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Abstract

Hybrid energy harvesters (HEHs) targeting multiple energy forms have been
drawing increasing interest in recent years. While large scale photovoltaic power
plants are capable of providing energy for domestic usage, research has also been
focused on kinetic energy harvester with less power output which can be integrated
into self-powered electronics such as implantable device, remote wireless sensor,
wearables, etc. A number of successful designs of hybrid energy harvesters have
been demonstrated which could scavenge solar and kinetic energy simultaneously.
However the structures remain complicated; the majority of the designs involve
different types of energy harvesters connected in series, which involves complex
fabrication processes.

Here, a simple structure based on a p-n junction piezoelectric nanogenerator (NG)
was designed. The utilization of columnar piezoelectric n-type ZnO nanorods coated
with light absorber layer enabled the device to harvest both kinetic and solar energy.
This was adapted to either form a N719-based dye-sensitized solar cell (N719-HEH),
or a perovskite solar cell (PSC-HEH). To allow high processing temperatures while
maintaining mechanical flexibility, Corning® Willow™ (CW) glass substrate was used
and compared to the more common ITO/PET. CW showed 56% lower charge
transfer resistance and a related 4 times fold increase in power conversion efficiency
for N719-HEHs.

Oscillation (NG effect) and illumination (PV effect) testing indicated that both N719-
HEHS and PSC-HEHs operated as kinetic and solar energy harvesters separately,
with the current generated by the photovoltaic orders of magnitude greater than it
from mechanical excitation. In addition, under illumination, both N719-HEHs and
PSC-HEHs demonstrated further current output enhancement when oscillation was
applied. The fact that the current output under NG+PV condition was higher than
the summation of current output achieved under NG and PV conditions individually,
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suggests the piezoelectric potential originated from ZnO affected the charge
dynamics within the devices. Thus, HEHs with enhanced output were successfully

designed and developed.
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Chapter 1. Introduction

Chapter 1 Introduction

1.1 Background - Energy harvesting

Human society is driven by energy. Sufficient and environmentally friendly methods
to generate power are crucial to the modern world. According to the World Energy
Resource report 20161, world energy consumption has changed dramatically during
the past 15 years. Renewable energy has drawn significant attention from academic

researchers, revolutionary industries as well as governments and international

organizations.
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Figure 1-1: Comparative primary energy consumption from 2005 to 20151

It can be seen from Figure 1-1 that, oil (32.94%), coal (29.20%), and gas (23.85%),
which are considered the most traditional fossil fuels, still took up 85.99% of the
whole world energy consumption in 20151. This heavy reliance on fossil-fuel-based
energy production causes severe environmental damage, such as an increase in
atmospheric COz level, leading to the greenhouse effect and global warming. On the
other hand, known oil reserves will run out by 2052 at this consumption rate even
with new reserves being discovered. Therefore, it is critical for us to develop ways

to provide sufficient, efficient, secure, affordable, clean, and sustainable energy
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harvesting technologies!.

Alternative solutions such as nuclear energy or renewable energy have been
proposed and are drawing a great deal of attention. On the nuclear front, the
drawbacks include high construction and maintenance cost, potential nuclear
radiation, potential high risk of catastrophic accidents, limited fuel availability and
radioactive wastes which takes thousands of years to break down. On the contrary,
renewable energy generation produces clean energy with no CO2 emission and
requires no input of fuel. Abundant energy forms include solar, wind, tidal,
geothermal, biomass, kinetic (such as mechanical vibration and acoustic wave) etc.
However, renewable energy technologies do have disadvantages such as low and
diffuse energy output (requiring high numbers of installations over large areas)
compared to nuclear and traditional fossil fuels, and low reliability of energy
supplies due to weather condition limits. Despite this, utilizing renewable energy
would be beneficial to provide for long-term, sustainable development of the world.
On the middle of the day of 8th of June 2017, it was reported by BBC that real time
data showed renewable energy provided for half (50.7%) of UK energy consumption
for the first time in history. Benefiting from the sunny and windy weather,
photovoltaic power plants and offshore wind farms were working at optimal
capacity. For the other parts of the world, Iceland has been running on 100%
renewable energy based on geothermal and hydropower. Norway generates 98% of
its power using renewable. For Denmark, wind power generates a stunning 140% of
the whole country’s electricity demandZ2. These show the feasibility and possibility
of renewable energy powering large populations. The use of renewable energy has

the potential to contribute towards a better future for the world.

1.2 Solar energy harvesting

Among all the renewable energy forms, solar energy is one of the most attractive and
2
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has undergone extensive research. The earth receives 120,000 terawatts (TW) of
solar irradiation annually whereas the current energy consumption estimates for
seven billion people is only about 13 TW1. It is then of great interest to utilize solar
energy. Thus, the development of inexpensive, non-toxic and environmental friendly
solar energy technologies is desired. Currently, limited efficiency, low cost-
effectiveness and poor long-term stabilities are the challenges remaining to be
solved for solar cell technologies.

A photovoltaic (PV) is a device that can convert incoming sunlight to electricity
directly and is the main technology used for solar energy harvesting. According to
the International Renewable Energy Agency (IRENA) data in 2016, the global
installed capacity for PV electricity has grown exponentially since 2001, reaching
around 227 GW. China is the leader in PV installation, taking up 23% of the global
installation capacity, followed by USA (14%), Japan (14%), and Germany (13%)1. It
can be seen here that major solar installations are located in regions with relatively
low solar irradiation resource such as Europe and China. High potential still remains
in regions such as Africa and the Middle East with rich resource of solar energy. The
leading countries have all established relative laws, policies and legislations
regarding the promotion of renewable energy technologies such as PV. Feed-in tariff
(FiT) is a government scheme designed to encourage the adaption of a range of
renewable and low-carbon electricity generation technologies. The first form of this
type of scheme was introduced by President Jimmy Carter into the US in 1978.
Germany then adopted FiTs in 1990. While the cost of PV was high and this scheme
gave insufficient impact on PV installation, it hugely improved the deployment of
wind farms in the following 10 years, resulting in Germany taking 1/3 of the global
wind energy generating capacity3. China was late regarding the FiT scheme
(introduced in 2011), but has been trying to increase its renewable energy
generations for decades; the huge landscape provides China with rich forms of

harvestable renewable energies such as solar, wind, tidal etc. The importance of
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increasing renewable energy generation and reducing fossil fuel consumption has
also raised public concern due to the poor air quality in major cities. Globally, it is
expected that more and more countries will join forces to work towards a renewable
future. The Paris climate agreement, for example, is the most up to date historical
agreement within the United Nations Framework Convention on Climate Change
(UNFCCC). The agreement works to tackle the issue of climate change and global
warming by cutting greenhouse gas emissions and switching to renewable energy.
By June 2017, 195 countries have signed and 148 of which have ratified it. However,
disturbing news came as President Donald Trump decides to drop out of the Paris
climate agreement even though the US produces 17.89% of the global greenhouse
gas emission*. With this background, it is imperative to develop more efficient, cost
effective energy harvesting technologies.

Martin A, Green characterized photovoltaic solar cells into three major generations
depending on material, maximum power conversion efficiency (PCE) obtainable and
the capital cost of photovoltaic powers>.

First-generation PVs utilize the purest materials to avoid defects, which hinder the
efficiency of a PV. First generation solar cells are mainly based on thick crystalline
films (mainly silicon) and utilize either individual form such as monocrystalline
silicon, polycrystalline silicon, and amorphous silicon or combined forms such as
hybrid silicon. These are considered as the most traditional solar cells and still
remain the most efficient types for commercial products. In order to achieve defect-
free silicon for higher PCE, purification (removing boron and phosphorus) from
metallurgical-grade silicon to solar-grade silicon is crucial. However, due to the large
distribution coefficient of boron (B) and phosphorus (P)¢, the traditional directional
solidification of molten silicon (m.p. 1414 °C) requires significant amount of energy
input. Due to the relatively high labor cost and large amount of input energy required
for processing, the associated cost for first-generation PV cells exceed 1 US$/Watt’.

Second-generation solar cells refers to thin-film solar cells. This is because cells are
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made from layers of semiconductor materials stacked within micron thickness onto
a low-cost backing such as glass, stainless steel or plastic. Second-generation solar
cells are mainly based on amorphous silicon, cadmium telluride (CdTe) and copper
indium gallium diselenide (CIGS). They have the advantage of reduced cost by
eliminating the use of expensive silicon wafers and utilizing mature, cheap and
scalable processing technologies such as roll-to-roll processing. The efficiency is
limited by the presence of defects within the device (20% PCE). Due to the high cost
and complex of production-based establishment, thin-film solar cells are not widely
produced (around 17% of all the panels sold globally) compared to silicon-based
first-generation solar cells®. First solar, which is the number-one producer and seller
of CdTe-based solar panels in the world, is currently making solar panels based on
CdTe at a price of 0.7 US$/Watt. This is within the range of second generation solar
cell capital cost of 0.5 to 1 US$/Watt?.

Third-generation solar cells refers to cells made from various new materials besides
silicon, and have the potential to give higher efficiencies than Shockley-Queisser
limit (31% PCE as the maximum efficiency under 1 sun illumination for a PV based
on single band gap material8). The world record efficiency from a solar cell was
reported in 2014. Germany-based Fraunhofer Institute for Solar Energy Systems
reported a 46% PCE from a multi-junction photovoltaic cell in the lab®. It also
includes emerging PV technologies and low-cost PVs including, copper zinc tin
sulfide solar cell, organic solar cell, polymer solar cell, quantum dot solar cell, dye-
sensitized solar cell and perovskite solar cell. Together with new materials, novel
nanostructures and nanotechnologies open up a new promising research area at

inexpensive cost of 0.2-0.5 US$/Watt’.
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Figure 1-2: Efficiency vs. Cost for generations of solar cells”.

Figure 1-2 shows the Green Graph, revealing the research efficiency vs. capital cost.
First generation remains the main commercialized solar cell technology whereas
third generation solar cells are becoming a strong competitor with lower cost and
higher efficiency. In the near future, the target is to develop high stability
photovoltaic devices and manufacturing process that enable commercial scale up of
PV module technology with low lost (<0.2 US$/Watt), high conversion efficiency
(>20%), environmentally friendly profile (reducing toxic and harmful materials),

long module lifetime (>35 years) and low degradation (<0.3%/year).

1.2.1 Relevant 3™ generation PV technologies

Among the third generation solar cells, dye-sensitized solar cells (DSSC) and

perovskite solar cells (PSC) have been attracting a great deal of attention. The DSSC
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was originally designed using mesoporous TiO2 nanoparticle film sensitized by an
organic dye layer. The nanostructure was sandwiched by two transparent
conducting oxide electrodes with confined liquid electrolyte in-between10. DSSCs
have produced lower efficiency compared to commercialized silicon-based solar
cells with a highest record of 13%!11. It uses inexpensive and nontoxic earth
abundant elements such as titanium and zinc in the photo-anode, and relatively
simple manufacture processes. It also does not require extremely high quality
materials compared to silicon-based solar cells. This means the production process
has lower costs due to less required energy input. However, the molecular, liquid-
state electrolyte is unstable which reduce the gain from the cheaper production
process. Thus, the goal is to design a solar cell using inexpensive raw materials and
process techniques, but which also has a long-term stability and efficiency
comparable to silicon or thin-film based solar cell. Alternative designs utilize solid-
state inorganic hole conductors and p-type semiconductors such as copper iodide
(Cul)!?2 and copper thiocyanate (CuSCN)13. These designs have increased the
stability by eliminating volatile liquid-state electrolytes. Other designs have also
been demonstrated to increase the PCE for DSSC. Law, Matt et al. reported a
Zn0/TiOz core-shell structure-based DSSC!4. It was suggested that a thin layer of
TiO2 nanoparticles coating would increase the dye loading by increasing the
roughness. The shell would also suppress the charge recombination and improve
the open-circuit voltage. An efficiency of 2.25% was reported.

A perovskite solar cell (PSC) utilizes a perovskite-structured compound as light
absorber layer. The compound is mostly a hybrid organic-inorganic lead or tin
halide-based material. Since the initial report of 3.8% PCE in 200915, PSCs have
undergone extensive research and surpassed the 20% PCE mark in recent years16-17,
The advantages of high efficiency and low production costs make PSCs a promising
candidate to stand out among 3 generation PVs. The disadvantages of perovskite

solar cells are the poor stability over their operation lifetime and the use of the heavy
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metal lead in the material processing. Fast degradation has been observed involving
water, oxygen and moisture.

In this project, DSSC and PSC are the two types of solar cells investigated, more
details regarding these two technologies will be given in Section 2.2 Dye-sensitized

solar cells (DSSCs) and Section 2.3 Perovskite solar cells (PSCs).

1.3 Piezoelectric energy harvesting

While large PV power plants could provide significant energy generation on a mega-
watt scale, PV technology relies on specific environmental conditions to work; it
cannot work properly during the night, in a cloudy weather or at an incorrect angle
towards the sun. It also requires high investment and occasional maintenance. Thus,
for indoor use and locations where sunlight is insufficient, energy harvesters
designed to harvest alternative energy forms are desired. Kinetic energy refers to
energy forms such as wind, human motion, transportation and industrial
machineries etc. Kinetic energy harvesting aims to convert the kinetic energy into
electricity, even though the power output may only be on the micro-to-milli-watt
range. It can be used to power small portable electronics, remote wireless sensors,
medical bio-implants, micro electro-mechanical systems (MEMS), micro robots etc18.
Three types of vibration energy harvesting mechanisms have been demonstrated
including: electromagnetic induction, electrostatic generation, and piezoelectric!®.
Among the three of them, piezoelectric energy harvesting has been widely
investigated. A piezoelectric energy harvester works by using a piezoelectric
material that accumulates charge when under stress or strain; this leads to a voltage
output. The common piezoelectric materials used are lead zirconate titanate (PZT),
polyvinylidene fluoride (PVDF) and ZnO nanostructures. Even with high
piezoelectric coefficients of ds3 (593 pC/N)20 and d3: (-274 pC/N)29, PZT has limited

application due to its brittle nature leading to stress-induced cracking and fracture?1.
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PVDF, after being poled, exhibits a -33 pC/N of d33 and 18-24 pC/N of d3:20. For ZnO
crystal, the reported strain coefficients dss and ds; are 12.4 pC/N and -5.1 pC/N22,

For piezoelectric application, ZnO has benefits such as low temperature synthesis
(<100 °C) and simple process to produce various nanostructures, such as one-
dimensional nanorods, nanotubes, nanopropeller, nanocombs, nanorings,
nanobows, nanobelts and nanocages etc23-25. Wang et al. reported a piezoelectric
energy harvester (nanogenerator, NG) based on ZnO nanorod arrays in 20062°. Since
then, extensive research has been done and various designs have been

demonstrated?”.

1.4 Hybrid energy harvesting

It has been mentioned above that it is common to have various forms of energy
present simultaneously. It is then of great interest to design a device that can harvest
multiple energy forms simultaneously. This type of device is referred to as a hybrid
energy harvester (HEH). The innovative concept of a hybrid energy harvester aims
to harvest multiple types of energy using an integrated structure. Thus the
application of the device can be targeted according to its working environment, and
can increase the energy harvesting rate.

Light, thermal, mechanical, magnetic, chemical and biological energies are the main
forms of renewable energies. Among these, solar and mechanical energies stand out
due to wide availability in the environment. However both solar and mechanical
energies are time and location-dependent. It would therefore be advantageous to
design a HEH that could harvest both solar and mechanical energy. However, in
general the structure of devices that could achieve this remains complicated with
the majority of designs requiring separate devices connected in series or parallel.
This would increase the device size and require more complex processes and

assembly techniques.
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To sum up, research into energy harvesting has been undergoing for decades.
Devices targeting single or multiple energy forms have been demonstrated. It is
therefore of great interest to design and develop a simple, integrated structure,

which could perform as a hybrid energy harvester.

1.5 Aims and objectives

The aims of this study were to design and develop a nanostructure-based energy
harvester with ability to harvest multiple energy forms (solar and kinetic).
The initial motivation of this project was to investigate the acoustic effect upon the
performance of ZnO-based solar cells. Through successful device fabrication, the
target was to test the device under acoustic environment then evaluate the
piezoelectric effect and understand the mechanism.
Later on, it was adapted to utilize a flexible substrate to fabricate the device.
Mechanical bending replaced acoustic wave as a potential method for inducing
higher degree of strain and extracting a larger amount of energy.
To achieve the above-mentioned aims, the following objectives were outlined:
1) Fabricate ZnO-based solar cells and probe the acoustic effect on the
efficiencies of the devices, detailed in Chapter 4.
2) Design, fabricate a dye-based HEH (N719-HEH) and investigate the NG and
PV performances of the devices, detailed in Chapter 5.
3) Design, fabricate a perovskite-based HEH (PSC-HEH) and investigate the NG

and PV performances of the devices, detailed in Chapter 6.
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Chapter 2 Literature review

2.1 Solar cells

2.1.1 Solar cell theory

The sun emits light with a range of wavelengths from ultraviolet (10-> - 400 nm) to
the visible (400 - 800 nm) then to the infra-red (800 - 10 nm). Ultraviolet is filtered
out by ozone and infra-red is mainly absorbed by water vapor and CO:z in the
atmosphere. When the sun is directly overhead, the maximum radiation strikes onto
the surface of earth through the shorted path length. This path length is called the
air mass (AM) and can be approximated by AM=1/Cos ¢, where ¢ is the angle of
elevations of the sun?8. The standard solar spectrum used for measurements of solar
cell is AM 1.5 condition, which is 48.19° of the angle of elevation.

For a traditional semiconductor-based solar cell, the device is assembled around a
p-n junction. Without the illumination, the solar cell has the characteristics of a

diode equation:
eV
J =J,[exp(——=) -1
aark (V) = o[ P(nkBT) ]
Equation 2-1

Where JO is the reverse saturation current density, e is the charge of an electron, V

is the applied bias, n is the diode non-ideality factor, ks is Boltzmann's constant, and
T is the temperature in Kelvin2. With illumination, the device produces a short-
circuit current when the terminals are connected together. The short-circuit current
density is defined by:

I, =ejbs(E)-EQE(E)-dE

Equation 2-2
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Where bs is the incident spectral flux density, EQE is the external quantum efficiency,
E is the incident photon energy. EQE gives the probability that a photon of energy E
will deliver one electron to the external circuit, therefore also referred as incident
photon to current conversion efficiency (IPCE). IPCE is a quantum-yield term for the
overall charge separation at the junction and charge collection process through the
material?®. It corresponds to the photocurrent density produced in the external
circuit under monochromatic illumination of the cell divided by the photon flux that

strikes the cell?8. Thus it can be calculated from:

IPCE = ‘Jsc (ﬂ“) =1240 ‘]sc (’D[Acmz]
ed(4) Alnm]P, ()W -cm*]

Equation 2-3

Where e is the elementary charge, A is the wavelength, @ is the quantum yield.
Under illumination, the J-V curve of the solar cell is the superposition of the dark
current Jdark and the short current Jsc2°. In order to plot the J-V curve using positive

value, Jdarkis commonly assigned to be negative:

‘J(V) = ‘]sc _‘Jdark(v)

> 3(V) =3, - Jy[exp(—

e
nkgT

)-1]

Equation 2-4
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Jsc Rt Light current

T Jyf === P
E 1
Q 1
< :
2 i
& :
[
[ ]
L] 1
E — 1
g LA
o

Dark current

Applied Bias (V)
Figure 2-1: Example of J-V behaviour of a non-ideal solar cell in the dark and under
illumination. At V=0 the current is equal to the short-circuit current density: .. At /=0, the
cell generates open-circuit voltage, V,.. The maximum power generated, P, is at current

density J,» and voltage V. (Courtesy of the graph: Joe Briscoe)

From Figure 2-1, when J reduces to 0, the value of the voltage is defined as open-
circuit voltage, Voc. From the range between Jsc and Vo, the cell is generating power.
At some point, the product of J and V reaches a maximum value (Pm corresponding
to current density /m and voltage Vi in this case). The proportion of this maximum
power density to the maximum theoretical power density if operating at Jsc and Voc

is defined by the fill factor2?:

Equation 2-5

The power conversion efficiency (PCE) of the cell, 7, is defined as the maximum

power density as a proportion of the incident light power density, Pin.
13
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_ Jme _ JSCVOCFF
TR TR

Equation 2-6

For standard cell testing, AM=1.5 G, Pin =100 mW /cm?Z.

R, ~+
R, V
Y ']dark
{5 ']sc
O

Figure 2-2: Equivalent circuit of a solar cell.

When Pin is fixed, 7 can be improved by improving the Js, Voc and FF. In a real cell,

FF is reduced due to losses in the cell. One example of the losses is the non-ideality
of the diode, which is considered as the non-ideality factor n. There are also series
resistance Rs and shunt resistance Rsh. Series resistance includes resistance to
current flow in the materials, resistance at the interface with different contacts and
resistance in the contacts, whereas the shunt resistance is reduced by the leakage of
the current through and around the cell, such as short-circuits, as well as

recombination at interface?°.

14



Chapter 2. Literature review
2.2 Dye-sensitized solar cells (DSSCs)

In 1991, O’Regan and Gratzel reported the first nanostructured dye-sensitized solar
cell30. The initial design utilized a 10 pum-thick mesoporous TiO2 layer with high
surface area. Then a thin a layer of organic dye molecules was coated on to the
surface of the TiO2. A redox electrolyte was then used for returning the dye to the

ground state. The device exhibited a PCE of 7.9%30.
a
G i

Platinum-coated FTO (b

Electrolyte

@ Sensitizing dye Q Titania nanoparticle

C} [

b -3.5eV
LUMO (D*)
Electron injection X
o Electron injection
E -4.0eV ] ' overpotential
5 : A 4
3
Q
T | eessssccscsea—— )
g EF ‘\\:' ....... A
§ jr— \\‘ ......... i TiO, /electrolyte recombination
S “ T Voc
aQ e Seal
£ s, ‘ Sveaa
§ ‘\\ TiOz/dy:e recombination "~ 17/l 1
3 | 12-/I i i
3 -5.0eV b Y 2 Dye regeneration
> “ overpotential
% “_" / 4
& HOMO (D) Dye regeneration
-5.5eV
Mesoporous TiO2 Sensitizing dye Electrolyte

Figure 2-3: Schematic of the principles of a liquid-state DSSC (LSDSSC)31.
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Figure 2-3 demonstrates the device assembly and working principles of the DSSC.
From bottom up in Figure 2-3a, the structure of the DDSC is comprised of a
transparent conducting oxide (typically fluorine-doped tin oxide) coated glass, a
nanostructured photo-anode (TiO2) covered with a monolayer of sensitizing dye
molecule, a hole-transporting electrolyte (typically iodide/triiodide) and finally
platinum-coated fluorine doped tin oxide (FTO) glass as counter-electrode.

The energy level graph shown in part b of Figure 2-3 reveals the principles of
operation. At the anode surface, a dye molecule (D) absorbs the light and is

electrically excited to excited state D*

D +hv = D"(photoexcitation)

Equation 2-7

The molecule in the excited state can decay back to the ground state directly. This
process is direct recombination (undesired) of the excited dye, reflected by the
excited state lifetime?28. The desired route is for the molecule to undergo oxidative

quenching by injecting electron into the conduction band of semiconductor anode.

D" — D+hv'(direct recombination)

Equation 2-8
D" — D" +e_, (photo anode charge injection)
Equation 2-9

The injected electron travels through the photo anode (mesoporous network of TiO2)
and reaches the front working electrode. It will then travel to the counter electrode
through the external circuit. The oxidized dye is reduced rapidly to ground state by

the donor (iodide) present in the electrolyte:
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2D" +31" — 2D + 1, (regeneration of D)

Equation 2-10

The injected electron could also recombine with the oxidized dye D* in the absence

of a redox mediator; I-.

D" +e,, (injected electron from photo anode) — D( photo anode/ dye recombination)

Equation 2-11

There is also photo anode/electrolyte recombination when the injected electron
recombines with the oxidized redox couple. These electrons will not travel through

the external circuit to generate power and considered as loss.

|, +€,, (injected electron from photo anode) — 31~ ( photo anode/ dye recombination)

Equation 2-12

For electrons that have travelled through the external circuit and reached the
counter electrode, they participate in the regeneration of the charge mediator

electrolyte, completing the circuit.

I; +2e” — 31 (regeneration of 1)

Equation 2-13

The requirements for liquid redox electrolytes are: chemical stability, low viscosity
to facilitate charge transport, high solubility for the redox couple components and
the ability to coexist with dye molecules and semiconducting photo anodes?28.
However, liquid electrolytes remain difficult to handle, with a high possibility of
evaporation, leakage and sealing imperfection issues. In order to solve the stability

problem, solid-state p-type semiconductor can be utilized to replace the liquid-state

17



Chapter 2. Literature review

electrolyte, forming a solid-state DSSC.

Tennakone et al. reported a solid-state DSSC based on Cull2. The device was based
on nano-porous n-TiOz, cyanide dye and p-Cul hole transport material (HTM), which
achieved 0.8% PCE. They later reported another HTM: p-type CuSCN32. The
requirements of p-type HTM are highly restrictive. A high band gap is desired to form
a transparent film to allow incident light through to the dye. CuSCN has a direct band
gap of 3.6 eV32, The valence band of HTM needs to be higher than the conduction
band of photo absorber in order to facilitate the hole transport. The PCE of CuSCN
based device was around 0.13%, due to the fast charge recombination rate32. It is
also reported that CuSCN showed improved stability compared to Cul. Also, CuSCN

does not decompose to SCN- or form excessive surface trap sites like Cul33.

] back
TiO, dye  HTM  contact
CB or LUMO
o

BB 58+
| _Ee_]

G( VB or HOMO

S*IS
VB

Figure 2-4: Schematic energy level demonstrating the principles of operations of solid-state

DSSC34,

As shown in Figure 2-4, in a solid-state DSSC, when incident photon arrives at the
dye molecule, an electron is promoted from the ground state (highest occupied

molecular orbital, HOMO) to the exited state (lowest unoccupied molecular orbital,
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LUMO) with subsequent electron injection into the conduction band of TiOz, as in a
liquid-state cell. A hole transfers and migrates from the ground state of the dye up
to the HOMO level of the hole transport material. The whole device is fabricated on
FTO glass, which transfers the electrons through the external circuit to the counter
electrode.

Although the stability of the cell is improved, the efficiency and open-circuit voltage
of solid-state cells (400 - 500mV with PCE <2%) is relatively lower than liquid-state
cells (800 mV with PCE >10%). Kron et al. investigated the loss of efficiency and
voltage with in a solid-state cell35. They suggested that the high recombination
probability of photo-generated electrons from TiOz2 into the hole conductor, together
with the low conductivity of the hole transport material, are the main reasons for

lowered performance.

2.3 Perovskite solar cells (PSCs)

In 2009, Akihiro Kojima et al. reported organometal halide perovskites used as
visible-light sensitizers for photovoltaic cells!>. Organic - inorganic lead halide
perovskite compounds such as CHsNH3PbBr3 and CH3NH3Pbls were selected due to
unique optical properties, excitonic properties, electrical conductivity!> as well as
large absorption coefficient, high charge carrier mobility and diffusion length3¢. The
innovative design is shown in Figure 2-5. The structure comprises (bottom up) FTO
glass, compact TiOz layer, mesoporous n-type TiO2 nanoparticle layer acting as photo
anode, perovskite light absorber layer, organic electrolyte solution containing

lithium halide and halogen as redox couple, finally, a Pt-coated counter electrode?s.
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Figure 2-5: Schematic design of perovskite solar cell.

The resulting 3.13% efficiency with 0.96 V open-circuit voltages showed the
perovskite compounds to be a promising candidate towards high photo-voltage
devices?s. It can be seen here that the device still resembles a liquid-state DSSC
structure, with the perovskite replacing original dye molecules. Since then, the
research on perovskite solar cells has accelerated with increasing efficiencies. Saliba
et al. from EPFL reported the most recent record for perovskite by using a mixture
of triple Cesium/Methylammonium/Formamidinium (Cs/MA/FA) cation; they
achieved a stabilized 21.1% efficiencyt. From 3.13% to 21.1%, the fundamental
structure remained similar. The 21.1% device kept the FTO, compact TiO2 and
mesoporous TiOz layer. It utilized specially engineered perovskite structure, and
solid-state hole transport material topped by a Au electrode. The structure actually
resembled a solid-state DSSC, with perovskite acting as light absorber and 2,2,7’,7’-
tetrakis [N,N-di-p-methoxyphonylamine] -9,9’-spirobifluorene (spiro-OMeTAD)
used as HTM. Here the hole transporting material is crucial to be compatible with
perovskite layer. In the early stage research, the HTMs used were mainly organic
compounds, with the most widely used being spiro-OMeTAD16:37.38, other small
molecules such as pyrene arylamine derivatives!’, and conducting polymers3°.

In 2013, J, Christians et al. reported that Cul was utilized for HTM in perovskite
achieving 6% efficiency#?. Similar to the research path in solid-state dye-sensitized
solar cell, in 2014, it was reported that CuSCN was also utilized for HTM in
perovskite, achieving 12.4% efficiency. 20 nm thick CuSCN thin film also exhibits

relatively high hole mobility of 0.01-0.1 cm2V-1s-1 (as compared with 4 x 10-> cm?2V-
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1s-1 for spiro-OMeTAD)4L.

b
Pb perovskite T
V] BB \!
EleV] I h* CuSCN
Ti02
CH3NH3Pbly

Figure 2-6: Schematic of structure and band level of perovskite solar cells3s.

Figure 2-6 shows an example of the principles of operations of a PSC using CuSCN.
Compact TiOz (30 nm thickness) and mesoporous TiO2 were deposited on FTO. The
procedure of deposition of perovskite layer was followed by the sequential
deposition recipe3’ reported by Burschka et al. Lead iodide (Pblz) was introduced
on to the mesoporous TiO2 by spin coating a 1M solution of Pblz in N,N-
dimethylformamide (DMF) kept at 70 °C37. The film was then dipped into a solution
of CH3NH3sl in anhydrous 2-propanol (10 mg/ml). The HTM (CuSCN) was then
deposited using doctor blade method3¢, resulting in a 600 nm capping layer. The final
device showed a PCE of 12.4% together with a high short-circuit current density of
19.7 mA/cm2. The high Jsc obtained was attributed to the effective charge extraction
between CH3NH3Pbls and CuSCN, followed by fast hole transport through CuSCN
layer3e,
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2.4 Zn0O-based DSSCs and PSCs

The electron transport layer (ETL) plays an important role in DSSCs and PSCs in

achieving high-efficiency cells. It needs to be able to transport the electron away

before recombination and prevent direct contact between the hole transport layer

(HTL) and conductive electrode. It needs to be relatively transparent to allow visible

light through to the absorber layer (dye or perovskite), capable of charge collection

and transport, and preferably low cost.

