change and consequences 

of global warming
4
. Moreover, NOx and SOx gasses are also byproduct emissions from 

the burning of fossil fuels, which can cause respiratory sensitivity/irritation
5
, as well as 

acid rain (from NOx and SO2 gasses forming the strong acids HNO3 and H2SO4, 

respectively
2,6

, NOx gasses have also been shown to contribute to O3 

formation/pollution
5
) and its consequential environmental hazards/destruction

 
to 

organisms and the landscape, ecosystem “shifts”/“unbalancing”/disruption
2,6

.  Other 

unfavorable byproduct air pollutants include CO and particulates (which also lead to 

some degree of respiratory sensitivity/ailment/issues
5
, as well as smog).  Figure 1.1.3

3
 

illustrates the contributions of various human activities to such air pollutants. 
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Figure 1.1.3[3]: a) Amount of greenhouse gasses produced annually (by species) for all sectors 

b) Contribution of each sector to various greenhouse and irritant byproduct gasses and pollutants 

 

 

As shown in the above figure, electricity generation is a major source of several 

undesirable air pollutants and undesirable byproducts such as greenhouse gasses, acid-

rain-forming compounds, and general air pollutants/irritants. However, the demand for 

energy and particularly for electricity (seen previously in Fig. 1.1.2) is on the rise, and a 

vital part of current technology and society, as well as future development. Clean, 

renewable/sustainable production of electricity is therefore a requirement for the 

sustenance of modern civilization, infrastructure, and technological progress, coupled 

with the conservation and/or rebuilding of our surrounding environment, throughout 

present-day society.  In 2002, the International Energy Agency (IEA) determined that 

increased government involvement in the promotion of clean, renewable energy solutions 

in lieu of fossil-fuel burning plants and facilities significantly above their current efforts 

to do so could lead to a 16% decrease in CO2 emissions alone by the year 2030 (not to 
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mention the likely marked decreases in other emissions such as other greenhouse gasses, 

NOx, SOx, CO, and particulates as a result of burning less fossil fuels to meet energy 

demands), despite a predicted population increase of ~2 billion people (and hence a 

higher energy/electricity demand worldwide)
7
 between now and that time. 

 

The US DoE EIA lists five major energy sources that fit this category: biomass, 

geothermal, hydroelectric, solar, and wind power
8
.  According to the EIA, “renewables” 

are the fastest-growing ‘class’ of energy sources, with an annual ‘jump’ in consumption 

of ~3.0% annually
1
. Solar-harvesting technologies (solar thermal energy (STE) and 

photovoltaic (PV) devices and plants) are a favorable alternative energy solution, 

particularly for electricity generation, for a number of reasons.  For one, though in 

varying amounts, solar energy is, quite fortunately and remarkably, widely available 

throughout the entire world
7 

(Fig. 1.1.4)
9-11

:   
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Figure 1.1.4[9-11]: Average daily solar insolation for the world [during the month of least sunlight] 

(top) and the US [averaged over the course of a year] (bottom) 

 

 

Furthermore, using a few strategically “high intensity” sunlight areas based on the above 

map, it has been shown that the energy demands of the world could be, at least 

hypothetically, completely met by photovoltaic power, assuming 2000 hours (out of 8760 

hours total) per year of 1,000W/m
2
 striking intensity on 20% efficiency panels (Fig. 

1.1.5)
12

.  Note that the total projected area required for such a project by 2030 

(496,805km
2
) is less than the total land area of the country of Spain

13
(~98.6%) or the 

state of Texas
14

 (~71.4%). 
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Figure 1.1.5[12]: Strategic placement of 20% efficient photovoltaic panels such that photovoltaic 

energy conversion could power the entire world, with zero carbon emissions. 

 

It is also noteworthy that photovoltaic power would be, directly at least, a carbon neutral 

and emission-free technology
12

, because no fuels are combusted or consumed during 

photovoltaic electricity generation.  Finally, photovoltaic research and development is 

undergoing a period of recent accelerated growth, in terms of both financing as well as 

generation capacity and consumption, as seen in Figure 1.1.6
9,10,15,16

.  According to 

statistics from the Renewable Energy Policy Network for the 21
st
 century (REN21), 

electrical “grid-connected” photovoltaic power “continues to be the fastest-growing 

power generation technology in the world, with 50 percent annual increases in 

cumulative installed capacity in both 2006 and 2007...”
14
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Figure 1.1.6[9, 15,16]: Recent growth of PV technology in terms of a) energy capacity and b) power 

capacity while c) illustrates funding of and investment growth in solar power technology compared to 

other “renewables” 

 

a) 

b) 

c) 
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Furthermore, both the Earth Policy Institute and recent thin film PV start-up company 

Nanosolar predict that photovoltaic power will become “competitive with coal-fired 

electricity” within the next couple of to few years (i.e. around 2012) with a price of 

~$0.99-$1.00 per watt by that time
17,18

. 

 

1.2 Photovoltaic Cells 

Photovoltaic cells are semiconductor-based devices able to absorb light (“capture”) 

energy through the excitation of electrons into conduction (“conversion”).  Based on 

material choices and arrangements, photovoltaic devices exposed to light experience an 

electronic potential difference across them without any externally applied electric field, 

driving the movement of charge carriers (i.e. current) from the device into a load circuit 

(Fig. 1.2.1)
20,21

. As semiconductor diode-based devices, upon the excitation of charges by 

absorbed photons, photovoltaic cells are then able to separate excitons (i.e. electron-hole 

pairs), and then maintain this separation and allow charge carriers to travel via a potential 

gradient, thus facilitating conduction
19

.  

 

Figure 1.2.1[modified from 20, 21]: Generalized schematic of a photovoltaic cell (left) and a PV 

device in a simple load circuit (right), steps described ahead 
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The photovoltaic effect is the primary working principle behind solar cells, which utilize 

light from the sun to generate electrical power.  Light with energy above the material’s 

band gap generates additional carriers in each layer (1).  Since it is energetically 

favorable for these excess carriers on both sides to recombine, they are likely to do so.  

Attaching a load circuit to a PV device gives electrons from the n/’emitter’ side of the 

device a route to travel to the p/’base’ side and recombine with holes (4), while 

generating a useful current(2,3).  Meanwhile minority carriers (i.e. holes photogenerated 

in the n-layer and electrons in the p-) flow in the same direction as their current-carrying 

counterparts, and often diffuse towards and perhaps meet up at the p-n junction, 

recombining and hence creating a depletion region between the p- and n-type materials. 

 

Photoconductivity was noted initially by Becquerel in 1839
 
in liquid electrolytes

19
. Then, 

in 1873, Smith
 
observed photoconductivity in solid Se, followed later by Adams’ and 

Day’s (1877) observation of the PV effect in Se tubes
19

.  The first noted functional solar 

cells were made by Fritts in 1883, and were composed of solid Se on metal foil top-

contacted with Au
19

.  The “modern era” of solar cells is considered to have started in the 

mid-1950’s, when researchers at Bell Labs [accidentally] discovered that, when under 

illumination, voltage generation occurs across a p-n junction
19

.  Over time, three different 

and distinct classes or “generations” of photovoltaic devices have emerged (Fig. 1.2.2)
22

:
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Figure 1.2.2[22]: Schematic illustrating the differences in cost vs. efficiency of the three generations 

of solar cells 
 

1.2.1 Overview of Different Generations of Photovoltaic Cells 

1.2.1.1 First Generation 

“First generation” solar cells are often crystalline-Si based, composed “high-quality” 

(“low-defect”) material in order to minimize potential additional recombination sites and 

‘traps’ for charge carriers than inhibit carrier diffusion through the material to conduction 

in an attached load circuit
23

.  Such devices still dominate the marketplace
7,8,24

, and are 

approaching the theoretical Shockley-Queisser
25

 limit established for single band-gap 

devices
22

.  However, due to the cost of processing such quality material, such devices are 

relatively expensive (and hence their cost to power is fairly high, at ~$3-4 per watt)
22

, 

and therefore are not intrinsically (i.e. without favorable legislation, subsidy, etc.) 

economically favorable (i.e. ~$1 per watt for coal-fired electricity)
17,18

 on the market as 

of yet, despite the “clean energy” they provide.   
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1.2.1.2 Second Generation 

“Second generation” solar cells are based on polycrystalline or even some amorphous 

semiconductor thin films (i.e. amorphous Si, CdSe, CdTe, CuInSe2, etc.)
23

, as opposed to 

“high quality” bulk materials from the first generation.  Because they require less 

material, they are cheaper to produce.  Moreover, with the “defect free” requirement 

relaxed, they can be fabricated by less expensive means (i.e. vapor deposition techniques 

and electrodeposition/plating).  However, “lower quality” material yields lower 

efficiencies for such devices, albeit making their cost per unit energy much more 

competitive (~$1 per watt). 

 

1.2.1.3 Third Generation 

“Third generation” solar cells refer to a compilation of “up and coming” researched and 

developed technology in photovoltaic.  Such devices are basically divided into two 

categories, following, to some extent at least, along the ideas of the previous two 

generations.  Multi-junction, multi-material solar cells, often coupled with concentrators 

upwards of thousands of suns, are following ‘in the same vane’ as first generation solar 

cells in that they are crafted from expensive, high-quality materials and processing, but 

are composed of several different semiconductor compounds in layers of varying sizes, 

unlike first-generation cells which were primarily Si-based
26

.   Such devices, especially 

when coupled with concentrated sunlight, are designed for “maximum efficiency” to 

counter their expense, and can and have achieved efficiencies upwards of 40%
26

. 

Organic/polymeric and nanocrystalline/nanostructured devices, as well as/in conjunction 

with extremely thin absorber and sensitized solar cell technologies are following with the 
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basic idea of their second generation counterparts, meaning ‘simpler’ synthesis 

techniques and cheaper materials and processing are utilized to make devices that are 

cheap, flexible, and relatively simple to create
23

.  Although efficiencies of such devices 

have improved with research and development over time thus far, organic solar cells have 

yet to reach or surpass an efficiency of ~8%
27

, and sensitized photovoltaic device 

efficiency has thus far ‘peaked’ between 11-12%
28,29

.  Improvements upon such devices 

while maintaining their relative inexpensiveness is desired in the future. 

 

1.2.2 Sensitized Photovoltaics 

The class of photovoltaic devices known as sensitized solar cells were pioneered by 

Michael Grätzel in the mid-1990’s with the concept and creation of dye-sensitized solar 

cells (DSSC)
24,30,31

 (which were ‘inspired’ both by photosynthesis (and the related 

electron transport chain) as well as photography
24,30,31

).  Figure 1.2.3
24 

shows a schematic 

of the working principals of sensitized photovoltaics.   

 

Figure 1.2.3[24]: Working schematic of a [dye] sensitized solar cell 
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Briefly, [visible] light passes through a transparent substrate and electrode (i.e. a 

transparent conducting oxide (TCO)).  The light then passes through a wide-band gap 

semiconductor (TiO2 both originally and for the work presented in this thesis) material, 

due to it’s band gap (Eg) being outside of the range for which visible light absorption 

could occur (i.e. Eg>3.1eV, which is the energy of “blue” light) to a sensitizer layer (dye 

shown, otherwise may be semiconductor thin films a/o nanocrystals, bismuth ferrite 

(BFO) films for the work presented in this thesis).  The sensitizer material can absorb 

visible light, either due to its molecular orbital energy level separation (i.e. in organic 

materials and conventional dyes) or band gap (in semiconductors/crystalline materials) 

being of sufficiently low “separation”, energetically, to absorb some or all visible light 

(i.e. ~1.8eV(red)-3.1eV(blue)).  Absorption of visible light then excites electrons to an 

excited molecular state (dye) or the conduction band (semiconductor), depending on the 

type of material used.  Rather than “falling” back down to the ground state (dye) or 

valence band (semiconductor) of the sensitizer, the electron “falls” into the conduction 

band of the wide band gap semiconductor, where it is then “fed” into the load circuit via 

the contacted TCO electrode on the glass substrate.  Meanwhile, the dye or 

semiconductor material either “gains back” the lost electrons (from the oxidation of an 

electrolyte, as shown, or from the departure of “holes” left behind from the lack of 

electrons into a “hole conductor”, as in the work to be presented in this thesis).  After the 

electrons proceed through the load circuit back up to the metallic cathode, they are then 

‘fed’ back into the electrolyte (thus reducing it, as shown. Alternatively, in a system with 

a hole conductor (i.e. copper(I)thiocyanate (CuSCN), as in the work presented in this 

thesis) holes move the reverse direction through the hole conductor, which is essentially 



14 

 

the same as electrons moving the forward direction within the material) solution to 

complete the circuit, and, in the presence of light, the cycle continues, provided the 

sensitizer material remains ‘in tact’ and chemically, electronically, and mechanically 

photostable.  

 

1.2.3 Extremely Thin Absorber Cells 

Fabrication of extremely thin absorber (eta) solar cells began in the mid-1990s with 

theoretical studies of parallel multijunction systems by Green and Wenham (1994)
32

, and 

in practice by Konenkamp, et. al with completely solid-state TiO2 nanocrystalline film-

based devices (1996)
33

.  Similar to their sensitized counterparts, eta solar cells often 

consist of a wide-gap semiconductor, some thin layer of ‘absorber’ material (low-gap 

inorganic semiconductor, as opposed to dyes or organics), and a layer that serves to 

complete the circuit (i.e. a ‘hole conductor’).  Also, similar to second generation and 

sensitized photovoltaic devices, eta solar cells are fabricated via cheaper processing roots 

and/or materials. Figure 1.2.4
34

 shows a schematic of an eta solar cell: 

 

Figure 1.2.4[34]: Schematic of an eta solar cell (left) with band diagram (right) 
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In eta cells, similar to their first- and second-generation counterparts, a p-n (or p-i-n) 

junction setup allows for charge separation and transfer due to the generated photovoltage 

in the presence of light.  Moreover, similar to sensitized solar cells, eta-devices are also 

based on favorable, staggered (type-II) band alignment
34

. 

 

1.3 Ferroelectric Materials 

Ferroelectricity, the electronic analogue to ferromagnetism, occurs in materials that can 

exhibit spontaneous polarization in the absence of an electric field
35

.  Figure 1.3.1
35-37

 

illustrates the working principles of ferroelectric behavior: 

 

 

Figure 1.3.1: a) Favorable energy states for a ferroelectric material in the absence of an external 

field
36

, b) Ferroelectric hysteresis
36

, and variation in the energy-polarization/location curve with 

externally-applied field, , and c) Perovskite (cubic) unit cell and possible corresponding ‘asymmetric’  

distortions of atoms in such (shown in the BO6 octahedra below each unit cell), which lead to 

ferroelectric behavior
35,37 

a) b) 

c) 
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Ferroelectricity in perovskites (i.e. ABO3 oxide materials) originates from the distortion 

of a unit cell due to the motion central (“B”) cation slightly off-center, and subsequent 

(rotational a/o translational) “shifts” in position from the surrounding “O” anion 

octahedron the “A” corner cations (Fig. 1.3.1c), below a critical temperature Tc.  In this 

situation, one of three distortions (tetragonal, orthorhombic, or rhombohedral) from cubic 

symmetry can occur, depending on the comparative sizes of the atoms and the direction 

the “B”-cation displaces.  In turn, due to the asymmetry, the unit cell adopts a slight 

electronic polarization.  The off-center position of one central cation couples to that of its 

neighboring unit cells, causing their central cations to also take a similar, preferentially 

off-centered position
35

.  Perovskites have at least two distinct distortions, and hence 

opposite polarizations, below Tc.  Figure 1.3.1b illustrates how these ‘poled states’ are 

energetically favorable (below Tc), and an energy contribution is required to ‘switch’ 

between them. Applying an electric field across a ferroelectric material causes one 

polarization state to be favorable over the other, depending on the direction of the applied 

field (Fig. 1.3.1b+c).  At a temperature less than the critical temperature, placing an 

electric field (i.e. applying a ‘coercive field’ (Ec)) across a perovskite allows one to 

switch between these polarization states by switching the direction of the applied field.  

Also, under the critical temperature, upon removing the applied electric field, some 

‘remnant polarization’ (Pr) remains, despite the absence of an external electric field (Fig. 

1.3.1b).  This remnant polarization is again due to the “B”-cation displacement and 

subsequent cell asymmetry, and creates an internal electric field within the material. 
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Similar to ferromagnetic materials, ferroelectric materials also exhibit domain structure 

and domain walls.  Under an applied electric field, domains polarized in the direction of 

the field may grow at the expense of those not polarized the same direction, similar to 

ferromagnetic domains
35

.   

 

Also similar to their ferromagnetic counterparts, these materials follow the Curie-Weiss 

Law (eqn. 1.3.1)
35

: 

    P = 
CTT

C

       (1.3.1)
35

 

 where P is polarization, C is a material-based constant, and TC is the Curie 

 (critical) temperature denoting the ferroelectric-parelectric phase transition
35

. 

 

Above Tc, the thermal/entropic contribution to free energy in the material overcomes the 

driving force for electronic ordering and spontaneous polarization
38

.  Therefore, above TC 

ferroelectric materials lose their spontaneous polarization.  So above TC such materials 

require a field to be electronically polarized and are then parelectric
35,37

, as shown in 

Figure 1.3.2
37

: 

 

Figure 1.3.2[37]:
 
Ferroelectric to parelectric phase transition, illustrated by a marked decrease in 

(saturation) polarization 
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Ferroelectric materials have been used and/or are being researched for use in a wide 

variety of applications, such as memory
37

, actuators/sensors
35

 (because they are 

piezoelectric as well), and recently photovoltaics as alternatives to conventional 

semiconducting materials
39,40

. 