The n-type photo anode used during early stage research on DSSCs and PSCs was

mainly focused on TiO2 owing to the wide band gap, non-toxicity, high stability and

inexpensive manufacture resources. Later on, ZnO was brought into attention as a

substitution for TiO2. ZnO has the benefit of achieving various nanostructures under

low temperature synthesis2>. The motivations behind this substitution were:

1) Potentially higher active surface are benefited from tuneable nanostructures
leading to potentially higher dye loading in DSSCs.

2) Superior charge collection properties from the oriented one-dimensional
nanostructure such as nanorods.

3) Higher carrier mobility than TiO2 (200 cm?2/Vs for ZnO compared to 10 cm?2/Vs
for Ti0242).

4) Simpler, low input energy manufacture process.

5) Ease of coating procedures within the structure, as the precursor for the
absorber layer can readily reach the entire surface, which opens up innovative
design of potential structures*3.

6) Increased optical path through light scattering similarly to mesoporous TiO244.

7) ZnOis piezoelectric which holds the possibility to affect charge transport within
the device.

The disadvantage of ZnO is mainly the chemical instability. Dye precipitation was

discovered in a ZnO mesoporous structure4s. Since the Ru complex-based dye was
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initially engineered for TiO2 (acidic nature) surface contact*¢, dissolution of ZnO by
the acidic carboxylic anchoring group of the sensitizer causes insoluble complexes
and precipitation in the cores. They will block the contact between incident light and
the dye molecules thus reducing the charge injection. They can also act as
recombination sites leading to severe recombination.

For the application of DSSC, the adsorption of the dye to photo anode and charge
transfer between the dye and the photo anode take place at the interface. It was
found that increased active surface area leads to potentially higher degree of dye
loading and increase of charge generation!4. It is also suggested that compared to
non-nanostructured crystalline structure electrodes, semiconductor grown in
nanotubes or nanorods has higher effective surface area in contact with the dye and
electrolyte33. However, the surface area of ZnO nanorods or nanowires are still less
than mesoporous TiOz structure. Lower dye loading causes poor light absorption. In
order to achieve a higher degree of dye loading, a number of designs tuning the
nanostructures have been demonstrated such as: elongated ZnO nanorods?’,
hierarchical structure using secondary growth#84% and Zn0/Al203, ZnO/TiO2z core-
shell structurel# (details will be discussed in Section 2.6). The best performance of
purely ZnO nanorods-based DSSC is 1.5%%7 reported by Law et al.. Other structures
exceeding this efficiency have also been reported, however they mainly use
hierarchical structures such as ZnO nanorods with nanoparticle capping network
(1.77%)>9, or ZnO nanorods with nanoflower over layers (2.53%)5>!. For the record
efficiency of 1.5%, prolonged nanorods were designed in order to increase surface
area and subsequent dye loading. Length and diameter of the nanorods were
measured to be 16-17 pm and 130-200 nm, respectively4’.

However for perovskite applications, even though ZnO layer could also acts as the
electron transport layer, prolonged length is undesired. The initial research on the
optimal ETL thickness was performed on TiOz based perovskite>2. The charge

transport and recombination properties of CHsNH3Pbls sensitized cells with varying
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TiO2 thickness were investigated. Recombination in traditional DSSC refers to the
process of electrons transfer back to either the oxidized dyes (Equation 2-11) or the
oxidized species (Equation 2-12) of the redox couple. Recombination in DSSCs was
found to be independent of the ETL film thickness2853. However, in perovskite,
electron recombination lifetime (t) was found to be heavily dependent on the

thickness of ETL>2 shown in Figure 2-7.
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Figure 2-7: Effect of TiO; film thickness on the (a) Electron diffusion coefficient and (b)

Recombination lifetime of electron-hole pairs52.

At a specific photoelectron density (eg. 4 x 1018 cm-3), the t decreased from 101 s
down to 6 x 10-2 s with increased film thickness (1.8 to 8.3 um). The diffusion path
way was elongated with increased thickness, which led to faster recombination rate.
The electron diffusion length Ls was also calculated. A higher diffusion length
indicates higher charge collection efficiency. The electrode film thickness in
traditional DSSC is commonly designed to be within 1/3 of the Lqs to achieve the
optimum performance>4. It was calculated that the Ls decreased monotonically from
16.9 to 11.7 to 8.2 to 5.5 pm when the film thickness increase sequentially from 1.8

to 3.9 to 5.8 to 8.3 um. The increase of film thickness limits the charge collection
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process>* and reduces Jsc°2. Voc and FF were also found to be lower for thicker TiO2
films due to rapid recombination®>. Increased Voc in thinner films was attributed to
the increased electron density in TiO2, where the total generated charge is
concentrated in a smaller volume of the scaffold. This would increase the electron
quasi-Fermi level of TiOz, hence improving the photo voltage®>t. Therefore, it was
concluded that, rapid recombination with thicker ETL limits the cell performance
even with increased light absorption due to thicker ETL52. The PCE were tested to
be 4.58% to 4.43% to 2.57% to 1.92% with increased thickness from 1.8 to 3.9 to
5.8 to 8.3 um.

Research was needed to further narrow down to the optimal thickness of ETL. It was
suggested by Leijtens et al. that the different pore filling factor from different
thickness has a significant effect on the perovskite solar cell performance>¢. Thicker
film with lower pore filling fraction would form an ETL-Perovskite mixture layer
with the potential risk of HTM in contact with ETL, or even the conductive substrate.
A thinner film has the benefit of forming a perovskite-capping layer, meaning the full
ETL film is embedded under perovskite layer. Charges generated would be able to
rapidly transfer into TiOz due to the high diffusivity of carriers within perovskite
material®7. It was also suggested that thinner film with lower surface area would
facilitate a faster charge collection at the conductive substrate. Lower surface area
leads to lower amount of possible recombination sites, thinner film means charges
would have a higher probability to be collected before recombination>®. It was found
that the efficiency of the perovskite device increased from 11.8% to 15.3% to 16.5%
with decreased film thickness from 750 nm to 440 nm to 260 nm, respectively. [t was
later reported that 400 nm-thickness was around the optimal value for ETL for
perovskite38:5859,

Similar to the developing pathway in liquid-state DSSCs, ZnO was then selected as a
substitute for TiOz in PSCs. In 2013, Liu reported a perovskite solar cell based on a

ZnO nanoparticle film®. The efficiency exceeded 10% on flexible substrates
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(ITO/PET) and 15% on rigid substrates (ITO/Glass). In the same year, Dongqin Bi et
al. reported enhanced light absorption using perovskite upon ZnO nanorods.
Nanorods with 1pum length achieved 5.2% using single-step deposited perovskite®l.
In 2014, Son reported 11% efficiency perovskite solar cell based on ZnO nanorods
using two-step sequential method®2. The reported optimal length of nanorods was
also 1um. In 2015, Mahmood reported a ZnO nanorod-based perovskite achieving
16.1% efficiency®3. The synergistically improved ZnO nanorods, with PEI coated and
high aspect ratio (1 pm in length, 85 nm in diameter), were doped with nitrogen.
Doping significantly improved electron density, leading to improved current and

voltage.

(b)

ZnO seed layer
& &

Figure 2-8: (a) ZnO nanorods utilized in record liquid-state DSSC with 16-17 pm lengths??,

and (b) ZnO nanorods utilized in PSC with 1 pum lengtheéz.

Figure 2-8 shows the comparison of structures for ZnO-based LSDSSC and ZnO-
based PSC. It can be seen that long rods are utilized for LSDSSC while short rods are

utilized for PSC.
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2.5 Piezoelectric energy harvester

2.5.1 Piezoelectricity

Jacques Curie and Pierre Curie firstly reported ‘piezoelectricity’ in 1880. They
reported electrification under mechanical pressure of certain crystals®?, i.e. certain
crystals were subjected to mechanical strain and were able to generate a
polarization proportional to the applied strain. The materials reported included
tourmaline, quartz, topaz, cane sugar and Rochelle salt. Since then, the term,
piezoelectricity is commonly used to describe the ability of materials to develop
electric displacement D that is directly proportional to an applied mechanical stress
o (Figure 2-9a)¢%. Following the definition, the electric charge appearing on the
electrodes reverses its sign if the stress is changed from tensile to compressive. This
has more recently come to be termed the direct piezoelectric effect; when a
piezoelectric material is mechanically strained it becomes electrically polarized,
producing electric charges on the surface of the material®®. Lippmann®7 deduced the
converse piezoelectric effect, which was later confirmed by the Curie brothers®4.
Converse piezoelectric effect indicates a material deforms under applied electric
field. Again, the sign of the strain S (elongation or contraction) follows the change of
the direction of electric field E (Figure 2-9b). Shear piezoelectric effect illustrates the
relationship between shear mechanical stress and strain with electric charge (Figure

2-9¢).
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Figure 2-9: Schematic representation® of (a) Longitudinal direct (b) Converse (c) Shear

piezoelectric effects.

The constitutive equations describing the piezoelectric properties are based on the
assumption that the total strain in the material is the sum of mechanical strain
induced by the mechanical stress and the controllable actuation strain caused by the

applied electric voltage®®.
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Figure 2-10: Schematic diagram of a piezoelectric transducer and relevant axis

nomenclaturess

As shown in Figure 2-10, the numbers 1, 2, 3 corresponds to the x, y, and z axes. Axis
3 is also assigned to the direction of the initial polarization of the material, and axes
1 and 2 lie in the plane perpendicular to axis 3.

The electromechanical equations for a linear piezoelectric materials is:

E
& = Sij of +d .E
Equation 2-14
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D, =d,0; +&(E,

Equation 2-15

Where the indices i, j = 1,2,...,6 and m,k = 1, 2, 3 refer to different directions within
the material coordinate system. According to Figure 2-10, the above equations could

be rearranged in the following form, which is more commonly used:

D
& =5;0;+0,D,

Equation 2-16

E =00 + 8D,

Equation 2-17

O ... Stress vector (N/m?2)

¢ ... Strain vector (m/m)

E... Vector of applied electric field (V/m)

¢ ... Permittivity (F/m)

d... Matrix of piezoelectric stain constants (m/V)
S... Matrix of compliance coefficients (m2/N)

D... Vector of electric displacement (C/m?)

g.-.. Matrix of piezoelectric constants (m2/C)

£ ... Impermittivity component (m/F)
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............................

Figure 2-11: Schematic of the arrangement of d;; measurement®e.

Piezoelectric constant djjis defined as the ratio of developed free strain to the applied
electric field. The subscripts dijimplies that the electric field is applied or charge is
collected in i-direction for displacement or force in the j-direction.

For example, as shown in Figure 2-11, if a voltage V is applied to a piece of
piezoelectric material with a dimension of length w, width I and thickness t. The

electrical field generated along the direction 3 is:

V
E3:7

Equation 2-18

The strain induced along the direction 1 is:

& =—

I
Equation 2-19

d,VI
t

Al =
Equation 2-20
Thus, under a fixed given voltage, higher ds: indicating a higher strain or vice versa.

Here d3; is normally a negative number. This is due to the fact that the application of

a positive electric field will generate a positive strain in direction 366,
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Alternatively, another interpretation of ds: is stated as the ratio of short-circuit
charge per unit area flowing between connected electrode perpendicular to the j-
direction to the stress applied in the i-direction.

For the same piece of material in Figure 2-10 but under short-circuit condition, if a

force F is applied in the direction 3, the stress generated is:

F

7 " w

Equation 2-21

Which leads to the electric charge flowing through the short circuit:

q:d33F

Equation 2-22

Similarly, piezoelectric constant gij signifies the electric field developed along the i-
axis when the material is stressed along the j-axis.

Elastic compliance constant Sj;, is the ratio of the strain in i-direction to the stress in
the j-direction, given that no change of stress along the other two directions is
applied.

Dielectric coefficient, ejj determines the charge per unit area in the i-axis due to an
electric filed applied in the j-axis.

Piezoelectric coupling coefficient ki represents the ability of a piezoelectric material
to transform electrical energy to mechanical energy and vice versa. This
transformation of energy between mechanical and electrical domains is the most
fundamental principle of operations that employed in both sensor and actuators®®.
The index ij indicates that the stress, or strain is in the j-direction, and the electrodes
are perpendicular to the i-axis. For example, if the material is mechanically strained
in direction 1, as a result of electrical energy input in direction 3, while the device is

under no external stress, then the ratio of stored mechanical energy to the applied
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electrical energy is denoted as k2,.

When a piezoelectric element is under open-circuit condition, the application of a
force will deflect the element, similar to a spring. This deflection A, can be measured

and mechanical work done by the applied force F can be calculated as below:

Equation 2-23

Due to the piezoelectric effect, electric charges will be accumulated. This amounts to

the electrical energy:

2
w, =2
2C

p

Equation 2-24

Which is stored in the piezoelectric capacitor. Therefore,

W Q
k33 :

w, JFAC,

Equation 2-25

The coupling coefficient can be written in terms of other piezoelectric constants, in

particular:

2

1] SIJEeI(Jr 17 P

Equation 2-26

Where E) is the Young’s modulus of elasticity of the piezoelectric material.
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2.5.2 Piezoelectric ZnO

ZnO is an II-VI compound semiconductor with wurtzite crystal structure shown

below.

Figure 2-12: Hexagonal wurtzite crystal structure of ZnO, (b) Hexagonal prism of ZnO crystal

showing different crystallographic facesss.

ZnO0 is asymmetrical and belongs to P63mc space group. It can be seen from above
figure that alternating planes of Zn and O ions form tetrahedra coordinated along the
z-axis. The convention is that the [0001] axis points from the face of the O plane to
the Zn plane and is the positive z direction. Along the z-axis, the lattice of ZnO has

distinct atom termination at the alternating surfaces, the (0001) surface is

terminated by Zn atoms and (0001) surface is terminated by O atoms. Polarization

results from strain due to offset of these ions, hence ZnO behaves as a piezoelectric
material.

The (0001) surface possesses the highest surface energy when compared to other

34



Chapter 2. Literature review

non-polar surfaces. Thus, ZnO crystals tend to grow along the z-axis and exhibits
columnar/pillar structure called nanorods?2>.

The Young’s modulus of 1 pm length ZnO nanorods has been reported up to 100
GPa®. It was also reported that Young’'s modulus decreases when the diameter of

the nanorod increases?”9.

2.5.3 ZnO-based piezoelectric energy harvesters

Early measurement on the piezoelectric effect of ZnO nanorods was presented and

discussed by Wang and Song?2é. The design of the experiment is shown in Figure 2-13.

Figure 2-13: Experimental design for converting nanoscale mechanical energy into
electrical energy by a vertical piezoelectric ZnO nanorod. (A) Scanning electron microscopy
images of the aligned ZnO nanorods. (B) Transmission electron microscopy images of ZnO

nanorods. (C) Experimental setup and procedures for generating electricity by deforming a
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nanorod with a conductive AFM tip. The base of the nanowire is grounded and an external
load of R. (500 megohm) is applied, which is much larger than the resistance of the

nanowireze,

Nanorods were grown on GaN/sapphire substrate via gold catalysed vapour-liquid-
solid method with length of 1 pm and an aspect ratio of 10. The bending of the
nanorod was induced by an AFM Si-tip coated with Pt film. In AFM contact mode, a
constant normal force of 5 nN was maintained between the tip and sample surface.
The output voltage across an outside load of R. was continuously monitored as the
tip scanned over the nanorods.

During the experiment, both the topography of the ZnO nanorods surface and the
corresponding output voltage images across the load were recorded simultaneously,
thus both images can be used to compare and identify whether the output signal was
location-based (ZnO sites). Ideally, the output signal would be generated exactly

where there was a ZnO nanorod.
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Figure 2-14: Electromechanically coupled discharging process of aligned piezoelectric ZnO
nanorods observed in contact mode. (A) Topography (B) Corresponding output voltage
image of the nanorods arrays. (C) A series of line profiles of the voltage output signal when
the AFM tip scanned across a vertical nanorods at a time interval of 1 min. (D) Line profiles
from the topography (red) and output voltage (blue) images across a nanorod. (E) Line
profile of the voltage output signal when the AFM tip scans across one specific vertical
nanorod. (F) The resonance vibration of a nanorod after being released by the AFM tip,

showing that the stored elastic energy is transferred mainly into vibrational energy after

creating the piezoelectric discharge2s.
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Comparing (A) and (C) in Figure 2-14, the location of the voltage peak was found to
be exactly at the site of the nanorod, indicating the physical origin of the output
signal. Also, a delay was observed for the voltage output signal as shown in (D). No
output signal was received when the tip first touched the nanorod and pushed the

nanorod (green dash line in D). The peak of the voltage output corresponded

approximately to the maximum deflection (y, ) of the nanorod, indicating that the

discharge occurred when the tip passed the stretched side and once was already in
contact with the compressed side of the nanorod. When the tip touched the nanorod
and induced a strain, piezoelectric charges started to accumulate but no discharge
occurred. Discharge only occurred when the deflection reached nearly the
maximum?2®. The principle is explained in details below.

For a vertical, straight ZnO nanorod, the deflection of the nanorod by an AFM tip
creates a strain field, with the outer surface being stretched (positive strain) and the
inner surface compressed (negative strain) (Figure 2-15B). An electric field Ez along
the nanorod (z direction) is then created inside the nanorod volume through the

piezoelectric effect.

E,=¢/d

Equation 2-27

Where d is the piezoelectric coefficient along the nanorod direction that is normally
the positive z-axis of Zn0O, with the Zn atomic layer being the front terminating
layer2¢. The piezoelectric potential is created by the polarization of ions in the crystal,
rather than the free-mobile charges. Since the charges associated with the ions are
rigid and affixed to the atoms, they cannot freely movel8. Free carriers in the
semiconductor nanorod may screen the piezoelectric charges, but they cannot
completely cancel/deplete the charges18. The piezoelectric field direction is closely

parallel to the z-axis (nanorod direction) at the outer surface and antiparallel to the
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z-axis at the inner surface.
Across the width of the nanorod at the top end, the electric potential distribution

from the compressed to the stretched side surfaces is approximately between V.

+
toVS :

VA = u3T |y, |4Ld

Equation 2-28

Where T is the diameter of the nanorod and y_ is the maximum deflection.

The potential is created by the relative displacement of Zn?* cations with respect to
the 0% anions, a result of the piezoelectric effect in the wurtzite crystal structure?e.
The potential difference is maintained as long as the deformation is in place and no
foreign free charges are injected.

The contacts at the top and the base of the nanorod are non-symmetric: the bottom
contact is ZnO/Ag, resulting in an Ohmic contact. The top contact is the ZnO-Pt
contact. The electron affinity (Eq) of ZnO is 4.5 eV and the work function of Ptis 6.1
eV. ¢MS =¢M = =1.6>0 . Thus the ZnO-Pt contact is a Schottky contact. This
Schottky barrier is important in producing a measurable voltage output of the whole
system. Because the compressed side of the semiconductor ZnO nanorod has

negative potential V. and the stretched side has positive potential (V) two

distinct transport processes will occur across the Schottky barrier. When the AFM

conductive tip that induces the deformation is in contact with the stretched surface
of positive potential 7" (Figure 2-15D and E). The Pt metal tip has a potential of
nearly zero, Vm=0, so the metal tip-ZnO interface is negatively biased for
AV =V —V: <0 . The as-synthesised ZnO nanorods behave as n-type

semiconductors, the Pt metal-ZnO semiconductor interface in this case is a reverse-
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biased Schottky diode, and little current flows across the interface2é.
In the second step, when the AFM tip is in contact with the compressed side of the

nanorod (Figure 2-15F), the metal tip-ZnO interface is positively biased for
AV =V, =V -V.">0. The local potential drop leads to the rising of the conduction

band near the tip!8. The metal-semiconductor interface in this case is a positively
biased Schottky diode, and it produces a sudden increase in the output electric
current. The current is formed from the quick flow of the local accumulated n-type
carriers in the nanorod. The discharge process happens at a faster rate than the
charge accumulation rate.

The measured voltage pulse is described as:

R.Q
At

Equation 2-29

V, =

Even the charge Q from single nanorod is small (1000-10,000 electrons8), At here

(the time interval for the discharge process) is even smaller (0.1-1 ms scale). Hence

the value of V|, from the calculation could be measurable.

Electrons from the ZnO will be driven by AV and flow via external load. Once the

electrons flow back to the tip through the nanorod. They will neutralize the ionic

charges within the nanorod and thus reduce the magnitudes of the potential V.

and V.". Therefore, Vi starts to decrease back to zero after all the ionic charges in

the nanorod are fully neutralized. Due to this mechanism, the discharge curve is
nearly symmetric as shown in Figure 2-14D. And the delay can also be explained due

to the discharge occurs nearly at the maximum deflection point.
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Figure 2-15: Charge transport governed by a metal-semiconductor Schottky barrier for the

piezoelectric ZnO nanorod. (A) Schematic definition of a nanorod and the coordination

system. (B) Longitudinal strain &, distribution in the nanorod after being deflected by an

AFM tip from the side. (C) The corresponding longitudinal piezo-induced electric field E,
distribution in the nanorod. (D) Potential distribution in the nanorod as a result of the
piezoelectric effect. (E and F) Contacts between the AFM tip and the semiconductor ZnO
nanorod at two reversed local contact potentials (positive and negative), showing reverse-

and forward-biased Schottky rectifying behaviour respectively?8.

This oppositely biased Schottky barrier across the nanorod preserves the
piezoelectric charges and later produces the discharge output. The inset in Figure

2-15 shows a typical current-voltage relation characteristic of a metal-
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semiconductor (n-type) Schottky barrier. The process in (E) is to separate and
maintain the charges as well as build up the potential. The process in (F) is to
discharge the potential and generates electric current.

Although measurements of output from single strained ZnO nanorod has proven
feasible, for useful applications it is necessary to collect power from an array of
nanorods?’. Wang suggested that by judging from the power conversion efficiency
of individual nanorod and the density of nanorods, it is possible to power a single
nanorod-based electronic device using a nanorod array with size 10 x 10 um? 26,
Later in 2007, Gao et al. demonstrated a nanogenerator design based on an array of
Zn0 nanorods based on flexible plastic substrate. The weak bonding between the
end of ZnO and the flexible substrate was improved by encapsulating a thin layer of
spin-coated poly(methyl methacrylate) (PMMA) insulating polymer. AFM was used
to confirm the improved stability from the application of PMMA layer as well as
demonstrating the arrays of ZnO nanorods grown on flexible plastic substrates can
be used to convert mechanical energy into electrical energy’..

It was also suggested that using ZnO array on polymer substrate has a number of
advantages’1:

1) The nanorod-based nanogenerator can be subjected to extremely large
deformations. This opens up the possibility to fabricate flexible power
sources.

2) The large degree of deformation from nanorods has higher possibility to
generate a larger volume density of power output.

3) ZnO is biocompatible comparing to traditional piezoelectric materials such
as PZT.

4) The flexibility of the polymer substrate used makes it feasible to
accommodate the flexibility of human muscles thus can be used for wearable
technologies.

5) ZnO nanorod-based nanogenerator can directly produce current due to their
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enhanced conductivity in the presence of oxygen vacancies.

Early research has demonstrated using AFM that strained ZnO nanorods can convert
mechanical energy into electrical energy. In order to incorporate the nanorods into
actual working device, other methods need to be designed to induce the mechanical
strain in to the nanorods. Typical design morphology, as shown in Figure 2-16, is:
ZnO nanorods act as the main part of a two-terminal electronic device; the hexagonal
Zn0 nanorods grown along c-axis with two ends and short segments adjacent to the
ends fully embedded by electrodes; thus external stimuli force would be needed to

induce the piezoelectric strain.

(a) (b) Force (c)

Force ¢ Fo‘ife
¥
©

Bending

Py . .

) s
) )

Figure 2-16: Schematic of nanogenerator design upon external force7’2.

In 2007, Xudong Wang et al. reported a working ZnO-based energy harvester
utilizing patterned, platinum-coated silicon top substrate. The ZnO nanorods were
grown on rigid GaN substrate. A spacer was used to support a top electrode, which
had zigzag shaped pattern in contact with the tips of the ZnO nanorods. The strain
was induced by ultrasonic waves. Under the ultrasonic waves, the ZnO nanorods
would oscillate while the upper ends would be bent by the sharp tips of the zigzag
parts of Pt-coated Si electrode. In this way, similar to be bent by AFM tips, a current
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output was observed corresponding to the ultrasonic wave’1.

Another design to induce strain to the nanorods was reported by Xianying Wang et
al.. The nanorods were filled with polymer poly-(vinyl chloride-co-vinyl acetate-co-
2-hydroxypropyl acrylate) (PVC)73. The rods were almost fully embedded in the
polymer matrix. The device was subjected to heating; the thermally expanded
polymers were suggested to strain the nanorods, leading a small voltage output of
10 mV73.

Despite the success of energy harvesting device based on ZnO nanorods on rigid
substrates, higher strain was achieved by utilizing flexible substrates. As discussed
above, flexible substrates were suggested to be able to subject a higher degree and
quicker rate of mechanical bending, thus leading to a stronger local piezoelectric
effect.

In 2009, Choi et al reported a working ZnO-based nanogenerator acting as a

pressure/force sensor’4. This was the first design of NG based on a flexible substrate.

Flexible plastic top film
Transparent top electrode
ZnO nanorod array
Transparent bottom electrode
Flexible plastic substrate

Figure 2-17: Schematic diagram of an integrated flexible nanogenerator and SEM image of

ZnO nanorods on a flexible ITO/PES substrate?4. Scale bar: 300 nm.

Both top and bottom flexible plastic substrates were ITO-coated PES and the top

electrode was further decorated with Pd-Au embossed convex arrays. Even though
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a flexible substrate was utilized, the method to induce strain in this design was
applying vertical pressure rather than bending. It was suggested that due to the
randomly tilted orientation of the ZnO nanorods. Vertical pressure would be able to
bend the rods thus inducing the strain. The device achieved 10 pA/cm? when
compressed by a force of 0.9 kgf (the force close to a touch or a slight push by human
finger)74.

Minbaek Lee et al. reported a nanogenerator harvesting vibration energy’>. The
sandwiched structure was based on flexible Kapton substrate both for the ZnO
nanorod array and Au electrode. It was suggested that due to the non-uniformity of
the nanorod array synthesised via the hydrothermal method, improved number of
contacts can be made when applying vertical pressure. The device achieved around
350 mV of output voltage and 125 nA/cm? of current density7’>.

Later on, Sangmin Lee et al. reported a flexible nanogenerator based on ZnO nanorod
and PMMA. The design was using ultra-thin aluminium foil as bottom electrodes.
PMMA layer was coated both before and after the ZnO nanorod growth to form an
insulating encapsulation on the nanorods. This was believed to reduce short-circuits
or electric leakage between the electrodes and the ZnO nanorods due to the semi-
conducting properties of Zn076.

Although PMMA has been commonly used in a variety of ZnO-based nanogenerator
designs, it has been suggested that the insulating property and increased internal
impedance of PMMA hinders the performance by lowering the current of the device.
Even though it has the benefits of decreasing screening effects (detailed discussion
below), increasing the voltage output, reducing short-circuits, and potentially
increasing the mechanical stability of the device. The overall power is still limited
due to the extremely low current.

In 2012, Briscoe et al. reported a p-n junction-based nanogenerator. The structure
was based on ITO-coated PET polymer substrate with n-type ZnO nanorods and p-

type polymer poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
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(PEDOT:PSS)72.

a

/ Aucontadt  pepoT:PSS

ZnO
nanorods

Zn0O seed

ITO

Figure 2-18: (a) Schematic and (b) SEM cross section image of the device design72.

This design eliminated the PMMA insulating layer. Instead, a conductive p-type hole
transport material PEDOT:PSS was deposited. The PEDOT:PSS was acting mainly as
a capping layer on the tip of the ZnO as it does not infiltrate down to the bottom of
the rods, as shown in Figure 2-18, allowing high freedom of movement of the
nanorod array. The flat top surface of the PEDOT:PSS coating also allows a highly
conductive coating of Au electrode. This design opened up the possibilities of p-n
junction-based energy harvester by achieving a power density of 125.8 nW/cm?,

which was the highest result achieved from single layer ZnO-based devices’2.
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Figure 2-19: Time evolution of the energy band diagrams for a ZnO-PEDOT:PSS junction
when under strain. (a) Equilibrium before strain occurs, (b) Band diagram immediately
after strain is induced, (c) Full screening of the positive polarization by the metal and partial
screening of then negative polarization by internal carriers, (d) Negative polarization is fully

screened by hole accumulation in the PEDOT:PSS72.

The working principle is discussed as follow. When the polarization is induced by
strain in ZnO, the depolarization field occurs Edep, which leads to the movement of
free carriers within the material (internal screening) or within the external contacts
(external screening)’2. The screening effect would screen the polarization and
reduce the Edep field down to zero. As discussed previously, the Egep needs to be
preserved long enough to be able to measure.

When strained, polarization charges develop at the surface as in Figure 2-19a. The
developed charges accumulate to form the Edep, which acts as the driven force to the
movement of the screening charges both internally and externally?’2. At the external
ITO contact shown in (b), the positive polarization charges can be screened by the

free electrons within the ITO. This process has been suggested to happen in a short
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time scale due to the abundant and high mobility of carriers at the interface’?. As
discussed before, this is the reason that a Shottky contact is required for the design
of nanogenerator, as Ohmic contact would lead to a rapid external screening effect
so that Eqep does not develop, hence no external voltage can be measured.

The rapid rearrangement of internal carriers would also be induced within the ZnO
crystal structure. This confines the band bending to the surfaces shown in (c). The

speed of this screening is described using the equation for carrier drift velocity:

Vdr :/UE

Equation 2-30

Where u is the carrier mobility and E is the electric field experienced by the
carriers’8. The normal rate of the rearrangement is on an order of hundreds of
nanoseconds. This internal screening process is still quicker than the time required
to take output measurement. The internal screening also depletes electrons from the
negatively polarised surface, partially screening it’2. The free carriers of low density
in the ZnO crystal could not achieve full screening, thus an electric field is still
present and can be measured externally.