 

 

CHAPTER 2: EXTREMELY THIN ABSORBER/SENSITIZED SOLAR CELLS 

2.1 Historical Development 

2.1.1 Sensitized Solar Cells 

Sensitized solar cell technology was first developed in the mid-1980’s via Michael 

Grätzel
41,42

, working on optical ‘sensitization’ of the wide-gap semiconductor TiO2 

(anatase) using organic dyes, meaning that, since TiO2 intrinsically cannot absorb much 

light in the visible range, it is coated with a dye that does, which can transfer it’s 

electrons from an excited state into the conduction band of TiO2. The first ‘fully realized’ 

dye-sensitized solar cell (DSSC) was published about in 1991, again by Grätzel
30

.  Such 

devices were initially inspired by the electron transport chain in photosynthesis, and 

meant to separate the processes of light harvesting and carrier transport to enable the use 

of inexpensive materials to produce solar cells.  The original sensitized solar cells (and 

still many today), were TiO2-based (a quite prevalent and relatively inexpensive wide-gap 

semiconductor material) sensitized with organic dyes and/or metallorganic ‘complexes’ 

(able to absorb light due to the narrow energy gap between ground and excited molecular 

electronic states, allowing them to ‘mimic’ the light-absorbing functionality of 

chlorophyll in photosynthesis), and a liquid electrolyte (at first the iodine/iodide system, 
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later on typically the iodine/triiodide system)
30,31

.  Similar to their photosynthesizing 

counterparts in nature (i.e. stacks of thylakoids called grana), these devices work best 

with rough and/or porous, perhaps even hierarchically-structured, films for increased 

surface area for light absorption and charge transfer.   

 

The first-published DSSC from Gratzel in 1991 was composed of a rough, porous, 

colloidal-based TiO2 film sensitized by a thin, bound layer of Ru-metallorganic complex, 

and a liquid iodine/iodide (I2/I
-
) redox couple or lithium iodide/iodine/ethanol solution as 

an electrolyte.  Two transparent electrodes (composed namely of FTO-glass, one of 

which was coated with Pt as an electrocatalyst) finalized the device
30

.  Figure 2.1.1
30

 

shows a schematic of the original DSSC: 

 

Figure 2.1.1[30]: Schematic of the ‘original’ DSSC  

 

Much of the research in sensitized solar cells has gone into improving sensitizer 

absorption properties/efficiency, photostability, or both.  Panchromatic (i.e. ‘black’) dyes, 

absorbing light in the visible range and into the near infrared, to better match the incident 

solar radiation spectrum, are most favorable as absorbers
24,42

.  Mixtures (‘cocktails’) of 
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dyes have also been tried, in order to better match the solar spectrum
24

, as well as 

semiconductor quantum dots
24,42,43

.  N3, a organocomplex Ru-thiocyanate-based dye, had 

proven to be a top sensitizer for around 8 years, eventually beat by a black dye of similar 

variety, N749
24,42,43

.  Eventually, both of these were beat out by new Ru-based 

organocomplex dyes, which though having a lower wavelength absorbance onset, have 

high extinction coefficients and enhanced absorbance response in the ‘red’ area of the 

solar spectrum
42

.  Much organic chemistry goes into creating dyes with favorable light 

absorbance, photostability, and favorable adsorption to wide-gap semiconducting 

materials (i.e. TiO2), and several alternative organocomplexes have been found, and 

~10% efficient devices are expected to be readily reproducible
42

. Strictly organic (as 

opposed to organometallic) dyes also gained interest in recent years, albeit still have 

issues with photostability outdoors
42

.   

 

Quantum dot (QD) sensitizers on TiO2 followed after Grätzel’s work leading up to and on 

DSSCs, the first of such devices which appears in the literature in 1990 from Vogel, et. 

al.
44

 using CdS QDs(achieving overall efficiency >6%), with the rationale that QD band-

gaps were more tunable to the solar spectrum via changing their size, and that 

functionalizing such particles could make them more photostable than dyes
44-47

.  

Moreover, due to quantum confinement effects, it may be possible to generate multiple 

electron-hole pairs per incoming photon due to impact ionization
47

. Vogel, et. al. 

continued such work into mid-1990s, using varying quantum dots and photoelectrode 

materials
45

.  Hotchandani and Kamat achieved efficiencies of >2% with CdS QDs on 

ZnO in the early 1990’s, albeit they were still able to study charge transfer and several 
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trends in open-circuit voltage and short-circuit current in such systems
46

, which was 

likely important work for the progress of that field.  Shalom, et. al. made devices with a 

dye/QD ‘bilayer’ absorber, and were able to reach efficiencies >1.5%, which was a 263% 

improvement vs. their solely QD-SSCs
49

. Kongkanand, et. al. studied variations in CdSe 

QD size (and hence band gap) on device performance, and implications of perhaps 

making a ‘rainbow’ solar cell by using ordered combinations of QD-sizes on TiO2-NT 

arrays
50

. Though recent work on QDSCs often still produces overall efficiencies of one to 

a few percent at best, though new insight into QDSCs is being found via these 

experiments
47-50

. 

 

Though TiO2 is the dominantly found matrix/photoelectrode material for DSSCs
24,42,43

 

(also prevelant in eta-SC research
51

), other materials have been incorporated into DSSCs 

for this purpose.  ZnO and SnO2 are found quite often in DSSC research
24,42,52,53

, and 

extremely thin absorber
51

 devices.  Other materials, such as Nb2O5
24,52

,  Ta2O5
45

, etc. 

have also been assessed for such applications, as well as combining wide-gap 

semiconductors in the photoanode of a given device
52

.   

 

Aside from strictly materials-based changes and composites, photoanode 

structure/architecture/morphology has also been researched somewhat thoroughly.  The 

first nanotube-based (TiO2) DSSCs appeared in the literature around 2002, from Uchida
54

 

and Idachi
55

 independently.  Such devices were found to have improved charge-collection 

efficiency
56

 over their random-NP-based counterparts, as well as enhanced light 

scattering effects
56

, and overall conversion efficiencies over 3% were eventually 
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achieved
56

. Ordered arrays of nanowires were used first by Law, et. al. in 2005
57

.  

Nanowire (NW) DSSCs are favorable to nanoparticle-based ones due to faster electron 

transport in NWs (often single crystalline) vs. random, porous (and polycrystalline) 

networks of particles, while still maintaining favorable characteristics such as high 

surface area (for absorbance and possible light trapping/scattering) as well as a low 

amount of material utilized/required
57

.  Although these first NW-DSSCs had low fill 

factor (0.36-0.38) efficiency (1.2-1.5%) values, this issue was attributed to poor dye 

loading/adsorption on nanowire surfaces
57

.  Branched a/o hierarchically structured 

nanostructures are also being studied and integrated into DSSC.  The former a/o NW-

based hierarchical structures, like their NW counterparts, such structures still provide 

straighter, less random, more definitive conduction pathways, while providing further 

increased surface area and potential light-scattering effects when compared to plain 

nanowires
58,59

 and inhibiting “back-reaction” of electrons into liquid electrolytes
58

.  

Device efficiencies of ~5% have been achieved with such structures
58

.  Zhang, et. al. in 

2008 were able to increase overall device efficiency by using hierarchically-structured, 

polydisperse, spherical ~100-500nm-sized aggregates of smaller ZnO nanoparticles 

(~2.4% for ‘regular’ nanocrystals compared to ~5.4% for NP-aggregates), due to 

enhanced light scattering and harvesting in aggregate-based films
60

. Also, TiO2 NW-

based and ‘composite’ nanowire/nanoparticle TiO2 architectures produced by Tan and 

Wu were found to have >6% and >8% conversion efficiencies, respectively, with 

photoanode films up to ~17μm thick prevented from cracking by NW-reinforcement
61

.  

Composite structure photoanodes, similar to their hierarchically structured counterparts, 
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have multiple levels of structure, providing possible light scattering benefits along with 

increased surface area
61

. 

 

Also, a significant amount of research has gone into ‘circuit-completing’ materials such 

as liquid electrolytes, and eventually solid-state hole conductors, for DSSCs
42,48

.  Volatile 

liquid electrolytes are undesirable due to leakage and evaporation issues, so ionic 

liquids
42

, non-volatile electrolytes
42

, better sealing methods
42

, and solid-state hole 

conductors
48

 have all been researched and improved as viable alternatives, and much 

confidence in improved service life (up to ~20 years) has been found in recent DSSC 

research
42

. 

 

Solid-state hole conductors for DSSC (and eta-SCs) came about in 1995 from 

Tennakone, et. al using p-CuI as a hole conductor, as opposed to liquid electrolytes
62,63

.  

However, these first solid-state DSSCs were fairly inefficient (~0.8%), at least in part due 

to the likely deterioration of the CuI hole conductor due to humidity
62,64

.  Tennakone, et., 

al. managed to make a more efficient CuI-containing DSSC by changing dyes (achieving 

~2.4%
53,62

), and, later, Meng, et. al. (~3.8% with a TiO2(ZnO)/CuI+molten salt-based 

device)
64

.  However, issues with the deterioration of CuI (along with photo-

oxidation/stability
48,62

 and excess I
-
, as well as poor pore penetration/filling

48,62
) were 

comparable to, if not worse than, those associated with liquid electrolytes at the time
62

.  

MEISCN
62,63

, an organic compound, was found to inhibit crystal growth in CuI while still 

allowing for hole conduction, but is expensive to produce
62

.  However, CuSCN was then 

found to be the next viable hole conductor candidate, and was much more stable than 
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CuI
62

.  Moreover, using dilute solutions of CuSCN in n-propyl sulfide led to better pore 

filling in a TiO2 matrix, and it could also be electrodeposited
62

.  However, poor device 

performance was still noted with this compound due to its lower hole conductance than 

CuI
62

.  Grätzel and others were found to have some deal of success with organic p-type 

semiconductors as hole conducting materials, which are relatively cheap and easy to form 

into films, but again efficiencies still seemed limited
62

.  In 2004, a conversion efficiency 

for “solid-state” DSSC was estimated at ~7%, achieved by Kaneko, et., al. using solid 

polysaccharide-based electrolytes, though the solid polysaccharide matrix contained 

liquid I
-
/I3 electrolyte

65
.  As noted in 2008 by Nazeeruddin, et. al., the record for a ‘fully’ 

solid state DSSC is ~5%, achieved by Snaith, et. al., using spiro-OMeTAD, an organic p-

type semiconductor, as a hole conductor
66,67

. 

 

2.1.2 Extremely Thin Absorber Cells 

Eta-solar cells (Fig. 2.1.2
68

), similar to DSSCs, place an absorber layer on an often 

nanostructured, rough, a/o porous (for enhanced light absorption via high surface area 

and light scattering/trapping) wide-gap (n-type) semiconductor matrix in order to absorb 

the light that the matrix cannot.  Again, such devices function best with similar, type-II 

staggered band structure so electrons favorably ‘fall’ into the n-type and holes favorably 

‘climb’ into the p-type layers, respectively.  However, similar to their second-generation 

thin-film solar cell counterparts, these devices are often solid-state, and also include the 

‘conventional’ p-n (or p-i-n) junction mechanism of photovoltage establishment, as well 

as charge separation and transport. 
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Figure 2.1.2[68]: a) Schematic of a fully-fabricated eta-solar cell, b) Favorable band 

structure/alignment for such a cell and c) Schematic of the path length enhancement of light due to 

the rough/nanostructured/highly structured nature of an eta-cell photoanode 
 

The ‘prelude’ to eta-solar cells likely began in 1994 with Green publishing on model, 

theory, and calculation for efficiencies of multi-junction, thin-film solar cells, a paper in 

which he emphasized the benefits of multi-junction device setups for use with ‘poorer 

quality’ (i.e. cheaper processing a/o material) materials
32

.  The first among, or perhaps 

predecessors to (because they were single junction and not p-n or p-i-n junction-based) 

eta-devices appears to be from Könenkamp, et. al. in 1996, an a-Si or PbS-QD absorber 

on a TiO2 matrix, on a SnO2-glass substrate back contacted with a  thin layer of Pt
33

.  

However, the former of these devices at least failed to have absorber conformation to the 

porous TiO2 matrix, thus limiting its efficiency and possible benefits from internal light 

scattering effects
33

. 

 

The term ‘extremely thin absorber’ (eta) solar cell appears to have been first used in 1997 

by Könenkamp, for nanoscale-thickness CdS or CdSe-thin film-based devices
51,69,70

.  The 
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next year, at the same conference, both Könenkamp, et. al.
71

 and Möller, et. al.
72

 had 

work presented on the use of CuInS2(CIS) as an extremely thin absorber due to it’s low 

band gap (Eg~1.5eV) and decent absorption potential (α~10
5
), as well as lower toxicity 

than potential counterpart CuInSe2
73

.  In 1999, Könenkamp, et. al. fabricated and studied 

a β-CuSCN/TiO2 rectifying p-n junction
74

, considered instrumental in future eta-cell 

fabrication, as these two materials are seen, combined or separately, throughout solid-

state DSSC and eta-literature
34,51,62

 (as well as in this particular work). 

 

In 2004, Taretto and Rau established a model for eta-solar cells (discussed later, in 

section 2.2.1), which approximates eta-solar cells, due to their sandwich structure and 

roughness, as a multijunction system, and illustrating enhanced absorption due to layer 

surface area/folding, and predicting the potential of CdTe- and CuInS2-based eta-devices 

up to 15% (enhanced by up to 5% by photoanode structuring and subsequent light 

trapping)
75

. 

 

Nanowire-based eta-solar cells begin to appear in 2005, from Tena-Zaera, Levy-Clement, 

and colleagues at the LCMTR-CNRS in France
76,77

.  These devices were based on ZnO 

NWs and CdTe or CdSe absorbers, respectively, the latter of which achieved a 

conversion efficiency of ~2.3%
77

.  Kieven, et. al. created ~2.5% efficiency eta-solar cells 

(ZnO/In2S3/CuSCN) and studied the effects of internal structure on such devices, finding 

that effective absorber thickness is enhanced by high internal surface area
78

.  In 2005, 

Nanu, et. al.
79,80 

achieved record efficiency at ~4% with CuInS2/TiO2-based devices, 

utilizing an Al2O3 buffer layer to protect the TiO2 layer from contamination a/o reaction 
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with the Cu-compound
80

.  Record efficiency for eta-solar cells appears to be at slightly 

greater than ~4% currently, achieved by Krunks, et., al. with a ZnO-NW/In2S3/CuInS2 

device
81

. 

 

2.1.3 Ferroelectric Materials/Perovskites 

The term ‘ferroelectricity’, was apparently first ‘coined’ and utilized in 1912 by Erwin 

Schrödinger
82-84

 (likely due to the comparability of this phenomenon to ferromagnetism).  

Ferroelectricity (described previously in section 1.3 and further in section 2.2), a 

hysteretic, non-linear dielectric behavior analogous to the prior discovered phenomenon 

of ferromagnetism, was discovered in Rochelle salt in 1921 by Valasek while 

investigating the piezoelectric (electronic response of a strained material) properties of 

the same material
82-85

 Eventually, through the mid- to late-1930’s, Mueller would publish 

four papers, hence creating the first ‘complete phenomenological theory’ for ferroelectric 

behavior in Rochelle salt
86

.  Meanwhile, in the mid to late 1930’s, Busch and Scherer 

discovered and subsequently reported on ferroelectricity in KH2PO4 (KDP) and H2AsO4, 

thus investigating a new class of ferroelectric materials
86

. Though these crystals were 

more stable and less complex than Rochelle salt, they had very low (~-150
o
C) transition 

(Curie) temperatures
86

. Theories and models on ferroelectricity were further developed in 

the 1930’s and 40’s
86

. In 1937, Jaffe proposed that ferroelectric materials underwent a 

symmetry-based phase transition at some critical temperature
86

.  Landau, in that same 

year, proposed that such phase transitions were both thermodynamically- and 

symmetrically (group theory)-based
87

.  BaTiO3 and a ‘flurry’ of other perovskite (ABO3) 

ceramics were also discovered to be ferroelectric, during the 1940’s-60’s
82-84,86-88

. 
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Studies of ferroelectric perovskite materials began with BaTiO3, first synthesized in 1941 

by Thurnaurer and Deaderick, (noteworthy for it’s high dielectric constant)
88

 and later 

described by Wainer and Salomon(US, 1943)
86,88

, and later Wul and Goldman (Russia, 

1944)
83,85

, and Ogawa and Waku (Japan, 1945)
88

.  Ferroelectricity in BaTiO3 was 

described in 1945 by von Hippel
86

.  Ginzburg (1946) and Devonshire (1949) also made 

stark contributions to the studies of phenomena in ferroelectric ceramics, particularly 

BaTiO3
86

.  In 1959-60, a considerable development in ferroelectric theory was made, 

with Cochran and Anderson, independently, describing ‘soft modes’ of ferroelectric 

transitions in such oxides, linking Mueller’s early work on Rochelle salt with 

Davonshire’s on BaTiO3, all ‘atomistic-based’ theories on ferroelectricity
86

.  In the 

1960’s, Ginzburg (describing phenomena microscopically) modified Landau (describing 

macroscopically) theory on thermodynamics/free energy and ordering in ferroelectric 

materials, particularly to more accurately describe/account for phenomena in “low-

dimensional systems” and “systems with short-range interactions” near Tc
87

. Through the 

late 1960’s, work by Aizu (1967, 1970) and Shuvalov (1970) led to a complete symmetry 

classification of ferroelectric materials
86

. 

 

Ferroelectric perovskite thin films were first synthesized and studied in the 1970’s-80’s, 

coincident with new processing techniques like sol-gel chemistry, chemical vapor 

deposition (CVD), and laser ablation
89

.  Such films were considered favorable because 

they required little material, often lower processing temperatures, and less voltage 

required to ‘switch’ their polarization (because ferroelectric switching is done via a 
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coercive electric field, Ec, and electric field E = V/t, where V is applied voltage and t is 

film thickness)
89

.  However, extremely thin (i.e. on the order of a few nanometers or so) 

ferroelectric films experience issues due to a depolarizing field caused by charges 

accumulated at ferroelectric-electrode interfaces which oppose the polarization field 

within the ferroelectric material
90-92

.  Overall, ferroelectric materials have found their 

way into a variety of applications, such as high-dielectric-constant(κ)-capacitors
84

, 

sonar
84

, computational memory
84

, and transducers
84,85

, and sensors
84

. 

 

Investigation of the photovoltaic effect in ferroelectric materials may date back as far as 

the late 1930’s, when Brady and Moore published on what they referred to as 

‘actinoelectricity’ in tartarate-based crystals
93,94

.  Throughout the 1960’s and 70’s, a ‘bulk 

photovoltaic effect’ would be discovered in noncentrosymmetric crystals (i.e. 

piezoelectric and ferroelectric materials), that was not due to either of the previously two 

proposed mechanisms (the Dember effect (non-uniform lighting of a given material) or 

the separation of ‘non-equilibrium carriers’ (i.e. generally p-n junctions)), and unique to 

these materials, producing ‘above band gap photovoltages’, which were not seen in the 

prior proposed two mechanisms
94

.  In 1974, after previous reports (~1960’s)
95 

of 

‘photocurrents in the absence of an applied field’ in BaTiO3 and LiNbO3, Glass et. al.
96,97 

decided to investigate doped versions of the latter, stating that ‘bulk photovoltaic effect’ 

in such materials was due to asymmetry in the c-direction, between the Nb and Fe 

(dopant) atoms in the crystal, and charge transfer between them
97

.  In 1975, Brody and 

Crowne studied BaTiO3, finding that in violet or UV-light (with energy above the band 

gap energy of BaTiO3) photocurrents in the material peak and that photovoltage 
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decreased with increasing temperature, until beyond the ferroelectric-paralectric phase 

transition temperature, at which point it and the photocurrents ‘vanished’
93

.  They 

believed that light-induced carriers ‘screened’ the internal electric field (intragranularly) 

caused by spontaneous polarization within the material, causing ‘greater than band gap’ 

photovoltages
93

. 

 

Overall, qualitatively, the theory behind photovoltage generation in ferroelectric 

materials appeared to be quite simple.  Photo-induced charge carriers would flow their 

respective directions in a [poled] ferroelectric material, based on the material’s 

spontaneous/remnant polarization to the lack of centrosymmetry, in perovskite materials 

often due to atomic displacements and subsequent lattice distortions, creating a dipole 

within the material
98

.  Moreover, in mid-to-late 2000’s, ferroelectric thin films were 

found to have such properties as well
98,99

.  However, despite the promising signs of high 

(above band gap)-photovoltages possible in ferroelectric materials
93-99

, the often high 

band-gaps (i.e. outside the visible range of the spectrum) limit how much light they can 

absorb
98,99

, and hence their output, performance, and efficiency (i.e. Qin’s report of 

0.28% conversion efficiency from epitaxial PLZT films was considered very high, and 

orders of magnitude above such found in similar work)
98

.  A narrower (i.e. energy in the 

‘visible’ regime)-band gap ferroelectric material could present quite an improvement to 

such work and potential applications. 

 

Bismuth ferrite (BiFeO3, BFO) (Eg~2.2eV-2.8eV)
100,101

 was such a material, a 

ferroelectric (rhombohedrally-distorted perovskite (Tc = 825
o
C)) and antiferromagnetic 



31 

 

(i.e. ‘multiferroic’) material, with band gap values often reported between the blue-green 

and yellow portions of the visible spectrum
100

.  BiFeO3 was synthesized and studied as 

early as the late 1950’s by Smolenskii, et. al.
100

.  Apparently, interest in the material was 

‘sparked’ again in 2003, when Ramesh, et. al. published on its high remnant polarization 

(Pr ~60μC/cm
2
)
100,101

.  In 2008, Basu, et. al. published on the photoconductivity of BFO, 

stating that it was improved with increased oxygen vacancies, and increased when an 

applied field ‘followed’ the polarization direction of the material
102

.  Furthermore, in 

2009, Choi, et. al. demonstrated diode-like behavior in thick (~70μm and 90μm) BFO 

films, switchable in direction by switching the polarization direction of the material
39,101

.  

In the same year, Li, et. al. created BiFeO3/α-TiO2 core-shell nanoparticles that were 

successful as photocatalysts for dye degradation, but did not attribute these findings to 

nor investigate too much the ferroelectric nature of BiFeO3
103

.  In 2010, Yang, et. al. were 

able to achieve above band-gap photovoltages via yet another new mechanism for charge 

separation and transport in ferroelectric photovoltaic systems; domain wall engineering
96

.  

They found that the photovoltaic effect was not observed when IV measurements were 

taken parallel to domain walls, and was when perpendicular
96

.  Moreover, they showed 

higher open circuit voltages occurred in smaller-domain width systems than larger, and 

got nearly zero open-circuit voltage for a single domain sample, believing that 

photoexcited charge carriers accumulate at domain walls due to the ferroelectric 

polarization across the material (and the upward-bent band structure theorized and 

modeled at the domain-domain wall ‘interface’)
96

.  Similarly, also in 2009, Ji, et. al. were 

able to demonstrate the photovoltaic effect in BFO thin films
104

. Also that year, Wu, et. 

al. fabricated and characterized BFO-ZnO heterostructures, illustrating their theoretical 
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type-II staggered band alignment (as between sensitizer and photoanode in DSSC/eta-

solar cells) and demonstrating resistive hysteresis and diode-like behavior in such 

structures
105

. Interestingly as well, Kundys et. al. recently reported on the photostriction 

of BFO crystals in the presence of visible light
106

. Overall, these recent 

investigations
39,96,100-106

 bring much excitement and potential into the field of 

ferroelectrics for photovoltaic applications
39,96,100-102,104,105

 and photocatalysis
103

. 

 

2.2 Physical and Mathematical Description 

2.2.1 Sensitized and Extremely Thin Absorber Solar Cells 

2.2.1.1 General and Optimization/Efficiency Considerations 

Two fundamental processes, the capturing and absorption of light along with the 

conversion of that energy into separated charges, which can be maintained as separate 

and carried/transported through a material into a load circuit as useful electrical current. 

 

Upon the absorption of light and the excitation of electrons in the absorber layer, charges 

are separated, and their continued separation as well as their transport must be facilitated 

in order for the conversion from light to useful electrical current to be completed.  In 

DSSC, and also favorably in eta-solar cells, this process is facilitated by a type-II band 

alignment, as seen previously in Fig. 1.2.3, and similar to the latter Fig. 4.5.1.  It is 

energetically favorable for electrons to ‘fall down’, i.e. lose energy and attain a more 

stable ‘state’.  In an absorber/sensitizer conduction band/excited molecular level should 

hence be higher in energy than the conduction band of the wide-gap semiconductor 

matrix, which electrons travel through to reach the ‘anode’ of the PV device and get 
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carried through a load circuit.  In the valence band of an absorber, remaining electrons 

‘falling down’ in energy translates to the holes left behind ‘climbing up’ in energy, hence 

the absorber/sensitizer valence band/ground state/bonding molecular level of the absorber 

should be lower than that of the hole conductor or electrolyte (again, as shown in Figs. 

1.2.3 an 4.5.1). 

 

Charge separation and transport in eta-solar cells is further facilitated by a p-n junction 

setup (Fig. 1.2.1)
21

, as in earlier generation photovoltaics, described previously in section 

1.2. 

 

In order to absorb light, a semiconducting material must have a band gap energy 

equivalent to or less than that of the photons of the incident light (i.e. this range is 1.8eV-

3.1eV for visible light).  In both sensitized and eta-solar cells, the ‘capture’ of light is 

primarily done by the sensitizer/absorber layer, due to its low molecular level energetic 

separation/band gap.  Typically, for successful capture, two things must be true for the 

absorbing layer.  For one, the absorber layer thickness (W) should be less than the length 

carriers typically travel prior to collection (Lc) (and, favorably, also lower than carrier 

diffusion length (average distance oppositely-charged carriers travel before recombining), 

LD), (i.e. W<LcLc/W > 1), meaning as thin as possible an absorber layer would be most 

favorable
75,107,108

.  This criterion functions in opposition to the second one, which states 

that a most effective absorber layer should be have a thickness equivalent to or greater 

than a material’s absorption coefficient (α) in order to maximize the amount of light 

absorbed (and hence maximize capture, i.e. W > 1/αWα > 1), favoring a thicker 



34 

 

absorber layer
75,107,108

.  However a thicker absorber layer, particularly one thicker than Lc, 

has increased odds of carriers of getting trapped and/or recombining before they can be 

utilized in a load circuit, due to a higher probability of encountering traps, defects, and 

oppositely charged carriers, as well as an increase in the period of time carriers take to 

diffuse to an electrode (majority) or interface (minority) increasing due to the increased 

thickness and hence distance required for carriers to travel to reach these ‘destinations’.  

However, keeping in mind that DSSC and eta-solar cells are often composed of higher 

surface area absorbers (due to absorber conformation with a rough a/o porous a/o 

nanowire-architectured wide-gap semiconductor ‘matrix’ layer), the criterion Wα>1 is 

often relaxed because the effective absorber layer thickness is increased due to roughness 

and ‘folding’ of the absorber throughout the photoanode of a device (which allows for 

modeling approximations similar to those used in multijunction solar cells
32,75

, and 

perhaps also, due to light scattering and trapping caused by such a photoanode 

morphology
75

. 

 

2.2.1.2 Recombination 

Traps and defects aside, the two main mechanisms of electron-hole recombination are 

bulk and surface recombination.  In nanostructured- a/o high-surface-area-to-volume-

ratio based-devices such as DSSCs and eta-SCs, the latter is often more prevalent, due to 

the high surface area of various layers as well as the number of interfaces available for 

such within a given device.   
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Bulk recombination in such devices is an issue if charges recombine in the absorber more 

quickly than they are injected into the photoanode, which is more likely to occur in a 

thicker absorber layer, due to the increase in Lc required for charges to reach the 

photoanode as well as a higher probability of them encountering, aside from traps and 

defects, oppositely charged carriers/sites along the way
75

. 

 

In DSSCs and eta-SCs, recombination at some interfaces is necessary and even favorable.  

For instance, after the absorber/sensitizer loses an excited electron to the photoanode, a 

new electron (from electrolyte or hole conductor) must replace it for a complete circuit, 

continued cell functionality, and prevention of absorber degradation
19

.  However, there 

are instances of unfavorable surface recombination in such devices as well, such as at an 

undesired anode (TCO)-electrolyte interface which may exist due to holes/pores 

throughout the photoanode of such devices
109

.  Also, fast recombination of electrons 

injected from absorber into the photoanode returning to the absorber is also 

problematic
110

. 

 

Extremely thin absorbers, at too low a thickness, may present another specific type of 

interfacial recombination
108

, known as tunneling recombination,
 
which occurs when 

majority carriers from either the p- or n- side of the device can ‘tunnel’ through a 

sufficiently thin ‘tunneling barrier’ presented by the absorber into the ‘opposite’ (n- or p-

type, respectively) side and recombine with majority carriers still present there
75,108,111

.  

This problem is especially prevalent in systems with low diffusion lengths, and a high 

‘built-in’ (due to band alignment) electric field across the absorber
75,111

. 



36 

 

 

2.2.1.3 Light Trapping 

In a 1974 publication, David Redfield appears to have first described the technique of 

light trapping to enhance solar cell efficiency
75,112

.  He described the potential 

phenomenon for Si-based solar cells, in which he proposed they be engineered with a 

reflective material and periodic, angular geometry engineered to allow for total internal 

reflection of the light, thus maximizing the amount that would likely get absorbed, thus 

increasing efficiency
111

.  Both DSSCs and eta-SCs are favorably designed with highly 

porous/rough or nanowire arrayed photoanode structures, which facilitate the internal 

scattering and reflection of light (Fig. 2.1.2
68

)
68,75

. 

 

2.2.1.4 The P-I-N Junction Model for eta-SCs 

Between 2003 and 2005, Taretto, et. al. developed a model for eta-solar cells based on a 

p-i-n junction, complete with equations describing the J-V characteristics of 

such
75,108,111,113

: 

 Assumptions: 

 -electric field (F) is homogenous throughout the absorber, based on the ‘built-in’ 

 voltage (i.e. potential difference between p- and n-layers) and applied voltage on 

 the cell: 

 
 

 -photogeneration rate (G) are uniform throughout the instrinsic (absorber) layer, 

 allowed if the solar cell is sufficiently thin a/o sufficient light trapping leads to 

 ‘uniform absorption’ and subsequent carrier generation throughout the absorber: 

 
  where h is Planck’s constant, ν is photon frequency, A is absorbance, N is  

  the # of absorber layers, and ΦSun is the incident solar photon flux 

(2.2.1)
114

 

(2.2.2)
114
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 -carrier mobilities (μ) and life-times (τ) are the same for holes (p) and electrons 

 (n), the latter given by: 

 
  where τo is the diffusion-based carrier lifetime, given as τo = (DLd)

1/2
, Γ is  

  the field-effect function, given by: 

 
   

  where ΔEn,p is the distance between trap/defect states in the absorber band  

  gap and conduction band for  electrons, or valence band for holes, mtun is  

  the effective tunneling mass, and Kn,p is given by: 

 

 
 

  where ħ is the reduced Planck’s constant, h/2π 

 

-current density (J) is less than some critical current density (JCR): 

 

 

  where q is elementary charge, Nd is the dopant carrier density, and Vt is  

  thermal voltage, given by the Boltzmann equation (Vt = kBT/q, where kB is 

  Boltzmann’s constant, and T is absolute temperature) 

 

This model relies on solving the continuity equations for minority carriers (shown for 

electrons here): 

 
 

(2.2.6)
114

 

(2.2.7)
114

 

(2.2.3)
114

 

(2.2.4)
114

 

(2.2.5)
114
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where the first term represents generation rate, the second recombination rate, the third 

diffusion, and the fourth is related to carrier mobility/drift in an electric field.  A 

dimensionless form of this equation is given by: 

 

 where quantities with the subscript s represent the following scaled quantities 

 (Table 2.1.1)
113

: 

 
Table 2.1.1[113]: Scaled quantities for use in the Taretto, et. al. p-i-n eta-SC model 

 

The general solution of this equation is given as: 

 

 where and λ1 and λ2 are dimensionless eigenvalues 

 given as: 

 

(2.2.8)
114

 

(2.2.9)
114
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Figure 2.2.1
113

 shows a diagram of the p-i-n junction with boundary conditions noted: 

 
Figure 2.2.1[modified from 113]: p-i-n junction for the model (left) and boundary conditions noted 

(right) (np0 and ni are the electron concentration in the p- and i-layers, respectively) 
 

The first boundary condition accounts for interfacial recombination at the p-/i- interface, 

and the second, from assuming μ and τ are the same for both electrons and holes in the 

absorber(i)-layer, the diffusion lengths for each carrier are equal, and their lifetimes are 

equal, so in the i-layer, n = p at x = W/2. 

 

With these two boundary conditions established, solving for the constants C1 and C2 

gives: 

 
 

with recombination current density (Jn) at the p-/i- interface given as: 

 
 where S is recombination velocity 

 

finally, plugging the general solution for ns with constants, etc. into the continuity  

 

equation (solved for current density, and scaled) 

 

(2.2.10)
114

 

(2.2.11)
114
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gives 

 
and solving for actual current density gives 

 
So, for dark current density: 

 

 
 

 

and during illumination, particularly at two points of interest (VOC, ISC)
111

: 

 
 

 where J0 is the reverse bias saturation current density 

 

The VOC relation, in this case, is borrowed from Schottky a/o p-n solar cells
113

, and holds 

only for low-W (i.e. “thin”) i-layer p-i-n devices.  Reducing J0 would improve thin 

absorber cell performance, and two proposed ways to do that are by increasing the built-

in electric field (F0) or carrier lifetime (τ) within the absorber material
113

.  Therefore, 

using a ferroelectric sensitizer such as BFO may be favorable to assist with the former at 

the very least, due to it’s polarization-based ‘built-in’ electric field
105,114

.   

 

Also worth noting is that the carrier collection efficiency (fC) is given by JSC/qGW, which 

gives
111

: 

 

(2.2.12)
114

 

(2.2.13)
114

 

(2.2.14)
114
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and the diode ‘ideality’ factor (noted in section 4.6) as
113

: 

 

 
 

Calculations reveal that nid ~ 1.8 for W > LD, which makes sense considering nid = 1 is 

for an ‘ideal diode, and having a diffusion length less than the absorber thickness will 

likely result in much [bulk] recombination within the absorber.  On the other hand, 

calculations run for LD > W yield nid ~ 1.2, closer to ideal and again a sensible value
113

. 

 

 

Experimental data (on p-i-n Si devices) fit well to the model’s predictions
113

. 