It has been shown that external screening at the contact and internal screening by
free carriers occur extremely rapidly. This leads to the situation in (c), the
polarization at the ITO contact are fully screened whereas the polarization with in
the ZnO is incompletely screened due to the low carrier concentration in ZnO.

It is suggested that the screening process of polarization by PEDOT:PSS is slower
due to lowered density and mobility of carriers. Carrier density in PEDOT:PSS is
around 101° cm3 72 comparing to 1.3 x 1017 cm=3 in Zn07°. Mobility in PEDOT:PSS is
however around 3 times lower than ZnO (1.2 cm?V-1s'1), meaning the carrier will
take longer to reach the junction®0. Furthermore, a p-n junction or Schottky contact

contains a depletion region with an in-built electric field E»’8. Upon the negative
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polarization at the ZnO/PEDOT:PSS interface, E»: will further reduce the strength of
the electric field experienced by the carriers in PEDOT:PSS72.

This then slows the screening sufficiently (around ns to ms) for a voltage to be
generated and measured.

Performance of devices based on this design was further improved by passivation of
ZnO nanorods8182, [t is well known that ZnO has intrinsic surface donor defects such
as oxygen vacancies and zinc interstitials. Externally, interaction with moisture in air
would also cause surface hydroxyl OH- ions which are considered as donor species.
These defect states would reduce the piezoelectric voltage by screening the
polarization charges®l. Therefore, surface modification techniques were proposed
to suppress the defects. Passivation was achieved by applying a thin layer of copper
thiocyanate (CuSCN) coating on the outer side of the rods. It was suggested that
surface passivation reduces the parasitic activity of surface defects which causes a
decrease in defect-induced carrier density in ZnO®8l.. Impedance measurement
showed that the passivation improved the internal resistance. Finally the increase in
charge storage in the piezoelectric device and decrease in screening rate improved

the power output density from 66.80 to 303.39 yWcm-2 81,

2.5.4 Hybrid energy harvesters

As discussed in Section 1.4, a variety of energy harvesting technologies have been
developed such as photovoltaic, thermoelectric, and piezoelectric for converting
solar, heat, and mechanical energies into electricity. In most environments, multiple
forms of energies coexist simultaneously. Thus it has been of great interest to
develop hybrid energy harvesters, which can scavenge two or more forms of energy
simultaneously using a single device.

Traditionally, photovoltaics have been considered as the dominant renewable

energy harvesting technology due to the high efficiency and abundant energy source.
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In reality, most solar cells are not operating under full sun illumination due to
geographic distributions. Also, the majority of electronic devices operate indoors
where sunlight is insufficient. Solar cells cannot achieve the optimal performance
indoors. Equivalently, a nanogenerator generates electricity when it is subjected to
mechanical vibration, bending or similar stimuli. It will remain dormant in the
absence of mechanical energy, the same as photovoltaic in absence of sufficient
illumination. Therefore, it has been proposed that a hybrid energy harvester
scavenging solar and mechanical energy would be desired. Such device would
benefit in areas where both sunlight and mechanical energy coexist simultaneously.
Xu et al. presented the first concept of hybrid energy harvester in 2009 which was a

hybrid cell (HC) based on ZnO nanorods for harvesting solar and mechanical

energies®s.
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Figure 2-20: The design of HC composed of a serially integrated solar cell and

nanogeneratorss,

[t can be seen from the schematic of the design shown in Figure 2-20 that the solar
cell and nanogenerator share a mutual substrate of silicon. Ultrasonic waves were

used here to introduce the piezoelectric effect. It was reported that the output
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voltage of the device under sunlight differed by 9 mV with or without the application

of ultrasonic wave. This indicates the cell was performing as a hybrid energy

harvester®3. However, the liquid-state electrolyte here caused leakage and reduced

2 LQ, LQ. Sun light

the stability of the device.
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Figure 2-21: Design of HEH based on solid-state solar cell and nanogenerators4.

Later, Xu et al. improved the design by using a solid-state DSSC instead of liquid-state
DSSC84 as shown in Figure 2-21. They reported that a 6% increase was found in
optimum power by incorporating the contribution of the nanogenerator. However,
this structure was still complicated to fabricate. The SSDSSC and NG had to be
fabricated separately on different substrates. Also the two sets of nanorods had to
be stacked face-to-face, allowing the gold coated electrode from SSDSSC to
mechanically trigger the nanorods located on GaN substrate. The control of distance
in-between and the assembly of the whole device require extreme care.

Choi et al. presented a design based on a flexible substrate. It could harvest solar
energy and act as a touch-sensitive piezoelectric power generator8>. A ZnO film was
utilized to act as both the electron transport layer for the solar cell and the active

layer for the formation of a piezoelectric potential. Later they reported another
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design using ZnO nanorods. The design featured piezoelectric ZnO in conjunction
with an organic solar cell. ZnO remained the key factor here due to its intrinsic
coupled piezoelectric and semiconducting properties®®. It is also the first design
utilizing intrinsically hybrid structure without additional stacked structures to be

connected, shown in Figure 2-22 below.

Current density (mA/cm?)

v

* T L)
00 01 02 03 04 05 06
Voltage (V)
Figure 2-22: Design of naturally hybrid energy harvester. J-V curve is taken under AM1.5

illumination8e.

Using the solar cell part, this design achieved 1.5% of efficiency, 0.55 V of Voc and 9.2
mA/cm? of Jse. When the device was working normally under illumination, it
performed solely as an organic solar cell. When subjected to mechanical strain such
as vibration and bending, the piezoelectric output signal was added to the overall
output signal, indicating the instantaneous piezoelectric effect within the device,

shown in Figure 2-23.
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Figure 2-23: The hybrid energy harvesting upon illumination and dynamic mechanical
stimuligé. SE indicates solar energy harvesting process, FB indicates fast bending process,

FR indicates fast release.

It was reported that the piezoelectric response depends on the degree of strain and
rate of strain. By varying the strain parameters, the piezoelectric output voltage
ranged from several tens of mV up to 150 mV, and the output current was several
hundreds of nA, as shown in Figure 2-23. This work is a successful demonstration of
a dual-mode scavenging energy generator that harvests both solar and mechanical
energies.

In 2013, Shoaee et al. reported acoustic enhancement of polymer/Zn0O nanorod
photovoltaic device performance8’. It was suggested that the enhancement
originates from a reduction in the charge carrier recombination caused by
alternating electric field at the surface of ZnO due to its piezoelectric effect?’. This
discovery opened up the potential of applying photovoltaic devices onto the
environments with both sunlight and mechanical vibration present, such as air-
conditioning units on roofs, top of vehicles and defence applications in order to
improve their efficiency, rather than only relying on the separate or simultaneous

harvesting of solar and mechanical energy.
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The established methodology to harvest solar and mechanical energies such as
vibration, wind, body motion etc., opened up the possibility to design a novel hybrid
energy harvester that can be integrated into flexible electronics. The potential
applications include defence, vehicles, environmental monitoring, remote wireless
sensor, wearables etc.88. Micro/nano-systems can work under variable
environments and conditions, where relying on single type of energy would not meet
the demand. It is highly desired to develop hybrid energy harvesters, which can

conjunctionally convert multiple types of energy into electricity.

2.6 ZnO, TiO; and core-shell structure

2.6.1 ZnO

2.6.1.1 Materials and properties:

The wide range of useful properties exhibited by ZnO has been under research for a
long time. Novel applications can be achieved from the unique proprieties. Anumber

of the properties are shown below.

1) Direct, wide band gap. The band gap of ZnO is 3.44 eV at low temperature and
3.37 eV at room temperature®°.

2) Large exciton binding energy of 60 meV enabling application in optical
devices?4.

3) High electron mobility. Highest reported room-temperature electron mobility
of bulk ZnO single crystal grown by vapour-phase transport method is reported
to be 205 cm? V-1s-1 with a carrier concentration of 6 x 1016 cm-3 99,

4) Large piezoelectric constants. The low symmetry of the wurtzite crystal

structure combined with a large electromechanical coupling in ZnO makes ZnO
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5)

6)

7)

8)

9)
10)

11)

a promising candidate in piezoelectric and pyroelectric applications®°.

Strong luminescence. The n-type conductivity of ZnO makes it interesting for
applications such as vacuum fluorescent displays and field emission displays8?.
Strong sensitivity of surface conductivity to the presence of adsorbed species.
As the conductivity of ZnO thin film changes with the surface state, it is possible
to use ZnO as gas sensors®l. Doped ZnO with altered surface can detect targeted
gases such as ethanol?2.

Strong non-linear resistance of polycrystalline ZnO. The grain boundaries
induced non-linear resistance behaviour makes ZnO a candidate in commercial
varistors?3.

Large non-linear optical coefficients in the application of integrated optical
devices®4.

High thermal conductivity makes it useful as additives®°.

Availability of various nanostructures as shown in Figure 2-24. One of the most
attractive features of ZnO is that ZnO has various nanoscale morphologies
including nanowires/rods, nanosheets, nanotubes, nanocombs, nanorings,
handsprings, nanobows, nanobelts, nanocages, nanoflowers, nanoneedles,
nanocandles, nanodisks, nanonuts, microstars and microballs242595, The
unique nanostructures demonstrate that ZnO probably has the richest family of
nanostructures among all materials both in structures and properties. The
variety of nanostructure would lead to novel structure designs and
unconventional materials properties.

Availability in large single crystals via various synthesis routes, which will be

discussed below.
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Figure 2-24: A collection of various ZnO nanostructuresz2s.

As discussed in previous sections on ZnO-based solar cells (Section 2.4) and
nanogenerators (Section 2.5.3), the favoured morphology in these two specific
applications is 1D nanowire/rod structure arrays as it provides not only larger

surface area but also direct pathway for electron transport.

2.6.1.2 Growth methods:

Several methods have been reported to produce ZnO nanostructures. These include:
chemical bath deposition (CBD)?697, chemical vapour deposition (CVD)%8, sputter
deposition??, thermal evaporation of zinc powdersl®, ion beam assisted
deposition0l, template-assisted growth10Z, etc.

Among all the growth methods, chemical bath deposition method is chosen in this
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project for the following reasons.

1) The method is well established in the literature and proven to be reliable.

2) It requires low energy input and low cost due to low temperature processing
and inexpensive precursors.

3) This method has been used in our laboratory to grow ZnO nanostructure on
transparent substrates.

4) Parameters of synthesis can be controlled to tune the resulted morphology of

the ZnO nanostructure.

Vayssieres et al. first introduced the aqueous solution-based CBD method in 2001°.
The as-grown ZnO micro-rods were formed from an aqueous solution containing
zinc salt at low temperature on different substrates. In this method, substrates such
as FTO, silicon wafer and ITO coated polyester were used directly without a seed
layer. It was suggested that the weak bonding between ZnO and the substrate makes
the structure vulnerable and easy to fall off. In 2002, Tian et al. first introduced a
seeding method by adding a thin layer of ZnO nanoparticles prior to nanorod
growth103. Lori E. Greene et al further improved the seeding method and
demonstrated improved stability104. The seed layer is normally deposited by wetting
the substrate with adequate amount of zinc acetate/ethanol solution. The substrate
is then rinsed with additional ethanol to facilitate an even coverage then dried using
N2 flow. This process is normally repeated and the substrate is then subjected to
thermal annealing at 350 °C in air. The thermal decomposition process produces a
thin layer of ZnO nanoparticles acting as a seed layer in the following growth of ZnO
nanorods. The substrate is then placed face-down and suspended in a glass jar with
growth solutions. The solution consists of an equimolar aqueous solution of zinc
nitrate (Zn(NOs3)224H20) and hexamethylenetetramine (HMT). The jar is then placed
in a regular oven and kept at 75-95 °C for a fixed period time from 2.5-24 h.

Prolonged time leads to elongated nanorods. Upon heating, both homogenous (in
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the solution) and heterogeneous (on the surface of the substrate) precipitation of
ZnO occurs and ceases at a stage (depleted) depending on the initial concentration
of the solution and reaction time. For a 0.025 M equimolar solution, the reaction was
reported to cease after 2.5h at 90 °C47.

The possible growth mechanism of ZnO is explained by the controlled precipitation
of ZnO from Zn precursor via hydrolysis15. The main role of HMT here is to provide

a controlled supply of hydroxide ions (OH-). HMT gradually decomposes to form

ammonia and formaldehyde upon heating. The ammonia forms NH Z and OH

through hydrolysis. Then the Zn** from zinc nitrate solution will react with OH- to
form ZnO along with ammonia and water. The suggested reaction scheme is shown

as follows?23:

(CH,);N, +6H,0 <> 6HCHO + 4NH,

Equation 2-31

NH, + H,0 <> NH, +OH"

Equation 2-32

20H™ +2Zn* —Zn0O(s)+H,0

Equation 2-33

The growth of the ZnO nanorods is influenced by:

1) Seed layer as the layers determine the direction and alignment of the arrays as
well as the dimensions of the nanorods!%4. It is suggested that a denser film with
aligned crystal orientation leads to dense and well-aligned nanorod arrays. This
isideal to increase the surface area and improve electron transport process. The

morphology of ZnO nanorods is strongly influenced by the thickness of the seed
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2)

3)

4)

layer and the corresponding crystal size. A thinner ZnO seed layer provides a
higher surface area of ZnO nanorods because of the smaller crystal size of the
seed layer. The orientation of the ZnO seed layer significantly affects the crystal
structure of the rods10°.

Initial concentration of the precursors. After the depleted stage is reached,
further growth can be obtained by placing the substrate into a new jar with
fresh solutions. It is suggested that the width of ZnO rods can be reduced from
1000-2000 nm down to 100-200 nm by lowering the overall concentration of
the precursors while keeping the ratio of Zn?* to amine constant at 1:19,
Temperature of heating. When the growth temperature is decreased from 95 to
60 °C, the average diameter of the ZnO nanorods decreased from 65 to 30 nm,
correspondingly07. Also the length can increase from 240 to 850, 1100 and
1900 nm when the temperature increased from 40 to 60, 80 and 95 °C197, This
implies that the growth rate along [001] direction is sensitive to the
temperature.

Other parameters including pre-treating and annealing methods on the

substrate, sealing of the jar, pre-treatment on the precursor solution etc.108,

In summary, the growth of the ZnO nanorods is extremely sensitive and is affected

by a variety of parameters. In order to achieve a reliable ZnO film, care must be taken

during each step of the synthesis.

2.6.2 TiO:

TiO2 has undergone extensive research and remains the most dominant candidate

for the n-type light-harvesting electrode in the applications of solar cells since the

pioneering work of Fujishima and Honda in 197269,

TiO2 has a wide band gap, high stability and inexpensive manufacture resources. It

has three widely known polymorphs: tetragonal rutile, anatase and orthorhombic
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brookite. Among these, anatase is preferred structure for the use of dye-sensitized
solar cells due to the large band gap (3.2 eV)?28. Various nanostructures of TiO2 have
been achieved such as nanoparticles, nanorods, nanowires, nanobowls, nanosheets
and nanotubes?8.

A number of synthesis routes have been reported for TiO2 such as sol-gel, micelle
and inverse micelle, hydrothermal, solvothermal, sonochemical, microwave
deposition techniques, direct oxidation, chemical vapour deposition, physical
vapour deposition and electrodeposition?8. The most common technique for
preparing TiO2z nanoparticles is the hydrolysis of a titanium precursor such as
titanium (IV) alkoxide with excess water catalysed by acid or base, followed by

hydrothermal growth and crystallization?8. The proposed reaction is shown below:

Ti(OR), +2H,0 — TiO, + AROH

Equation 2-34

Where R is an alkyl, typically an ethyl, butyl or isopropyl group.

Benefiting from the high collection efficiencies for photo injected electrons and an
impressively long electron diffusion length on the order of 100 um, relatively thick
TiOz2 films can be prepared leading to improved light-harvesting efficiency%°. Thus,
with new materials such as ZnO being investigated as promising substitutions for
TiO2, combination of materials with heterojunction designs was also proposed to

design and fabricate photo anode in solar cell applications.

2.6.3 Core-shell structure

Traditionally, TiO2 mainly act as the mesoporous electron transport layer in DSSCs.
In 1991, Kavan et al. firstly demonstrated an extra anatase TiO2 film deposited on

existing P-25 mesoporous layer using anodic oxidative hydrolysis of TiCl4 0.
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The resulting improved dye loading and photocurrents were attributed to the
roughened surface with increased surface area®. This was the first successful
demonstration of modification on photo anode and can actually be considered as

TiO2/TiO2 core-shell structure, as shown in Figure 2-25.

150 nm . 150 nm

Figure 2-25: SEM images of (A) Naked P-25 film, and (B) After electrodeposition of extra

TiO; film 60,

In 2005, O’'Regan et al. demonstrated an Al203 barrier layer coating on a
TiO2/dye/CuSCN solid-state solar celll10. It was reported that Al203 treated cells
show improved open-circuit voltages and fill factors but lower short-circuit currents.
The Al203 layer was considered to act as a tunnel barrier, suppressing the
recombination rate hence improving the photo voltagel10. This was a further
demonstration that the possible novel design methodology such as decorating the
n-type photo anode by applying outer shell structure.

In 2006, Law et al. reported enhanced DSSCs based on ZnO/Al203 and ZnO/TiO2
core-shell structures. The as-grown ZnO nanowires had a length of 15 pym and 150
nm in diameter. Atomic layer deposition was used to deposit a thin shell of
amorphous Al203 and anatase TiOz. It was reported that the insulating Al203 shell

increased the open-circuit voltage, but decreased the short-circuit current!4. For
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TiO2 shells, an optimal 10-25 nm in thickness increased both photo voltage and fill
factor, enhancing the performance up to 2.25%14 (compared to the record PCE of 1.5%
of pure ZnO-based DSSC#7). It was suggested that the application of shell would
decrease the recombination rate possibly due to the passivation of surface
recombination sites and build-up of a radial energy barrier that repels electrons
from the nanowire to recombinel4. Lori E. Greene et al. reported a solid-state DSSC
based on Zn0O/TiOz core-shell nanorod/P3HT111. Short rods were used (150-225 nm
in length and 15-25 nm in diameter). Again, atomic layer deposition was used to
deposit the TiOz2; the resulting device achieved 0.29% efficiency!11.

So far the deposition method for the extra shell layer has mainly been atomic layer
deposition (ALD). Although the ALD method provides precise control of the
thickness and quality of the film, it is time consuming and uneconomical.

In 2011, Qiu et al. reported a facile route to synthesis aligned TiO2 nanotube arrays
for dye-sensitized solar cells!!2, The original design was applying a thin outer shell
layer on the template ZnO nanorods to form the ZnO/TiO2 core-shell structure. The
inner core was later removed by selective wet chemical etching in a dilute aqueous
solution of HCI (1%) or TiCl4 (15 mM) for 2h!12. Thus, it provided a simple method

of applying the core-shell structure.

2.7 Summary

To sum up, facing the energy crisis, a number of technologies have been developed
to harvest renewable energy. Among them, solar cells and piezoelectric energy
harvesters (such as nanogenerators), targeting solar and mechanical energy have
been demonstrated. For solar cells, the working principle is generating and
separating excited carriers upon the illumination of incident light; lack of sunlight
would render the devices dormant. Similarly for nanogenerators, lack of mechanical

stimuli would also result no energy harvesting effect. Under most situations, light
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and mechanical energies coexist simultaneously, thus, it would be beneficial to use
a hybrid approach to design a hybrid energy harvester that could scavenge both
solar and mechanical energy simultaneously. A number of successful designs have
been demonstrated. However the structures remain complex.

For solar energy harvesting techniques, in traditional crystalline silicon solar cells,
typical p-n junction was used. For amorphous silicon solar cells, the structure is
based on p-i-n junction. Whereas ‘I’ stand for intrinsic semiconductor, which
separates two heavily doped p and n regions near the contacts. The intermediate
layer acts as light absorber and generates electron and hole pairs. To be more precise,
the structure design could be adapted as p-a-n layers where ‘a’ stands for light
absorber layer. This approach was then adapted in the following solar cell designs.
For the original design of dye-sensitized solar cell by Gratzel in 1991, mesoporous
TiOz layer was used as n-type electron transport layer and dye molecules were used
as the ‘a’ layer for the light absorption. A redox electrolyte was used as hole transport
medium. Later dye molecules were replaced using inorganic narrow band gap
semiconductors such as nanoparticles or quantum dots (CdS, CdTe, CdTS etc.). Also
to the more recent promising perovskite solar cells, where perovskite structure was
selected to act as light absorber layer. The classic p-a-n junction design was still
utilized here. The n-type materials such as TiOz and ZnO, p-type materials such as
CuSCN, PEDOT:PSS and spiro-OMETAD have all been demonstrated in perovskite
solar cells.

For mechanical energy harvesting techniques such as nanogenerators, materials
such as barium titanate (BaTiO3), aluminium nitride (AIN) and PZT have been
demonstrated for piezoelectric energy harvesting. Since Wang’s report2¢ on ZnO-
based piezoelectric nanogenerator in 2006, ZnO has been gaining wide attention due
to the unique properties. The initial design was based on rigid substrates such as
TCO and silicon wafer. Acoustic waves and vibration were used to induce strain on

the rods. Later, flexible substrates based on polymer were utilized. The device can
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be bent to introduce larger degree of deformation and strain onto the ZnO nanorods.
The material used for initial designs was mainly focused on ZnO acting as electron
transport layer and origin of the piezoelectric potential. ZnO was then encapsulated
with insulating PMMA and Al203 layers to finish the device. Recently, a p-n junction-
based nanogenerator was reported by Briscoe et al This novel design has
established a new methodology for mechanical energy harvesting,.

So far for designs of both solar cells and nanogenerators, improvements of the
performance have been demonstrated via modifying different components within
the p-a-n (p-n for NG) junction devices. Different substrates such as rigid TCO glass
and flexible polymer PET were used. Different n-type materials such as TiO2 and ZnO
were selected. The morphologies (various nanostructures as well as hierarchical
structures of core-shell), optical and electrical properties (passivation by CuSCN
coating81.82) were tuned to investigate the optimal performance. For absorber layers,
different materials with different band gaps have also been used. A number of p-type
hole transport materials (HTM) have also been demonstrated such as liquid-state
redox electrolyte and solid-state CuSCN. The combinations of each component need
to be specifically designed considering principle band gap alignments, practical ease
of material manufacture processes and assembly.

Here, after comparison of literature on both p-a-n junction-based solar cells and p-
n junction-based nanogenerators, it is noted that both technologies can be fabricated
using flexible substrates (ITO/PET), ZnO as n-type ETL and CuSCN as p-type HTL.
The only difference would be the ‘a’ layer which exists in solar cell device but not
involved in p-n junction nanogenerators. Hence, the question arises that whether
the NG device would also work as a solar cell if suitable ‘a’ layer material is inserted

between p-n junctions.
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Au contact PEDOT:PSS
Zn0O
nanorods ‘a’ layer coated
CuSCN
coating

Figure 2-26: Proposed design with 'a' layer inserted between p-n junction of a
nanogenerator. Image on the left is the original NG design reported by Jalali et al.82. The
image on the right is proposed design with addition of Di-tetrabutylammonium cis-
bis(isothiocyanato)bis(2,2 ' -bipyridyl-4,4 ' -dicarboxylato)ruthenium(Il) (commonly

noted as N719) dye coating.

A proposed design is shown in Figure 2-26, here N719 dye is selected as light
absorber layer. From the image on the left, the structure is (from bottom): flexible
ITO-PET, ZnO seed, ZnO nanorods (piezoelectric potential provider), CuSCN (for
passivation), PEDOT:PSS (flexible hole transport layer) and top gold contact. From
image on the right, the proposed design is (from bottom): flexible ITO-PET, ZnO seed,
Zn0 nanorods (piezoelectric potential provider as well as electron transport layer),
N719 dye coating (light absorber layer), CuSCN (hole transport layer), PEDOT:PSS
(flexible hole transport layer) and top gold contact.

Based on this design approach, detailed structure design, materials and device

performance characterization will be discussed in Chapter 5 and Chapter 6.
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Chapter 3 Experimental methods

This chapter presents schematic methodologies of fabricating dye-sensitized solar
cells, perovskite solar cells, nanogenerators and the corresponding hybrid energy
harvester. The p-a-n structure described at the end of the Chapter 2 (where ‘@’ is the
light absorber) is utilized in all the devices; hence the experimental methods will be
introduced from bottom-up covering each component, starting from substrate to n-
type material, to light absorber material, to p-type material and finally to top contact
deposition. The final design of DSSC, PSC, nanogenerator and hybrid energy
harvester will be constructed with a cautious selection from choices of each

component.
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3.1 Substrate engineering

In this project, available substrates are listed below:

Table 3-1: Substrates utilized in this project.

Resistivity | Transmission
Name | Acronym | Supplier | Flexibility Notes
(ohm/sq) rate (%)
Fluorine
Use as
tin oxide FTO Solaronix Rigid 15 80
received
glass
Seed layer
Indium Flexible deposited
tin oxide Sigma (120°C by
ITO-PET 60 80
coated Aldrich annealing spraying
PET limit) or
sputtering
Flexible FTO
Corning®
MTI (800 °C sputtered
willow™ Cw 10 75-80
Corporation | annealing by
glass
limit) Solaronix

All the substrates here are transparent conducting substrates (CW was received as

raw material and a thin layer of FTO was sputtered by Solaronix). All substrates were

cleaned by soaking in acetone followed by isopropanol under ultrasonic bath (10

mins each session). As reported by Greene et al. 194 and Tian et al. 193, a thin layer of

ZnO nanoparticles film acting as seed layer is essential for achieving a well-oriented

Zn0 nanorod array. It was reported that the seed layer plays an important role for

the nanorod growth as it affects the diameter, density and orientation106.108,
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In this project, a number of seeding methods have been demonstrated and applied

according to the choices of different substrates.

1)

2)

Drip seeding method.

The first and the most traditional seeding method was sol-gel drip seeding
method first reported by Greene et al. 194, It involves the decomposition of zinc
acetate (Sigma-Aldrich, 298%) to form a thin layer of ZnO nanoparticle film. The
detail of the method is described as below: First of all, the substrate was cleaned
in ultrasonic bath for 10 minutes in the following order (detergent, acetone
then isopropanol). Seeding solution (5 mM) consisted of 0.011 g of zinc acetate
dissolved in 10 ml absolute ethanol. The substrate was then placed conductive
side up onto a clean wipe. The seeding solution was dripped onto the centre of
the substrate using a pipette and allowed to wet the whole surface (10 s). The
substrate was then ‘rinsed” with pure ethanol to remove excess solution and
dried with N2 flow. The wet-rinse-dry step was repeated 5 times then the
substrate was annealed at 350 °C for 25 mins. This was considered as one cycle.
Three cycles were needed to achieve a uniform coverage of the seed layer.
Spray seeding method.

For polymer-based PET substrate, high temperature annealing is not feasible.
Thus, low temperature spray coating was used for the seed layer deposition.
The ZnO nanoparticles seeding suspension was made as follows. First of all,
stock (A): 2.95 g of zinc acetate was added into 125 ml methanol in a round
bottom flask. The flask was then stirred at 65 °C in silicone oil. Stock (B): 1.48 g
of potassium hydroxide was dissolved in 65 ml methanol. Add stock (B) into
stock (A) drop wise over 15 mins during stirring. The combined stocks were
then further stirred for 2.5 h at 65 °C and the suspension turned cloudy. After
cooling down, the cloudy suspension was centrifuged in a centrifuge machine
(4000 RPMx5 minsx3 times). The remaining solid was then mixed with 70 ml

1-butanol, 5 ml methanol and 5 ml chloroform. The final suspension was
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3)

4)

sonicated and filtered with 0.45 pm PTFE filter before deposition.

Hydrogel spin coating seeding method!13.

The main process of hydrogel seeding is based on the polymerization of
poly(ethylene glycol)dimethacylate (Mn=550). Methanol was used as solvent
and 2,2-dimethoxy-2-phenylacetophenone was used as photo initiator. The
hydrogel seeding precursor contained 40 wt.% methanol, 40 wt.% of
poly(ethylene glycol)dimethacylate, 10 wt.% of 2,2-dimethoxy-2-
phenylacetophenone and 10 wt.% zinc nitrate. The viscous metal-loaded
organic mixture was spin coated on the conductive side of substrate at 1250
RPM for 45 s. The achieved film was then cured under a UV lamp for 3 h. The
resulted polymeric film was annealed at 500 °C for 1 h.

Sol gel spin-coat seeding method114.

The precursor contained 0.1 M zinc acetate with 0.1 M 2-amino ethanol in 2-
methoxyethanol. The solution was stirred for 2h and filtered with 0.45 pm PTFE
filter before deposition. The substrate was wet with the precursor the spin
coated at 500 RPM for 10 s then 3000 RPM for 30 s. Then it was annealed at
350 °C for 10 mins, cooled down finishing one cycle. Three cycles were required

and during the third cycle, final annealing condition was 450 °C for 1 h.

3.2 N-type material deposition

Zn0 nanorods and ZnO/TiO2 core-shell structure were utilized as n-type electron

transport materials.

For ZnO nanorods, aqueous chemical growth method was used. Different precursors

lead to various structures and morphologies.

1)

pH=6 growth method.
Powders of zinc nitrate  hexahydrate  (Aldrich, 98%) and

hexamethylenetetramine (HMT, Sigma-Aldrich, 99.5%) were dissolved in DI-
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water at higher concentration (0.25 M) to make the batch solutions. A Kilner®
glass jar was filled with 200 ml DI-water. 25 ml of each reactant was measured
and added into the jar, making a 250 ml growth solution with 0.025 M of zinc
nitrate and HMT. The seeded substrate was taped onto a wired-sample holder
using Kapton tape. The substrate was then faced down while being suspended
in the middle of the solution (Figure 3-1). By facing down, ZnO nanorods could
nucleate heterogeneously on the seed layer with preferential growth direction.
Meanwhile the homogeneously nucleated precipitate formed in the solution
would be able to settle down to the bottom of the jar without sticking to the
surface of the substrate. The jar was then sealed and placed in an oven set at
90 °C. The reaction time was set from 2.5 h to 24 h. Prolonged reaction time led
to longer rods. After the reaction, the substrate was then retrieved and rinsed
with DI-water to remove the white precipitates. Once taken out of the sample
holder, the substrate was placed on a clean wipe with nanorods facing up and

dried naturally.