 

 

For the model to be utilized on eta-solar cells, the initial p-i-n model derived above is 

utilized in a multijunction system, which an eta-SC may effectively ‘simplify’ down to 

due to the roughness/folding of the anode and light trapping, meaning some light may 

pass through one junction and get absorbed at another, etc.  Figure 2.2.2
75

 illustrates this 

simplification: 

 
Figure 2.2.2[75]: a) Schematic of an eta-SC b) simplified multijunction system model for an eta-SC 
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In the case of an eta-SC, for eqn. 2.2.2, two different (i.e. ‘extreme’) absorbance cases 

were adopted to use in the model, that of no light trapping/scattering (eqn. 2.2.15)
75

: 

 

and that of ‘perfect’ internal reflectance; internal scattering of light off both front and 

back interfaces: 

 

 where α is the absorption coefficient 

Taretto, et. al. found that cells with light-trapping could improve conversion efficiency 

over their counterparts without light-trapping by a couple to few percentage points
75

. 

 

2.2.1.5 Ferroelectric Materials as Absorbers in eta-Solar Cells 

The fundamental atomistic and physical nature and consequences were discussed at some 

length in section 1.3. 

 

Thermodynamically speaking, ferroelectric materials follow the Landau function
91,114

 

(eqn. 2.2.17)
114

: 

    

 ....
6

1

4

1

2

1
),,( 6

6

4

4

2

20  PgPgPggEPETPF


  (2.2.17)
114

 

 where F


is the Landau (Helmholtz) free energy density, E is applied electric field 

 and P is polarization.  The coefficients gi vary with absolute temperature T. 

 

(2.2.15)
75

 

(2.2.16)
75
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Plotting this (i.e. F


vs. P) at E = 0 (i.e. no external field) would yield a plot similar to the 

one shown in Fig. 1.3.1a.  Plotting F


vs. P at different values of E gives plots similar to 

the ‘representative’ ones shown at various points in the hysteresis loop of Fig. 1.3.1b. 

 

Since equilibrium polarization for a given applied field E would result at a minimum in 

free energy, one must find locate this point by differentiating F


and setting equal to zero 

(eqn. 2.2.18)
114

: 

 ....0 5

6

4

42 



PgPgPgE

P

F


    (2.2.18)
114

 

 

For the ferroelectric state, one may assume that coefficient g2 ‘zeroes’ (i.e. ‘transitions’) 

at some temperature To, giving: 

 g2 = γ(T-To), where γ is a positive constant and ToTC 

If g2 is positive (i.e. T > To), then the unpolarized lattice is favored, and if g2 is negative 

(i.e. T < To), polarization is favored.   

 

Ferroelectric phase transitions may be either first- or second-order
37,114

. For a second-

order phase transition, g4 is positive, and neglecting the g6, etc. terms, the condition for 

equilibrium polarization in field E can be rewritten as (eqn. 2.2.19)
114

: 

  
4

4)(0 PgTTPE o       (2.2.19)
114

 

and at zero bias gives (eqn 2.2.20)
114

: 

  
3

4)(0 PgTTP o      (2.2.20)
114
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Solving for P (which is saturation polarization Ps for a single crystal) such a case gives 

either P = 0 or: 

 P = 
2

1

2

1

4

)()( TT
g

o


, which is continuous at To (hence second order transition)
114

, 

 and To is equivalent to the Curie temperature TC 

 

For a first-order phase transition, g4 is negative, and |g4| is taken because free energy is 

not likely to ‘sink’ to minus infinity ever, giving the equilibrium condition at zero applied 

field as (eqn. 2.2.21)
114

: 

 
5

6

3

4||)(0 PgPgTTP o       (2.2.21)
114

 

Leaving (eqn 2.2.22)
114

: 

 0 = 
4

6

2

4||)( PgPgTTo       (2.2.22)
114

 

At T = Tc, the free energies for the parelectric (P = 0) and ferroelectric (finite P) solution 

will be equivalent
114

. 

 

Similar to ferromagnetic materials, ferroelectric materials also tend to form polarization 

domains.  A domain is a region of crystals with the same polarization direction.  These 

domains in a crystal (often as synthesized/made) form in order to minimize the bulk 

crystal’s energy by ‘cancelling each other out’, thus making the net polarization of the as-

produced crystal equal to zero (outside of any externally-applied field)
35,114

.  However, 

once a field of E > Ec(the coercive field) is applied, upon removal, leaves the crystal with 

a remnant net polarization in the direction of the field (Pr)
35

. 
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In polycrystalline/polydomain ferroelectric thin films, Landau and Ginzberg alter the 

above equations/‘framework’ (which are more or less a ‘bulk’ expression) to eqn. 2.2.23: 

 

 where Pr is remnant polarization, G is the free energy, h is the film thickness,  

 A = g2 = γ(T-To), B = g4, C = g6, D is another coefficient, g is an energetic cost to 

 changing Pr near an electrode/FE interface, Ed is the depolarizing field, and δ is 

 ‘extrapolation length’, a correction term which compensates for surface area.  The 

 dS term compensates for interface/surface effects, and Ed for the depolarizing 

 field 

 

Polarization P, atomistically, is caused by distortions of the center cation of the BO6 

octahedron and subsequent shift of that octahedron relative to the corner atoms of the 

initially cubic perovskite lattice, as discussed previously
35-38,111

, and hence the 

consequential formation of electronic dipoles within the crystal.  The total dipole moment 

p


 (  nnrqp


, where qn is charge and nr


 is position vector) of a polarized crystal leads 

to a built-in electric field at any given point( )(rE


, which is based on Maxell’s 

equations
114

) within it, given by (eqn. 2.2.24)
114

: 

  5

0

2

4

)(3
)(

r

prrrp
rE




 
      (2.2.24)

114
 

 where ε0 is the electrical permittivity of free space 

If )(rE


is taken at various points r


within the crystal, it may be referred to as 

‘microscopic field’ )(re


, which can then be plugged into eqn. 2.2.25 to find a net 

average ‘built-in’ electric field ( )( orE


)within a ferroelectric (or otherwise electronically 

polarized) crystal
114

: 

(2.2.23)
91, 116
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      (2.2.25)
114

 

The calculations for the dipole moments (based on ion charges and displacements) as 

well as those for the microscopic fields, even within a single unit cell or bulk single 

crystal, can likely be quite cumbersome, and likely best solved numerically based on 

lattice models, distortions/displacements, and ion charges.   

 

A semi-empircal approximation for the correlation between polarization and internal field 

is given by eqn. 2.2.26
115,116

: 

  
0

)(

 P

EEE appliedlocal       (2.2.26)
115,116

 

 where χ(E) is the electronic susceptibility of the material at field E γ is the 

 Lorentz factor for ‘coupling of dipoles’, ‘theorized’
115

 as ~0.33 but in experiments 

 found to be approximately two orders of magnitude less
115

. 

 

Taking the value of remnant polarization for BFO
100,101

 as ~60μC/cm
2
 (and hence the 

applied field is zero), and the approximation for γ as given above
116

 yields an 

approximate ‘built-in’ electric field of ~2240kV/cm, meaning that in a 1μm thick film, 

the ‘built-in’ voltage of ~0.22V, which could potentially make ferroelectricity a 

significant contributor to ‘built-in’ field/voltage and photovoltaic devices. 

 

Morevoer, it has been proposed
117

 that the internal field (both switchable (ferroelectric, 

|Vp|) and non-switchable (|Vbi|) contributions) can be calculated via IV-characterization 

and open-circuit voltages (V+ when the ferroelectric material is poled one direction, and 
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V- when it is poled in the opposite direction), as noted in eqn. 2.2.27
117

 and 2.2.28
117

 

below: 

    |Vp| = )(
2

1
VV     (2.2.27)

117
 

    |Vbi| = )(
2

1
VV     (2.2.28)

117
 

Thin-films as those likely to be used as sensitizers (i.e. on the order of 100-200nm or 

less) may be significantly [negatively] impacted by a depolarizing field (Ed)
104

, as 

discussed previously in section 2.1.3
91,92

.  A depolarizing field occurs due to the 

accumulation of charges at electrode/FE interfaces, and their subsequent production of an 

electric field opposing the applied electric field a/o ‘built-in’ field created by FE-

polarization, thus lowering the net/apparent polarization across the material
91,92

.  At some 

critical thickness (usually on the order of a few to several unit cells), this field leads to the 

apparent ‘cancellation’ of ferroelectric behavior in a material altogether
91,92,118

.  Surface 

chemistry alteration
36

 and curvature/stress-strain effects
91

 can assist in mitigating the 

depolarizing field by mitigating surface charge (the former) and assisting/adding to 

polarization via curvature and strain (the latter)
36,91

. 

 

2.3 Thin Film Deposition Techniques 

2.3.1 Electrochemical Deposition  

Electrochemical deposition, or cathodic electrodeposition, is a process by which material 

(often metallic or ceramic)
119-123

 is deposited from pre-cursor solution(s) onto a 

conducting substrate (i.e. ‘cathode’ of an electrochemical cell) via an applied electrical 

potential.  This process often utilizes a three-electrode setup, with the substrate serving as 
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the working electrode where deposition occurs, a conductive and an (often but not 

always)
120

 inert
121,122

 counter electrode to ‘complete the circuit’, allowing for the flow of 

current to occur, and a reference electrode containing a redox reaction of well-known and 

established potential (often a hydrogen-based standard, Ag/AgCl or saturated calomel 

(HgCl2)), to establish a comparative potential, which the deposition or measured potential 

is based on. Since this section work deals primarily with the electrodeposition of ZnO 

from Zn(NO3)2 precursor, the equations for such zinc oxide electrodeposition is given 

below
121,122

:  

    NO3
-
 + H2O  NO2

-
 + 2OH

-
    

    Zn
2+

 + 2OH
-
  ZnO     

 

Giving an overall reaction of
121,122

: 

    

    Zn
2+

 + 2NO3
-
  ZnO + 2NO2

-
 

 

Figure 2.3.1[based on 119,etc.] shows a schematic of the electrodeposition process: 

 

Figure 2.3.1[based on [119,etc.]]: Schematic of the electrodeposition setup/process 

Deposition of material via electrodeposition is governed by Faraday’s Law, a restatement 

of which is shown in eqn. 2.3.1
124

 below: 
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124
 

where h is the film thickness, M is molecular weight of the deposited species, n is the 

number of electrons involved in the deposition reaction, ρ is the density of the deposited 

species, A is substrate deposition area, I is deposition current (or, as seen on the right, 

equation can be written in terms of deposition current density J), t is deposition time, and 

F is Faraday’s constant (~96,500C/mol).   

 

For simplicity, cathodic electrodeposition is often done as potentiostatic (constant 

voltage) or a galvanostatic (constant current) mode.  Since the deposition current can be 

controlled by setting it (galvanostatic deposition) or known by measuring it 

(potentiostatic deposition), and the deposition species and charges are known, a desired 

thickness can be used to calculate deposition time required, or vice-versa. 

Important parameters governing electrodeposition are the potential a/o current/current 

density, precursor solution, species and concentration, solution temperature, and 

deposition time.   Increases in deposition potential (potentiostatic) or current 

(galvanostatic) increase deposition rate.  Increased deposition time yields an increased 

deposition thickness.   

 

In this work, electrodeposition was used to deposit rough ZnO films of ~several hundred 

nanometers to a few microns in thickness.  However, the process has also been used to 

not only deposit ZnO nanowires
57,75,76,120,125

 on ‘pre-seeded’
57,125

 substrates or via 

template assisted growth
120

, but also more ‘typical’ sensitizer/absorber materials (CdSe
76

, 
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CdTe
105

, etc.), and the hole-conductor CuSCN for other work on DSSC or eta-solar 

cells
62

. 
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2.3.2 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a technique by which carefully-timed pulsed 

precursors, within a certain temperature and pressure window, can, via reaction and 

chemisorption, form many different metallic or ceramic/oxide compounds
126

, as 

demonstrated in Fig. 2.3.2
127

: 
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Figure 2.3.2[127]: Schematic of the atomic layer deposition process (for Al2O3 as displayed) 

As shown in the diagram, appropriately chemically functionalized substrates allow 

chemisorption of a precursor based on reaction between the functional group and 

precursor ligand(s).  Once the substrate is covered with the first precursor, which should 

not react or chemically bond with itself, excess precursor is flushed out of the chamber, 

and a second precursor flows, which does reaction with the ligands still attached to the 

later formed by the first precursor chemisorbed to the functionalized substrate, and a 

‘clean’ layer of precursor 2 is then formed on top of precursor 1.  This process can be 

repeated for several cycles depending on desired film thickness, etc., and can be used to 

fill over particles/features as well as in small a/o high-aspect ratio pores
126

. 

 

Well-established
128

 protocol for ALD of TiO2 films exist, when conformation to a 

substrate a/o extremely accurate film thickness is desired.  Due to the ready availability 

of ALD to the group, ALD-based TiO2 films were used in this work to initially determine 

the viability of using TiO2 as a wide-gap semiconductor in conjunction with a BiFeO3 

sensitizer (more details in Ch. 5). 

 

2.3.3 Dip-coating 

Sol-gel chemical reactions, in general, have been used to deposit many ceramic, 

semiconducting, or even ferroelectric materials
129,130

 previously.  Metallic, non-metallic, 

or metalloid-based precursors for such processes often have organic or nitrate ‘ligands’ 

attached
130

, which facilitate the sol-gel process, described generally by the hydrolysis and 

condensation reactions given
131

: 



53 

 

A(OR)x + B(OR)y + H2O (RO)(x-a)A-(OH)a + (HO)(y-b)-B-(RO)(y-b) + ((x-a)+(y-b))R
 
+ xH2 

Hydrolysis (gel-formation) 
 

(RO)(x-a)A-(OH)a + (HO)(y-b)-B-(RO)(y-b)  (NO3)(3-x)A-O-B(NO3)(3-x)…+xH2O 

Condensation (sol-formation) 

 

Material ‘sols’ can be easily deposited on substrates by a variety of techniques, such as 

drop casting, spin coating, and dip coating.  For this work, sensitizer/absorber material 

was [most] often deposited by dip-coating, due to the simplicity of the process and ease 

of layer thickness control when compared to the other two. 

 

Moreover, nanoparticle suspensions can also be deposited via dip-coating, and 

subsequently heat treated to achieve desired morphology, thickness, and/or properties as 

well.  Dip-coating wide-gap semiconductor nanoparticle suspensions onto conductive-

glass substrates and subsequent sintering them can yield a rough and/or porous film, 

which, though perhaps not the most uniform and not flat, is often considered favorable 

for DSSC and eta-solar cell applications for the benefits of both additional surface area to 

absorb incident photons
58-61,75

 and possible light-trapping
75

, as discussed previously 

(Section 2.2.1.3). 

 

Dip-coating is a simple, relatively inexpensive
 
coating technique, where a vertically-

oriented substrate is ‘dipped’ in a precursor solution bath (Fig. 2.3.1)
132 

and retracted at a 

set speed. 
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Figure 2.3.1[modified from 132]: Schematic of the dip-coating process, noting key parameters 

 

As the substrate is removed, the desired inorganic material is deposited on the substrate 

surface and further concentrated by solvent evaporation, eventually forming a xerogel on 

the substrate. 

 

Achieved film thickness can be controlled in the dip-coating process by three main 

parameters: withdrawal speed, sol/solution viscosity (namely dictated by solution 

concentration and solvent viscosity), and number of dipping ‘cycles’ performed on a 

given sample.  Equation 2.3.2
132

 shows the relationship between film thickness (h), sol 

viscosity (η), and withdrawal speed (Uo) first derived by Landau and Levich
132

: 

 

  

2/16/13/2 )(/)(94.0 gUh LVoo      (2.3.2)
132
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Faster withdrawal speeds, higher sol viscosities, and more ‘cycles’ of dipping result in 

thicker films, and since all three of these parameters are easily tunable, dip-coating is a 

quite favorable, simple process for film/coating deposition.  Also, coating porosity can be 

tuned by varying solvent species or evaporation rate
132

. 

 

2.3.4 Other Potential Deposition Techniques 

TiO2 has been, in [both] film and wire/nanotube form, successfully deposited by 

metallorganic chemical vapor deposition (MOCVD)
100,133

, sol-gel synthesis
63,64,134,135

, 

spray pyrolysis
110

, electrochemical deposition
134

, Ti-metal/foil anodization
56

, pulsed laser 

deposition (PLD)
58,136

, spin-coating
137

, etc., as well as combinations of such techniques
64

.  

However, for the combination of simplicity, thicknesses control, and desired morphology 

(rough a/o porous)
30,58-61,68,,75

, along with precursor and setup costs considered, 

suspension/paste deposition seemed to be the best technique for TiO2 deposition for the 

‘brunt’ of  this work.   

 

BFO thin films have been synthesized and deposited by sputtering
105

, pulsed laser 

deposition (PLD)
101

 and metallorganic chemical vapor deposition (MOCVD)
100

 as well, 

but again for the sake of simplicity and maintaining low costs for precursors and 

processing (once again in the ‘spirit’ of DSSC and eta-solar cells in the ‘inexpensive and 

simple’ 3
rd

 generation solar cells ‘camp’), as well as due to the control over thickness and 

conformation available to the process, sol-gel chemistry
138,139

 and dip coating were 

chosen, respectively, as the synthesis and deposition routes for BFO.  However, another 
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possibility (utilizing the same nitrate-based precursors as the sol-gel technique), 

electrodeposition of BFO has also been proven possible and viable
140

. 

 

Aside from solution/drop-casting (section 3.5), the prevalent means of depositing 

CuSCN, especially for DSSC or eta-solar cells, is electrodeposition
62,141

.  A method that 

allows for the fabrication of control devices as similar as possible to their sensitized 

counterparts (minus having an actual sensitizer/absorber layer) should be used, and 

solution casting of CuSCN can likely be done on ZnO, TiO2, and BFO surfaces without 

any need for tuning/retuning process conditions for each material. 