/Lid

P

- Metal

L

Substrat Glass slide
Growth solution

Figure 3-1: Schematic of aqueous growth of ZnO in a jar showing substrate suspended face-

down from a glass slide, suspended from PTFE-coated wire.

2) High precursor concentration (0.1 M) for densely packed nanorods synthesis.
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3)

By using higher concentration of the precursors and lower temperature of the
growth, nanorods with low aspect ratio can be achieved. Lateral growth would
result in dense nanorods packed together forming film-like structure. The
precursors were 0.1 M zinc nitrate and HMT solution. The growth temperature
was 75 °C. The growth set up was same as method 1 shown in Figure 3-1.
Ammonia-assisted synthesis.

Homogeneous nucleation could be suppressed with excessive amount of OH;
hence ammonium solution had been added into the growth solution to
accelerate the growth speed!13. Ammonium hydroxide solution would release
extra OH- into the solution. While homogeneous precipitation was suppressed,
heterogeneous precipitation (growth of the nanorods) would be favoured. The
growth solution consisted 80 ml mixture in a 100 ml glass bottle with screwed
lid. The mixture consisted of: 35 ml of DI-water, 0.833 ml of HMT (2.4 M), 3.5
ml of ammonium hydroxide solution (Sigma Aldrich, 28-30%), 0.493 ml
Polyethylenimine from stock (PEI, Sigma Aldrich, Mw ~800 by LS, 1g PEI
diluted in 3g DI water in stock), and finally the zinc source: 0.595 g zinc nitrate
dissolved in 40 ml DI-water.

Once the solution was ready, four pieces of seeded substrate were then
immersed and placed vertically at the bottom of the bottle, as shown in Figure
3-2. Each substrate had the seeded side facing towards the inner wall of the
bottle. The growth time was set at 5 h. After 5 h, the bottle appeared to be clean
without any white precipitates. This suggested that the homogeneous

nucleation was suppressed and longer rods would be achieved.
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Lid\

Glass——
bottle Grovyth
solution
ubstrate

Figure 3-2: Schematic of ammonia-assisted growth set up with substrates leaning against

the side of the bottle.

For the core-shell structure, a homemade 3D automatic dip-coating apparatus was
designed. A rotating disc held 4 beakers containing solutions in the following
sequence, TiO2 sol, ethanol, DI water and ethanol. The layer-by-layer adsorption
reaction (LBL-AR) method for the in-situ coating of TiO2 was carried out in the
following order:

One cycle consists of four steps!12, as shown in Figure 3-3:

1) Adsorption of ‘Ti’ species by immersing the substrate into TiOz sol.

2) Removal of loosely bound species by rinsing in ethanol.

3) Hydrolysis into TiOz coating by immersing into deionized water.

4) Dissolving excess water and weakly bound TiO2 nanoparticles by rinsing in

ethanol.
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[ 1: TiO, Sol ]
[ 4: Ethanol ] [ 2: Ethanol ]
[3: DI Water]

Figure 3-3: Schematic of one cycle of LBL-AR deposition of TiOx.

The TiO2 sol consisted of 0.5 M tetrabutyltitanate (TBT, Sigma Aldrich) and 0.5 M
acetylacetone (Sigma Aldrich) in absolute ethanol. The hydroxyls were provided by
DI water. Acetylacetone was used as modifying agent to inhibit unfavourable
homogeneous precipitation during hydrolysis reaction and improve the stability of

TiOz sol112, The achieved ZnO/TiO:z core-shell structure was annealed at 550 °C.

3.3 Light absorber layer deposition

For the light absorber layer, two materials were selected.

1) Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylato)ruthenium(II), commonly known as N719, was purchased from
Sigma-Aldrich. 3x10-* M concentration was chosen. The solvent was a mixed
solution of 1:1/v:v acetonitrile (Sigma-Aldrich, anhydrous, 99.8%) and tert-
butanol (Sigma-Aldrich, 299%).

2) Methylammonium Lead Iodide (MAPI) Perovskite. Different perovskite recipes
were tested on ZnO nanorods.
2-step sequential method: 0.462 g Pblz was dissolved in 1 ml of solvent
containing 70% dimethylformamide (DMEF, Sigma Aldrich, 99.8%) and 30%
dimethyl sulfoxide (DMSO, Alfa Aesar, 99+%). In order to achieve a high quality

Pbl2 solution, the Pbl2 powder was measured in a small glass vial then put
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inside an oven at 120 °C for 10 mins to remove moisture. The vial was then
sealed and heated at 70 °C in silicon oil bath and stirred for 2 h. During this time,
0.1 g methylammonium iodide (MAI, Solaronix) was dissolved in 10 ml
anhydrous isopropanol (Sigma-Aldrich, 99.5%) for further use. For the
deposition, the substrate was preheated at 100 °C. Pblz was dripped onto the
substrate using a micropipette. The spin coating recipe was 3000 RPM for 30 s.
The resulted Pbl: film was then annealed at 100 °C for 5 mins. Then the cooled
substrate was wet with MAI solution and spun at 3000 RPM for 30 s. The film
was finally annealed at 100 °C for 1 min.

2-step additive sequential method: in this method, 2-(Dibutylamino)ethanol
(Sigma-Aldrich, 99%) was added into the precursor solution. The precursor
solution consisted of 0.464 g Pblz, 0.1 g MAI and 0.04 g additive in 1 g DMF
solvent. The mixture was stirred for 10 mins at 70 °C. The substrate was
preheated then was wet with the precursor. The spin coating recipe was 3000
RPM for 30 s. The resulted film was then annealed at 100 °C for 45 s. MAI
solution (0.1 g MAI in 10 ml anhydrous isopropanol) was dripped on to the
surface of the substrate. It was then further spun at 3000 RPM for 30 s. The

achieved perovskite film was then annealed at 100 °C for 30 s.

3.4 P-type material deposition

In this project, p-type hole transport materials were selected as follows:

1)

Copper(I) thiocyanate (CuSCN) (99%) was purchased from Sigma-Aldrich. It
was deposited from a di-n-propyl sulfide (Alfa Aesar, 98+%) solution. 1.8246 g
CuSCN powder was dissolved in 100 ml di-n-propyl sulfide, leading to a 0.15 M
concentration of the solution. The solution was stirred for at least 72 h then
settled for 7 days. During this time, undissolved material would settle down to

the bottom of the bottle. Clean solution from the top was retrieved and filtered
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with 0.45 um PTFE filter before use.

The deposition method selected was spray coating. The substrate was taped on
to the surface of a hot plate using Kapton tape. The hot plate was set at 100 °C
and tilted by 45 degrees, as shown in Figure 3-4. The filtered CuSCN solution
was filled in a spray gun reservoir and the spraying was performed in a scanning
motion towards the surface of the substrate at approximately 15 cm distance.
An appropriate amount (according to the length of the rods) of solution was
sprayed (calculated by ml/cm?). Once the spraying coating was complete. The
substrate was then replaced in an oven at vacuum at 70 °C and kept overnight.

This step was designed to quickly evaporate the residue solvent within the film.

Substrate

Figure 3-4: Schematic of spray coating CuSCN and PEDOT:PSS.

2) Aqueous Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) solution

(PEDOT:PSS) was purchased from Sigma-Aldrich. Spray coating was used to
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deposit aqueous PEDOT:PSS. PEDOT:PSS solution was mixed with ethyl glycol
(EG) to improve the conductivityl1>. The final solution contains 5% EG. The
setup of spraying coating was the same with CuSCN deposition shown in Figure
3-4.

3) Toluene-based PEDOT:PSS (Heraeus Clevios™ HTL Solar 3, 1.5-2.5 wt%) was
purchased from Ossila. Spin coating was used to deposit toluene-based
PEDOT:PSS. The solution was used as received. The substrate was placed onto
the spin coater and wet with the toluene-based PEDOT:PSS. The spinning step

was set at 3000 RPM for 30 s. The resulted film was dried at 60 °C for 60 s.

3.5 Top contact deposition

At early stage the top electrode of gold was deposited using Agar auto sputter coater.
The substrate was masked and put inside of the sputter. Six run of coating was
performed at 0.1 mBar pressure on the defined electrode area.

Later, high vacuum thermal evaporator was used to deposit the gold. 100 nm
thicknesses gold was slowly deposited onto the surface of the substrate, resulting a

controllable film with better quality.
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3.6 Fabrication process for devices

Electrolyte filling
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ﬁ
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Figure 3-5: Step by step processes in fabrication of devices

In Figure 3-5, the fabrication process for different devices are shown. At first, the
nanorods were grown on various substrates. Different morphologies of nanorods
were designed depending on the device type, long rods for N719 based devices and
short rods for PSC based devices. For N719 based devices, N719 was used as light
absorbing layer. In the first case, liquid electrolyte was injected followed by Pt-
counter electrode application, leading to liquid state dye sensitized solar cell device.
Alternatively, CuSCN and PEDOT:PSS can be used as p-type hole transporting
material followed by gold deposition, leading to N719 based hybrid energy
harvester device. In the last case, perovskite Methyl Ammonium Lead Iodide can be
used as light absorber layer. In this case, toluene-based PEDOT:PSS was used as p-
type hole transporting material, leading to PSC based hybrid energy harvester
device.
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Figure 3-6: Schematic of N719 based hybrid energy harvester device.

Figure 3-6 demonstrates the schematic of the N719 based hybrid energy harvester.
Device fabricated on PET is 2 cm long while device fabricated on Corning willow
glass is 10 cm long, excluding extended copper tape and metal wires. For PSC-HEH,
simply replace the N719 and CuSCN with a thin layer of perovskite layer.

3.7 Measurement and analysis

Scanning-electron microscopy (FEI Inspect F) and transmission-electron
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microscopy (JOEL 2010F) were used. X-ray diffraction (Siemens D5005
diffractometer) measurement was performed. Scans were performed from 5-90°
using Cu Kq radiation. Crystal peaks were identified using the International Centre
for Diffraction Data (ICDD) database. UV-Vis absorption spectra were measured
using a Perkin-Elmer Lambda 950 spectrophotometer. Electrical and photovoltaic
measurements were performed using a Kiethley 2400 SMU with LabVIEW 8.0
software. Impedance analysis was performed from 0.01 Hz to 106 Hz using Gamry
Interface 1010 Potentiostat. Cells were tested under 1 sun (100 mWcm-2) provided
by a Newport solar simulator apparatus (SOL1A class ABB). The simulator was
calibrated using Newport reference solar cell and meter 91150V.

For the nanogenerator performance characterization, device was fixed on a
permanent magnetic shaker (Briiel & Kjaer, LDS V406). The voltage output of the
device was recorded using data acquisition module National Instruments NI PXI-
4461 on the NIPXI-1062Q chassis, which was operated through LabVIEW program.
The terminals of the device were connected in parallel to a resistive decade box,
Meatest M602 programmable decade box, which was connected with the PXI-4461

module for data acquisition.

lllumination

Oscillation from T
the shaker

Bending induced
by finger

Figure 3-7: Schematic of hybrid energy testing set up.

The testing schematic is shown in Figure 3-7. Bending of the substrate can be
induced by finger or the oscillation from the shaker.
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Chapter 4 Optimization of ZnO-based DSSCs
and effect of acoustic vibration

Based on the acoustic enhancement8’ reported by Shoaee et al., the first stage of this
project was to produce ZnO-based DSSCs and test the effect of acoustic vibration on
the performance of the cells. In order to eliminate the interferences from non-
acoustic factors, a stable power conversion efficiency (PCE) of the device was
required. This chapter describes the development of the growth of the nanorods
suitable for different cells, ZnO/TiO2 core-shell structures and a high efficiency
(compared to literature record 1.5%47) DSSC with stable performances. Finally,
acoustic vibration was provided onto the stabilized cell to probe the effect on PCE of

DSSCs.

4.1 ZnO nanorod growth

4.1.1 Effect of seed layer

As introduced and described in details in Section 3.2, a seed layer of ZnO
nanoparticle film is required to grow ZnO nanorods on FTO glass substrates. This
section compares the effects of different seed layers on the morphologies of the as
grown nanorods. Seed layers were prepared via three methods: (1): drip coating zinc
acetate solution in absolute ethanol followed by thermal decomposition, denoted as
drip seeding; (2): spin coating of zinc acetate in 2-amino ethanol and 2-
methoxyethanol solution followed by thermal decomposition, denoted as sol-gel
spin seeding; (3): spin coating of hydrogel precursor containing zinc nitrate and

additives in methanol, denoted as hydrogel spin seeding.
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Figure 4-1: Top view of different ZnO nanoparticle seed layer via different seeding methods.

(a) Drip seeding method, (b) Sol-gel spin seeding method, (c) Hydrogel spin seeding method.

As discussed in Section 2.6.1, seed layer strongly affects the resulting ZnO nanorod
structures. SEM analysis indicated different morphologies of the seed layers. Drip
seeding results a rough film while sol-gel spin seeding results a flat and smooth film.
It was confirmed in XRD results that sol-gel spin coated seed layer has a strong (0 0
2) peak, indicating good crystallinity. The film produced using a hydrogel
precursor does not have a flat surface. Hydrogel spin seeding results a film with
impurities (Figure 4-1c). During the hydrogel spinning process, due to the nature of
the viscous solution, it attracts dusts in the air. Once the dust is attached on to the

surface, the local seed layer structure would be contaminated.
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Figure 4-2: Effect of seed layers on the morphology of ZnO nanorods. Growth condition was

set to be: 0.1 M equimolar zinc nitrate and HMT at 75°C for 3 h. (a) and (c) show the cross
section and top view of nanorods grown on a drip-seeded substrate, respectively; (b) and
(d) show the cross section and top view of nanorods grown on a sol-gel spin seeded

substrate, respectively.

[t can be seen from Figure 4-2 that, for nanorods synthesised via 0.1 M precursor
solution at 75 °C for 3 h, the diameter and length of ZnO are 400 nm, 1.65 pm on spin
seeded substrate comparing to 200 nm, 0.8 pm on drip seeded substrate. It is clear
that sol-gel spin seeding leads to more densely packed film. The diameter of the
nanorods is determined by the lateral growth rate of the rods, while the growth rate
is affected by both the growth temperature and rods densityl16. Based on the

observation from the SEM images in Figure 4-2, at the same temperature during the
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initial stage of the growth, the randomly oriented drip seed layer would be at lower
supersaturation than flat sol-gel seeded layer!1¢. For nanorods grown on sol-gel seed
layer, initial growth is preferred towards the same vertical direction, during the late
stage of the growth, rods are fused together, and hence less hexagonal top surfaces
are found. For nanorods grown on randomly oriented drip seed layer, during the
initial stage, growth of the rods are competing towards different directions, this can
be seen from the cross section image (Figure 4-2a). With low crystal preferential
growth direction, rods grew separately from each other rather than fusing together.
Hence comparing to the nanorods from sol-gel seed layer, nanorods from drip seed

layer has a shorter length, higher density with small diameter, and rough top surface.

Figure 4-3: Effect of seed layer on the morphology of ZnO nanorods. Growth condition was
set to be: 0.025 M equimolar zinc nitrate and HMT at 90 °C for 24 h (pH=6 method). (a)

and (c) show the cross section and top view of nanorods grown on drip seeded substrate;
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(b) and (d) show the cross section and top view of nanorods grown on sol-gel spin seeded

substrate.

It is shown in Figure 4-3 that, for nanorods grown via pH=6 method, although the
top view of the nanorods appears to be the same in density and orientation, cross
section image reveals that ZnO nanorods grown on sol-gel seeded substrate has a
length of 3.5 um comparing to 2.5 um of rods grown on drip seeded substrate. For
the application in DSSC, longer rods are desired due to improved light scattering and

potentially higher dye loading, therefore, sol-gel spin seeding is preferred.

4.1.2 Effect of growth time and ZnO growth method

The length of the ZnO nanorods is time-dependent. For the ZnO synthesised on sol-

gel seeded substrate, the initial stages of growth are shown in Figure 4-4:

)

Figure 4-4: Cross section and top view of (a) and (e) 2.5h, (b) and (f) 3h, (c) and (g) 3.5h, (d)

and (h) 4h. Growth condition: 0.025 equimolar zinc nitrate and HMT, 90 °C, 24 h.

For nanorods synthesised via pH=6 method on sol-gel spin seeded substrates, the
lengths of the ZnO nanorods from 2.5, 3, 3.5 and 4 h are 350, 600, 700 and 900 nm
respectively. These shorter rods are ideal for electron transport layers for perovskite

solar cells as discussed in Section 2.4.
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Other than 0.025 M equimolar synthesis, ammonia-assisted high aspect ratio rods
were also synthesised on hydro-gel seeded substrates. Ammonium hydroxide and
polyethylenimine (PEI) were added to achieve high aspect ratio rods (details of the

growth condition in Section 3.2).

R TR e e
il G

Figure 4-5: Cross section and top view of ZnO nanorods grown viaammonia-assisted growth
via different growth times. FTO from each cross section images have been aligned to show

the differences of lengths (a) and (e) 5 h, (b) and (f) 7 h, (c) and (g) 14 h, (d) and (h) 24 h.

The lengths of the rods from 5, 7, 14, 24 h are 6, 8, 12 and 20 pm, respectively. On 14
h and 24 h synthesised samples, the bottom part of the rods fuse together. The lower
part at the bottom of the nanorods tend to grow wider due to reduced limitation of
mass transfer reactants!16. It is not desired to have a thick ZnO fusion layer as it acts

as charge blocking layer and contains a large amount of recombination sites116.
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Table 4-1: Aspect ratios and relative surface areas of two different synthesis methods. The
densities of the rods are calculated from SEM images, approximately 45 rods/1 um? for
pH=6 growth and 30 rods/1 pm?2 for ammonia-assisted growth. Surface area factor is
defined as the ratio between the surface area of all nanorods within 1 um2 and the area of

the substrate (1 pm?2).

Zn0 nanorods via pH=6 0.025M equimolar growth

Surface area
Growth time Length Diameter Aspect
factor
(h) (nm) (nm) ratio
(um?2 / Per 1 um?)
2.5 350 70£10 5 70
3 600 90+£10 6.7 190
3.5 700 90+£10 7.8 220
4 900 9020 10 280
8 2000 12510 16 1180
16 2500 13020 19.2 1490
24 4000 15020 27 3370

Zn0 nanorods via ammonia-assisted growth

5 6000 7515 80 850

7 8000 85+20 94 1450
14 12000 13020 92.3 5100
24 20000 250%30 80 31800
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Figure 4-6: Lengths and relative surface areas of the nanorods grown from both pH=6
growth and ammonia-assisted (AA) growth. Surface areas are calculated for rods within 1

pma2,

It can be seen from Figure 4-6 and Table 4-1 that, both length and surface area
increase along growth time. Ammonia-assisted growth has faster growth rate which
resulted to longer rods comparing to pH=6 growth. As a result, ZnO film grown from
ammonia-assisted growth has higher surface area, which would be beneficial for the
dye loading in DSSCs.

The growth mechanism has been discussed in Section 2.6.1. The slow decomposition
of HMT provides controlled supply of ammonia, which can form ammonium
hydroxide and offer OH-. Zn?* can complex with OH- to form several monomeric
hydroxyl species, including Zn(OH)* (aq), Zn(OH)? (s), Zn(OH)3, and Zn(OH)%
(agq)'7. Then solid nuclei are formed by the dehydration of these hydroxyl species at

the surface of ZnO seed layer. Without external source of ammonia, growth speed is

87



Chapter 4. Optimization of ZnO-based DSSCs

relatively slow, most of the nutrient would be depleted by homogeneous nucleation
to form white precipitates. When ammonium hydroxide is added, length and aspect
ratio of the rods would increase. It is suggested that the introduction of ammonia
into the reaction suppressed the homogenous nucleation effectively. The
suppression effect is due to the coordination of ammonia to Zn?* and the low
concentration of free Zn?*. Then the complexes would serve as a buffer for Zn?* and
provides continuously Zn?* while lowering the supersaturation degree of the
reaction system17. Thus, with suppressed homogeneous nucleation, precipitates in

the solution would be reduced.

For PEI, protonized form of liner PEI molecules would be adsorbed on the non-polar
lateral planes of nanorod and inhibit the lateral growth118. Here it is noticed that the
top view of the ZnO structures changed along the growth time (see Figure 4-5). On
5 h synthesised substrate, the tips of the ZnO fuse together. With prolonged growth
time, the number of fused sites reduces. On the 24 h synthesised sample, all the rods
are able to stand vertically and separately from each other. This is also supported by
the increasing diameter shown in Table 4-1. The reason is suggested as follow:
during the initial stage, lateral growth of ZnO is suppressed by sufficient amount of
PEI, with the presence of excessive ammonia, the rods exhibits fast growth rate.
Towards the final stage of growth, the amount of PEI is depleted and insufficient to
cover all the side surfaces. Hence the lateral growth stops to be suppressed and the
diameter would increase to reach an even surface on the sides. As the reason of the
fusing during initial stage, it is suggested that: at the fast growth rate due to excessive
ammonia, the long aspect ratio rods are not physically stable (higher flexibility at
thin diameter stage). The growth direction is random, the rods tend to fuse together
to physically support each other. This fusing action could also reduce surface area of
the rods, this is caused by surface tension. During the final stages of the growth
(approaching to 24 h), lateral growth is not suppressed by PEI any more, hence the

diameter increases. The rods would be able to stand vertically free from contact with
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each other.

XRD analysis was performed to identify the phase of the ZnO crystals.
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Figure 4-7: XRD results of ZnO from different synthesis route and annealing effects,

including pH=6 and ammonia-assisted growth (AA). AG: as grown.

It can be seen from Figure 4-7 that the peak positions do not change within the
precision of the measurement as effects of different synthesis routes or annealing.
This indicates that the crystal structure and lattice spacing are not affected. The
strong (0 0 2) peak at 34.4° for all four measurements corresponds to ICDD
(International Centre for Diffraction Data) PDF-Card: 35-1451 for wurtzite ZnO. This
peak confirms the c-axis oriented vertical growth of ZnO nanorods, and corresponds
to the SEM images in Figure 4-3 and Figure 4-4. No difference in the crystal structure
is found post annealing.

In summary, different morphologies of ZnO nanorods can be synthesised via tuning

the growth parameters. Seed layer quality greatly affects the structures of ZnO
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nanorods. Precursor concentration and additives can be used to change the aspect
ratio of the rods. The as-grown rods were annealed at 500 °C in air to remove the
impurities and surface defects, thus improving the crystallinity. After annealing, ZnO

nanorods can be used as the electron transport layer (ETL) in device applications.

4.2 ZnO/TiO, core-shell structure

As described in Section 2.6, TiO2 shell coating has the potential to further improve
the surface area of the photo anodel4, as well as reducing the recombination by
passivating the surface of ZnO nanorods. However, the reported atomic layer
deposition method was time consuming and uneconomicall#. In this section, a facile
route of producing ZnO/TiO2 core-shell structure via layer-by-layer absorption
method was investigated. Morphologies, crystallinity and optical properties were
measured and discussed.

The fabrication process has been discussed in detail in Section 3.2. ZnO substrate
was coated with TiOz shell via four step dip coating process, the sample was dipped
in the following order: (1) TiOz sol consisting 0.5 M tetrabutyltitanate and 0.5 M

acetylacetone in absolute ethanol; (2) ethanol; (3) deionized water; (4) ethanol.

4.2.1 Scanning electron microscopy analysis

SEM analysis was performed first to investigate the effect of TiO2 on morphologies

of the nanorods.

90



Chapter 4. Optimization of ZnO-based DSSCs
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Figure 4-8: Top view of various layers of TiO, coated on ZnO grown via pH=6 method. (a) 5

layers, (b) 10 layers, (c) 15 layers, (d) 20 layers.
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Figure 4-9: Images of 5 layers of TiO; coated ZnO grown via ammonia-assisted method. (a)

Cross section, (b) Top view, (c) Magnified top view.

Before coating, the surface of the rods is smooth (see Figure 4-3). After 5 layers
coating, roughened surface could be observed. After more layers of coating, SEM
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images could not identify further change due to the resolution limit. It was suggested
that the thickness of the TiO2 shell would be below 10 nm4, which would be difficult
to identify under SEM.

For ammonia-assisted growth, due to the presence of fused tips, TiO2 nanoparticles
form agglomerates at the fusion sites (shown in Figure 4-9c). This phenomenon

become more obvious after 15 layers TiO2 coating shown in Figure 4-10 below:
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Figure 4-10: Top view of SEM images of effect of TiO, coating on rods via ammonia-assisted
method. As grown rods are shown in (a) Low mag and (c) High mag. 15 layers TiO,-coated

rods are shown in (b) Low mag and (d): High mag.

It can been seen clearly from Figure 4-10, as the number of TiO2z layers increased,
agglomerates of TiO2 form at the tips of the nanorods. During the dip coating process,

the substrate was withdrawn at a fixed speed (1 cm/s) under room temperature and
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ambient atmosphere. Capillary force may have led to excessive solution being
deposited at the fused region at the tips of nanorods. During each step of the coating,

the fused region with excessive TiOz sol would develop into large agglomerates, as

seen in Figure 4-10.

4.2.2 X-Ray differential analysis

To ascertain whether the coating of TiO2 had any effect on the crystal structure of

the rods, and the phase of the deposited TiO2, XRD analysis was performed.
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Figure 4-11: XRD results of various layers of TiO; coating on ZnO grown via pH=6 method.

From bottom to top: 5, 10, 15 and 20 layers, all annealed at 500 °C for 1 h.

From Figure 4-11, SnO:z exhibits diffraction peaks at 26.5° (110), 37.8° (200), and
51.5° (211) (ICDD PDF-Card: 01-77-0452). In addition, XRD peaks at 26 = 31.8°
(110), 34.4° (002), 47.5° (102), 62.8° (103) and 67.9° (112) occur, representing a

wurtzite structure of ZnO (ICDD PDF-Card: 36-1451). The strongest peak of ZnO at
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34.4° indicates the (0 0 2) direction is the most preferential crystal plane for the
aligned ZnO arrays. ZnO nanorods grow along c-axis, which is perpendicular to the
surface of the FTO substrate. As discussed in Section 2.6., anatase phase TiO:2 is
commonly produced through hydrolysis of a titanium precursor and conversion of
anatase to rutile occurs in the temperature range of 700-1000 °C28. The annealing
condition for coated TiO2 was 500 °C for 1 h, which was not high enough to cause the
phase transition. Hence anatase TiO2 standard XRD pattern is chosen to compare
with the results here. However, no distinct TiO2 peak can be identified, which
corresponds to the report from Law that XRD is not capable of detecting a thin layer
of shell. Law et al. suggest that TiO2 films thinner than about 5 nm are completely

amorphous!4.

4.2.3 Transmission electron microscopy analysis

In order to further identify the TiO2 shell, TEM analysis was performed.

5 layers 10 layers

15 layers N 20 layers

Figure 4-12: TEM images of various layers of TiO; coated on ZnO grown via pH=6 growth.

(a) 5 layers, (b) 10 layers, (c) 15 layers, (d) 20 layers.
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The rough surface of outer shell could be confirmed by TEM. The shell structure fully
cover the entire nanorods. However no distinct difference can be identified from
different layers of TiO2 coating. In order to further confirm the phase of TiO2, HRTEM
was performed.

High-resolution Transmission electron microscopy analysis images are shown in

Figure 4-13.

10 1/nm

Figure 4-13: HRTEM and Selected area electron diffraction (SAED) patterns. (a), (b) and (c)

as grown ZnO0; (d), (e) and (f) 5 layers TiO- coated ZnO. ZnO were grown via pH=6 method.

Comparing images (a) and (d), it can be seen that the shell coating is successful,
leading to a clear increase in the surface roughness of the nanorod. Image (b)
indicates the annealed ZnO is highly crystalline with a wurtzite crystal structure and
the growth direction is along the c-axis, which is in good agreement with XRD results.
The clear lattice spacings of 0.52 nm and 0.27 nm correspond to the interplanar
spacings of the wurtzite ZnO (0001) and {1010} planes, respectively, which also
indicates that the preferred growth direction is along the c-axis. From Image (c): the
shortest spacing d; = 2.84 a corresponds to (2 0 0) plane of ICDD PDF-Card: 36-1451.
The second shorted spacing d2=5.2 & corresponds to (0 0 2) plane of ICDD PDF-Card:
36-1451. This also suggests the ZnO crystal has high crystallinity. From Image (e):

the d spacing of 0.2375 nm corresponds to (0 0 4) plane for anatase TiO2. The clear
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difference of the crystal orientation between the shell and the ZnO indicates the
success of TiOz shell coating. From Image (f): the shortest spacing d: = 2.65 a
corresponds to (0 0 4) plane of ICDD ZnO PDF-Card. The second shorted spacing d:
= 1.06 & corresponds to (2 1 7) plane of anatase phase TiO2z of ICDD PDF-Card: 03-
065-5714. The detection of multiple diffraction patterns from 5 layer TiO2 coated
sample indicates that new crystalline materials is formed at different orientations to
the original crystal, which corresponds to Figure 4-13e.

The thickness of 5 layers of TiO2 shell deposition is 3.46 nm on average. This
suggests approximately 0.7 nm of TiOz is deposited per each coating cycle during
first 5 layers of deposition. [t was suggested by Law’s report that TiO2 shell thickness
around 5 nm would be considered as amorphous and could not be detected by XRD14,
In our results, SAED pattern revealed crystalline structure of TiOz on 5 layers coated
sample. However the shell structure was found to be polycrystalline with only partial
TiO2 transferred to crystalline after annealing. Thickness of 10 layers coated TiO2
shell is also calculated and the average thickness is 5.64 nm, indicating decreased
overall coating rate, morphologies of the shell remained uneven. Decreased coating
rate is attributed to the natural of dip coating. Unlike atomic layer deposition where
controllable, precise thickness of the coating is achievable, dip coating limits the
amount of Ti species that can be absorbed. It is suggested that, when reached a
critical thickness, further dipping would wash off the previously attached Ti species.
As a result, the amount of materials could be deposited per each cycle is lowered.
In summary, a shell can be identified due to increased roughness. HRTEM revealed
TiO2 crystal phase within the shell region. Even though the deposited shell is thin
and non-uniform, the success of lay-by-layer deposition of core-shell structure

provides a new route to modify the ZnO photo anode.