 

2.4 The ZnO or TiO2/BFO/CuSCN System 

The key semiconducting materials explored as a potential eta-solar cell device system in 

this thesis are TiO2 (or ZnO), BFO, and CuSCN.  These materials were chosen as a set 

based on their prospective, ‘idealized’ band alignment, found based on their electron 

affinities (qχ) (conduction band locations relative to the vacuum level), work function (φ, 

to indicate location of Ef) and band gaps (Eg) (valence band energy relative to the 

conduction band)
142,143

, as shown in Figure 2.4.1
40,59,76,100,103,105,108,117,140,142-150

: 
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Figure 2.4.1[40,59,76,100,103,105,108,117,140,142-150] ‘Idealized’ band alignment for the TiO2 or 

ZnO/BFO/CuSCN system 
ZnO, due to its favorable band gap and predicted alignment (Eg ~3.3-3.4eV

59,76
, 

qχ~4.2eV
146

) with BFO and CuSCN, was also tried as a candidate wide-gap 

semiconductor photoanode matrix material in this work.  ZnO is a II-VI oxide and wide-

gap semiconducting material, which typically crystallizes in a hexagonal (wurtzite) 

structure
108,151,152

, shown in Fig. 2.4.2
151

.  It is often n-type as-synthesized likely due to 

oxygen vacancies
153

, or potentially Zn-interstitials
153

 or H-interstitial incorporation
154

.  

However issues arose with its sensitization via BFO (later described in section 5.1.3). 

 

Figure 2.4.2[152] Schematic of the ZnO (wurtzite) crystal structure 
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TiO2 has three distinct polymorphs
153,155-157

; anatase (tetragonal), rutile (tertragonal), and 

brookite (orthorohmobic), shown in Fig. 2.4.3
155-157

.  Anatase, α-TiO2 

(Eg~3.1 3.4eV
144,145

, qχ~3.9eV
145

), is a wide-band-gap semiconductor used much 

throughout the literature
30-34,41-45,47-52,54-56,58,61-72,74,80,144,148

 for DSSC and eta-PV 

applications. 

 

Figure 2.4.3[155-157]: Schematic of anatase (left), rutile (center), and brookite (right) crystal 

structures of TiO2 polymorphs 
Similar to ZnO, α-TiO2 is often n-type ‘as synthesized’ as well, due to oxygen vacancies, 

and potentially Ti-interstitials
158

. 

 

BiFeO3 is a multiferroic (ferroelectric (TC ~ 850
o
C, EC >500-600kV/cm (50-

60V/μm)(thin films) and ~17kV/cm(bulk)), PR ~ 60μC/cm
2
(for both))

100,159
, 

antiferromagnetic (TN = 370
o
C)

100,159
) ternary oxide, which crystallizes in the perovskite 

structure, and is cubic above and rhombohedrally-distorted below its (ferroelectric) Curie 

temperature (Fig 2.4.3)
based on 160

.  In addition, and fairly unique among perovskite 

materials, BiFeO3 has a band gap well within the energy range of visible light (Eg~2.2-

2.8eV)
40,100,103,105,117,139,147

, hence allowing for its potential use as a photosensitizer or 

absorber. 
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Figure 2.4.3[based on 160] Bismuth ferrite cubic-(left) and rhombohedrally-distorted-(right) 

perovskite crystal structures 

 

Though its band gap is within the visible light energy range, the band gap of bismuth 

ferrite is ‘higher than ideal’ for sensitizer applications when compared to the energy 

required for absorption in many dyes or inorganic sensitizers/absorbers (i.e. ~1.4-1.8eV 

considered an ‘ideal’ range for sensitizer/absorber energy gap
108

) used in previous work.  

However, the use of a ferroelectric sensitizer, that is a material that can retain some 

electronic polarization within it despite the absence of an externally-applied electric field, 

may have novel effects on charge separation and/or transport that traditional dye-

sensitizers or semiconductor absorbers would not have, possibly ‘lending itself’ to an 

increase in overall efficiency.  Furthermore, the use of BiFeO3 in photovoltaic 

applications may be favorable vs. many popular semiconductor absorber/quantum dot 

sensitizer materials due to the absence of carcinogenic or fairly toxic precursors and 

heavy metals (Cd, Hg, Pb, etc.), making this material a more ‘environmentally-friendly’ 

option for an already reasonably ‘environmentally-friendly’ application. 

 

CuSCN is considered an inorganic p-type semiconductor (Eg~3.6eV) that crystallizes in a 

hexagonal
76,151

, orthorhombic
 151

, or rhombohedral
151,161

, or perhaps furthermore a 
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trigonal
141

 crystal structure, and serves as a solid-state hole conductor for the devices 

proposed and utilized in this work.  As a solid, p-type material with favorable band 

alignment with both α-TiO2 and BFO, and, as discussed previously, some possible 

stability advantages vs. CuI
[]
, as well as it’s usage for similar devices in previous 

literature
[]
, CuSCN was selected as the representative hole conductor material for this 

work. 

 

2.5 Novel Research in this Thesis 

The central novelty in this thesis is the use of bismuth ferrite (BiFeO3, BFO) as a 

“sensitizer”-type material in SSC/eta-type for TiO2-based photovoltaic devices.  Many 

groups in the literature already work on a variety of sensitizers and absorbers for such 

TiO2-based devices
34,41-45,47-52,54-56,58,61-72,74,80

 and ZnO-based
57,59,75,76,108,125

, and 

others
39,40,100,104,106

 have characterized BFO for potential “conventional”/“stand-alone” 

photovoltaic device properties and applications, and the use of ferroelectricity (as 

opposed to a p-n junction) for generating the electric field in PV devices necessary for 

charge separation and transport. Furthermore, Li et. al.
108

, have coupled BFO with the 

wide-gap semiconductor TiO2 in core-shell nanoparticles for catalysis of organic dye 

breakdown, but did not mention nor utilize such a system for photovoltaic applications, 

nor was the effect of ferroelectric polarization of BFO on such a system’s performance 

investigated. Also, Wu, et. al., have investigated diode-like behavior in the BFO/ZnO 

system, though not noted for photovoltaic applications
105

. Despite the amount of 

somewhat related work in the literature, thus far none have published on the use of BFO 

as a thin-absorber or sensitizer material for photovoltaic applications.  The synthesis and 
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viability of a BFO-sensitized device, both TiO2- and ZnO-based, are ‘talked’ about in this 

work, as well as structural, morphological, optical characterization of such devices at 

various stages of ‘production’ or ‘fabrication’, including comparison to ‘sensitizer free’ 

control devices.  Also, attempts at and issues with ferroelectric polarization and 

characterization of BFO films on FTO-glass, as well as preliminary electrical 

measurements conducted on Bi-Fe-Zn-O/ZnO and CuSCN/BFO/TiO2 devices are 

discussed. Assessment of such initial ‘pioneering’-type work on such systems of 

materials, as well future implications of and synthesis improvements for said systems, as 

well as related potential future systems, are also duly noted. 
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CHAPTER 3: SYNTHESIS AND FABRICATION TECHNIQUES 

3.1 Synopsis of Synthesis/Fabrication 

For ‘complete devices’, FTO-glass substrates were ultrasonically cleaned prior to TiO2 

film deposition via nanoparticle (NP)-based solution/suspension dip-coating.  BiFeO3 

sols were produced via sol-gel chemical synthesis, and films were then deposited on 

FTO-glass substrates w/ TiO2 films via dip-coating to ‘sensitize’ the TiO2.  CuSCN was 

then deposited as a ‘hole conductor’ via a solution deposition technique, and a metallic 

‘top contact’ was then deposited on top of that layer to complete the device.  

Characterization was done (discussed further in chapter 4) on nearly-complete devices as 

well as samples at various stages of this fabrication process, including ‘sensitizer-free’ 

controls. 

 

3.2 Substrate Preparation and Cleaning 

F:SnO2 (FTO)-glass substrates of sheet resistance ~10Ω/□ (Hartford Glass Co., Inc., 

TEC15, 25mm x 50mm) were probed via multimeter (Fluke 77III) in resistance 

measurement mode (i.e. ohmmeter) to find the FTO (i.e. ‘conducting’) side of the 

substrate.  FTO-glass substrates were then scribed on the non-conducting (i.e. ‘glass’, to 

minimize potential damage to the FTO coating on the opposite surface) side to denote the 

conducting vs. non-conducting surfaces of the substrate.  Substrates were then cleaned 

ultrasonically (Branson 3210) in small beakers containing an approximately 1:1:1 

volumetric ratio of acetone to isopropyl alcohol (IPA) to deionized (DI) water, 

respectively, for approximately 15 minutes, and dried with N2 prior to use 
162,163

. 
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3.3 Electrodeposition of ZnO 

ZnO was cathodically electrodeposited on several ‘clean’ FTO-glass substrates (on the 

FTO (i.e. conductive) surface), either potentiostatically (between -0.95V and -1.10V) or 

galvanostatically (between -6.0mA and -10.0mA (~0.7-2.7mA/cm
2
)) in ~0.1M 

Zn(NO3)2(aq) solution at ~70
o
C-90

o
C (hot plate) for various times (~400-3600sec.), 

depending on the approximate desired [mean] film thickness, as described previously
119-

121
.  Potential was either established (potentiostatic) or measured (galvanostatic) via a 

potentiostat (PineWaveNOW) compared to an Ag/AgCl reference electrode (Pine 

Instruments Inc.).  A Pt-wire (often contained in a glass frit) served as the counter 

electrode, and measurements were recorded by computer software (AfterMath). 

 

3.4 Synthesis/Deposition of TiO2 Films 

3.4.1 Nanopowder Suspension-based TiO2 Films 

TiO2 nanopowder (Alfa-Aesar, >99% anatase,~32nm average particle diameter) was 

dissolved, mixed/crushed manually with a metal spatula some, and subsequently 

magnetically stirred in deionized water for several minutes, yielding a suspension with 

final TiO2 concentration of ~0.1g/mL.  While stirring, ~ 4 drops (in ~30-40mL total 

suspension volume) of surfactant triton x-100 (Alfa Aesar (via VWR)) was added to the 

suspension, and it was then stored in a polypropylene bottle.  This process was somewhat 

based on work by Kontos, et. al
164

 and Arabatzis, et. al.
165,166

, though they utilized a 

doctor-blade technique rather than dip-coating to achieve desirable thicknesses. 
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FTO-glass (Hartford glass TEC-15, 25mm x 50mm) substrates were subsequently dipped 

in the suspension via a LabView 7.0-controlled lead-screw linear actuator dip-coater, and 

retracted at selected rates in the range of 10mm/min-1500mm/min (see Fig. 5.1.17 

following in Ch.5 for film thickness ‘detail’) for a ‘single cycle’ at each rate. 

 

To achieve thicker films, multiple dip-coating ‘cycles’ could be performed on a given 

substrate, provided it was allowed to ‘properly dry’ in between each one.  For instance, 

~1.1μm thick TiO2 films were achieved by dip-coating a clean FTO-glass substrate at 

1500mm/min four times.  Much of the discussed BFO/, CuSCN/, and CuSCN/BFO/TiO2 

work discussed later in this thesis utilized samples dipped in TiO2 suspension at 

1500mm/min dipped for one or four cycles, due to the potentially ‘desirable’ relatively 

‘higher’ thickness achieved. 

 

Post dip-coating, samples were placed in an oven (VWR) at ~100
o
C for ~10min. 

(aqueous) to ensure drying, and then placed in a box furnace (Vulcan 3-130) at 500
o
C for 

1 hr to anneal and partially sinter the TiO2 films. 

 

3.4.2 Atomic Layer Deposition of TiO2 Films 

Atomic layer deposition (ALD, Cambridge Nanotechnology) of TiO2 films was carried 

out on clean FTO-glass substrates.  Titanium isopropoxide Ti(O-i-Pr)4 (Strem Chemical, 

98%) and deionized H2O (via Millipore, Natural Polymers and Photonics Lab, Drexel 

University) were used in alternating pulses in the reactor at a base pressure of 0.5torr, and 

temperature of 200
o
C, as prescribed by Cambridge

127
.  Film thicknesses, estimated first 
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via ellipsometry (w/ FilmWizard software) and later ‘verified’ via SEM cross section 

were between 200 and 250nm.  Post-growth, films were heat treated in the furnace in 

ambient air at ~500
o
C for 30 min, based on previous work/findings

167
.  

 

3.5 BiFeO3 Deposition 

The recipe for BFO sol via sol-gel chemistry was adopted from Park, et. al.
137,138

.  5mmol 

each of Bi(NO3)3*5H2O(JT Baker, 98% ACS Reagent) and Fe(NO3)3*9H2O(>99% ACS 

Reagent) were added to 12ml of ethylene glycol(VWR (BDH) 99% min.) and 

magnetically stirred on a hot plate (VWR) at ~80
o
C for ~1hr.  “Excess” ethylene glycol 

(a/o reaction ‘byproducts’ such as H2O) was then evaporated via heating at ~200
o
C for a 

few to several minutes on the same hot plate used previously.  The following chemical 

reactions describe the formation of the BFO-sol (all in ethylene glycol in this case): 

 
Bi(NO3)3 + Fe(NO3)3 + H2O  (NO3)(3-x)Bi-(OH)x + (HO)x-Fe-(NO3)(3-x) + xNO2

- 
+ xH

+ 

Hydrolysis (gel-formation) 
 

(NO3)(3-x)Bi-(OH)x + (HO)x-Fe-(NO3)(3-x)  (NO3)(3-x)Bi-O-Fe(NO3)(3-x)…+xH2O 

Condensation (sol-formation) 
 

After BFO sol was synthesized and, if necessary or desired, diluted, uncoated- or TiO2 

film-coated FTO-glass substrates were then typcially dip-coated into the BFO sol and 

retracted at a set rate between 1 and 1000 mm/min.  ‘BFO-sol’-coated substrates were 

then placed in an oven (VWR) at ~100
o
C for ~1hr. to dry, and then heat treated (typically 

for TiO2-based, not always for ZnO-based) at 400
o
C for 30min. (to ‘burn off’ any excess 

organic, byproducts, ligands, etc.) and 625
o
C for 1 or 2hr. (to crystallize BFO) in the 

furnace in air.  Some Bi-Fe-Zn-O/ZnO samples were heat treated via rapid thermal 
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annealing (RTA, Heatpulse 210) for 5-10min. between 400
o
C-650

o
C.  For later analyzed 

CuSCN/BFO/TiO2/FTO-glass, as well as the IV-characterized (Ch. 5.2) Bi-Fe-Zn-

O/ZnO/FTO-glass sample, the BFO-sol retraction rate commonly used for samples 

discussed in this work was 200mm/min. 

 

3.6 CuSCN Solution Bath Deposition 

The procedure for simple solution deposition of CuSCN on FTO glass was adopted from 

Kumara, et. al. in 2001
168

, with modifications similar to those done by O’Regan, et. al in 

2002
161

.  Briefly, ~0.2g CuSCN powder (Alfa Aesar, 96% min) in ~20mL (di-)n-propyl 

sulfide (Aldrich, 97%) was magnetically stirred “overnight” at room temperature, and 

allowed to ‘settle’ for several hours.  Then, FTO-glass, TiO2-FTO-glass, or BFO-TiO2-

FTO-glass substrates were placed on a hotplate  at ~75
o
C-85

o
C until heated, and CuSCN 

solution (shaken sometimes prior) was then dropped on the ‘top’ surface of the 

substrate(s) and “lightly spread” (w/ a dropper) along the surface of the substrate(s), and 

the substrate(s) were allowed to dry on the ~80
o
C hotplate (boiling point of propyl sulfide 

~142
o
C

161,162
), and the process was generally repeated ~8 times, for a thickness of ~3-

8μm. 

 

3.7 Electrical Contacting 

Thermal evaporation (Lesker ) of Ti-Au (on Bi-Fe-Zn-O/ZnO samples) or Au-Cr-Ag-Cr 

(CuSCN/BFO/TiO2/FTO-glass, CuSCN/TiO2/FTO-glass, BFO/TiO2/FTO-glass, 

TiO2/FTO-glass).  However, due to CuSCN morphology as well as time required for 
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evaporation, measurements were also done on samples contacted with silver paint (Ted 

Pella, Inc.; previously listed samples and similar as well as BFO/FTO-glass). 

3.8 Electronic Polarization of BiFeO3 

A DC-voltage (V) may be applied (Radiant Technologies Precision LC 100V 

Ferroelectric tester) across the BFO layer or completely fabricated device equivalent to or 

greater than the coercive field (Ec) required to polarize BFO layer at its given thickness(t) 

(i.e. V/t ≥ Ec).  Measurement of Ec and hence further details on this process are discussed 

later in section 4.5. 

 

 

CHAPTER 4 CHARACTERIZATION TECHNIQUES 

4.1 Synopsis of Characterization Techniques 

Characterization was performed on materials on FTO-glass substrates individually as 

well as combined materials/devices at varying stages and degrees of completion in the 

fabrication process.  Samples were analyzed using scanning electron microscopy (SEM), 

sometimes coupled with energy dispersive x-ray spectroscopy (EDX), as well as x-ray 

diffraction (XRD), and UV-visible spectroscopy (UV-vis).  Some finished devices and 

other samples were characterized by current-voltage (I-V) characteristics/curve 

measurements, and such curves were later further analyzed.  Incident photon-to-electron-

conversion-efficiency (IPCE), though not addressed in this work’s results, is a useful 

consideration for the future. 

 

4.2 Scanning Electron Microscopy (SEM) 
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SEM (Amray 1850) was used to view general morphology of films and material 

interfaces, as well as provide a general assessment of film thickness (cross section), 

microstructure, and grain sizes.  Backscattered electron detection (BSE) was used when 

helpful to provide additional contrast between film/material layers (due to the difference 

in elemental sizes in each of the materials utilized at various stages of fabrication). 

 

4.3 X-ray Diffraction (XRD) 

XRD (Siemens D500) was used to assess material crystal structure, phase, and, if 

applicable, preferred orientation in the materials/films utilized in these devices.  Typical 

scan parameters are a 2θ range of 20
o
-60

o
 (or 15

o
-85

o
 when such a range provides 

additional, useful information), scanned in 0.02
o
-0.04

o
 ‘steps’, and a dwell time of 1.5-2.0 

seconds. 

 

Peak widths in XRD spectra vary with particle/crystallite size.  This relation is given by 

the Debye-Scherrer formula (eqn. 4.3.1)
169-171

: 

    )cos(

)(

BB

K
t




      (4.3.1)

169-171
 

 where t is crystal ‘depth’, λ is incident x-ray (Cu-Kα1) wavelength, B is full-width 

 at half-maximum (FWHM) for a given peak (in radians), and θB is the Bragg 

 diffraction angle where that peak occurs.  A ‘shape’ factor K is sometimes utilized 

 to account for geometric, etc. considerations in crystallites/grains
169,170

, but is 

 simply  set to 1 for the sake of simple approximation/confirmation in this work. 

 

‘True’ FWHM is given by compensating for instrumental line broadening (BILB) within 

the measured FWHM (Bmeasured). BILB was found via XRD of a (111)-oriented Si wafer, 

and the FWHM (as that peak should be, in theory, as a δ-function in nature) of that 

peak
170

. ‘True’ FWHM (B) is given below (eqn. 4.3.2)
based on 170

: 
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22

ILBmeasuredBBB      (4.3.2)
based on 170

 

 

4.4 UV-visible Spectroscopy (UV-vis) 

UV-vis (Shimadzu UV-2501 PC) was used in absorbance, reflectance (with integrating 

sphere/diffuse reflectance measurement capabilities) and transmittance modes to assess 

the absorbance of the wide-gap semiconductor, absorber/sensitizer, and hole conductor 

layers individually on FTO-glass, as well as wide-gap/absorber and wide-gap/hole 

conductor pairs, and the final ‘sandwich structure’ of the three materials.  Light 

harvesting efficiency (LHE)
108,172,173

 can be calculated from absorbance α by the 

following (eqn. 4.4.1)
108,172

: 

     LHE = 1 – 10
-α

   (4.4.1)
108,172

  

 

The Tauc relations
172-174

 can be used to determine the indirect(4.4.2a) and/or 

direct(4.4.2b) band gap(s) of a material based on UV-vis data: 

     (αE)
2
 ~ E-Eg,direct   (4.4.2a)

174-176
 

     (αE)
1/2

 ~ E-Eg,indirect   (4.42b)
175,176

 

Spectra were referenced to a piece of FTO-glass, similar to the ones samples were grown 

on. 

 

4.5 Ferroelectric Poling and Characterization 

A ferroelectric tester (Radiant Technologies Precision LC 100V) was used to measure the 

ferroelectric hysteresis of BFO on FTO-glass and TiO2-FTO-glass, [as well as CuSCN-

BFO-TiO2-FTO-glass].  Based on ‘estimated’ BFO thickness and possible given 
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hysteresis data, as well as the literature values for Ec
39,100,159

 a voltage may be determined 

and then applied to ‘pole’ BFO, such that the electric field (E = V/t, where V is the poling 

voltage and t is the layer thickness) across the BFO layer is equivalent to or greater than 

the coercive field (Ec) ‘required’ for polarization direction ‘switching’ in the material.   

 

4.6 I-V Characteristics and Overall Efficiency 

IV measurements can be used to determine fill factor (FF) and overall device efficiency 

for PV devices (Fig. 4.6.1)
177

: 

 

Figure 4.6.1[177]: Schematic example of IV-measurements, key values and parameters noted 
 

PV-devices, as expected, often have a diode-like IV-characteristic (i.e. asymmetric IV 

characteristic, ideally with no current in the reverse bias direction (but often in reality 

with some leakage current this way), which follow the diode equation (eqn. 

4.6.1))
19,21,178

: 

    I(V) = Io(T) 1)
)(

exp( 
TkIn

Vq

b

e

   (4.6.1)
19,21,178
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where Io(T) is the temperature-dependent dark saturation leakage current, n(I) is a current 

dependent ‘ideality’ factor, kb is Boltzman’s constant, and T is absolute temperature.  

Essentially, the exponential-shape of the IV-characteristics of diodes and PV devices (i.e. 

Fig. 4.6.1)
19,21,178

 follows from this equation. 

 

Overall device efficiency(η), using the parameters found from IV-measurements as noted 

above, is calculated as follows (eqn. 4.6.3-7)
177

: 

    η = 
lampP

Pmax

     (4.6.3)
177

 

where Pmax is the maximum power generated by the PV device, given as: 

     Pmax = VmaxImax     (4.6.4)
177

 

where Vmax and Imax are the current and voltage at the max power point, respectively.  

The fill factor (FF) is determined by: 

   FF = 
scoc IV

Pmax

= 
scocIV

IV maxmax

    (4.6.5)
177

 

where Voc and Isc are the open-circuit voltage and short-circuit current, respectively.  

Solving for Pmax then gives: 

   Pmax = VmaxImax = FF∙VocIsc    (4.6.6)
177

 

The overall efficiency is then given by: 

   η = 
lampP

IV maxmax

 = 
lamp

scoc

P

IVFF
    (4.6.7)

177
 

Preliminary IV-measurements were done on Bi-Fe-Zn-O/ZnO/FTO-glass samples via 

vacuum probe station, with ‘light’ measurements done under ‘overhead’ illumination 

upon the sample (i.e. illumination from the ‘absorber’ layer down, not (as favorable) from 
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the glass substrate upward), and ‘dark’ measurements done with the sample chamber 

covered by paper. BFO/TiO2/FTO-glass via potentiostat (PineWaveNOW) recorded by 

computer software (AfterMath) under controlled-sweep potential with current output 

measured.  ‘Light’ measurements were done under diffuse/ambient light conditions in the 

room, and ‘dark’ measurements done with the sample under a black fabric cover. 

 

4.7 Photon to Electron Conversion Efficiency 

The incident photon to current conversion efficiency (IPCE) can be calculated using eqn. 

4.7.1
modified

 
from 19,108

: 

  IPCE(%) = %100





scJch

 = %100




lamp

sc

P

Ich

   (4.7.1)
19,108

 

 where h is Planck’s constant and c is the speed of light (i.e. hc in this formula is 

 commonly given as 1240eV-nm
19,179

, to be used with wavelength λ in nm), Jsc is 

 the short-circuit current density (Isc would be short circuit current), and Φ is the 

 incident light intensity (Plamp would be incident light power).   

 

Internal quantum efficiency (IQE) is a measure of a PV device’s ability to convert 

captured incident photons of light into electrical power, and is given by eqn. 

4.7.2
19,108,171

: 

   IQE = 
LHE

IPCE
= ηcφinj    (4.7.2)

19,108,171
 

 where LHE is light harvesting efficiency (section 4.4), and ηc and φinj are the 

 charge separation and injection efficiencies, respectively, and not directly 

 measured or calculated here. 

 

IQE can therefore be calculated from photon-to-electron conversion measurements 

coupled with UV-vis absorbance measurements. 
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External quantum efficiency (EQE) is a measure of the conversion of the total number of 

incident photons into charge carriers
21

, and is calculated using eqn. 4.7.3
108,171,

:  

   EQE =
hcJ

q

sc

e
 =

hcI

qP

sc

elamp
    (4.7.3)

108,171
 

where qe is elementary charge (i.e. the charge on an electron). 

 

 

CHAPTER 5: RESULTS AND DISCUSSIONS 

5.1 Materials Characterization 

5.1.1 ZnO 

Polycrystalline (wurtzite) ZnO films were successfully electrodeposited on FTO-glass 

substrates, as confirmed by XRD measurements, as exemplified in Fig. 5.1.1: 

 

Figure 5.1.1 XRD spectrum (with peaks identified and indexed) of representative electrodeposited 

ZnO film on FTO-glass 
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Example SEM micrographs of such films are shown in Fig. 5.1.2 below: 

 

Figure 5.1.2: Top (left) and cross-sectional (right) views of an example electrodeposited ZnO (-10mA, 

1800sec) film on FTO-glass 

 

 

As seen in the micrographs, these polycrystalline ZnO films are rough in nature, which is 

favorable for eta- or sensitized-solar cell applications (as discussed previously in Ch. 2), 

and have a wide distribution of crystallite/grain sizes (~tens of nm to ~1μm).  The SEM 

micrographs show, and XRD peak-width measurements run through the Debye-Scherrer 

equation (Section 4.3) for the first three peaks in Fig. 5.1.1 give a mean crystallite size of 

~57nm, and indicate mild anisotropy (Δd110> Δd002> Δd100). 

 

UV-vis of electrodeposited ZnO films on FTO-glass is shown in Fig. 5.1.3.  

Extrapolating the band gap from these measurements yields a value of ~3.32eV, which is 

in good agreement with the literature on ZnO
76,121,122,171

.  Moreover, this data and band-

gap extrapolation fit the second Tauc relation (eqn. 4.4.2b), indicating (also in 

‘reasonably good’ agreement with the literature
59,76,121,171

) that the ZnO is a direct-gap 

semiconductor. 
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Figure 5.1.3 UV-vis spectra for ZnO films (-1.0V) of differing mean thicknesses, Tauc representations 

and extrapolation of band gap shown (inset) 
 

5.1.2 α-TiO2 

Polycrystalline anatase(α)-TiO2 films were successfully deposited on FTO-glass 

substrates via both ALD and dip-coating in aqueous TiO2 NP suspensions, confirmed by 

XRD measurements, as exemplified in Fig. 5.1.4: 
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Figure 5.1.4 XRD spectrum (with peaks identified and indexed) of top) ALD- and bottom) NP-

suspension dip-coating-deposited-TiO2 films (~200-250μm) on FTO-glass 
Example SEM micrographs of such films are shown in Fig. 5.1.5 below: 

 

Figure 5.1.5: Top (top) and cross-sectional (SE(left) and BSE(right)) views of an example NP-

suspension-based TiO2 (~245nm) film on FTO-glass 

 

As seen in the micrographs, these polycrystalline TiO2 films are rough in nature, which is 

favorable for eta- or sensitized-solar cell applications (discussed previously in Ch.2).  The 

SEM micrographs show, and XRD peak-width measurements run through the Debye-

Scherrer equation (Section 4.3) confirm a mean crystallite size of ~39nm, which likely 

makes sense due to the short anneal time at ‘fairly low’ temperature (melting point of 

TiO2 is >1800
o
C)

180,181
, as well as the lack of a ‘correction factor’ used in the calculation 

(i.e. K ~ 0.9 would give 35nm crystallite size, and K~0.82 would give ~32nm crystallites 

again). 

 

UV-vis of TiO2 films on FTO-glass is shown in Fig. 5.1.6.  Extrapolating the band gap 

from these measurements yield a direct-band gap indirect-gap Tauc relations (not shown) 

yield Eg~2.9-3.0eV, which is not the most ‘sensible’ value for a transparent/’white’ 
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material) value of ~3.34eV, which is a bit higher than typically (bulk?) cited values
144

, is 

not in complete disagreement with related work
145

.  The ‘blue-shifted’ band-gap value 

may be due to size constraints
182

, because although Fen, et. al.
144

, used smaller (~25nm) 

TiO2 particles, their mixture (DeGussa P25), while mostly anatase, also contained a 

significant fraction (estimated at ~25% by Ohno, et. al.)
183

 of rutile (which has a lower 

band gap (Eg~3.10eV)
144

. 

 

Figure 5.1.6 UV-vis spectra for NP-based TiO2 films of differing mean thicknesses, Tauc relations 

and extrapolation of band gap shown (inset) 

 

 

5.1.3 BiFeO3 

Polycrystalline BFO films were successfully dip-coated from BFO-ethyelene glycol-

based sols onto FTO-glass.  Upon heat treatment, these films were found to be 

polycrystalline r3c (rhombohedrally-distorted perovskite) structure BiFeO3, as confirmed 

by XRD (Fig. 5.1.7): 
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Figure 5.1.7 XRD of BFO on FTO-glass, peaks indexed appropriately 
 

SEM micrographs (Fig. 5.1.8) were also taken of BFO-FTO-glass: 

 

Figure 5.1.8: Representative SEM micrograph of BFO-FTO-glass (top view) 

 

UV-vis was performed on BFO-FTO-glass samples, and band gap was extrapolated and 

found to be ~2.50eV(direct), again in agreement with the literature
39,100,117,

.  Fig. 5.1.9 

shows the UV-vis results for BFO on FTO-glass: 
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Figure 5.1.9: UV-vis of BFO on FTO-glass (ref. FTO-glass), inset shows Tauc relationship and 

extrapolated band gap 
 

Ferroelectric hysteresis curves were measured on these films as well, and is shown in Fig. 

5.1.10.  Due to the fairly high leakage currents, as well as slightly irregular contact area, 

and potential/visible ‘non-uniformities’ in sample thickness, Ec and Pr have not been 

recorded in this work. 
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Figure 5.1.10: ‘Raw’ ferroelectric hysteresis shown by a V vs. P (values approximated as few μC/cm
2
) 

plot for BFO heat treatment film on FTO-glass (top) and leakage current measurements, taken at 5V 

(bottom) 
As seen in Fig. 5.1.10, leakage currents

184
 are significant, even at ‘low’ voltages.  With 

an estimated contact area of ~0.1cm
2
 and time of ~10 sec., such would correspond to 

possibly mC/cm
2
 of leakage, which is very significant, considering Pr for BFO is given as 

~60μC/cm
2
 
100,159

.  With significant leakage, attaining a field across the material 

significant enough to ‘switch’ it would be rather difficult at best, and likely require higher 

voltage or low temperature measurements
100

.  However, BFO appears to be showing 

hysteretic behavior, albeit perhaps leaky
184

, indicating that such films can likely be 

polarized for the aforementioned applications. 

 

5.1.4 Attempts at BFO-ZnO 

Attempts at BFO sensitizer deposition were initially performed on ZnO-FTO-glass, via 

BFO-based sol-gel dip-coating and subsequent heat treatment.  However, as subsequent 

XRD spectra imply, several heat treatment conditions failed to yield crystalline BFO (if 

any BFO) on electrodeposited ZnO-FTO-glass substrates.  Table 5.1 summarizes 

experimental conditions: 
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Table 5.1: Summary of experimental conditions for attempts to deposit BFO on ZnO-FTO-glass 

BFO-ZnO Enivronment T1,t1 T2,t2 T3,t3 Comments 

1 furnace, air 

400C, 

12.5hr - - FTO, ZnO 

2 RTA, N2 400C, 5min - - FTO, ZnO 

3 furnace, air 400C,30min 

450C, 

10hr - 

additional peaks 

@~36.4º,~63º 

4 furnace, air 

450C, 

12.5hr - -   

5 RTA, N2 

500C, 

10min - -   

6 furnace, air 500C, 24hr - -   

7 furnace, air 400C,30min 625C, 2hr -   

8 CVD, LP, O2 625C, 3hr - -   

9 furnace, air 625C, 2hr 

400C, 

30min 

625C, 

2hr   

    

(prior to 

BFO) 

(post 

BFO)     

10 furnace, air 400C,30min 

625C, 

10hr - BFO(on exposed FTO)? 

11 furnace, air 400C,30min 625C, 2hr 

625C, 

10hr   

12 RTA, N2 650C, 5min - -   

BFO-TiO2-

ZnO           

13 furnace, air 

500C, 

30[]min 

400C, 

30min 

625C, 

2hr 

BFO, ZnO, a-TiO2, other 

phases 

    

(prior to 

BFO)       
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Figure 5.1.11 shows the relevant UV-vis absorbance plots for such a system: 
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Figure 5.1.11: UV-vis of a) BFO/, b) ZnO/, and c) Bi-Fe-Zn-O/ZnO-FTO-glass vs. FTO-glass (anneal 

conditions: furnace, air; 400
o
C, 30min; 625

o
C, 2hr) 

 

Both visual examination (Figure 5.1.12) of the samples and UV-vis seem to indicate a 

combination of BFO and ZnO present, as the Bi-Fe-Zn-O/ZnO-FTO-glass spectrum does 

appear to be a ‘hybrid’ of sorts of the spectra for the separate BFO- and ZnO-FTO-glass, 

though perhaps the increased absorption a/o (perhaps more likely due to the coloration of 

the film being orange rather than red, brown, or black) reflectance imply issues with or 

differences in the absorber material which occurs and actual BFO. 

 

Figure 5.1.12: Photographs of a) ZnO/ and b) Bi-Fe-Zn-O/ZnO/FTO-glass (anneal conditions: 

furnace, air; 400
o
C, 30min; 625

o
C, 2hr[]) 
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Light-harvesting efficiency calculations/estimations based on absorbance are shown in 

Fig. 5.1.13 below for UV-vis analyzed ZnO-based samples. 
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Figure 5.1.13: Light-harvesting efficiencies for a) ZnO/, b) BFO/, and c) Bi-Fe-Zn-O/ZnO/FTO-glass 

samples 
 

These LHE values are likely overestimates due to internal reflectance, particularly 

enhanced by the ZnO grain size’s (on the order of a few hundred nanometers to a bit over 

a micron) affects on light scattering
35

, being ‘on par with’ or a bit over the wavelengths 

of light used in the experiment.  Spalling/cracking of the film, as well as the ‘tile patterns’ 

and ‘intratile splits’ seen in some regions of such films (Fig. 5.1.14 to follow) may also 

contribute to internal reflectance.  The UV-vis absorbance measurements taken in 

absorbance mode likely measure transmittance and may not ‘inherently’ account for 

reflectance, particularly diffuse scattering and reflectance from internal light scattering.  