4.2.4 Ultraviolet-visible spectroscopy

Optical properties were measured via UV-Vis to investigate the effect of TiO2 shell
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coating and N719 dye loading on the absorbance of ZnO nanorods. The results in

Figure 4-14 were achieved on nanorods grown via pH=6 method.
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Figure 4-14: UV-Vis plot of ZnO/TiO; core-shell structure before and after 6 h of N719 dye
loading. ‘D’ denotes samples after dye loading. Inset shows the Tauc plot of bare ZnO

nanorods. Here, nanorods were grown via pH=6 growth method.

For all substrates before N719 dye loading, ZnO nanorods show low absorption
within the visible spectrum range (400-700 nm). An absorption edge could be seen
at ~380 nm, indicating a band gap of 3.24 eV shown in Figure 4-14 inset
(corresponding to the literature value for the band gap of Zn02479). Comparing the
different TiO2 layers before dye coating, the addition of a TiOz shell of any thickness
does not affect the absorbance as all of the values are within a similar range. This is
as expected as the thin layer of TiO2 with similar band gap of ZnO would not be able

to affect the absorbance of ZnO significantly. After N719 dye loading, it is as expected
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that absorbance increased within the visible spectrum range. Absorbance is in direct
proportion to the coated layers of TiOz2. The more layers of the coating, the higher
the absorbance. It is also noted that the dye-related absorbance is negligible on the
bare rods, indicating the improvement of absorbance is originated from the coating
of TiOz2 shells.

Results in the Figure 4-15 were achieved on rods grown via ammonia-assisted

method.
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Figure 4-15: UV-Vis plot of ZnO/TiO core-shell structure before and after 6 h of N719 dye
loading. ‘D’ denotes samples after dye loading. Here, nanorods were synthesized via

ammonia-assisted growth method.

It can be seen from Figure 4-15 that nanorods grown via ammonia-assisted method
has higher absorbance due to enhanced light scattering from longer length (11 pm
rods used here). For the TiO2 coating, 5 layers and 10 layers show similar

absorbance except slight increase for 10 layers coated sample around 430-480 nm
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range. This suggests that due to the natural of dip coating, the thickness of TiO2z shell
was not strictly proportional to the layers of coating, which corresponds to the SEM
and HRTEM images that no obvious morphological differences are found between 5-
10 layers coated TiO2 shells. 15 layers coated TiO2 shell hugely improved the
absorbance, considering the SEM images in Figure 4-9, the possible reason is
attributed to the formation of TiO2 agglomerates on the tips of the rods. The
agglomerates could be considered as small sized TiO: film formed by TiO2
nanoparticles, which could increase the dye adsorption due to significantly
increased surface area. It should be also noted that for ammonia-assisted bare rods,

dye absorption greatly increases absorbance across the visible spectrum range.

4.2.5 Photoluminescence spectra of ZnO/TiO; core-shell

Photoluminescence (PL) measurement were taken in order to probe the energy
transitions within the ZnO/TiO2 core-shell structure and investigate the defect

structures after thermal annealing.
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Figure 4-16: Photoluminescence spectra of pH=6 method grown ZnO with TiO, deposition.

(a) Normalized data, (b) Normalized to the peak intensity of near band edge emission.

Two peaks can be identified from Figure 4-16a and b. The first peak at 376.6 nm is
the UV emission peak. It is related to a near band edge emission (NBE) of ZnO,
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namely, the recombination of the free excitons!1?. According to literaturell?, this
peak could locate within the range of 375-383 nm (~3.3 eV). It depends on the
contribution between the free exciton and the transition between free electrons to
acceptor bound holes. The dominant (0 0 2) peak from XRD results and the wurtzite
SAED pattern observed in HRTEM indicate high ZnO crystallinity. Consequently, a
strong near band edge emission is expected. However in this normalized data
(Figure 4-16a), the NBE at 376.6 nm is relatively weak. Here the diminished
emission indicates rapid combination of charge carriers in the defect energy states,
which would give rise to the deep level emission (DLE) peaks. The second broad and
dominant peak is the deep level emission peak that has been attributed to several
defects in the crystal structure such as oxygen vacancies, zinc vacancies, O-
interstitials, Zn-interstitials and extrinsic impurities120,

From Figure 4-16a, both near band edge emission and deep level emission are
observed in the as-grown, annealed ZnO nanorods and ZnO/TiOz core-shell
structures. The NBE emission is significantly enhanced and the DLE is shifted for the
samples subjected to annealing. The stronger intensity of NBE emission from
annealed bare rods (500 °C for 1 h) and TiOz shell-coated rods (which also included
a post annealing process at 500 °C for 1 h) are in the same range comparing to the
weak intensity from as-grown ZnO.

The ratio of relative normalized PL intensity between UV emission and deep level
emission is commonly used to characterize the crystallization of the ZnO, as shown
in Figure 4-16b. In Figure 4-16b, it can be seen that the ratio of the deep level band
to the NBE emissions of the samples subjected to post annealing are much smaller
than that of as-grown ZnO. It may also be noted that the ratio of DLE to the NBE
emission is almost identical for annealed and 10 layers-coated samples, while 5
layers-coated sample shows slightly weaker DLE. The slightly weaker DLE from 5
layers-coated sample is suggested to be a result variation from the test. In Figure

4-16b, comparing with the DLE of as-grown ZnO, the considerable suppression of
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DLE by the post annealing process is attributed to increased intensity of NBE. The
increase of NBE is attributed to reduced density of oxygen interstitials at the surface
of ZnO corel?1 after annealing. The remaining DLE from the core-shell structure may
mainly originate from the oxygen interstitials inside the ZnO core.

Alternatively, the enhancement of NBE has also been attributed to the flat-band
effect122. Negatively charged oxygen ions may adsorb on the surface of as-grown ZnO,
resulting in a depletion region near the surfacel?3. It has been reported that the
width of the depletion region is about 20 nm!24, smaller comparing to the nanorods
prepared for ZnO used here (150 nm diameter). This depletion region can be
considered as an upward band bending towards the surface of the rods. During PL
measurement, photo generated holes are inclined to accumulate near the surface
where the photo generated electrons are inclined to reside inside the core. As a
result, the probability of radiative recombination is lowered, hence weaker NBE125,
During thermal annealing process, the oxygen ions adsorbed on the ZnO surface
would be eliminated, hence reduce the band bending near the interfacel?2. This
could enhance the NBE.

The surface of ZnO grown with CBD method is prone to absorb various kinds of
functional groups. According to the chemical reaction in the solution (discussed in
Section 3.2), these functional groups will be related to elements such as carbon,
nitrogen, and hydrogen!20. These functional groups have a negative influence on the
optical properties of ZnO. One small shoulder peak can be identified at the range
between 540 nm (2.3 eV) and 544 nm (2.28 eV), which is attributed to surface
defects as well as oxygen vacancies (Vo) and oxygen interstitials (0i), respectively126,
The strongest peak of yellow DLE at ~570 nm (2.2 eV) is observed which could be
linked to Zn(OH)2 on the surfacel?’” as well as oxygen interstitials104119.128, The
second strong peak at ~642 nm (1.93 eV) is linked to naturally charged zinc vacancy
Vzn126, It has been reported that yellow emission can be suppressed by annealing in

vacuum for 2 h at 800 °C or almost entirely suppressed by annealing in 10% H2/90%
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Ar at 500 °C129, Thermal annealing could eliminate the unwanted functional groups
acting as nonradioactive centres on the surface of Zn0130. As a result, the NBE
intensity is enhanced (shown Figure 4-16a). On the other hand, the deep level
emission has been attributed to the presence of large amounts of defects,
particularly Vo and Vz» involved complex defects.

Results shown in Figure 4-17 below were achieved on ZnO nanorods grown via

ammonia-assisted method.
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Figure 4-17: Photoluminescence spectra of ammonia-assisted ZnO with TiO, deposition. (a)

Normalized data, (b) Normalized to the peak intensity of near band edge emission.

Comparing to PL results from ZnO grown via pH=6 method, 5 and 10 layers TiO2
coated ammonia-assisted ZnO show same increase in NBE and redshift in DLE.
Annealed ZnO however shows the weakest NBE, i.e. Strongest DLE. Also to be noted,
unlike pH=6 synthesised ZnO which shows a redshift of DLE after annealing,
ammonia-assisted ZnO shows no redshift after annealing. This is attributed to the
presence of excessive ammonia during the growth of the nanorods.

Due to the presence of ammonium hydroxide, the production of ZnO occurs via the

equilibrium reactions31 is shown in Equation 4-1 and Equation 4-2:
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Zn(OH). <>ZnO+H,0+20H"

Equation 4-1

Zn(OH,)2" +20H" «> Zn0 +4NH, + H,0

Equation 4-2

This indicates once the Zn-precursors were exhausted, dissolution of ZnO would
initiate.

Yellow DLE at ~570 nm (2.2 eV) is observed to be dominant peak for both as-grown
and annealed samples, which could be linked to Zn(OH)2 on the surfacel27 as well as
oxygen interstitials104119.128 [t is suggested that excessive ammonium induced large
amount of N-Hx and atmospheric nitrogen species on the surface of the material31
prior to annealing. These species were oxidized during the air-annealing process to
form ZnO. Simultaneously, N-Hx species trapped in the nanorod bulk would
dissociate and form N-and H-related species!31. This led to N-doping of the nanorods,
while the liberated H* gradually diffused out of the rods132. H* species acted as
hydrogen donor at the surface and are considered to increase the surface
recombination sites which reduced intensity for NBE119,

The high pH synthesis environment arises from the high quantity of available
hydroxyl ions, which provides an excess of oxygen for the reaction. It has been
reported that the orange PL form oxygen rich films can be obtained by oxidative
annealing!33. Hence, the shift towards orange emission is attributed to oxidative
annealing. TiO2 coating is also suggested to induce large amount of surface trap sites
due to incomplete crystallization. It is confirmed in HRTEM images (Figure 4-13)
that the shell coating is not uniform and fully crystalline. Also, 5 layers coated sample
shows stronger NBE than 10 layers coated sample, consistent with the results from
Figure 4-16a.

To summarize, for bare rods without surface modification, it is beneficial to anneal

the rods grown via pH=6 method but not beneficial to anneal the rods grown via
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ammonia-assisted rods. With TiO2 coating, rods grown via both methods show
improved NBE emission which is suggested to reduce charge recombination process

for solar cell application.

4.3 Photovoltaic characterizations:

Section 4.1 and Section 4.2 covered the growth of ZnO with various aspect ratios and
the fabrication of corresponding ZnO/TiOz core-shell structures. This section will
present results covering the effects of various photo anode structures, dye
adsorption time, electrolyte concentration, and Pt-counter electrodes on the
performance of liquid-state photovoltaic performances. The goal was to optimize the
parameters using these results, to achieve liquid-state DSSCs with stabilized and

relatively high efficiencies (comparing to literature record 1.5%%7).

4.3.1 Effect of TiO shell coating

This section investigates the effect of TiOz shell coating on the performance of

LSDSSCs. ZnO nanorods synthesised with different growth methods were used.

4.3.1.1 Core-shell structure based on ZnO via pH=6 synthesis

For results shown in Figure 4-18 below, nanorods were grown via pH=6 synthesis
for 6 h. The substrates were annealed at 500 °C for 1 h. N719 dye soaking time was

6 h. Pt counter electrode was thermally deposited onto FTO.

104



Chapter 4. Optimization of ZnO-based DSSCs

2.0

v m  Bare rods
I ® 5 lLayers

» 10 Layers
15 Layers

=
(&)}
=T

-
o

Current Density (mA/cm?)
o
o

0.0 . 1 . 1 . 1 . 1 ) 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Voltage (V)

Figure 4-18: J-V plot of LSDSSC on ZnO/TiO; core-shell structures. ZnO synthesized via pH=6

method. The length and diameter of the rods were 1.63 um and 46.57 nm, respectively.

Table 4-2: Solar cell parameters of LSDSSC on ZnO/TiO; core-shell structures.

Layers Jsc (mA/cm?2) Voc (V) Pmax (MW /cm?) FF PCE (%)
0 0.40 0.56 0.08 0.35 0.08
5 0.72 0.63 0.15 0.34 0.15
10 1.41 0.75 0.34 0.33 0.34
15 1.79 0.79 0.47 0.34 0.47

Figure 4-18 and Table 4-2 show the performance increased by applying more layers
of TiO2 coating on nanorods grown via pH=6 method. Enhancement of the
performance come from both increase of Jscand Voc. It can be seen that the deposition

of the TiO2 shell increases the Jsc and Voc along increased layers of deposition.
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Without any TiOz shell coating, bare ZnO-based device shows poor performance due
to low current. Part of the reasons is due to short rods utilized (1.63 pm), which
leads to insufficient surface area. Another reason could be due to the poor chemical
stability of ZnO towards acidic N719 dye. As reported, dye precipitation in ZnO
structure would cause a decrease in the current and performance*>. Dissolution of
Zn0O by the acidic carboxylic anchoring group of the sensitizer caused insoluble
complexes and precipitation in the pores (Zn?*/dye complex).

Judging from the HRTEM images from Figure 4-13, TiO2z coating increases the
roughness and surface area. This leads to higher absorbance of the visible light
according to UV-vis results obtained from Figure 4-14, which increases the photo
current after TiOz shell coating.

The current density Jsc can be approximated by the expression134:

‘]sc :q'nlh 'ninj '7700' IO

Equation 4-3

Where q is the elementary charge, 7, isthe light-harvesting efficiency ofa cell, 7

is the charge-injection efficiency, 7, is the charge-collection efficiency. Light-

harvesting efficiency is determined by the amount of adsorbed dye, which is
proportional to the surface area, the light scattering properties of the photo anode,
the concentration of the redox species, and other factors!34. With increased
thickness of TiOz shell, it is suggested that light harvesting efficiency increases due
to higher surface area. It is confirmed from HRTEM images from Figure 4-13 that
TiO2 shell thinner than 5 nm does not fully cover the rods and remain amorphous.
With more layers coated, it is believed that gradual crystallization would result in
anatase phase polycrystalline TiO2 phase. The gradual crystallization also improves
charge-injection and charge collection efficiency# due to reduced bulk and surface

trap sites!4. Additionally, faster electron injection efficiency is also expected for TiO2
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coated ZnO nanorods when compared with bare ZnO nanorods, because the ZnO
conduction bands are largely composed of empty s and p orbitals from Zn?*, while
those of TiO2 consist predominantly of empty 3d orbitals of Ti#* 135, As a result, photo
current improves with the thickness of TiO2 shell coating.

As for Vo, it also increases with the coating thickness up to nearly 0.8 V, which is
comparable to the state of the art ZnO-based DSSC135. The improvement of Voc is
mainly attributed to the suppressed interfacial recombination. Recombination not
only causes loss of photo-generated electrons leading to a reduced Js, the presence
of a high density of recombination centres also facilitates the rapid recombination
of electrons and holes. This affects Voc by decreasing the concentration of electrons
in the conduction band of the semiconductor and affects the photo current by
decreasing the forward injecting current!36. The low Vo for the uncoated ZnO
nanorods could be the result of high levels of recombination. With increased TiO2
shell thickness, recombination is gradually suppressed, leading to less
recombination and therefore higher Voc.

In general, /s, Voc and efficiency increase with shell thickness, which is attributed to
several reasons: (1) the TiO2 sol penetrated into the nanorods array interspace
during the dip coating and covered the entire surface, this prevents the formation of
Zn?*/dye complex; (2) the large amount of defects, which easily trap photo generated
electrons on the nanorods were passivated by TiOz; (3) the electron back transfer

from ZnO core to oxidized dye molecules was suppressed!35.

4.3.1.2 Core-shell structure based on ZnO via ammonia-assisted

synthesis

Zn0 nanorods made via ammonia-assisted method have higher aspect ratio and
higher surface area as shown in Figure 4-6. This is considered to improve the dye

loading and the photo current of the device. In this section, both 6 ym and 11 pm
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long rods were tested with various thickness of TiO2 shell coating.
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Figure 4-19: J-V plots of core-shell devices from ammonia-assisted ZnO. (a) 6 um long ZnO,

(b) 11 pm long ZnO.

Table 4-3: Solar cell parameters of devices from ammonia-assisted ZnO nanorods.

sc Pmax
Length | Layers - A]/cmz) Voe (V) (W Jem?) FF PCE (%)
0 3.60£0.18 | 0.52+0.07 0.86%0.10 0.46+0.05 | 0.86%0.10
6 um 5 2.18%£0.36 | 0.57+0.02 0.5710.05 0.46+0.03 | 0.57+0.05
10 2.11+0.50 | 0.57+0.04 0.4810.06 0.40+0.02 | 0.48%0.06
5 6.25+0.06 | 0.58+0.06 1.61+0.17 0.44+0.03 | 1.61+0.17
11 um 10 4.47+0.53 | 0.58+0.06 1.01+0.16 0.3940.02 | 1.01+0.16
15 3.2440.25 | 0.58+0.06 0.74+0.12 0.40+0.06 | 0.74+0.12

For 6 pum long rods, devices made from bare rods were tested to compare devices

made with 5 and 10 layers of TiO2 shell coated rods. It can be seen from Figure 4-19

and Table 4-3 that, the application of shell reduces photo current from 3.60 mA/cm?

for bare rods to 2.18 mA/cm? for 5 layers coated rods and finally down to 2.11

mA/cm?for 10 layers coated rods. On the other hand, Voc is improved from 0.52 V to

0.57 V. In general, efficiency dropped from 0.86% down to 0.48%, which is mainly
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caused by the drop of current and FF.

For 11 pm long rods, 5, 10 and 15 layers of TiO2 were coated. The results show
consistency comparing to results achieved on 6 pm long rods. Jsc drops from 6.25
mA/cm? for 5 layers coated sample down to 4.47 mA/cm? for 10 layers coated
sample and finally 3.24 mA/cm? for 15 layers coated sample. Vocremains constant at
0.58 V. PCE drops from 1.61% down to 1.01% down to 0.74%.

When comparing from champion PCE (0.34%) achieved on device made from rods
(1.63 pm) grown via pH=6 method, champion PCE (0.86%) for device made from
rods (6 pm) grown via ammonia-assisted method shows great improvement. PCE is
further improved up to 1.61% using 11 um long rods grown via ammonia-assisted
method. This is attributed to the increased surface area from longer rods, which
leads to higher dye loading and light scattering effect. According to Equation 4-3,
higher light harvesting efficiency can be obtained on longer rods with higher aspect
ratio.

For devices made from ammonia-assisted rods, the drop of photo current is
suggested to be caused by the morphological change of the ZnO after TiOz shell
coating. As seen from SEM analysis (Figure 4-9), ammonia-assisted rods with high
aspectratio tend to fuse at the top. The fused tip however, during the coating process
of TiOz, becomes agglomerate sites for TiO2 nanoparticles, as seen in Figure 4-10.
Comparing the morphological changes to the UV-Vis absorption results of the dye-
loaded ZnO nanorod with various TiOz shell thicknesses shown in Figure 4-15, it can
be seen that these agglomerates do lead to an increase in dye loading once they reach
a certain size after 15 layers. Higher dye loading is expected due to the higher surface
volume ratio of TiO2 nanoparticles than ZnO nanorods, but it is possible, as seen in
Figure 4-9, that at lower thicknesses much of the TiO: fills between the nanorod tips,
and therefore may not significantly increase the available surface area. However,
despite the increases of optical absorption, the TiO2-coated samples produce lower

Jse. It is possible that the charge injected into the agglomerates would have a much
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higher probability of recombining while travelling through the TiO2 agglomerates
than through a thinner TiO:2 layer or bare nanorods; this TiOz coating is not
optimized for charge transport, only being intended to form a surface coating on the
nanorods. Thus, although longer rods improved light absorption and efficiency, extra
layers of TiO2 coating do not improve Js, despite increasing light absorption.
Therefore, it can be concluded that for the TiOz coating to be beneficial, the ZnO
nanorods need to be synthesised via pH=6 method without additives such as
ammonium or PEI to produce well-aligned rods with separated tips, preventing the
agglomeration seen here. It is also suggested that the TiO2 shell may not be fully
crystalline. From HRTEM, it is suggested that part of the film is still amorphous,
possibility due to limited thickness. This is considered to be insufficient for electron
injection. The shell would act as a barrier layer to electrons that move from dye
molecules into ZnO core136,

Despite the drop in current, Voc is improved by TiO2 shell coating. TiO2 shell could
passivate the surface recombination sites by forming an energy barrier that prevents
photo injected electrons from approaching the nanorods surfacel4 The band gaps
and band edge energies of ZnO and anatase TiOz are equal within ~50 mV3379, It is
suggested that TiO2 and ZnO can form an n-n* heterojunction free of band
discontinuities with a built-in potential, neglecting any difference in density of

states!4:

D, zk—Tln No

a Np

Equation 4-4

Where NS and N are the donor concentrations in the heavily doped ZnO core

and more light doped TiO2 shell, repectively!37. It was suggested that the build-in

potential could reduce the electron concentration at the surface of the rods by a
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factor of exp(- 0, /KT), which would decrease the rate of recombination and improve

the voltage.

4.3.2 Effect of dye adsorption time

4.3.2.1 Optimal dye adsorption on bare nanorods.

In this section, performances of devices made on ZnO nanorods from ammonia-
assisted growth were investigated, which were soaked in the dye solution for either

2, 3 or 4h. The length of the rods was 11 pm.

Current Density (mA/cmZ)
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Figure 4-20: J-V plot of LSDSSCs on bare nanorods with various dye loading time.
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Table 4-4: Solar cell parameters of LSDSSC on bare nanorods with various dye loading time.

bye | mA/emD) | Vee(V) | Pmer(mW/cm?) FF | PCE (%)
loading

2 4.33+0.04 0.59+0.02 1.22+0.20 0.48+0.04 | 1.22+0.20

3 5.5140.07 | 0.59+0.02 1.55+0.08 0.48+0.02 | 1.55:0.08

4 4.61+0.16 0.56+0.03 1.17+£0.02 0.45+0.04 | 1.17+0.02

It has been reported that for bare ZnO nanorods, 1 h dye soaking is enough to achieve
high dye loading without building up Zn?*/dye complex that form from the slow
etching of ZnO by the acidic N719 dye*>138, It is also reported that prolonged time
(up to 12 h14, 24 h135136) of dye loading could be applied with TiO2 shell coated rods.
This is due to slower rate of dye adsorption on the more acidic TiO2 surface. From
Figure 4-20 and Table 4-4, it is found that for bare rods, 3 h dye loading gives higher
efficiency comparing to 2 h and 4 h dye loading time. Samples dyed 3 h exhibits
higher photo current. It is suggested that, for ammonia-assisted rods with high
surface area, slightly longer dye adsorption time would be required to deposit an
optimal dye molecule layer. Less dye loading time (2 h) may result in rods exposed
without full N719 coverage and prolonged dye loading time (4 h) may form Zn?*/dye
complex which causes recombination. This is also supported by the slight drop in Voc

and FF for cells made from 4 h dye adsorption time.

4.3.2.2 Effect of shell coating on the optimal dye adsorption time

It has been reported that the application of shell would prolong the optimal dye
adsorption time (up to 12 h14, 24 h135136), This section investigates the effect of shell
coating on optimal dye adsorption time. Bare rods, 5 layers TiOz coated rods and 10
layers TiOz coated rods were used as photo anodes for device assembly. Each series

of devices has undergone 1, 2, 3, 4, 5 and 6 h of dye adsorption time, in order to
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identify the optimal dye adsorption time for different structures.
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Figure 4-21: Trend of PCE and Ji plot of bare rods and core-shell structures with different

dye adsorption time.
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Table 4-5: Solar cell parameters of optimal dye adsorption time for bare ZnO and ZnO/TiO,
core-shell structures. T: Time L: Layers of TiO; shell coating. The highest current and
efficiency for each structure are marked. The black arrow in the table indicates the trend of

optimal dye adsorption time for progressively increased TiO; shell coating.

Jsc (mA/cm?) Voc (V) FF PCE (%)

T/L| O 5 10 0 5 10 0 5 10 0 5 10

1h | 3.42 }V 3.030.51]0.55|0.51|044 037|034 |0.77 | 0.68 | 0.52

m4'0()\\&62 0.53 1 0.54 | 0.51|0.36 | 0.37

3h | 3.87 | 4.13 2.)\\0.49 0.57 10.48 | 0.4 | 0.36

4h | 3.81 E¥YE 3.12 M 0.54 1 0.530.35(0.33|0.31 0. 0.77 | 0.51

5h | 286 |3.63|3.03]0.53|0.55|053|043|0.33]0.33|0.65|465|0.53

6h | 2.43 | 3.90 geX¥yM 0.57 | 0.56 | 0.59 | 0.44 | 0.3 | 0.31 | 0.61 0.66

From Figure 4-21 and Table 4-5, it can be seen the efficiency follows the trend of Js,
indicating that variation in the photo current is the main variable that changes with
dye adsorption time and therefore determines the PCE, as expected. An important
finding is that, thicker TiO2 coating shifted the optimal dye loading time to a longer
value, corresponding to the report from Law et al.. Comparing bare rods and 5 layer
TiOz2-coated rods, optimal dye loading time shifts from 2 h to 3 h and the PCE also
increased from 0.81% to 0.85%. For 10 layer-coated ZnO nanorods, the optimal dye
loading time further increased to 6 h. However the PCE of 0.67% is lower than the
best value achieved from the 5 layer coated sample.

In DSSCs, Jsc is a product of efficiencies of light harvesting, electron injection and
charge collection14, as shown in Equation 4-3. Light harvesting efficiency depends
directly on the dye loading which is affected by the thickness of TiO2 coating.
Increasing layers of TiO2 coating increases the surface roughness and therefore

increases dye loading. UV-Vis absorbance result confirms improved light harvesting
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with increased TiO2 thickness (Figure 4-15). Also, longer dye loading time would
also increase the light harvesting until it reached the point where Zn2*/dye complex
started to block the election injection process. Hence, for a photo anode with
different roughness, optimal dye loading times would be different. The application
of a TiOz2 shell not only increases the surface roughness which leads to longer
optimal dye loading, but also facilitates the electron injection and collection and
prevents the formation of Zn?*/dye complexes. Hence bare rods and 5 layers coated
rods show optimal dye loading time of 2 h and 3 h, respectively.

For 10 layers coated device, according to the top view SEM images, TiO2
agglomerates had already formed at the fusing tips of the rods (Figure 4-10). As
discussed in Section 4.2.1, this would improve light harvesting, but lower the charge
injection and collection rate due to the limited electron pathways. Therefore it can
be concluded that for these ZnO nanorods, 5 layers of TiO2 with 3h dye soaking gives

the optimum efficiency.

4.3.3 Effect of Pt counter electrode and spacers

For DSSCs, the counter electrode also plays an important role. The most common
choice for liquid-state iodide/triiodide based cells is platinum-coated transparent
conductive oxide (TCO). Itis normally prepared by deposition of a thin catalytic layer
of platinum onto a conducting glass substrate (FTO). Pt can facilitate the charge
collection and transfer processes in FTO, as well as acting as catalysts for reductions
of electron acceptors. The iodine reduction at the counter electrodes is several
orders of magnitude faster than the recombination rate at the photo
anode/electrolyte interface28. The regeneration of the oxidized dye occurs in the
nanosecond range, which is typically 100 times faster than any recombination
reaction and about 108 times faster than the intrinsic lifetime of the oxidized dye?8.
Parameters such as thickness, surface area and morphologies affect the performance

of Pt counter electrode.
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During the early stage of this project, Pt counter electrode was prepared via thermal
deposition of commercial Pt precursor (Platisol T/SP, Solaronix). Later, both
commercial Pt electrodes (produced via sputtering, Solaronix) and lab-sputtered
(via sputtering using a Pt target) Pt electrodes were tested and compared. Sputtering
offers more uniform coating of the platinum than thermal deposition (will be shown
in Figure 4-24). For lab-sputtered Pt, lower deposition rate and prolonged sputter
time length was used to achieve a rough, uniform Pt layer with high surface area.
Sputter plasma current was 10 mA under base pressure of 10-2 mBar. A 4 nm/min
rate was achieved and 6 times of separate 1 min coating was performed, leading to
a theoretical 24 nm thickness of Pt film.

For the spacer between the photo anode (ZnO nanorods) and counter electrode,
both Sellotape and Surlyn film were tested. Sellotape has the advantage that it is easy
to handle and it does not require heating during deposition. On the other hand,
Surlyn film is a hot melt sealing film suitable for laminating photo anode electrodes
and closing filling holes. Heat and pressure are required during deposition. Surlyn
film easily attracts dust and impurities once the protecting backing foil is removed.
It also requires heating at 100 °C under pressure to fully attach to the photo anode,
which could potentially degrade the dye molecules.

During the first round of tests, Sellotape was used as spacer, ZnO nanorods were
grown via ammonia-assisted method in the same batch. PCE of the devices were

tested in sequence with different Pt electrodes on the same ZnO film.
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Figure 4-22: Testing sequences to distinguish the performances from different Pt electrodes.

As shown in Figure 4-22, ZnO were made in the same batch and applied same time
for dye soaking. After the application of spacer, each sample was selected to test
using one Pt electrode. Once the test is finished, the Pt-electrode was removed. Fresh
electrolyte was injected, then a different Pt-electrode was applied on the same ZnO.
At this stage, the change of the performance could be caused due to electrolyte
leakage during the test, which gave out a decreasing performance. By varying the
sequence during the testing of two different Pt-electrodes, it would gave a more

accurate result.

~ = Commercial Pt & "M.._.- ¢ Lab-sputtered Pt
g ® Lab-sputtered Pt é »  Commercial Pt
? 5t = 5 "\"-c...'
<L

E £ T,
— 4 — 4 e
== = .
= = %
w v L)
[l 3k c 3 ‘.
¥ ¥ .
o o "-._.. A
2 £ o i
] . o n, e
= 5 = .’
S 1f - S 1f "-_ .
“ o-. o ne

: anm . . , '..

0.0 0.1 02 03 04 05 08 0.0 0.1 02 03 04 05 08

Voltage (V) (a ) Voltage (V) ( b)

Figure 4-23: J-V plots of LSDSSC on different Pt electrode on Sellotape spacer. Both ZnO films
were prepared in the same batch and dyed for same time. (a) Commercial Pt electrode was
tested first, lab-sputtered Pt electrode was tested second on the very same film. (b) Lab-
sputtered Pt electrode was tested first, then commercial Pt electrode was tested second on

the very same film.
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Table 4-6: Solar cell parameters of LSDSSC on different Pt electrode on Sellotape spacer. C-

Pt denotes commercial Pt while L-Pt denotes Lab-sputtered Pt.

Jse Prmax
Layers || Voc (V) . FF PCE (%)
C-Pt | 5.26+0.12 |0.58+0.02 | 1.274#0.14 | 0.4240.03 | 1.27+0.14
' L-Pt | 4.67t0.10 |0.56+0.03 | 1.31:x0.09 | 0.500.02 | 1.31%0.09
L-Pt | 5.66+0.07 | 0.59£0.03 | 1.76£0.12 | 0.53%0.00 | 1.76+0.12
i C-Pt | 4.650.10 |0.58£0.04 | 1.13+0.06 | 0.42+0.00 | 1.13+0.06

Both tests indicate a better performance from lab-sputtered Pt electrodes.
Comparing to previous thermally-decomposed Pt, which had a PCE below 1%, both
Pt counter electrodes lead to efficiencies higher than 1.1%. Here the voltages for
both C-Pt and L-Pt are within the similar range comparing to each other. The
improvement of the performance of lab-sputtered Pt is mainly attributed to
improved current (4.67 from C-PT to 5.26 mA/cm?, 4.65 from C-PT to 5.66 mA/cm?)
and FF (0.42 from C-PT to 0.50, 0.42 from C-PT to 0.53).

It is reported that 2 nm-thick Pt is sufficient to fully cover the FTO and obtain a
reasonable charge transfer resistancel3®. It is also suggested that due to the
prolonged sputtering time during lab-sputtered Pt preparation, a porous layer of Pt
with high surface area could be achieved. The dependence of Jsc on the Pt electrode

is attributed to the change of charge transfer resistance, which in this case, is the
resistance against electron transfer from the counter electrode tol; . Less charge
transfer resistance at the Lab-sputtered Pt/electrolyte interface implies a quicker
electron transfer from the counter electrode to I; ions and enhanced Js for the

devicel40. The sheet resistance is also reported to drop by 66% after 25 nm thickness

of Pt deposition from that of bare FT039, The fill factor is related to the resistances

118



Chapter 4. Optimization of ZnO-based DSSCs

within the photo anode, electrolyte and counter electrode. The lowered charge
transfer and sheet resistance may therefore be the origin of improvement of FF.

Another factor is that, through visual inspection, lab-made Pt appears a reflective
mirror shade after the deposition whereas the commercial Pt is highly transparent.
This phenomenon is only reported to happen once the thickness of the Pt reached
above 25 nm13% The mirror shade is beneficial as it has good light reflecting ability
to improve the light harvesting for the dye molecules. Increased light reflectance
would reduce the loss of incident light due to transmittance, leading to improvement

in ]sc.

Figure 4-24: SEM images of top view of Pt counter electrode. (a) Thermally deposited Pt, (b)

Commercial Pt, (c) Lab-sputtered Pt.

It can be seen from Figure 4-24 that, the morphologies of the Pt via different
deposition methods are not same. On thermally deposited Pt, large Pt particles form
aggregates with low surface roughness, leading to lower surface area. Commercial
Pt and lab-sputtered Pt were both fabricated via sputtering. The thin layer of
sputtered Pt could not be identified via SEM due to the resolution limitation. Thus,
the morphologies shown in Figure 4-24b and Figure 4-24c are the surface of FTO.
However for the commercial Pt, contaminants are visible on the surface. The
contaminants covered small areas of Pt, which would block the contact between the
electrolyte and Pt, reducing the active surface area. As for the lab-sputtered Pt, no
such contaminants are present judging by the obvious morphology of FTO surface.

The larger surface area is suggested to reduce the charge transfer resistance onsite
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and facilitate the electron transport process, leading to a higher current and FF.

In the second round of tests, Surlyn film was used as a spacer, and the same testing

sequence was utilized to compare:

Current Density (mA/cm?)

= Commercial Pt
® Lab-sputtered Pt

0.0 01

0.2 03

Voltage (V)

04

Tl

Current Density (mA/cm?)

® Lab-sputtered Pt
= Commercial Pt

01 0.2 03

Voltage (V)

0.4

")

Figure 4-25: J-V plots of LSDSSC on different Pt electrode on Surlyn spacer. (a) Commercial

Pt electrode was tested first, lab-sputtered Pt electrode was tested second on the very same

film. (b) Lab-sputtered Pt electrode was tested first, then commercial Pt electrode was

tested second on the very same film.

Table 4-7: Solar cell parameters of LSDSSC on different Pt electrode on Surlyn spacer. C-Pt

denotes commercial Pt while L-Pt denotes Lab-sputtered Pt.

Jse Prmax
Layers (mA/em?) Voc (V) (W fem?) FF PCE (%)
C-Pt | 5.29+0.00 | 0.56+0.01 | 1.02+0.07 | 0.34+0.01 | 1.02+0.07
' L-Pt | 5.5320.24 | 0.54+0.03 | 1.47£0.10 | 0.49%0.02 | 1.47+0.10
L-Pt | 6.6120.15 | 0.57+0.02 | 1.63%0.04 | 0.4320.02 | 1.63+0.04
’ C-Pt | 5.67+0.07 | 0.55£0.05 | 1.07+0.16 | 0.34+0.02 | 1.070.16

From the results shown in Figure 4-25 and Table 4-7, the same trend further

supports the fact that lab-sputtered Pt leads to higher efficiency. The photo current
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and FF are still the determining factors of PCE for this set of results.

The electrolyte is a key component of a DSSC: it functions to collect electrons at the
cathode and transport them back to the dye molecules. Important factors for
electrolyte include the concentration and amount of electrolyte. In this project,
electrolyte was purchased from Solaronix with no further treatment. The spacer
affects the amount of electrolyte due to different thickness. A low amount of
electrolyte (indicating lower iodine concentration) is difficult to maintain sufficient
charge transfer process. Consequently, low redox reaction rate would deteriorate the
photo current. At high iodine concentration, higher electron recombination rate at
the photo anode/electrolyte interface also deteriorates the performance of DSSC141,
Here, the amount of electrolyte in the device is determined by the thickness of the
spacer since all the working areas of the devices were fixed at 0.49 cm? (0.7x0.7 cm).
For Sellotape, the thickness is around 35-50 pm while the thickness for Surlyn film
is 60 pm. Mathematically, DSSCs using Surlyn film would have a higher amount of
electrolyte contained in the devices. During the application of Surlyn film spacer,
heating (100 °C) and pressure were applied on the surface of the ZnO film.
Comparing to Surlyn film spacer, Sellotape spacer does not require heating. After the
deposition, surface of Surlyn film is sticky and rough comparing to the smooth

surface from backing of Sellotape.
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Figure 4-26: Comparison of J,cand FF with different counter electrodes and different spacers.

As shown from Figure 4-26, devices using Surlyn spacer have higher current
comparing to devices using Sellotape. Average Jsc (mA/cm?) increases from 4.96 to
5.48 for devices used commercial Pt and 5.16 to 6.01 for devices used lab-sputtered
Pt. Meanwhile, devices using Sellotape spacer have higher FF comparing to devices
using Surlyn spacer. Average FF increases from 0.34 to 0.42 for devices using
commercial Pt and 0.46 to 0.52 for devices using lab-sputtered Pt. While the Vo
showed value in same range, 0.58+0.02 V for devices used Sellotape and 0.56+0.02
V for devices used Surlyn film, PCE balanced out to be in the same range. Average
PCE for devices using commercial Pt are 1.20% and 1.05% with Sellotape and Surlyn
film, respectively. Average PCE for devices using lab-sputtered Pt are 1.54% and 1.55%
with Sellotape and Surlyn film, respectively.

Results from Figure 4-26 show the same trend comparing to the literature. It is

reported that when the amount/concentration of electrolyte decreased (from Surlyn

122



Chapter 4. Optimization of ZnO-based DSSCs

to Sellotape), the photovoltaic current would decrease, but the fill factor would
increasel41, The reason for the decrease of Js is attributed to inadequate amount of
injected electrolyte causes fewer amount of liberated electrons and fewer amounts
of electrons to accumulate at the photo anodel41,

It is suggested that, for limited spacer thickness with inadequate amount of
electrolyte, the amount of free electrons is not sufficient to compensate the liberated
electrons from the dye molecules; for thicker spacer with higher amount of
electrolyte, the liberated electrons from the dye would be compensated, but the
increased electron travel path through the electrolyte increased the recombination
probability of free electron42, The smooth hydrophobic surface of the Sellotape is
also considered to accelerate the leakage flow of electrolyte, further reducing the
amount of electrolyte in contact with the active working area.

For the FF, it is reported that the electron life time constant for the transfer of
electron from the electrolyte to photo anode decreased with increasing spacer
thickness41l, Hence the decrease of FF in spite of the increase of .

To summarize, devices made on ammonia-assisted rods exhibit higher efficiency
which is attributed to the improved surface area. Annealing and TiO2 coating should
not be performed on ammonia-assisted rods. Optimal dye loading for bare
ammonia-assisted rods is 3 hours while TiO2 shell coating further prolonged the
optimal dye loading time. Surlyn film is preferred for spacer material due to
improved current comparing to Sellotape spacer. Finally, lab-sputtered Pt counter

electrodes exhibits the best performance.

4.3.4 Effect of sealing on stability of the device

It has been discussed about the importance of spacer and electrolyte. Another
important factor for liquid-state DSSC is the sealing of the device. Due to the
volatile nature, electrolyte is easy to flow, spread, leak or even evaporate during

testing under heating from incident irradiation. The reduced amount of electrolyte
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would decrease the photo current and deteriorate the performance of the device.

Results shown in Figure 4-27 below were achieved on ZnO nanorods (6 pm) grown
via ammonia-assisted method. The experiment was performed prior to the
optimisations achieved in above Section 4.3.3. Thus, the results are only used here
to compare the sealing effect instead showing an optimal efficiency. Dye loading time
was 3 h. Surlyn film was used as spacer and lab-sputtered Pt was used as counter

electrodes.
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Figure 4-27: J-V plots of LSDSSC on the sealing effect in numerical testing order. (a) Without

sealing, (b) Sealed. Each test had a 3 minutes’ interval.
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Table 4-8: Solar cell parameters of LSDSSC on the sealing effect in numerical testing order.

Each test had a 3 minutes’ interval. The black arrows in the table indicate the trend for the

current density and efficiency.

]sc (mA/cmZ) Voc (V) Pmax (mW/cmZ) FF PCE (%)
1.50 0.65 0.55 0.56 0.55
Not 1.45 0.65 0.53 0.56 0.53
sealed 1.41 0.66 0.49 0.53 0.49
A4 \d
1.35 0.66 0.48 0.54 0.48
1.83 0.66 0.62 0.51 0.62
1.83 0.67 0.63 0.51 0.63
Sealed
1.82 0.67 0.64 0.53 0.64
1.81 0.68 0.62 0.50 0.62

It can be seen from Figure 4-27 and Table 4-8 that, for devices that are not sealed,

current decreases along numerical testing order while voltage remains the same.

This is attributed to the leakage of the electrolyte. For devices that are sealed, the

current remains same and a stabilized PCE (£0.02%) is achieved.

For this set of data, the sealing of the device was achieved by using epoxy to seal the

four edges to stop leakage.

Dyed film

FTO

Sealed edge with epoxy

Pre-drilled hole

Figure 4-28: Schematic of the sealing of the device using epoxy.
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For this design, Surlyn film was used as spacer as the Pt counter electrode needs to
fully adhere to the spacer, leaving no route for the leakage. The Pt counter electrode
was drilled with two holes for electrolyte inlet and outlet. Once the inside empty
chamber was fully filled with electrolyte, another two capping polymer caps were
used to seal the holes. The caps were further covered with epoxy. Epoxy was also
deposited along the four edges where the dyed film in contact with Pt-coated FTO.
The cell was then clamped by clips then settled in the dark to allow the drying of the
epoxy. The purpose of this design was to seal the electrolyte within the chamber and
block any possible leakage routes.

The resulted structure shows improved stability compared to cells that are not
sealed in this way. The major improvement is attributed to the photo current. There
is still a slight tendency for the current to decrease. However, the fluctuation is small
(£0.02%) and the stability is considered significantly improved comparing to non-
sealed cells. The small drop of photocurrent may be caused by the heating of the cell
during testing, since each testing had an interval of three minutes. It is also possible
that small amount of the electrolyte was evaporated (even being confined within the
chamber) during the testing.

Finally, through careful engineering and investigations of the factors of the device

fabrication, a stable performance has been achieved.

4.3.5 Effect of acoustic vibration

As reported by Shoaee et al.?’, it was shown the solar-to-electric power conversation
efficiency of ZnO/P3HT solar cells can be enhanced by the application of modest
acoustic vibration. The enhancement has been attributed to reduced charge carrier
recombination losses via the piezoelectric effect in the ZnO nanorods®’. The
vibration was applied using a loud speaker at 75 dB, with frequencies in the range
of 1-50 kHz87. The author suggested the effect may be relevant to other photovoltaic

device structures which employ high aspect ratio nanostructures capable of
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piezoelectric effect. Here in this project, dye sensitized solar cell utilizing high aspect
ratio piezoelectric ZnO nanorods were fabricated. To investigate the acoustic effect
on the performance of the DSSCs, a stabilized performance was required.

Followed by the previous results achieved in this chapter, the candidate device was
fabricated on 11 um long ZnO via ammonia-assisted growth. No annealing or TiO2
coating was applied, as this was found to produce the highest efficiencies. 3 h dye
loading time was utilized. Surlyn film was used as spacer and lab-sputtered Pt-
electrode was firmly bonded with the ZnO film. The edges of the device were sealed

using epoxy.
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Figure 4-29: J-V plot of a stabilized LSDSSC. Each test had a 3 minutes’ interval.

127



Chapter 4. Optimization of ZnO-based DSSCs

Table 4-9: Solar cell parameters of a stabilized LSDSSC. Each test had a 3 minutes’ interval.

Test 1 mA/em?) | Voe(V) | Puax(mW/em?) | FF | PCE (%)
sequence

1st 4.10 0.59 1.39 047 | 139

2nd 4.06 0.57 135 047 | 135

3rd 4.15 0.57 1.36 047 | 136

It can be seen from Figure 4-29 and Table 4-9 that: a stable efficiency of around 1.37
(¥0.02)% is achieved. As discussed above, it is imperative that a stabilized DSSC is
achieved. Only by applying acoustic vibration onto a stabilized device, then the

change of performance can be attributed to the application of acoustic vibration.

it

Acoustic wave

On off

(a) (-]

Figure 4-30: (a) Assembled device, (b) Testing set up, (c) Schematic of testing set up.

The apparatus shown in Figure 4-30 was designed to probe the effect of acoustic
vibrations on the performance of a ZnO nanorod-based DSSC. As reported by Shoaee
et al, acoustic enhancement of polymer/ZnO nanorod photovoltaic device
performance was found by simply pointing the speaker towards the device®’. In our
design, the cell was physically attached to a vibration source (speaker) by clamps.
The acoustic wave ranged from 5 kHz to 20 kHz. It was suggested by Shoaee that
Zn0, as a piezoelectric material, develops a polarization and associated surface

charge upon the application of external stress. Acoustic wave would induce vibration
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upon the nanorods, creating localised strain on ZnO. The resulted alternating
polarization would develop across the rods. The associated electric field is then
expected to affect the free carriers at the interface. Increased spatial separation of
photo-generated electrons and holes thereby would reduce charge carrier

recombination and improve the performance of the device®’.
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Figure 4-31: Acoustic effect on the average PCEs of liquid-state DSSCs made on low aspect
ratio (80, length=6 pm) ZnO and high aspect ratio (92.3, length=11 pm) ZnO. Three cells

were tested for both groups.

Figure 4-31 shows the device performances for cells under no acoustic companied
to those under acoustic. It can be seen here that acoustic vibration does not affect
the performance of the cells. Average PCEs shows a slight decrease for each device,
but this is mainly due to prolonged heating during the testing. During the test, even
though the cells were sealed. Prolonged heating could still cause boiling and

evaporation of the electrolyte, which led to slight decrease in the photo current of
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the cells, which led to slight decrease in PCE.

To discuss the reasons of this finding, the structure of the device and the testing set
up are both considered here. The structure utilized in Shoaee’s report was a solid-
state hybrid organic-inorganic photovoltaic cell based on ZnO naonrods and poly(3-
hexylthiophene) (P3HT). The ITO/ZnO seed layer/ZnO nanorods/P3HT/Au
structure was fabricated and tested under acoustic waves produced by a loud
speaker (75 dB at 1-50 kHz)®7. For ZnO-based LSDDSSCs tested here, the proposed

effect is shown below:
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et L
asill

Acoustic vibration

Figure 4-32: Schematic of acoustic application on liquid-state DSSCs. Compression and

tension were induced by the transverse acoustic wave.

The substrate of the device is rigid FTO glass. Upon the application of acoustic wave,
a small portion of the wave will pass through the Pt-FTO. Acoustic wave would
become weaker as a greater number of particles would be involved during travelling.
Hard and brittle glass had a tendency of vibrating upon the contact with waves and
most of the waves may be refracted. Here acoustic waves can cause localized acoustic

vibration, with the nanorods subjected to compression and tension, shown in Figure
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4-32. However, it is doubtful that the acoustic wave would be strong enough to cause
actual strain on the rods, reason being discussed shortly.

As reported by Z.L. Wang18, for one ZnO nanorod with diameter 2a and length 1. The

maximum deflection of the nanorod tip dmax , can be expressed by:

; fI°
max =

3El,,
Equation 4-5

Where fy is the lateral force, E is the Young’s modulus of ZnO, |XX is the cross
section area % a2.

The maximum potential at the surface of the nanorod is:

3 a’
=t—Je,-2(1+v)e. —2ve,]—d
(omax 4(K0 +K'L)[ 33 ( )els 31] |3 max

Equation 4-6

Where K| is the permittivity in vacuum, K, is the dielectric constant, €, is the

linear piezoelectric coefficient, v is the Poisson ratio.

Equation 4-6 suggests that the electrostatic potential is directly related to the aspect
ratio of the nanorods. For a nanorod with a fixed aspect ratio, the piezoelectric
potential is proportional to the maximum defection at the tip.

For ZnO nanorods surrounded by liquid electrolyte, to induce a piezoelectric
potential on the nanorods, the acoustic vibration must induce localized strain.
Young’'s modulus of ZnO nanorods have been reported to be up to 100 GPa®. The
bulk modulus of liquids are normally within the range of 1-5 GPal43. This suggests
that nanorods are much stiffer than the liquid. As a result, while the whole device is
subject to compression and tension, no strain would occur on the nanorods. Majority
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of the strain would occur in the liquid. As a result, this small amount of strain would
only cause minimum piezoelectric potential, which is not strong enough to greatly
affect the charge recombination process. Furthermore, liquid is incompressible. This
would further resist the traveling of acoustic wave within the device and reduce the
intensity of the acoustic wave that reached the rods. In conclusion, no effect could
be observed from acoustic vibration.

In order to compare more closely to Shoaee’s device, a series of solid-state DSSC was
fabricated and tested. The structure of the device was based on FTO/ZnO seed
layer/Zn0O nanorods/N719/CuSCN/gold, shown in Figure 4-33. For solid-state DSSC,
shorter rods (2 um) is preferred comparing to long rods. This is due to the poor pore
filling of hole transport material comparing to liquid electrolyte. Thus, pH=6 method
(8 h growth time) was utilized to grow nanorods on FTO substrates. Dye loading

time was 3 h. CuSCN was spray coated as shown in Figure 3-4. A capping layer of
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CuSCN was required to provide a flat top surface for gold deposition.

Dyed ZnO nanorods =—————p

Zn0 seed layer

Acoustic vibration

Figure 4-33: Schematic of Zn0-based solid-state DSSC. In order to improve the penetration
of CuSCN, short ZnO nanorods grown via pH=6 method were used. Nanorods grown via

ammonia-assisted method would lead to poor pore filling due to fused tips and long length.

Compared to liquid-state cells, solid-state cells use CuSCN as hole transport material
instead of liquid electrolyte. The thickness of the device is reduced from 60 pm down
to approximately 4 um. Due to the poor conductivity of CuSCN144 (104 Scm-1),

SSDSSCs are commonly reported to exhibit lower current and lower PCE comparing
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to LSDSSCs.

The same test was performed on the SSDSSCs. Devices were hold under illumination
and multiple J-V scans were performed to characterize the PV performance. During
the J-V scans, acoustic vibration was applied to the device via a loud speaker,
numerical tests were performed with speaker turned on and off. The efficiencies

with and without the acoustic vibration are shown in Figure 4-34.
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Figure 4-34: PCE of one solid-state DSSC. PCEs were taken in numerical order with 3 mins’
interval. ‘On’ suggests the PCE was taken under acoustic vibration. ‘Off” suggests the PCE

was taken without acoustic vibration.

Results from Figure 4-34 suggested acoustic vibration could improve the PCE of this
device with an average efficiency of 0.1404 (* 0.0043)% with applied vibration,
compared to 0.137 (£ 0.0021)% without. Therefore, the acoustic vibration
demonstrates a small, but statistically significant increase in PCE. This supports the

hypothesis that the acoustic vibrations are able to induce the piezoelectric effect in

135



Chapter 4. Optimization of ZnO-based DSSCs

solid-state DSSCs, leading to reduced recombination and therefore increased PCE,
similar to the previous report of the ZnO/P3HT system87, however the effect is not

significant nor consistent.
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Figure 4-35: Acoustic effect on the average PCEs of solid-state DSSCs made on short ZnO (2
um). Six cells were tested and average PCEs are shown in the figure. The average PCEs show

no conclusive response towards acoustic vibration.

However, acoustic enhancement was not observed in all the devices tested. From
Figure 4-35, three cells showed slight increase of average PCE upon acoustic
vibration. One cell showed no response and two cells showed decreased average PCE
upon acoustic vibration. It is suggested that, the acoustic effect is small and can only
cause negligible changes on our solid-state devices, comparing Shoaee’s report
where 50% increase of PCE was observed upon acoustic vibration®’. Slight changes
in our experiment setup, such as connections and speaker locations, can lead to it

not occurring. This is most likely due to a change in the acoustic coupling. Comparing
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to liquid-state devices which all showed slight decreases in PCE (Figure 4-31), solid-
state devices show slightly more promising results. This is mostly attributed to the
use of CuSCN instead of liquid electrolyte. In this way, no Pt-FTO is required for
counter electrode. The thickness of the device is significantly reduced from 60 pm
down to 5 pm. As liquid electrolyte is nearly incompressible and the rigid Pt-FTO
would also reduce the penetration of acoustic vibration. A thin device without liquid
electrolyte and rigid Pt-FTO has great advantage for the transport of acoustic
vibration towards the nanorods. Upon acoustic vibration, higher amount of stress
and tension would be able to apply to nanorods, which would lead to a higher degree
of strain.

It is also suggested that acoustic vibration utilized in the test set up is not able to
induce enough energy to cause enough strain on the rods to affect the charge
recombination process. In order to achieve a higher strain, flexible substrates should
be considered to replace rigid FTO glass as bottom substrate. In that way, when the

substrate is bent to the maximum displacement, highest stress/tension would be

applied on the surface of ZnO film. The lateral force fy applied on the rods would

also be maximum, which leads to the maximum deflection d,, according to

Equation 4-5. Thus, the highest piezoelectric potential would be generated on the
rods according to Equation 4-6, leading to a possible stronger influence on the

charge recombination process within the rods.

4.4 Summary

In summary, this chapter has demonstrated the optimization of ZnO-based DSSC and
the effect of acoustic vibration upon both liquid-state and solid-state devices. Seed
layer, growth time and concentrations of precursor solution were investigated and
showed great impact on the morphologies of the ZnO nanorods. ZnO/TiO2 core-shell

structures were fabricated on ZnO with different morphologies. SEM and HRTEM
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measurements confirmed the success of shell coating. UV-vis confirmed the
improved light absorbance with increasing thickness of TiO2 shells. PL results
confirmed the improved near band edge emission after TiO2 coating which suggests
suppressed recombination. Both low aspect ratio ZnO nanorods grown via pH=6
method and high aspect ratio ZnO nanorods grown via ammonia-assisted method
were used to fabricate devices. The coating of TiO2 shell was found to improve the
performance on devices made on pH=6 synthesized ZnO and deteriorated the
performance on devices made on ammonia-assist synthesized ZnO. This is mainly
attributed to the difference of the morphology of the nanorods leading to different
core-shell structure. Optimal dye adsorption time was found to be 3 h which was
prolonged upon TiOz shell coating. The effect of Pt counter electrode and spacer was
investigated. It is found that lab-sputtered Pt leads to higher performance due to
increased surface area. A proper sealing of the device was achieved via using epoxy.
Thus, devices with stabilized PCE were fabricated and tested with acoustic vibration.
Itis found that: acoustic vibration showed no effect on liquid-state DSSCs, possibility
due to the limited amount of energy transferred to the rods due to the higher
modulus of ZnO comparing to low bulk modulus of liquid electrolyte. Thus, acoustic
vibration could not lead to strain of the rods. However, for solid-state DSSCs which
did not use liquid electrolyte or rigid Pt-FTO counter electrode, slight improvements
of PCE were found in a number of devices tested. Even though the enhancement is
not significant nor consistent across of the devices, this showed a promising design
direction of the device. Solid-state devices are suggested to be able to induce higher
strains onto the rods. In order to further increase the strain, a flexible substrate
would be beneficial. Such design will be discussed in the following chapters for the

application of hybrid energy harvesters.
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Chapter 5 Hybrid energy harvester based on
N719 dye

5.1 Design of the structure of hybrid energy harvester

5.1.1 Kinetic-to-electrical energy conversion

From Chapter 4, it was suggested that a flexible substrate could potentially be able
to induce a higher degree of strain on the nanorods which could lead to larger
piezoelectric potential. As discussed in Section 2.5, from the report of Briscoe et al.,
Zn0 nanorods grown on a flexible substrate were combined with p-type
semiconducting polymer PEDOT:PSS to produce a p-n junction-based device that
successfully demonstrated kinetic-to-electrical energy conversion’2. The voltage
and current output of the devices were measured to be in range of 10 mV and 10 pA
/cm?2, The maximum possible power density was measured to be 0.4 mW/cm3.
Performance of the device was further improved up to 1.07 V as an instantaneous
peak open-circuit voltage giving a maximum calculated 434 pyW/cm? peak power
density, which was achieved by coating the ZnO nanorods using copper thiocyanate
(CuSCN)#&2. This was attributed to reduced ZnO surface-state-induced screening.

The improved structure design of the nanogenerator (NG) is shown in Figure 5-1

below:
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PEDOT:PSS

Gold electrode

Flexible substrate

Figure 5-1: Structure of the device designed solely for kinetic-to-electric energy conversion.

As shown in Figure 5-1, ZnO nanorods are grown on flexible substrate (PET). CuSCN
coating is applied to passivate the surface of the rods, which is suggested to reduce
ZnO surface-state-induced parasitic losses and improve the power density of the
Zn0 nanorod-based energy harveserter82. PEDOT:PSS is then deposited on top, with

gold deposited last as the top contact.

The working principle of NG has been discussed in details (see Section 2.5.4). The
behaviour is explained by considering the time-dependent changes in band
structure resulting from the straining of the piezoelectric ZnO nanorods within the
p-n junction. It was suggested that the rate of screening of the depolarization field

determines the power output of a piezoelectric energy harvesting device’2.

5.1.2 Solar-to-electric energy conversion

As a p-type semiconductor, CuSCN has also been utilized as hole transporting layer
(HTL) in solar cell designs. In the early stages, a TiOz/light absorber layer/CuSCN
structure was investigated and an efficiency of 1.25% was achieved44. Alternatively,
Zn0 nanorods/N719/CuSCN structure was proposed and 1.7%14> was achieved,

with the structure shown in Figure 5-2 below:
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Gold electrode

Figure 5-2: Structure of the photovoltaic (PV) designed for solely solar-to-electric energy
conversion. ZnO nanorods are grown on rigid substrate (FT0). N719 dye molecules are used

as light absorber layer. CuSCN is used as p-type hole transport layer.

In this PV design, unlike in a NG where the CuSCN coating was utilized as a surface
modification method, CuSCN is utilized as the hole transport layer. This solid-state
DSSC design uses gold as top electrode. To prevent direct contact between gold and
ZnO/FTO which would cause short-circuiting, CuSCN would also act as a barrier,
meaning the rods would need to be fully embedded. The extra CuSCN film (capping
layer) thickness required between the top gold contact and tips of the ZnO to achieve
this was suggested to be around 1 pm145. Too thick a film would increase the series
resistance of the cell due to the low electrical conductivity of CuSCN. It is critical to
ensure that the CuSCN layer formed at the top is uniform, yet thin enough for

optimum device performancel4s,

5.1.3 Design of hybrid energy harvester

Combining the structures in Figure 5-1 and Figure 5-2, the design of a hybrid energy

harvester (HEH) is proposed and shown in Figure 5-3 below:
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qold electrode
PEDOT:PSS

;
Flexible substrate

Figure 5-3: Structure of the device designed for hybrid energy harvesting. ZnO nanorods are
grown on flexible substrate (typically PET polymer). N719 dye is used as light absorber layer.
CuSCN coating is applied to passivate the surface of the rods as well as act as hole transport

layer. PEDOT:PSS is then deposited on top, with gold deposited as the top contact.

In this design, a flexible substrate is selected to induce large strain onto the rods.
Zn0 nanorods are the origin of the piezo potential as well as the electron transport
material. The ZnO/N719/CuSCN structure is adapted from the PV design shown in
Figure 5-2. Both CuSCN and PEDOT:PSS can act as hole transport materials (HTM).
Also to be noted, the CuSCN coating for the initial design is to not fully embed the
rods. The thin layer of CuSCN coating is suggested to passivate the surface defects of
the rods. This is also to maintain mechanical flexibility and resemble more towards
the NG design shown in Figure 5-1. Thus, PEDOT:PSS layer is necessary to ‘cap’ the

rods and provide a flat surface for gold deposition.