However, such internal reflectance and light-scattering features increase the probability 
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of light being absorbed before exiting the material
33,56,68,75

.  Moreover, the data indicates, 

as expected, that both BFO, and likely also the achieved absorber material have higher 

LHE values (due to their less-wide band gaps than ZnO) in the UV and visible region of 

the spectrum than solely a ZnO photoanode would.  Also, as expected, an added 

absorber/sensitizer material enhances light-harvesting for the same reasons when coupled 

with a transparent/transluscent/opaque white photoanode material, for similar reasons. 

 

SEM micrographs (Fig. 5.1.14) indicate a somewhat similar-looking absorber 

morphology, at least in spots, in places to that found on BFO-FTO-glass samples (ref. 

Fig. 5.1.8): 
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Figure 5.1.14 SEM micrographs of Bi-Fe-Zn-O/ZnO-FTO-glass in a,c) SE and b,d) BSE 

modes(anneal conditions: furnace, air; 400
o
C, 30min; 625

o
C, 2hr[]) 

 

 

As shown in the micrographs, the absorber, possibly along with some or all of the ZnO, 

forms a ‘mosaic-like’ pattern a/o begin to crack or ‘spall’ off (which may cause the 

increased apparent absorbance/likely reflectance seen in Fig. 5.1.11) the substrate.  

Moreover, apparent ‘phase separation’ into Bi-rich, etc. phases may be implied by the 

light and dark regions of BSE images. 

 

XRD spectra (Figure 5.1.15-5.1.17) for various heat treatment conditions and attempts of 

these and similar samples indicate no crystalline BiFeO3 is present. 

 

Several crystallization attempts at lower temperatures (~400
o
C-550

o
C in air) in the 

furnace did not appear to yield any crystalline absorber, no less BFO.  Figure 5.1.15 

summarizes these results: 
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Figure 5.1.15: XRD spectra for furnace heat-treatment conditions that did not yield crystalline 

sensitizer material 

 

Therefore, increased heat treatment times at various temperatures were also tried. 

Longer crystallization times, regardless of heat treatment temperature, yielded various Bi- 

a/o Fe a/o Zn-containing oxide phases, which were not BFO, as indicated in Figure 

5.1.16: 

 

Figure 5.1.16: XRD spectra for furnace-annealed (in air) samples, temperatures and heat treatment 

times indicated 

 

 

It would appear that the electrodeposited ZnO either inhibits BFO formation a/o catalyzes 

the formation of phase-separate Bi-Zn-O a/o Fe-Zn-O a/o other Bi-Fe-O phases a/o Bi-O 

or Fe-O type phases.  Moreover, the noted phases are all cubic, thus ferroelectricity 

(which requires asymmetry in such crystals) is likely not present in the absorber layer, 

making these non-BFO ‘alternative phases’ likely unsuitable for the portion of the 

proposed work dealing with the effects of ferroelectricity on sensitization.  Without 

ferroelectricity, and with the similar coloration and apparent UV-vis ‘character’ to BFO, 



88 

 

such might function as a good non-polar ‘control’ sensitizer in the future, however a 

combination of materials with formation not yet well-understood in the scope of this 

work may not be the best alternative for such either. 

 

Since furnace anneals often took between an hour and a half and several hours, diffusion 

of Bi- and Fe- species into the ZnO was also theorized as a problematic possibility.  

Therefore, similar samples were annealed by N2-atmosphere RTA for ~5-15min. at a few 

of temperatures between 400
o
C and 650

o
C (higher temperatures cause the FTO-glass 

substrates to soften a/o melt and warp) to attempt to mitigate such issues, should they be 

problematic.  Results are shown in Figure 5.1.17: 

 

Figure 5.1.17 XRD spectra for RTA-annealed samples, temperatures and times indicated 

 

Again, oftentimes, secondary Bi- a/o Fe- a/o Zn-containing oxide phases were formed 

(few possible cubic ternaries indexed), and no crystalline BiFeO3 was seen, so diffusion 
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was not likely a major factor in the lack of BFO formation.  Also, again worth noting, the 

400
o
C heat treatment appeared to yield no crystalline phases containing significant 

amounts Bi- or Fe-. 

The issue does not appear to be one involving any reaction, combination, phase change, 

etc. between ZnO and FTO-glass due to typical heat treatment conditions.  Comparison 

between XRD of ZnO-FTO-glass prior- and post-heat treatment (run at ‘typical’ heat 

treatment conditions for other BFO/wide-gap semiconductor/FTO-glass or BFO/FTO-

glass samples in this work) in air in the furnace at 400
o
C for 30min, 625

o
C for ~1hr (Fig. 

5.1.18) shows no obvious composition/chemical or phase changes occurring in 

ZnO/FTO-glass after exposure to the heat treatment conditions.   

 

Figure 5.1.18 XRD of ZnO/FTO-glass prior to (blue) and post (red) previously noted heat treatment 

conditions 
 

Several other issues could cause such problems with the potential BFO/ZnO system, with 

BFO-absorber layer produced via sol-gel dip-coating.  These two materials could be, at 

elevated temperatures (BFO/ZnO devices were made via other routes
105

 previously not 
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requiring heat treatment or crystallization steps), strictly incompatible.  To assess this 

theory, one would have to try dip-coating ZnO substrates or coated substrates produced 

by methods other than electrodeposition in similar BFO-sols, and if similar BFO 

formation inhibition or secondary phases were evident, this situation would in fact be the 

case.   

 

Electrodeposited ZnO may, for reasons such as surface chemistry/termination, also be at 

the ‘heart’ of the problem, in which case, one could investigate chemical surface 

termination of such films via a technique such as FTIR, and compare it to the termination 

of ZnO produced by other means, and subsequently perform similar BFO-dip-coats, heat 

treats, and XRD analysis to compare. 

 

Perhaps for the BFO-ZnO system, high surface area (due to desirable roughness a/o 

porosity in the electrodeposited films) catalyzes the formation of secondary Bi/Zn- a/o 

Fe/Zn-, etc. based oxide phases.  Finding an electrodeposition route to deposit ‘fully 

dense’ (or at least moreso) ZnO films a/o using a different processing route (such as 

MOVPE or ALD) to make dense, smoother ZnO films and performing similar dip-

coating, heat treatment, and XRD analyses would shed light on this possibility too.  

Similar experiments may also indicate if crystallite size of the rough ZnO present leads to 

increased Gibbs-Thomson solubility of ZnO in the Bi/Fe-based sol, and hence the 

formation of secondary phases.  However, as evidenced by the micrographs in Fig. 5.1.2, 

electrodeposited ZnO has a wide distribution of grain/crystallite sizes present, indicating 

that for Gibbs-Thomson solubility to be the main issue, the crystallites in these films 
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would almost entirely, at least, have to be below a certain critical radius (because no BFO 

is evident, that would indicate all sol-based products are participating in ZnO-

dissolution).  Work on films with more uniform grain/crystallite sizes, as well as single-

crystal substrates, would provide some indication as to the likelihood of this scenario.   

 

Also, pH-mediated surface etching or dissolution (perhaps also facilitated by 

roughness/porosity, increased surface area a/o crystallite size) of ZnO and subsequent 

heat-treating could also be present and problematic.  ZnO is fairly pH sensitive, and 

rather soluble in both acidic and basic pH environments, not far outside the 6-8 range.  

The pH of the ethylene-glycol Bi(NO3)3/Fe(NO3)3 sol, when measured via pH paper and 

pH meter (Thermo), is found to be ~0.1(meter)-2(pH 1-12 paper), indicating that at the 

very least pH a/o surface etching, dissolution a/o reactions may be problematic.  

‘Bulk’/’fast’ etching of ZnO in the sol, however, seems unlikely, because the orange 

coloration indicating the Bi-Fe-O-containing layer (Fig. 5.1.12) still appears to be atop an 

opaque white layer (as seen from behind the substrates as well, and as opposed to 

viewing BFO simply on glass, which is appears a more translucent orange with ‘fringes’ 

of color from non-uniformities in deposition thickness). Moreover, XRD peaks of ZnO 

are not highly diminished post attempted BFO deposition.  Visual examination of the 

samples (ref. Fig. 5.1.14) from the front, though orange post dip-coating and heat 

treatment, is still opaque like ‘plain’ ZnO-FTO-glass samples appear. Also, from behind, 

white, opaque ZnO is still evident, visible through the glass substrate.  Therefore bulk 

dissolution or etching of ZnO is unlikely, but surface dissolution or etching may not be 
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out of the question.  Changing the pH of the sol, or depositing BFO on electrodeposited 

ZnO-FTO-glass by a different method (such as MOCVD
100

 or sputtering
103

).   

 

Or, simply or in conjunction with one or more of the above theories (such as surface 

termination chemistry, reaction/dissolution, etc.), perhaps ZnO, for structural reasons (i.e. 

wurtzite/hexagonal vs. tetragonal (i.e. as for SnO2 or α-TiO2
155

))
151

 a/o lattice 

parameter/size, or even perchance stoichiometry-related reasons causes the favorable 

nucleation of alternative Bi-Fe-O a/o Bi-O a/o Fe-O, etc. phases, catalysis of the 

formation of such phases, a/o inhibition of BFO formation a/o crystallization during 

exposure to at least temperatures over 500
o
C (perhaps the apparent lack of crystalline 

BFO or any significant amounts of crystalline absorber at the lower temperatures may be 

somehow related as well) in air for hours or N2 for shorter periods of time. 

 

However, some apparent possible/initial success appeared to be had upon heat treating 

BFO-ZnO-FTO-glass in an O2 (albeit low pressure) environment in a quartz-tube furnace 

(Fig. 5.1.19): 
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Figure 5.1.19: XRD spectrum for BFO/ZnO/FTO-glass placed in a quartz tube reactor at low-

pressure (likely a few torr) at 625
o
C for ~3hr 

As indicated by XRD results, BFO is apparently present along with ZnO on this sample.  

However, samples had to be cut/broken ‘lengthwise’ in order to fit them in the tube 

furnace/reactor.  Moreover, some ‘second phase(s)’ are likely present in addition to BFO.  

Perhaps further investigations into the effects of vacuum or low-pressure anneals and O2 

partial pressure on BFO formation on ZnO/FTO-glass are warranted in the future. 

 

5.1.5 BiFeO3-TiO2 

BFO-films were deposited via dip-coating onto TiO2 films on FTO-glass, and 

subsequently heat treated.  XRD for such is show below in Fig. 5.1.20: 
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Figure 5.1.20: ‘Representative’ XRD spectrum for BFO/TiO2/FTO-glass 
 

SEM micrographs (Fig. 5.1.21) were taken of these combination films, with both SE and 

BSE detection, in order to properly distinguish one from the other. 

 

Figure 5.1.21: Exemplary (tilt-view) SEM micrographs (a,c: SE, b,d: BSE) from a BFO/TiO2/FTO-

glass samples (a+b: ALD-TiO2, c+d: NP-TiO2 
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As is evident in the micrographs, the BFO formed a similar ‘brainy-like’ texture on the 

TiO2 films, as it had on top of FTO previously.  No phase separation regions are evident 

from the BSE images, and based on these images and XRD in Fig. 5.1.19, the BFO layer 

appears to be fairly strictly BFO.  Moreover, it has a rough morphology, which may be 

favorable for internal reflectance and light-scattering
33,56,68,75

.  Furthermore, the BFO 

layer appears to at least conform with, if not at least to some extent penetrate into, the 

TiO2 photoanode matrix. 

 

UV-vis measurements were done on combination BFO-TiO2-FTO-glass samples (Fig 

5.1.22), and compared to the UV-vis spectra of their individual components 

 

Figure 5.1.22: UV-vis spectra of (a) TiO2/(dip-coated 1500mm/min), (b) BFO/ (1000mm/min), and (c) 

BFO/TiO2/FTO-glass (1500[(?)]mm/min TiO2, 200mm/min BFO).  
 

As is evidenced in the above figure, and expected, the UV-vis spectrum for the combined 

materials shows a ‘hybridization’ of spectral features from both TiO2 and BFO.    
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CuSCN films were fairly successfully deposited from n-propyl sulfide solution onto 

FTO-glass.  Upon heat treatment, these films were found to be polycrystalline CuSCN, 

albeit inconclusive as to which crystal structure is “dominant” (orthorhombic, likely 

‘mixed’ with at least one other) in the mixture, as a few seem possibly present, as shown 

in the following XRD spectrum (Fig. 5.1.23): 

 

Figure 5.1.23 XRD of CuSCN/FTO-glass, peaks indexed appropriately (from JADE and ref.[141]) 
 

UV-vis was performed on CuSCN-TiO2-FTO-glass samples (referenced to a similar 

thickness, etc. TiO2/FTO-glass sample), and band gap was extrapolated and found to be 

~3.35eV, a bit less than typically noted in the literature
74,76,77,108,141,150,168

, possibly 

because of slight mismatch in thickness between TiO2 on the sample and that on the 

reference.  Fig. 5.1.24 shows the UV-vis results for CuSCN on FTO-glass: 
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Figure 5.1.24: UV-vis of CuSCN/TiO2/FTO-glass vs. TiO2/FTO-glass  
 

CuSCN films were deposited on ZnO/, TiO2/, Bi-Fe-Zn-O/ZnO/, and BFO/TiO2/FTO-

glass samples as described previously (Section 3.6).  XRD for such is show below in Fig. 

5.1.25: 

 

Figure 5.1.25: XRD spectra for CuSCN/TiO2/, CuSCN/ZnO/, CuSCN/Bi-Fe-Zn-O/ZnO, and 

CuSCN/BFO/TiO2/FTO-glass samples (distinct ‘characteristic peaks’ [apparent
(?)

] noted) 
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In addition to the expected SnO2 peaks, both the wide gap semiconductor and the CuSCN 

are evident in the spectra for the ‘absorberless’ (bi-layer) samples, as well as CuSCN, 

BFO, and the expected wide gap semiconductor in the ‘full’ (tri-layer) structures. 

 

SEM micrographs (Fig. 5.1.26) were taken of CuSCN/BFO/TiO2 combination films, with 

both SE and BSE detection, in order to properly distinguish one from the other. 

 

Figure 5.1.26: Exemplary SEM micrographs from a CuSCN/BFO/TiO2/FTO-glass sample. cross 

sectional (a-d,f; a,c,f: SE; b,d: BSE), top view (e), and tilt-view (g) micrographs shown 

 

 

Layers in the CuSCN/BFO/TiO2/FTO-glass sample are clearly visible in the micrographs, 

with composition differences indicated by BSE.  Although TiO2 is light-weight in 
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comparison to BiFeO3 and FTO, etc., it appears to ‘light up’ some in BSE images, 

perhaps indicating some BFO ‘infiltration’ into the TiO2 matrix under it.  Also, these 

micrographs show the roughness and cracking of the CuSCN layer, as well as some 

degree of thickness variation with location on the sample, etc.  Such has the potential not 

only to lead to light-scattering/diffuse reflectance within a sample (not necessarily 

unfavorable)
33,56,68,75

 (and indicated later by Fig. 5.1.28), but may also lead to issues with 

the contacting of and electrical measurements on such devices
185

. 

 

Similarly, UV-vis measurements were done on combination CuSCN/TiO2/, and 

CuSCN/BFO/TiO2/FTO-glass samples (Fig 5.1.27), and compared to the UV-vis spectra 

of their individual components. 
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Figure 5.1.27: UV-vis spectra of (a) TiO2/, (b) BFO/, (c) CuSCN/TiO2(ref.TiO2)/, (d) BFO/TiO2, and 

(e) CuSCN/BFO/TiO2/FTO-glass synthesized via a combination of the “as listed” parameters above 

(referenced to FTO-glass except where noted otherwise) 
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Again, as expected, the UV-vis spectrum for the CuSCN on TiO2 shows a ‘hybridization’ 

of spectral features of their individual components. 

Light-harvesting efficiencies were also calculated/estimated for TiO2-based samples, as 

shown in Fig. 5.1.28:  
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Figure 5.1.28: Light-harvesting efficiencies for a) TiO2/ b) BFO/, c) CuSCN/TiO2/, d) BFO/TiO2/, and 

e) CuSCN/BFO/TiO2/FTO-glass 
  

Again, such high values are likely overestimates, as issues arise with the UV-vis 

measurement of absorbance likely relying on transmittance and not accounting for much 

reflectance.  The reflectance sources, similar to the Bi-Fe-Zn-O/ZnO example previously 

(Fig. 5.1.14), are likely the roughness of the photoanode roughness (though apparently to 

less of an extent with the TiO2 than the ZnO, though quantitatively due to differences in 

grain sizes and likely in density, these two in this work are not particularly comparable in 

this regard). Also, the roughness/nonuniformity, morphology, film thickness, and 

perchance grain size of the CuSCN film may also contributes significantly to internal 

reflectance.  However, they do indicate, at least qualitatively, a likely significant 
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contribution of the BFO absorber (top/purple curve) over simply having an absorberless 

transparent/translucent (i.e. ‘wide’ band gap) photoanode, or an essentially p-n-based 

solar cell comprised of two transparent/translucent materials. 