Compared to the NG design in Figure 5-1, the HEH design simply added an extra
layer of N719 dye molecules between the ZnO and CuSCN. The addition of light

absorb layer is to improve the light harvesting efficiency of the proposed design.
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Figure 5-4: Band diagram of the materials used to fabricate the hybrid energy harvester.

Alignment of the band gaps of the materials are shown in Figure 5-4. It is designed
that, upon illumination, electron-hole pairs will be separated within N719. Electrons
will flow from the conduction band of N719 into ZnO nanorods then onto FTO
substrate. Holes will flow from valance band of N719 to CuSCN, PEDOT and then to
gold.

For the solid-state DSSC, electrons from the highest occupied molecular orbital
(HOMO) of the HTM, instead of the redox couple of the electrolyte from liquid-state
DSSC, regenerate the dye molecules. The theoretical open-circuit voltage is the
difference between the Fermi level of ZnO (Er) and the Fermi energy of HTM (Enomo).

Due to the much larger recombination probability of photo generated electrons from
ZnO with holes in the HTM as compared to recombination with the |~ /1; redox

couple3s in liquid-state DSSC, open-circuit voltage, Vo, of solid-state cells is in the

range of 400-500 mV (comparing to Voc * 800 mV for liquid-state cells).

143



Chapter 5. Hybrid energy harvester based on N719 dye

5.1.4 Characterization methods for hybrid energy harvester

In order to demonstrate the device works as a hybrid energy harvester, preliminary
tests are required to demonstrate whether it works as a photovoltaic and a
nanogenerator separately.

For photovoltaic (PV) devices, electrical characterization is normally investigated
using current-voltage scan under illumination. Short-circuit current, open-circuit
voltage, fill factor and power conversion efficiency can be calculated to evaluate the
performance. For piezoelectric devices (nanogenerator, NG) based on flexible
substrates, the strain-induced piezoelectric polarization is studied by bending the
device, and simultaneously recording the open-circuit voltage output. One end (the
end with the contacts) of the device is normally fixed by a sample holder. The other
end of the device is then bent to the maximum displacement of the substrate,
followed by a quick release. Bending can be induced manually or by using a cam
attached to a motor rotating at a fixed frequency (1-3 Hz) (tip bending). Using a cam
has the advantage of maintaining a constant maximum displacement of the device
while manual bending can induce larger displacement by bending it further. Another
way to induce the bending is oscillating the substrate on a permanent magnetic
shaker (oscillating), shown in Figure 5-5. The device is mounted on a spring steel
cantilever (optional) then fixed on the moving stage of the shaker. The stage is able
to move up and down in controllable frequency and amplitude. By programming the
signal generator at various frequency and amplitude, the spring steel would reach
its resonance frequency at one point. The device would follow the movement of the
spring steel and thus is bent up and down at a constant displacement at a fixed
frequency. For both methods, the voltage output can be recorded using a Tektronix

TDS2012C oscilloscope in trigger mode.
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' Oscillation

Magnetic shaker =

& .o

Figure 5-5: Testing setup of HEH device. The long aspect ratio sample under illumination

while oscillating.

For the tip bending test, the device would generate an output pulse when it is
released from its maximum bending displacement. When released, the strain rate of
the device would reach its maximum value and lead to the first and normally
strongest peak open-circuit voltage output. A ripple-like oscillating voltage signal is
generated due to the mechanical resonance of the plastic base substrate. The device
would come to rest when the oscillations are decayed. An example of the signal

output plot is shown in Figure 5-6:
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Figure 5-6: Open-circuit voltage output of a ZnO/PEDOT:PSS piezoelectric energy
harvesting device. Measurement (a)-(c) were obtained when the cam was setat 1, 2 and 3
Hz. With increase in bending rate, the peak voltage increases from around 80 to 100 mV.
This demonstrates that the peak voltage generated by a device can be increased by

increasing the strain ratel4.

For hybrid energy harvester (HEH), both tests of J-V scan and open-circuit output
measurement upon bending are required to demonstrate whether the device works
as PV or NG separately.

On the other hand, it is not enough to just measure the open-circuit voltage output
of the NG, but to measure the power output of the device, which would make the
results comparable to other energy harvesting techniques (such as PVs). To consider
the actual working condition, the device is connected to a load. While the most basic
test that is common for other energy harvesting techniques is to measure the voltage
generated when the device is connected to a range of resistive loads4¢, in our case,
by measuring the voltage output when connected to a programmable variable
resistor, the instantaneous power generated by the device can be calculated

approximately using the equation:

Equation 5-1
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Where P is the power and V is the peak voltage measured across the load R.
Hence, by a sweep of resistances, the peak-voltage V across each resistance R can be

used to calculate the peak-power density delivered.

5.2 N719-based HEH using PET

PEDOT:PSS

Au contact

Zn0O
nanorods

CuSCN
coating

Figure 5-7: HEH design using PET substrate with the corresponding SEM image of the cross

section of an actual device.

To demonstrate whether the design would work as a HEH, a batch of NG were first
fabricated using the structure shown in Figure 5-1 (NG). As comparison, during the
fabrication, 3 samples were dyed using N719 before the CuSCN deposition, leading
to the structure shown in Figure 5-7 above (HEH). Thus, by adding a thin layer of
N719 dye molecules, the PV and NG performances of the devices can be tested to

evaluate the effect of N719 dye coating.
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Figure 5-8: (a) Current density-voltage characteristics and (b) Time-dependent open-circuit

voltage output of NG and HEH design.
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Table 5-1: Solar cell parameters and peak voltage outputs of NG and HEH.

Peak
Device Jse Voc
Pmax (mW/cmZ) FF PCE (%) Voltage
structure | (mMA/cm?) V)
V)
NG 0.032 0.02 0.0002 0.31 0.0002 0.336
HEH 0.25 0.39 0.05 0.49 0.05 0.288

It can be seen from Figure 5-8a that, without N719 dye coating, the nanogenerator
itself shows poor PV performance, which is mainly attributed to the poor light
absorption behaviour without N719. The minimal current and PV response are
attributed to the UV photovoltaic effect of the ZnO-CuSCN junction. With an
additional N719 layer, the J-V plot shifts down and shows relatively stronger PV
response. Short-circuit current, open-circuit voltage and FF all increased leading to
the PCE of 0.05% comparing to 0.0002% without N719. Figure 5-8b shows that the
HEH design with N719 still performs as NG. The peak open-circuit voltages are 0.336
Vfor NG and 0.288V for NG with N719. However the value is not directly comparable
as this bending test was performed manually. The manual error could cause different
strain rate which could lead to different peak voltage. This result however is able to
confirm the HEH works as PV and NG separately.

Two batches of HEH were fabricated. Four samples were tested: HEH001 and
HEHO002 from the first batch, HEHO03 and HEH004 from the second batch. The
structure is based on the design shown in Figure 5-7. PET substrates were sputtered
with ZnO thin film. ZnO nanorods were grown using 24 h of pH=6 method. HEH001-
002 were fabricated in the first batch with 6 h of N719 dye loading, HEH003-
HEHO004 were fabricated in the second batch with 4 h of N719 dye loading. CuSCN
and PEDOT:PSS were spray coated manually. Finally, 100 nm gold was evaporated

on top. The devices were then laminated using a commercial laminator with
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laminating pouches. The laminating process is designed to improve the durability
and stability of the device.

The PV performances of HEH001-004 are shown in Figure 5-9.
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Figure 5-9: J-V plots of HEH001-004 under AM1.5 illumination.
Table 5-2: Solar cell parameters of HEH001-004.

Samples Jsc (mA/cm?) Voc (V) Pmax (mW /cm?2) FF PCE (%)
HEHO0O01 0.42 0.45 0.05 0.28 0.05
HEHO002 0.41 0.53 0.06 0.27 0.06
HEHO003 0.25 0.39 0.05 0.49 0.05
HEHO004 0.60 0.42 0.07 0.29 0.07

It can be seen from Figure 5-9 and Table 5-2 that, all devices showed PV response

upon illumination. All devices show PCE within a similar range, however the short-
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circuit current, open-circuit voltage and FF all vary. This is attributed to device
variations originated from the fabrication processes. The whole PET substrate
exhibited a small curvature after the sputtering process of ZnO seed layer. During
the aqueous growth of ZnO nanorods, the surface of PET would draw small bubbles
which formed during the synthesis (this effect was not observed on FTO substrate
using the same ZnO synthesis method). The bubbles would leave a small area of
pinholes without ZnO growth. As a consequence, the followed CuSCN and PEDOT
deposition would make direct contact with the seed layer, which would cause short-
circuiting within the device. At this stage, both CuSCN and PEDOT:PSS were
deposited via manually spray coating. Not only manually spray coating would lead
to device-to-device variation, but also lead to non-uniform coverage of PEDOT:PSS
layer on the same substrate which potentially form gaps in the polymer layer and
allow underlying nanorods to be exposed to gold contact. As a consequence, the
increasing amount of short-circuit would reduce the shunt resistance in the device
which leads to low FF in device HEH001, 002 and 004. In general, the performance
of the PV shows PCEs below 0.1%. Part of the reasons would be the high
recombination within the ZnO nanorods. Due to the nature of polymer substrate, the
nanorods grown via pH=6 synthesis could not survive high temperature post
annealing. As the PL results shown in Section 4.2, as-grown rods show low near-
band-edge emission which contributes to a faster recombination rate. The high
recombination for the photo injected electrons in ZnO back to CuSCN has also been
reported to be the origin of the low Voc and PCE of the device3>42, It is also to be noted
that the high series resistance in the ITO (60 ohm/square) could also cause the low
Voc and PCE.

Impedance analysis of the devices were performed and the results were fitted using
ZView software with the equivalent circuit shown in Figure 5-10a. The scanning
range was 10¢ Hz down to 0.01 Hz.

Typically for impedance analysis results obtained from DSSC, three semicircles can
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be observed as the frequency starts from 10 Hz down to 0.01 Hz. The high-
frequency semicircle (103-105 Hz) is related to the capacitance (CPE1) and charge
transfer resistance between the counter electrode and p-type HTM. The second or
middle semicircle is associated with the capacitance (CPE2) and electron diffusion
in the photo anode and electron back reaction at the photo anode/HTM interface.
This is represented by interfacial charge transfer resistance (Rct)14’. This semicircle
is normally the largest. A small Rc: indicates a facile charge transfer while a large Rct
indicates a sluggish charge transfer and higher probability of recombination149. The
third or the low-frequency semicircle (in mHz range) corresponds to the Warburg
diffusion of electrolyte in liquid-state DSSCs and is commonly merged with the
middle semicircle in solid-state DSSCs. The sheet resistance of the electrode
substrate and the resistance of the HTM are the main contributor to the Ohmic series

resistance Rs.
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Figure 5-10: Impedance plots of HEHs in the dark and under illumination. (a) Equivalent

circuit for impedance fit, (b) HEH003, (c) HEHO004. Inset figures have the same units.
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Table 5-3: Series resistance R;, charge transfer resistance R.: derived from impedance

analysis.
Test condition Dark [Mluminated
Fit results Rs (kQ) Rt (kQ) Rs (kQ) Ree (kQ)
HEHO003 0.047 140 0.034 0.93
HEHO004 0.337 68.3 0.287 0.14

Impedance analysis results suggest significantly reduced charge transfer resistance
within the device upon illumination, which is attributed to the difference of electron
density!48 under illumination with the presence of N719 light absorber layer.
Comparing the charge transfer resistance under illumination, it is suggested that the
higher current and PCE for PV performance from HEH004 compared to HEH0O03 is
attributed to the lower charge transfer resistance.

Even though the performances are poor, these results still demonstrate the HEHs
perform as PVs. For NG performances of the HEHs, resistive load matching was
performed to analyse maximum peak-power densities delivered by the HEHs to
their optimum load resistances. The device was fixed on a spring steel cantilever
then onto the sample stage of magnetic shaker (see Figure 5-5). The resonance
frequency was identified first by tuning the signal generator. For each device, peak-
voltage output across a sweep of resistive loads from 100 () to 100 kQ were recorded
and power delivered to each load was calculated using Equation 5-1.

The resulted resistive load matching plots are shown below in Figure 5-11 and

Figure 5-12.
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Figure 5-11: Resistive load matching plots for devices (HEH001-002) when either oscillated

in the dark, not oscillated (steady) under illumination, or oscillated under illumination.
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Figure 5-12: Resistive load matching (log scale) plots for devices HEH003 and HEH004.

Red arrows indicating the positions of the peak.

Table 5-4: Peak power density, optimum load and resistive impedance of fabricated devices.

NA indicates the samples were made in the early stage and could not be measured anymore.

Device Peak power density Optimum load Resistive internal
name (LW /cm?) resistance (k) resistance (k1)
Dark [lluminated Dark | [lluminated | Dark | [lluminated
HEHO001 NA 48.81 NA 1.8 NA NA
HEH002 0.42 77.66 2.1 1.7 NA NA
HEHO003 0.82 8.58 1.0 0.7 140 0.93
HEH004 3.05 83.83 10.0 0.8 69 0.50

From Figure 5-11 and Figure 5-12, it can be seen that upon illumination, peak power

densities of all four devices increased significantly comparing to the peak power
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densities without illumination. Under illumination, HEHO01 shows 48.81 pW/cm?2
at 1.8 kQ; HEH002 shows 77.66 yW/cm? at 1.7 kQ); HEH004 shows 83.51 pW/cm?
at 0.8 kQ; HEH003 is much lower and shows 8.58 uyW/cm? at 0.7 kQ. This trend is
consistent to the PV performances obtained from the J-V scans shown in Figure 5-9
and Table 5-2, that the current density (mA/cm?) for HEH001, HEHO02 and HEH004
are 0.42, 0.41 and 0.6, respectively; while the current density for HEH003 shows the
lowest at 0.25. Impedance analysis were performed on HEH0O03 and HEH004 and
the Nyquist plots are shown in Figure 5-10 and Table 5-3. The devices’ internal
resistance can be calculated from the real-axis diameter of these plots81.146,148 The
resistive internal impedance values of the HEH003 and HEH004 under illumination
were found to be close to the device optimum load resistance as shown in Table 5-4.
This corresponds to the maximum power transfer theorem14°, which states that the
maximum power transfer occurs when the impedance of a connected load is equal
to the internal impedance of the sourcel49.

For HEHOO01 and HEHO002, peak power densities were also measured when kept
steady under illumination (see red curves in Figure 5-12) and compared to values
obtained under oscillating and illumination. HEHO01 shows improvement of peak
power density from 44.76 pW/cm? at 1.9 kQ (steady under illumination) to 48.81
uW/cm? at 1.8 k( (oscillating under illumination). HEH002 shows improvement of
peak power density from 73.35 pW/cm? at 1.8 kQ) (steady under illumination) to
77.66 pW/cm? at 1.7 kQ (oscillating under illumination). These results indicate
oscillating increased the peak power density of the devices under illumination.

The working principles of the HEH devices are discussed below.
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Figure 5-13: Schematic of ZnO/N719/CuSCN system illustrating the photo induced charge
carrier dynamics of device working solely as PV. During the travelling process towards FTO
electrode, photo injected electrons are prone to recombine with holes and reduce the photo

current and the power output.

When the device is exposed to AM1.5 illumination without oscillation (steady
illuminated, shown in red curves in Figure 5-11), it performs solely as a solar cell. A
photo voltage is generating a photo current through the load. A direct photo current
and photo voltage remain constant under illumination. Without oscillation, the

power output would be increased with the origin being the device working solely as

2
a solar cell (P :E) comparing no illumination condition. By performing a load
matching, the maximum power point could be identified. The maximum power from
the J-V scan measurements (converted to pW/cm?) for HEH001-004 are 0.05, 0.06,
0.05 and 0.07. These values correspond well with the maximum power achieved

from load matching (except HEH003), which shows the maximum power (WW/cm?)
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for HEH001-004 are 0.049, 0.078, 0.009 and 0.08, respectively. The abnormal result

of HEHO003 may suggest the device is broken or has a bad contact.
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Figure 5-14: Schematic of ZnO/N719/CuSCN system illustrating the potential impact of an
oscillating vibration of ZnO nanorod upon photo induced charge carrier dynamics.
[llustrated are the dynamics in the presence of oscillation under illumination. The potential

impact of strain-induced piezoelectric dipoles upon these charge carriers are shown. The
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gradients of the conduction and valence band edges illustrate the impact of the ZnO
piezoelectric polarization upon these energy levels. In the upper image in Figure 5-14, the
ZnO polarization drives holes away from the interface. With the holes moved away from the
junction, electrons are unable to cross it due to the energy barrier. In the lower image in
Figure 5-14, the opposite polarization, photo generated electrons are driven from the
surface and holes cannot cross the junction. In both cases, the net effect is to increase the

spatial separation of electrons and holes, and so to reduce recombination losses.

When the device is oscillating under illumination, the power is slightly further
improved comparing to the power tested steadily under illumination as shown in
Figure 5-11. With the presence of N719 dye layer, a large amount of electron hole
pairs will be excited upon illumination. The followed charge injection process
increase the charge carrier density within the ZnO. When the nanorods are subject
to oscillation induced strain, an alternating polarization will develop across the
nanorods. The electric field associated with this polarization is expected to extend
into both ZnO and CuSCN components. As the working principle from NG, this leads
to screening of the polarization as the carriers rearrange. As the nanorods vibrate
under oscillation, the surface will fluctuate between positive and negative
polarizations shown in Figure 5-14 above. These polarization will provide an
oscillating modulation of the energetics of exciton separation at the ZnO/N719-
CuSCN interface. As this effect should alternate between a positive and negative
contribution, and is found to be small compared to the large energy offset driving
exciton separation (~1 eV), the oscillation is not considered to enhance separation®’.
After the charge separation, photo excited electrons and holes are separated and are
prone to recombine. The recombination would decrease the charge collection
efficiency and reduce the photo current. Depending on the polarity of the ZnO
polarization relative to the ZnO/N719-CuSCN interface, the resultant electric field

will either drive separated electrons in ZnO or positive holes in CuSCN away from
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the interface. Thus in both case, the oscillation induced polarization would alternate
in direction and enhance the charge separation after the electron/hole pair
generation. This model is proposed to account for the improvement of power under
illumination from the tests without oscillation to tests with both illumination and
oscillation. Similar to the mechanism8” proposed for enhancement of ZnO
nanorod/P3HT solar cell, the reduction of charge carrier recombination is suggested
to be the origin of improvement.

To summarize, a N719-based hybrid energy harvester was successfully designed and
fabricated, which could harvest kinetic and solar energy simultaneously.
Furthermore, unlike the HEH devices reported in literature where the output is
simply the combined effect from NG and PV, a further enhanced performance is
shown benefiting from the dual-functional ZnO nanorods. The ZnO nanorods in our
design acts as both origin of piezoelectric potential and electron transport material.
The piezoelectric potential further enhanced the charge separation within the
device and further improved the power output. As shown in Figure 5-11 and Figure
5-12, the power generated from PV effect is much higher than power generated from
NG effect. Thus, to achieve the maximum power, PV performance of the HEH needs
to be optimized. To further improve the PV performance, post annealing is suggested
to be able to improve the crystallinity of the ZnO and the current output of the DSSCs.
Thus, it would be beneficial to utilize a flexible substrate with high thermal stability.
Corning® Willow™ (CW) substrate is a promising candidate which was investigated
in this project as a substitute for ITO-PET. Results based on CW substrate will be

presented in the next section.
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5.3 N719-based HEH using Corning® Willow™ glass

PEDOT:PSS

Au contact

Zn0O
nanorods

coating

Figure 5-15: HEH design using CW substrate with the corresponding SEM image of the cross

section.

Previous studies of ZnO-based solar cells have employed thermal annealing to
improve the performance of the device. Thermal annealing is suggested to reduce
the native defects and impurities of ZnO nanostructures120.130.131,150, However for the
original design of NG which was based on polymer PET substrates, high temperature
annealing was prohibited due to the substrate limitation. Thus, to potentially
improve the performance of PV from HEH and probe the effect of annealing on the
performance of NG from HEH. Corning® Willow™ glass was selected as the
alternative substrate. CW substrate is ultra-thin (0.2 mm), lightweight and
conformable glasses with high transmission (75-80%). It can be annealed up to
800 °C. The glasses were purchased from MTI Corporation, USA. A thin layer of
conductive FTO was sputtered onto the CW substrates by Solaronix, Switzerland.
Even though CW are flexible to a small degree, they are still delicate and brittle. To
improve the flexibility of the whole device, a long aspect ratio 10x1 cm? dimension
was utilized for the CW substrate. In order to optimize the photovoltaic performance
of the HEH design, FTO glass was used first. Once the parameters were optimized,
the optimized procedures were then transferred onto CW substrates, followed by

kinetic-to-electricity characterization.
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5.3.1 Optimization of photovoltaic performance

ZnO nanorods were grown using pH=6 method for 24 h and then annealed at 500 °C
for 1 h. For the design of the HEH based on CW glass, morphologies of the n-type
Zn0 nanorods are fixed. Thus, for p-type HTM, thickness of CuSCN and PEDOT:PSS
were considered to be variables and investigated to identify the optimum

parameters.

5.3.1.1 CuSCN coverage

The coating of CuSCN layer in the original HEH design is to passivate the surface of
the rods (adapted from NG design) as well as acting as hole transport material
(adapted from PV design). The amount of CuSCN coating would affect the NG82 and
PV42 performance of the device. In order to identify the optimal CuSCN coating
thickness, various amount of CuSCN was spray coated on a set of substrates based
on FTO glasses. Here, the thickness of CuSCN layer was determined by the amount
of CuSCN solution coated on to each substrate. Per each substrate (1.5x1.5 cm?
working area), 1, 2 and 3 ml of CuSCN solution (0.15 M) were spray coated. CuSCN
solution was achieved by dissolving 1.8246 g CuSCN powder in 100 ml di-n-propyl

sulfide. Resulted coverages were examined under SEM, shown in Figure 5-16:
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Figure 5-16: CuSCN coverage comparison. (a), (b), (c) and (d) show 0, 1, 2 and 3 ml of CuSCN

deposited, respectively.

From Figure 5-16, it can be seen that higher CuSCN coverage can be achieved by
gradually increasing the amount of CuSCN solution. 1 ml CuSCN deposition shows
the lowest coverage where the gaps remain empty between the rods. 3 ml CuSCN
deposition is able to fully cover the side of the nanorods.

After CuSCN deposition, all substrates were spray coated with same amount of
PEDOT:PSS then 100 nm of gold contact. J-V scans were performed to compare the

PCEs from different CuSCN coverage.
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Figure 5-17: J-V plot of devices with gradually increased CuSCN coverage.

Table 5-5: Solar cell parameters of SSDSSCs with gradually increased CuSCN coverage.

CuSCN
]sc Pmax
per Voc (V) FF PCE (%)
(mA/cm?) (mW/cm?)
substrate
0 0.075+0.015 | 0.14+0.01 | 0.0028+0.0007 | 0.26%0.02 | 0.0028+0.0007
1 1.75+0.12 | 0.35+0.02 0.22+0.02 0.35+0.02 0.22+0.02
2 3.1+0.30 0.38+0.01 0.45+0.04 0.39+0.02 0.45+0.04
3 3.70+0.32 | 0.41+0.01 0.63+0.06 0.42+0.02 0.63+0.06
4 1.78+0.28 | 0.24+0.01 0.11+0.02 0.26+0.02 0.11+0.06

From Figure 5-17 and Table 5-5, it can be seen that PV performance of the devices

improves with increasing amount of deposited CuSCN. For devices made on pure
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ZnO/PEDOT:PSS structure with no CuSCN passivation, short-circuit current, open-

circuit voltage and FF all show the lowest value, leading to the lowest PCE (0.0028%).

With the amount of deposited CuSCN increasing from 1 to 3 ml, all parameters show

gradual increase, leading to the best performance of 0.63% with 3 ml CuSCN

deposited per substrate. For the device made using 4 ml CuSCN, performance

dropped again, possibly due to excessive CuSCN coating. If the CuSCN coating was

too thick, it would reduce the electron/hole transport due to limited electron travel

length. Thus, 3 ml is considered to be the optimal amount. To investigate the reason

of the improvements, impedance analysis was performed and results shown below

in Figure 5-18:
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Figure 5-18: Impedance analysis of devices from 0-3 ml deposited CuSCN per substrate

under AM1.5 illumination.
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Table 5-6: Series resistance R; and charge transfer resistance R.: derived from EIS results.

Amount of CuSCN
Rs(Q) Rt (Q))
deposited

0 48.92 1670
1 109.8 99.63
2 58.65 88.02
3 20.65 87.24
4 44.19 95.62

From Figure 5-18 and Table 5-6, it can be seen that device with no CuSCN coating
showed the highest charge transfer resistance, 1670 (), which is attributed to the
inefficient charge transfer between ZnO/dye and ZnO/PEDOT. Without CuSCN
coating, only the tips of the rods are in contact with PEDOT:PSS layer(SEM evidence
will be shown in 5.3.1.2). The other part of the rods are coated with N719 and
exposed in air. After the separation of photo induced electron/hole pairs, electrons
would be injected into ZnO. However holes have to travel long distance to the top
tips of the rods to be collected by PEDOT:PSS layer. Thus, the charge recombination
process is severe, indicating the high resistance.

Both series resistance and charge transfer resistance decrease with increased
amount of CuSCN coating from 1 ml to 3 ml per substrate. The decrease of Rct is
attributed to the increased contact area between CuSCN and PEDOT with increased
CuSCN coating, which reduced the resistance. The decrease of Rs is attributed to the
increased thickness of CuSCN leading to a more complete pathway for hole transport
and less resistance. It is suggested that the coating of CuSCN would modify the
surface properties of ZnO, reduce the surface defects by passivation and thus reduce
the recombination®l. SEM images from Figure 5-16 confirm that increased amount
of CuSCN can increase the surface coverage of ZnO, which increases the suppression

of active parasitic surface states.
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5.3.1.2 PEDOT:PSS deposition

The concept behind using a semiconducting PEDOT:PSS layer as top electrode in
original NG design is suggested to be related to reducing external screening effects
of the device’2. The p-type PEDOT:PSS material in contact with n-type ZnO is
reported to form a p-n junction with a depletion region. The formation of depletion
region is suggested to reduce the external screening effect by acting as a barrier
between p-type (free holes of PEDOT:PSS) and n-type material (free electrons of
Zn0), as discussed in Section 2.5. Furthermore, a polymer-type electrode based on
PEDOT:PSS would significantly improve the flexibility of the device as the testing
setup requires large degree of bending movement from the substrate. Early
experiment of a solid-state DSSC fabricated on PET/ZnO nanorods/CuSCN/Au was
tested in our lab and the ceramic CuSCN formed cracks after bending test. The cracks
were visible by eye inspection. This suggests the structure comprised of double p-
type materials is essential in our design as CuSCN would reduce the charge transfer
resistance and passivate the surface defects while PEDOT:PSS would improve the
flexibility of the substrate. PEDOT:PSS could also provide a planar surface for gold
deposition. More importantly, both materials would act as hole transporting
materials.

In the device fabrication for N719-based HEH, PEDOT:PSS is dissolved in aqueous
solution. Due to the hydrophobic nature of ZnO nanorods?>1152, the wetting of the
PEDOT:PSS solution is poor. It has been proposed that spin coating8® and spray
coating®? are the two common deposition methods. Ideally, spin coating would be
able to give a more consistent and repeatable film by eliminating manual error. Thus,
both deposition methods were utilized and the PV performance of the HEH was
compared.

For spin coated PEDOT:PSS, the coating setup was 3000 RPM for 30 s, followed by
100 °C annealing. For spray coated PEDOT:PSS, the coating was applied using air

spray gun while substrate being heated at 100 °C. For both methods, SEM were
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performed first to examine the thickness and the coverage of the PEDOT:PSS layer.

Figure 5-19: SEM images of spin coated PEDOT layer on ZnO based on CW substrate: (a)
Edge of the substrate, (b) Central area of the substrate, (c) Close up of the edge of the

substrate, (d) Top view of edge of the substrate.

From Figure 5-19, it can be seen that, spin coating would lead to non-uniform coated
film on ZnO grown on CW substrates. This is due to the long aspect ratio of the
substrate (10x1 cm?). The non-uniform coverage of PEDOT:PSS layer would
potentially leave nanorods exposed. In this way, the rods would make physical
contact with the gold electrode, causing short-circuiting. During spin coating, the
centrifugal force around the edges of the substrate pulled on the PEDOT:PSS
outward, and the attractive forces within the PEDOT:PSS pulled on the PEDOT:PSS

near the centre of the substrate, where the centrifugal forces is smaller!s3, This effect
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is enhanced on long aspect ratio substrate, leaving central area of the CW
significantly darker then the two ends of the CW after PEDOT:PSS spin coating. Due
to the poor wetting, an interference pattern is also shown on the surface, indicating
the non-uniform coating of the substrate. It can also be seen in Figure 5-19c that, the
thickness of the film is 400 nm, while the height of the pointed top on the film is
approximately another 400 nm. This indicates, to fully cover the rods and leading to
aflat top surface, atleast 800 nm thick PEDOT:PSS is required, which is the thickness
shown in Figure 5-19b. However, the top surface of the PEDOT:PSS layer in Figure
5-19b is still not completely flat. Thus, it is suggested that at least 1 um film is
required to fully embed the nanorods.

As for spray coating, various amount of PEDOT:PSS was spray coated and examined

under SEM, shown in Figure 5-20 below.

Figure 5-20: Cross section and top view of various amount of PEDOT:PSS layer via spray
coating. (a) and (e) 0.5 ml/substrate, (b) and (f) 1 ml/substrate, (c) and (g) 1.5 ml/substrate,

(d) and (h) 2 ml/substrate.
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Figure 5-21: Images of the top view with corresponding amount of spray coated PEDOT:PSS.

From Figure 5-20, the thickness of the PEDOT:PSS films are: (a) 380 nm, (b) 810 nm;
(c) 1200 nm and (d) 2000 nm. As expected, 380 nm thickness is not enough to cover
the tips of the nanorods as shown in Figure 5-20a. From image (b) to image (c), the
rods are fully covered. This is consistent with the spin coated results which suggests
a PEDOT:PSS film of 1 um is required to fully cover the rods.