 

5.2 Device Characterization 

Preliminary IV-measurements of Au/Ti-contacted-Bi-Fe-Zn-O/ZnO/FTO-glass 

(measured across the Bi-Fe-Zn-O layer) were taken, and shown in Fig. 5.2.1: 

 

Figure 5.2.1: a,b) IV-measurements taken on Au-Ti/Bi-Fe-Zn-O/ZnO/FTO-glass, c) contacted as 

shown 

 

Though such devices do not show the desired rectifying/diode behavior expected for 

photovoltaics (albeit these devices lack a hole conductor or electrolyte), they do exhibit a 

significant light response. Persistent photocurrent (not shown), as well as the time 

evolved increased current response, may be due to carrier ‘traps’ within the film, perhaps 

due to cracking/spalling, for both inter- and intra-‘tile’ fracture, surface states due to the 
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high surface area/rough nature of the films, and likely their interface(s), a/o due to 

impurities and/or phase separation present in such devices
191,192

 (discussed earlier in 

section 5.1.4). 

 

Contacting a Bi-Fe-Zn-O/ZnO/FTO-glass device as expected (i.e. measuring through the 

device from the FTO on one side to the metal on top of the absorber layer on the other, 

Fig. 5.2.2b) and measuring (Fig. 5.2.2) shows asymmetric, non-linear behavior, closer to 

the expected rectifying behavior, perhaps with the non-linear ‘tail’ on the negative bias 

side representing breakdown.  Apparently, as indicated by the ~0A current at 0V, though 

this device may be a photodetector, as it responds to light somewhat, it does not show any 

significant photovoltaic effects, possibly because of the lack of ‘circuit-completing’ 

 

Figure 5.2.2: a) IV-measurements taken on Au-Ti/Bi-Fe-Zn-O/ZnO/FTO-glass, b) contacted as 

shown  

 

 

Preliminary IV-measurements were also taken on a Ag-paint-contacted 

CuSCN/BFO/TiO2/FTO-glass sample, shown in Fig. 5.2.3: 
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Figure 5.2.3: IV-characteristics of Ag/CuSCN/BFO(as-synthesized/’unpoled’)/TiO2/FTO-glass 
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Again, rectifying behavior is not seen, but a slight light response, even in just ambient 

light (as opposed to a solar simulator or more intense lighting) appears to be enough to 

facilitate some type of response, albeit this behavior is more characteristic of general 

metal-semiconductor-metal devices
185

, as opposed to diodes or typical PV devices.  Low 

current output may be a consequence of poor electrical contact, either between the Ag-

paint and the CuSCN a/o the CuSCN and the sensitized-photoanode-substrate/sample.  

Under ~4W/cm
2
 illumination, a significant light response (~4 orders of magnitude) has 

been seen.  Moreover, a slight photovoltage is apparent under such light, as would be 

expected.  The device has a low but reasonable/’decent’ fill factor, but, however, Voc and 

η are quite low.  Leakage current (perhaps due to BFO)  may also possibly ‘present’ in 

these ‘devices’. 

 

The non-linear, non-rectifying behavior exhibited by this particular device maybe a 

consequence of the choice of metallic contact in this case (i.e. Ag-paint more likely to be 

conformal and is quicker to apply than sputtered or evaporated metals)
185

.  Au and Ni 

have been found to be viable contacts with CuSCN, due to their high work-function 

values (i.e. > 5eV)
150

, and hence contacting with such does not create a Schottky barrier 

(φb) between the metal and p-CuSCN
150,185

.  However, using previously noted parameters 

for CuSCN
74,76,77,108,141,150,168 

Ag (φ~4.73eV) gives φb of ~0.42-0.7eV, as given by using 

eqn. 5.2.1
150,186,188

: 

     φb,p = Eg – (φm – χp)   (5.2.1)
150,186,188

 

  where φb,p is the Schottky barrier between a metal/conductor and p-type  

  semiconductor, φm is the contact metal’s work function, and χp is the p- 

  type semiconductor’s electron affinity. 
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On the other side, with FTO (φ~4.7eV)
150

 on the presumably n-type TiO2, eqn. 5.2.2
186,188

 

applies: 

 

     φb,n = φm - χn    (5.2.2)
186,188

 

   

  where φb,n is the Schottky barrier between a conductor/metal and a n-type  

  semiconductor, and χn is the n-type semiconductor’s electron affinity.  

 

 

giving φb of ~0-0.8eV (likely pending the doping level, etc. of the TiO2)
189

  when the 

requisite parameters for FTO
150

 and TiO2
145,150

 are used.  Though it would seem, based on 

the calculations and the IV-curve that there is a Schottky/blocking contact on the n-type 

side of the Ag/CuSCN/BFO/TiO2/FTO-glass device, further measurements of the doping 

level of the TiO2, and perhaps similar information about the FTO, used may be needed to 

further verify such a conclusion. 

 

However, having blocking contacts on both sides of the device explains the fairly 

symmetric, non-linear, non-rectifying IV-characteristic of the device
185

.  

 

CHAPTER 6: CONCLUSIONS 

Despite having not successfully fabricated any BFO-absorber-based PV devices, several 

useful pieces of information and helpful conclusions can be drawn. 

 

Both ZnO and TiO2 are two wide-gap semiconductors that can be easily and fairly 

inexpensively deposited on FTO-glass substrates, with a rough a/o porous morphology 

desirable for light trapping/scattering in DSSC or eta-solar cells
33,56,68,75

. 
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BiFeO3, a multiferroic material
100

 with a band gap of ~2.5eV, is optically active in visible 

light, and is found to at least qualitatively enhance the light harvesting efficiency of wide-

gap photoanodes it may be coupled with to form devices.  Its rough as-heat-treated-post-

deposition morphology may ‘lend itself’ well to favorable light-scattering/trapping 

effects within PV devices containing such
33,56,68,75

. BiFeO3 deposited via the sol-gel 

method used, in this work, appears to have current leakage issues upon polarization, 

which may be dealt with via coating the BFO layer with an insulating oxide
189

 or 

attempting a different synthesis route such as sputtering
105

 or PLD
101,184

, to eventually 

test the effects of ferroelectricity on an absorber material eta-SC-type device on charge 

separation and transport.  Also, because it lacks toxic heavy metals (Pb, Se, Cd, etc.) 

often found in eta-absorbers a/o quantum dots, it may also be a more environmentally-

friendly sensitizer material in terms of precursors, production, maintenance, etc. 

 

Heat treating ZnO-based BFO-sol-coated samples at conditions typically utilized
117,138,139

 

for BFO crystallization, when done in N2 or air, from sol-gel precursor yields either no 

crystalline absorber, BFO or otherwise (at T<500
o
C, whether for a few minutes or several 

hours) or crystalline ‘second’/’alternate’ phases (at T>500
o
C, for a few minutes or several 

hours), many candidates of which are not ferroelectric due to cubic symmetry
35

.  Such 

may be a consequence of chemical reaction, solubility, BFO crystallization a/o final 

formation inhibition, thermodynamic or kinetic favorability of the ‘alternate’ phases over 

BFO, crystal-structure/lattice parameter differences, stoichiometry, surface 

termination/chemistry, or some combination thereof.  Promising results in low-pressure 
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O2 annealing were seen, though some ‘second phase’ appears to be present as well, BFO 

is seen along with ZnO and SnO2 as desired/expected, and further experiments in O2 

annealing temperature, time, pressure, and flow rate may in fact yield successful 

BFO/ZnO/FTO-glass samples synthesized via electrodeposition of ZnO and sol-gel dip-

coating of BFO.  Also, BFO deposition routes such as sputtering
105

, which do not require 

such ‘intense’ heat treatments, and have yielded results in the literature, may be 

reasonable alternatives as well. Bi-Fe-Zn-O/ZnO films were also found to quite often 

crack, split, or spall off FTO-glass substrates. 

 

α-TiO2 was successfully deposited on FTO-glass via both ALD and NP-suspension-dip-

coating.  A rough morphology was achieved, particularly by the latter process.  BFO-sol 

was successfully deposited on α-TiO2, and crystallized via typical heat treatments for 

such
117,138,139

, as indicated by XRD, UV-vis, and SEM. 

 

CuSCN deposited via solution deposition in this work formed a rough, cracking, non-

uniform film, which could be potentially problematic for electrical contacting and 

measurements.  Greater control over this deposition process in terms of uniformity and 

thickness may be needed in the future, or a different means of depositing CuSCN such as 

electrodeposition
62,141

, may be used. 

 

Devices fabricated from Bi-Fe-Zn-O and characterized via IV-measurements showed a 

light response, likely due to an optically-active (albeit not crystalline BFO) sensitizer, as 

well as time-evolved current increases, and persistent photocurrent, perhaps as a 
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consequence of ‘traps’ for carriers being present due to the alternative absorber phase or 

phases in addition to the cracked/tiled nature of the films
191,192

.  Also, such devices did 

not show the desired/expected rectifying behavior commonly characteristic of PV 

devices. 

 

A device fabricated from CuSCN/BFO/TiO2/FTO-glass contacted with Ag-paint 

exhibited a light response in preliminary IV-characterization, albeit without rectifying 

behavior. The non-linear, symmetric response of such a device, which resembles metal-

semiconductor-metal device behavior rather than diode-like/PV characteristics, may be 

caused by the presence of two blocking contacts on the device, when one blocking 

(Schottky) and one Ohmic contact would be favorable
185

. 

 

CHAPTER 7: FUTURE RECOMMENDATIONS 

7.1 Immediate Future Research and Development 

In the immediate future for the success of the project, the ferroelectric behavior of the 

BFO absorber layer, both ‘alone’ and within a device structure, must be quantitatively 

characterized, so that one can ‘pole’ the material and analyze and characterize the effects 

of ferroelectric polarization on a PV-absorber/sensitizer layer, which is the truly novel 

implication in such work.  Using an alternate synthesis route
101,105,184

 for BFO may be a 

better ‘starting point’ for such work, although leakage could perhaps be mitigated (albeit 

a higher applied field than usual still required) by insulating the BFO with an insulating 

oxide layer such as HfO2
188

.  Experiments on facilitating the sol-gel BFO synthesis route 

on ZnO, particularly relating to O2 or vacuum anneals, may also prove useful and 
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‘doable’ (if at all) in the ‘not so distant future’.  Overall, the issues relating to combining 

and heat treating ZnO and BFO should perhaps be investigated as well, as described 

previously in section 5.1.4. 

 

The issue of BFO current leakage (likely caused by ‘charge defects’ such as oxygen 

vacancies, etc., and possibly ‘second phases’ where present in addition to BFO)
193-195

 and 

electrical conductivity has been addressed in the literature via ‘doping’ of the material by 

both aliovalent (such as Ni
2+

 (p-type, increased conductivity)
193

 or Ti
4+

, V
5+

 (n-type, 

increased resistivity/decreased leakage)
193,194

) or isovalent (La
3+

, etc., various 

reasons)
194,195

 likely substitution of some Bi
3+ 

 or Fe
3+

 atoms in BFO.  In addition, 

dopants, particularly in the case of La
3+

, added to BFO have led to improved remnant 

polarization (which may translate to a higher ‘built in’ electric field within the material), 

also likely beneficial.  Research on the effects of doping on leakage
193-195

, FE-

behavior
195

, band gap/optical properties
196

, etc..  Moreover, assessment 

absorber/photoanode a/o hole-conductor/absorber material ‘compatibility’ should likely 

also continue be assessed for both intrinsic and doped-BFO, as well as the feasibility and 

viability  of incorporating dopants into whichever deposition 

process(es)
100,101,117,138,139,184,193-196

 may be utilized.  Furthermore the polarization/domain 

structure post-synthesis and post-poling could be analyzed a/o confirmed via a Raman 

spectroscopy/mapping
197,198

 or piezoresponse force microscopy (PFM) done using an 

atomic force microscope (AFM) probe
 
(which also yields piezoelectric hysteresis 

data)
91,199,201

, depending on the domain size, film thickness, a/o desired resolution. 
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‘Cleaner’ hole conductor (CuSCN) deposition is also necessary, whether via solution 

deposition
62,

 or electrodeposition
62,141

, for better uniformity, ‘cleaner’/’better’ electrical 

contacting, and perhaps better efficiencies or at least more 

accurate/reproducible/repeatable device electronic characterization and measurements.  

Other hole conductors
62,65-67

 may also be of interest to investigate on such devices in the 

near future, however CuSCN is already ‘predicted’ to have proper band 

alignment
76,108,141,142

 with BFO/TiO2 or BFO/ZnO photoanodes, so parameters such as 

band gap, electron affinity, and work-function for different hole-conductors would need 

to be obtained, and similar assessments/predictions made as to their band alignment
141,142

, 

likely prior to experiments or devices of this sort utilizing such. 

 

7.2 Further Research and Development 

Once the preliminary/pioneering work on FE-sensitized eta-PV-devices is completed, one 

can work on a number of things, such as (further) alternative deposition routes for the 

various layers, nanostructured/architecture device morphologies and the effects thereof, 

and better tuning the absorber/sensitizer material in terms of band gap a/o ferroelectric 

properties.  For instance, Xu, et. al. have shown that BiMnO3 (Eg~1.1eV) and BFO can 

form an alloy/solid solution, with tunable absorbance onset/band gap from ~1.1-2.7eV, a 

‘good range’ considering the visible and near IR portions of the electromagnetic 

spectrum
196

.  Moreover, such films have been shown to exhibit and retain their 

ferroelectric character over a range of compositions
200

.  Mn
3+

 substitution is even 

believed to increase breakdown voltage in such materials, albeit with a ‘trade-off’ of 

increased leakage current densities
200

, and at least an apparent increase Ec
200

, meaning 
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increased voltage (i.e. likely more power and perhaps a ‘higher voltage’ voltage source 

required) to ‘switch’ the polarization of the material, both of the latter of which would 

then also have to be addressed.  Though likely due to leakage issues, ferroelectricity in 

BiMnO3 has been difficult to show
201

, it has been recently measured by Grizalez, et. 

al.
202

, furthering the feasibility of using BiMnO3 in conjunction with BFO films, whether 

via a single, favorable alloy composition, or a graded film composite, as a(n) 

absorber/sensitizer in eta-SC devices.  Studies on apparent Ec changes with respect to 

insulator type and thickness (for the insulating film, knowing dimensions and material 

resistivity, assuming a conformal, uniform film, give one some idea of the series 

resistance contributed by it, and hence the expected voltage drop across it at a given 

current can be estimated, and, knowing the total voltage applied, the effective voltage and 

hence field E across the FE layer can be calculated/estimated as well) on ‘leaky-film-

containing’ systems would also be useful.   

 

Aside from changes in photoanode, at least somewhat analyzed in this work and further 

proposed in Ch. 7.1, sensitizer (discussed just prior in this section), and hole conductor 

(addressed in 7.1), changes in device structure/architecture can be addressed as well. 

If/when a thin-film ‘system’ or set of ‘systems’ containing a n-type photoanode/FE-

sensitizer/p-type hole conductor setup has been reasonably established, comparable 

devices made of similar materials composed of either porous template
54-56,91,203

(‘inside 

out’) or nanowire a/o hierarchical-nanostructure
57-61

(‘regular order’) nanoarchitectured 

devices (Fig. 7.2.1) can be constructed and evaluated. 
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Figure 7.2.1: Example schematic hypothetical future device architectures with a) ‘inside out’ and b) 

‘regular order’ designs 
 

Both porous templates and nanowire-based architectures allow for the possible synthesis 

of thin, curved ferroelectric ‘sensitizer’ shells incorporated into eta-PV devices.  Finite 

curvature effects have been found to mitigate the effects of a depolarizing field on thin-

film ferroelectrics, and furthermore possibly yield a ‘favorable polarization direction’ as 

synthesized (i.e. even absent an applied coercive E-field)
91,203,204

.  Furthermore, any 

changes caused by changing the ‘ordering’ of the materials in nanostructured devices can 

be investigated.  Finally the ‘effects’ of ‘orthogonalizing’, at least to some extent, charge 

transport and absorption (as mentioned previously in section ) can be investigated for 

deliberately/orderly nanostructured/arrayed devices, and compared to the available 

information on their ‘thin film’/’sandwich’ structure counterparts, for potential 

improvements in or optimization of light absorption, trapping, charge transport, and 

overall efficiency
107

. 

 

7.3 Scalability 
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FTO-glass can be purchased in small pieces or panels of a few hundred mm x a few 

hundred mm
205

. Dip-coating and electrodeposition appear to be relatively inexpensive, 

reasonably controllable (in terms of thickness and morphology), simple deposition routes 

for wide-band-gap semiconductor photoanodes in DSSC.  Sol-gel dip-coating and 

solution deposition routes for BFO, as well as potentially electrodepositing this layer
140

 

(albeit such is done thus far in acidic solution, which is likely unfavorable for bare ZnO 

to be placed in) are viable, scalable processes as well.  ‘Doctor blading’ is a technique 

common on the ‘larger scale’, particularly in the printing industry
206

, and may also be 

used for TiO2 suspension film thickness control
165,166

, if not for BFO, etc. as well. Since 

p-CuSCN as a hole conductor can be deposited by solution deposition (though on a large 

scale especially, one may want to avoid the used of n-propyl sulfide due to price and 

odor) or electrodeposition
62,141

, it ‘follows suit’ in terms of simplicity if used for ‘scale-

up’ production of such devices.  Metallic contacts can be applied via sputtering or some 

other physical vapor deposition process, and masking can be used to create patterned 

contacts, though precious metals will still likely contribute much of the expense to such 

fabrication on a large-scale.
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