Results shown in the Figure 5-22 below are obtained from devices made on CW
substrate/Zn0 nanorods (pH=6 method, 4 pm)/CuSCN/PEDOT:PSS (spin or spray
coated as marked)/gold. For one device, ZnO was not annealed and PEDOT:PSS was
spray coated. The other two devices: both ZnO were annealed while one device

utilized spray coated PEDOT:PSS and the other utilized spin coated PEDOT:PSS.
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Figure 5-22: J-V plots of PV performance of HEH based on CW.

Table 5-7: Solar cell parameters of HEH based on CW.

No
annealing 2.54 0.18 0.13 0.28 0.13
Spray
Annealed
6.07 0.31 0.70 0.37 0.70
Spray
Annealed
1.44 0.25 0.10 0.27 0.10
Spin

From Figure 5-22 and Table 5-7, it can be seen that the performance of the solar cell

is significantly improved after thermal annealing on ZnO nanorods. Short-circuit
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current, open-circuit voltage and FF all increase, leading to a 0.7% efficiency with
post annealing comparing to 0.13% without. This is as expected which is due to
improved crystallinity of ZnO which leads to less recombination. Comparing results
from spray coating to spin coating, devices fabricated via spray coating showed a
better performance, which is attributed to a better coverage of the rods. Thus, even
though spin coating is considered to result in a uniform coating, this advantage is
restricted on small scale samples. For large scale, long aspect ratio samples, spin
coating would result non-uniform coatings and interference patterns which lead to
short-circuiting in the device. As a conclusion, spray coating of PEDOT:PSS is
selected for future fabrication process for CW-based HEH.

Another discovery during SEM imaging was how the tip of the rods interact with
spray-coated PEDOT:PSS layer, which further demonstrates the importance of

optimized CuSCN coating thickness.
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Figure 5-23: SEM images showing isolated rods (circled in red) and contacted rods (circled

in dashed red).

From Figure 5-23, it can be seen that the PEDOT:PSS film shows poor contact with
the tips of ZnO nanorods. Considering the structure design of the device, the
FTO/ZnO nanorod/N719/CuSCN/PEDOT:PSS/gold heterojunction indicates the
components of p-a-n structure are connected in series. In this way, the individual
resistance from FTO, ZnO and PEDOT:PSS are arranged in series. Thus, the film

thickness of the PEDOT and the contact area between the rods and PEDOT:PSS

would affect the overall resistance of the device as R = p% where p is the

resistivity of the material, L and A are the length and cross section area of the
material. Due to the poor wetting, the majority of the area at the bottom of the

PEDOT:PSS film is not in contact with the rods, as shown in Figure 5-23c. The limited
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electron pathway would significantly increase the resistance due to reduced A.
However, the contact area could be improved by CuSCN coating, as shown in Figure
5-16. The diameter of the photo anode would increase with increased CuSCN coating
comparing to bare rods. In this way, the charge transfer resistance would be reduced
as shown from impedance analysis in Figure 5-18, which leads to improved PV

performance as shown in Figure 5-17.

5.3.2 Combined photovoltaic and nanogenerator performances

Based on the optimization results, a number of CW-based HEH devices were
fabricated. In order to show the effect of optimized CuSCN coating. Both sets of
results prior and after the CuSCN optimization are shown below, results achieved on
HEHO005-007 were based on devices prior to CuSCN optimization process, and are
suggested to have low pore filling of CuSCN, shown in Figure 5-24b. Results achieved
on HEH008-010 were based on devices after CuSCN optimization process, and are

suggested to have completely filled CuSCN, shown in Figure 5-24c.

Figure 5-24: SEM images of cross section of (a) As grown nanorods; (b) Low pore filling

CuSCN coated rods; (c) Completely filled CuSCN coated rods.
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Table 5-8: Devices fabrication details for CW-based HEHs.

CW- Seeding Post
Zn0O N719 CuSCN PEDOT Gold
HEH method annealing
Sol-gel Low pore
HEHO005
Spin filling
HEHO006 | Sputter Shown in
Figure
HEHO07 | Sputter 24t 4h 5.24b
500 °C Spray | 100 nm via
Sol-gel pH=6 Dye
HEHO008 1h Completely | coating | evaporation
Spin | synthesis loading
filled
Sol-gel
HEHO009 Shown in
Spin
Figure
Sol-gel
HEHO010 5-24c
Spin
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Figure 5-25: J-V plot of CW-based HEHs, HEHO05-HEHO007.

Table 5-9: Solar cell parameters of CW-based HEHs, HEHO05-HEH007.

HEHO005 1.29 0.13 0.07 0.39 0.07
HEHO006 0.91 0.08 0.02 0.28 0.02
HEHO007 0.75 0.24 0.05 0.26 0.05

From Figure 5-25 and Table 5-9, it can be seen that the PV performances of the
devices with low CuSCN pore filling are poor. Current density shows the average
value of 0.98 mA/cm? which is higher than those obtained from HEH based on PET
(HEHO001-004, average 0.42 mA/cm?), average open-circuit voltage shows 0.15 V
which is significantly lower than those obtained from HEH based on PET (HEH001-

004, average 0.45 V). The average FF of 0.31 is in the similar range with PET-based
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HEH (HEHO001-004, average 0.33). As a result, the average PCE shows 0.047%
comparable to PET-based HEH (HEH001-004, average 0.058%). The poor
performance is mainly attributed to the insufficiently coated CuSCN which
confirmed to have high charge transfer resistance from impedance analysis shown
in Figure 5-18. The cross section of the CuSCN coating is shown in Figure 5-24, which

confirms the low pore filling of CuSCN.
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Figure 5-26: J-V plot of HEHs with completely filled CuSCN coating, HEHO08-HEH010.

Table 5-10: Solar cell parameters of HEHs, HEHO08-HEH010.

Device ]sc (mA/cmz) Voc (V) Pmax (mW/cmZ) FF PCE (%)
HEHO008 7.22 0.32 0.92 0.40 0.92
HEHO009 2.31 0.33 0.32 0.43 0.32
HEHO010 6.07 0.31 0.70 0.37 0.70
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From Figure 5-26 and Table 5-10, it can be seen that the optimized CuSCN coating
significantly improved the PV performance of HEHs. HEHO08 and HEH010 exhibit
efficiency above 0.7%, which is comparable to the champion value achieved from
FTO-based devices during optimization trials (0.63% from 3ml CuSCN deposited per
sub). This demonstrates the successful transfer of the device fabrication from FTO
to CW. Comparing to results achieved on devices with low CuSCN pore filling, current
density increased from an average of 0.98 mA/cm?up to an average of 5.2 mA/cm?;
open-circuit voltage increased from average 0.15 V up to average 0.32 V; FF
increased from average 0.31 up to 0.40. As aresult, average PCE of HEH008-009-010
is 0.65%, significantly higher than those of HEH005-006-007 which is 0.047%.
These results indicate the importance of optimization for the CuSCN coating.
Optimal CuSCN coating would reduce the internal resistance and lead to a higher
short-circuit current and open-circuit voltage. The average PCE of optimized HEH
(0.65%) is higher than that of PET-based HEH (0.058%). This is attributed to the
low resistance from CW-based devices. Impedance analysis was performed to

compare the devices based on PET and CW.

179



Chapter 5. Hybrid energy harvester based on N719 dye

1000
s CW
e PET
800 |
E 600 -
o
2
£
N 400
® ® @
° o
© o
@
200 | o 9
'. ..
0 Al 1 i 1 1
0 200 400 600 800 1000
ZreaI (ohm)

Figure 5-27: Impedance analysis of CW-based HEH008 and PET-based HEH003. Both tests

were carried under AM1.5 illumination.

Table 5-11: Solar cell parameters and impedance results of CW-based HEH008 and PET-

based HEHO003.
PV parameters EIS results
]SC VOC Pmax PCE RS RCt
Device 5 5 FF 0
(mA/cm?) | (V) (mW/cm?) (%) @ | (@
CW-
7.22 0.32 0.92 040 | 092 |29.85|141.5
HEHO008
PET-
0.25 0.39 0.05 0.49 | 0.05 |34.14| 930
HEHO003

From Figure 5-27 and Table 5-11, it can be seen that the improved PV performance
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from CW-based HEH can be attributed to reduced charge transfer resistance. High
temperature post annealing is suggested to remove the surface defects and enhance
the near band edge emission as shown in PL results (see Section 4.2.5). The
optimized CuSCN coating would also passivate the surface defects and reduce the
number of recombination sites. As a result, CW-based HEH show higher PV
performances than PET-based HEH.

For the NG performance, the CW-based HEH was initially tested in the same way as
PET-based HEH. However, due to the long aspect ratio and brittle nature of the glass,
the resonance frequency was found to be in the range of 20-40 Hz comparing to 200
Hz for PET-based HEH. Also, the amplitude of the magnetic shaker had to be set at
half the value used for PET substrate to avoid cracks occurring on the brittle CW-
based devices. Cracks would potentially occur when the substrate is undergoing
high amplitude (>4 cm) oscillation. As a result, the voltage output signal was not able
to be captured on the oscilloscope. Thus, time-dependent current output
characteristics were measured using a Keithley 2400 SMU combined with NI
LabVIEW. The test was carried out at 0 V bias (short-circuit). The sample was fixed
on the stage (no spring steel cantilever) of the magnetic shaker under the solar
simulator. During 5-15 s, the shaker was turned on at the pre-set resonance
frequency for the device. The current output from the NG effect of the HEH was
recorded. During 20-30 s, sample was kept steady while the solar simulator was
turned on. The current output from the PV effect of the HEH was recorded. During
35-50 s, both shaker and solar simulator were turned on. The sample was oscillating
under illumination. The current output of the hybrid energy harvesting effect of the
HEH was recorded.

For the NG performance and hybrid energy harvesting performance of HEH005-010,
time-dependent current density scans were performed and results shown in Figure
5-28 and Figure 5-29 below. In Figure 5-28 below, responses from devices with low

pore filling CuSCN were recorded and plotted.
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Figure 5-28: Time-dependent peak-current density (log scale) of CW-based HEHO0OS5,

HEHO006 and HEHO0O07. Details regarding the fabrication parameters are shown in Table 5-8.

Table 5-12: Current density (mA/cm2) values of HEHs tested under solely oscillation (NG),

solely illumination (PV) and oscillation under illumination (NG+PV).

HEHO005 HEHO006 HEHO007
Peak Average Peak Average Peak Average
NG 0.0030 0.0021 0.0012 0.0011 0.0010 0.0007
PV 0.0644 0.0564 0.0674 0.0615 0.2761 0.2502
NG+PV | 0.5682 0.1915 0.2882 0.2016 0.6304 0.3851

From Figure 5-28 and Table 5-12, it can be seen that: the current density generated

while the device was oscillating is on the range 0of 0.001 to 0.003 mA/cm? (averaging

0.00172 mA/cm?). As a comparison, the current density generated under

illumination is in the range of 0.06 to 0.27 mA/cm?2 (averaging 0.14 mA/cm?2). This
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(together with results achieved on PET-HEHs shown in 5.2) further supports the
conclusion that the main power of the HEH would be coming from the PV effect. As
for the current output generated under NG+PV condition, the current density
significantly increased comparing to the value at PV condition. The resulted value is
not a simple summation of the current density generated by the NG and PV alone.
This is further evidence corresponding to the resistive load matching plot shown in
Figure 5-11. It suggests the current output from NG+PV condition is not only a
summation of the current output from the NG and PV individually. Thus, it is
suggested that, under oscillating and illumination, the HEH is not only performing
as NG and PV separately. The current output can be further improved. These results
are further evidence to support the theory proposed in Figure 5-14. The average
value of the alternating current generated by NG effect is lower than the constant
direct current generated by the PV effect. Under NG+PV condition, the piezoelectric
Zn0 would develop an alternating polarization which affects the carrier transport
dynamics in the devices. According to the oscillating mode shown in Figure 5-14, the
alternating polarization would further separate the electrons and holes after charge
separation process. This is suggested to reduce recombination and further increase
the electron density extracted which leads to increased current output. The results
achieved here confirm that PV efficiency can be enhanced by piezoelectric effect in
this system, and it is not just an additive effect.

In Figure 5-29 below, responses from devices with completely filled CuSCN were

recorded and plotted.
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Figure 5-29: Time-dependent peak-current density (log scale) of CW-based HEHO00S,

HEHO009 and HEH010. Details regarding the fabrication parameters are shown in Table 5-8.

Table 5-13: Peak-current density (mA/cmz2) values of HEHs tested under solely oscillation

(NG), solely illumination (PV) and oscillation under illumination (NG+PV).

HEHO008 HEHO009 HEHO010
Peak Average Peak | Average | Peak | Average
NG 0.0003 3.6656E-06 | 0.0316 | 0.0091 | 0.0056 | 0.0026

PV 4,1172E-05 | 2.54074E-05 | 0.0008 | 0.0004 | 1.0560 | 0.7768

NG+PV | 3.6983E-04 | 2.57577E-05 | 0.1577 | 0.0400 | 1.7058 | 0.7223
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Figure 5-30: Average current density (mA/cm?2) comparison of N719-HEHs achieved under
NG, PV and NG+PV conditions.

From Figure 5-29 and Table 5-13, the result shows consistency on HEHs with
completely filled CuSCN. HEHOO8 broke during the test which was caused by high
amplitude oscillation (>4 cm). Thus, HEH008 showed the lowest current density
even it has the highest PV performance obtained from J-V scans (PCE=0.92%, see
Table 5-10). The empty points on the curve also indicates discontinued contacts. For
HEHO009, the PV performance was the lowest among HEHO08-HEH010, hence the
current density measured here is low. For the average value, NG generated current
density is higher than PV generated current density. Current density tested under
NG+PV condition is significantly higher than NG and PV alone or combined. This
further suggests the improvement is not a simple additive effect. For HEH010, the
peak current density under NG+PV condition shows 1.706 mA/cm?2 comparing to
0.006 mA/cm?2 under NG and 1.056 mA/cm? under PV. However the average value

from NG+PV is slightly lower than PV, which is attributed to unstable contact
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possibly due to crack formed within the device. It is suggested that the unstable
contact may originate from the completely filled CuSCN film. It has been
demonstrated that complete filling of CuSCN would reduce the charge transfer
resistance and improve the PV performances of the devices. However, the rigid,
ceramic-like CuSCN structure could lead to cracks under mechanical bending, which
reduces the stability of the devices.

Figure 5-30 shows the comparison for CW-based N719-HEHs. HEH008 is not
included due to the sample was broken. Other than HEH010 shows slight lower
current density output under NG+PV, HEH005, HEH006, HEH007 and HEH009 all
show further enhancement under NG+PV compared to the summation of results

achieved under NG and PV alone.

5.4 Summary

In summary, a N719-based hybrid energy harvester was designed and fabricated.
The addition of light absorber layer into the p-n junction based kinetic-to-electric
nanogenerator is found to enable the device to harvest both solar and kinetic energy.
The substrate plays an important role for the power output of the device due to the
different resistance, thermal stability and flexibility. P-type HTM is found to have a
great impact on the performance of the PV effect from the HEHs. For PET-based
HEHs, higher flexibility leads to higher kinetic-to-electric output, however the PV
output is poor due to the high charge transfer resistance revealed by impedance
analysis. For CW-based HEH, PV performance is greatly improved which is
attributed to the post annealing process on the ZnO nanorods. Post annealing was
found to reduce the recombination and improve the photo current output. Due to
fact that CW is brittle and shows low flexibility, NG performance of the device is
limited. For HEHs based on both substrates, resistive load matching tests and time-
dependent current output measurement revealed the power tested under NG+PV

condition is higher than power tested under NG and PV condition separately or even
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the simple summation of the two. This suggests when tested under oscillation and
illumination condition, the charge carrier dynamics can be affected by oscillation. It
is suggested that oscillation leads to polarization formed due to the piezoelectric
nature of ZnO nanorods. The direction of the dipole alternates as the ZnO nanorod
oscillates. Thus the electric field associated with the polarization is expected to
further drive the separated electrons and holes away from each other at the interface.
This effect would lead to reduced recombination within the device, hence improve
the current density. This finding confirms that the previously reported enhancement
of PV device efficiency in ZnO nanorod/P3HT system?8’ can be observed in a very

different PV device based on the solid-state DSSC concept.
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Chapter 6 Hybrid energy harvester based on
perovskite light absorber layer

From chapter 5, a hybrid energy harvester based on N719 dye was successfully
designed and fabricated. The addition of N719 dye molecules enabled energy
harvesting of both kinetic and solar energy within one device. Solid-state solar cells
utilizing perovskite-structured methylammonium lead iodide (MAPI) as light
absorber layer have been reported to exhibit higher power conversion efficiency as
discussed in Section 2.3. It is then within our great interest to design and fabricate
perovskite-based hybrid energy harvesters (PSC-HEHs) which have the potential to

improve the power output compared to N719-based HEHSs.
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Figure 6-1: Band diagram of the materials used to fabricate PSC-HEH.

The proposed band alignment is shown in Figure 6-1 above. The substrate utilized

is Corning® Willow™ glass. The n-type material is ZnO nanorod. As discussed in
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Section 2.4, shorter nanorods (<1 pm) are typically used in ZnO-based perovskite
solar cells (PSC). Methylammonium lead iodide is used as light absorber layer.
PEDOT:PSS is used as hole transport material (HTM). Unlike conventional aqueous
PEDOT:PSS solution, perovskite-compatible, commercial toluene-based PEDOT:PSS
solution (Clevios™) was purchased from Heraeus, Germany and used as received.
Finally, 100 nm gold is evaporated on top of PEDOT:PSS. The device is then sealed

using a laminator (details in Chapter 3).

6.1 Morphology optimization of perovskite on ZnO nanorods

Regarding to the design of PSC-HEH, the morphologies of ZnO nanorods and the
perovskite layer were considered as important variables which could significantly
affect the performance of ZnO-based perovskite solar cells¢1.63154, Similar to the
design methodology utilized in Chapter 5 regarding N719-HEH, photovoltaic (PV)
performance of the PSC-HEH was optimized on FTO-glass substrates first. The
optimized fabrication processes were then transferred onto Corning®© Willow™ glass
to probe the performances of kinetic and solar energy harvesting.

As reported in literature®l.62, pH=6 synthesis method (Sol-gel spin seeding,
equimolar 0.025 M Zinc Nitrate and HMT, 90 °C, details in Section 3.2) was utilized
for the growth of ZnO nanorods included in this chapter. ZnO nanorods were
annealed at 500 °C for one hour prior to the perovskite layer deposition. The
deposition methods for perovskite layer were two-step sequential method (noted as
2) and two-step with additive method (noted as 2-A), as shown in details in Section
3.3. For the precursor deposition step (first step), recipe 2 utilizes 0.46 g Pbl: (Sigma
Aldrich, 99%) dissolved in 1 ml of solvent containing 70% dimethylformamide (DMF,
Sigma Aldrich, 99.8%) and 30% dimethyl sulfoxide (DMSO, Alfa Aesar, 99+%); recipe
2-A utilizes 0.46 g Pblz, 0.1 g methylammonium iodide (MAI, Sigma, 98%) and 0.04

g additive dissolved in 1 ml DMF. The additive is 2-(Dibutylamino)ethanol. It has
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been reported to reduce precipitation of insoluble solid and stabilize the precursor
solution?5, Similar interfacial modifiers have also been reported to improve the
stability, suppress hysteresis and induce smoother and larger grain sized
perovskites1%6. For the MAI deposition step (second step), 0.1 g methylammonium
iodide (Solaronix) is dissolved in 10 ml in anhydrous isopropanol (Sigma Aldrich,
99.5%), which is same for both recipes.

Substrate preheating?>? and anti-solvent treatment!58-160 have been reported to
modify the morphologies of the perovskite structures on TiO2 mesoporous layer.
However the effect on ZnO nanorods remain unclear. Thus, in this section, effect of
preheating and anti-solvent treatment will be discussed. Both first step precursor
deposition and second step MAI deposition utilize 3000 RPM (30 s) for spin coating

and 100 °C for post annealing.

6.1.1 Effect of preheating

The substrate was preheated on a hotplate set at 100 °C. It was then quickly
transferred onto the sample stage of spin coater. The first-step precursor solution
was then deposited onto the surface of the substrate immediately. The substrate was
spin coated at 3000 RPM for 30 s, followed by thermal annealing at 100 °C. The
resulted perovskite films were examined under SEM, results shown in Figure 6-2

below.
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Figure 6-2: Preheating effect on the morphology of perovskite on ZnO nanorods. (a) and (b)

Perovskite deposited using 2-A recipe. (c) and (d) Perovskite deposited using 2 step recipe.

The nanorods of samples shown in Figure 6-2 were grown using pH=6 method for 4
h (900 nm). From Figure 6-2, it can be seen that preheating treatment improves the
continuity of the film. Non-preheated substrates lead to isolated crystals shown in
image (b). For both recipes, areas with exposed ZnO tips are discovered which could
lead to contact between ZnO and p-type hole transport material (HTM). This could
cause short-circuiting within the device and deteriorate the performance of the solar
cell. It would be beneficial for the rods to be fully covered with a perovskite capping
layer.

From results shown in Figure 6-2, preheating is found to improve the uniformity and

continuity of the perovskite film from both recipes. The reason is attributed to the
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crystallization rate of Pbl2 becoming higher than the solvent evaporation rate as the
preheating substrate temperature increases. Therefore, preheating treatment is
beneficial to promoting the crystallization rate of Pblz and obtaining a more uniform
and denser film morphology161.162 [t is suggested that the preheating affects the
surface-induced nucleation: as the temperature increases, so does the number of
nucleation events, resulting a larger number of smaller crystals and better surface
coverage. The nucleation process requires a higher activation energy and therefore
slower rate than the following growth process. Temperature increase leads to faster

nucleation and hence higher number of crystals, resulting in denser films162,

6.1.2 Effect of anti-solvent treatment

Effect of anti-solvent treatment was investigated. Toluene (Anhydrous, 99.8% Sigma
Aldrich) was used as the anti-solvent. The deposition of toluene takes place in the
second step of perovskite recipe 2 and 2-A, which is the MAI deposition step. During
the MAI deposition, once the substrate is wet with MAI solution, it is accelerated to
3000 RPM for 30 s. It then decelerates down to 500 RPM and maintains for two
seconds. During the two-second window, a consistent flow of toluene (0.5 ml) is
injected onto the centre of the substrate from a syringe. The substrate then
accelerates again to 3000 RPM for another 30 s. The resulted perovskite film is then

annealed on a hot plate at 100 °C.
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Figure 6-3: Effect of anti-solvent treatment on the morphology of perovskite on ZnO
nanorods. (a) and (b) Perovskite deposited using 2 step recipe. (c) and (d) Perovskite

deposited using 2-A recipe.

From Figure 6-3a and b, it can be seen that anti-solvent treatment does not have any
significant effect on the morphology of perovskite deposited using 2 step recipe.
Comparing image (c) and (d), it can been seen that anti-solvent treatment clearly
improves the film uniformity and continuity of perovskite deposited using 2-A
recipe. Image (d) shows isolated crystals; image (c) shows higher degree of
connection between the crystals.

For two-step with additive recipe (2-A), the initial precursor contains Pblz, MAI and
additive in DMF, which indicates perovskite structure would form after the first step.

After the first step, it is suggested that a mixture of Pbl2-MAI-Perovskite was
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achieved as the film turns to light brown color160. Due to the presence of perovskite
structure, the post annealing time after the first step was limited at 45 s as longer
time was found to severely degrade the perovskite with yellow areas (Pbl2)
beginning to appear. Prolonged exposure time to high temperature (100 °C) has
been reported to accelerate thermal decomposition for perovskite deposited on
Zn0163, The decomposition process is a result of the surface properties of ZnO: the
alkaline nature causes deprotonation of methylammonium ions and hence
degradation of the perovskitel64. Thus, DMF solvent was not fully evaporated before
the second step of MAI deposition. After the anti-solvent treatment, toluene is less
polar than DMF and decrease the solubility of the precursors in DMF. This leads to
fast crystallization within the film, the perovskite precursor rapidly precipitates and
uniform crystals are formed?>8,

On the other hand, two-step recipe has pure Pblz dissolved in DMF/DMSO as
precursor. Without MA], the film deposited after the first step contains only Pblz and
DMF/DMSO. Thus, prolonged annealing time was applied (5 min). As a result, only
small amount of DMF would be left after the first annealing. When the anti-solvent
treatment was applied during the second step, majority of the DMF solvent had likely
already evaporated. Hence the Pblz would be converted to perovskite upon MAI
addition prior to the anti-solvent treatment. Also, the presence of DMSO which
strongly coordinates with lead halides by forming intermediate phases, has been
reported to prevent the immediate crystallization upon application of toluene
droplets165. Hence, no significant effect was observed from anti-solvent treatment

by toluene in 2-step recipe.

6.1.3 Effect of length of nanorods

The length of the nanorods greatly affect the deposited perovskite structure. For
kinetic-to-electric application, high aspect ratio rods lead to higher power output’2.

Thus, it would be ideal to design a HEH based on longer rods. However, as discussed
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in Section 2.4, nanorod with shorter length (<1 pum) is typically utilized in ZnO
nanorod-based PSC. For ZnO grown using pH=6 method, length of the rods reaches
350 nm, 600 nm and 900 nm with growth time being 2.5, 3 and 4 h (see Table 4-1).
The perovskite structures on ZnO with various lengths are shown in Figure 6-4
below. Preheating temperature was 100 °C and no anti-solvent treatment was

applied.
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Figure 6-4: Effect of the nanorod length on the morphologies of perovskite on ZnO nanorods.
(a), (c) and (e) Perovskite deposited using 2-A recipe. (b), (d) and (f) Perovskite deposited

using 2 step recipe.

From Figure 6-4, it can be seen that on 900 nm rods, the coverages of perovskite
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from both recipes are incomplete. 2-A recipe result shows isolated crystals as seen
in image (a). 2 step recipe result shows exposed nanorod tips as seen in image (b).
When the length of nanorods is reduced down to 600 nm, the coverage of
perovskites from both recipes show great improvement. 2-A recipe result shows less
pin holes and only a small amount of nanorod tips can be discovered on the surface
of the film as seen in image (c). 2 step recipe result shows significantly improved
coverage as seen in image (d). When the length is further reduced down to 350 nm,
it can be seen that a complete coverage can be achieved for perovskites using both
recipes. No tips of ZnO nanorods can be discovered. This indicates a capping layer of
perovskite is achieved, which could screen the contact between ZnO and HTM and
reduce recombination. Thus, lower ZnO length facilitates the infiltration of
perovskite due to reduced depth of the pores. Even though longer rods would benefit
the kinetic energy harvesting aspect, shorter rods appear to be needed for the

achievement of a functioning perovskite solar cell.

6.1.4 PV performances of PSC

From the results shown in Figure 6-4e and Figure 6-4f above, the PV performance of
the PSCs based on both 2 step and 2-A recipes were tested. The ZnO nanorods were
grown using 2.5 h pH=6 method (350 nm) and annealed at 500 °C for 1 hour.

Table 6-1: Parameters of perovskite selected to fabricate devices on FTO.

First Final
Preheat | Precursor MAI spin coating
Recipe annealing annealing
(°Q) (kRPM) (kRPM)
(°0) 0
2 100 3 100 3 100
2+A 70 3 100 3 100
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Figure 6-5: J-V plot of PSCs based on different perovskite recipes.

Table 6-2: Solar cell parameters of PSC based on different perovskite recipes.

2-A 2.62+0.15 | 0.38+£0.02 0.46+0.07 0.46+0.06 | 0.46+0.07
2 9.31+0.70 | 0.43+0.02 1.54+0.14 0.38+0.02 | 1.54+0.14

From Figure 6-5 and Table 6-2, the device made using the 2 step method without
additive shows higher Jsc, Voc and efficiency. The only drawback was the low FF. The
tripled efficiency is mainly attributed to tripled Jsc (Table 6-2). The differences of the
morphologies of perovskite layer and cross section of the devices were revealed in

SEM images shown in Figure 6-6.
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Cross section Cross section

Figure 6-6: SEM images of device cross section and perovskite top view from 2+A recipe: (a)
Central area of substrate, (c) Edge area of substrate and (e) Cross section. 2 step recipe: (b)

Central area of substrate, (d) Edge area of substrate and (f) Cross section.

It can be seen from Figure 6-6 that, the edge areas of the substrates show a denser

film with high continuity as shown in image (c) and image (d). Central areas show
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low uniformity as shown in image (a) and image (b). Comparing image (a) and (b)
alone, the two different recipes result in two different morphologies. The perovskite
deposited using 2-A method has small amount of pinholes on the top surface in
image (a). Cross section images revealed the differences of thickness of the
perovskite capping layers. The thickness of the capping layer for 2-A perovskite is
~280 nm. For 2 step without additive recipe, the thickness of capping layer is ~100
nm. Gaps between the rods can also be noted from image (e), indicating the
infiltration of the perovskite between the rods is poor. This could reduce the contact
area between the rods and perovskite. Furthermore, if the perovskite layer is thinner,
the probability of physical contacts between ZnO and HTM could be increased.
However, benefiting from the thick layer (280 nm) and the low-infiltration nature of
spin coated PEDOT:PSS, it is unlikely for the PEDOT:PSS to make contact with ZnO.
Thus, the low short-circuit current from the devices made using 2-A recipe is mainly
attributed to the poor contact between ZnO/perovskite and the high recombination
rate due to the poor electron transport paths. The thick capping layer (280 nm) is
also suggested to increase the probability of charge recombination. Impedance
analysis was performed on devices made using 2 step recipe and 2-A recipe, results

shown in Figure 6-7.
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Figure 6-7: (a) Equivalent circuit, (b) Impedance plot of the PSCs based on different

perovskite recipes.

Table 6-3: Impedance analysis fitting results of the PSCs based on different perovskite

recipes.

Sample | Rs(Q) Ret ()
2 40 44.61
2-A 41.12 289.5

From impedance shown in Figure 6-7 and Table 6-3, the series resistance of both

devices are within the similar range. The main difference is the charge transfer

resistance which is related to recombination process. Perovskite made using 2-A

recipe shows 289.5 () compared to 44.61 Q) achieved using 2-step recipe. This further
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supports the explanation that the high resistance caused by the poor contact
between ZnO and perovskite as shown in Figure 6-6e, which leads to lowered
current density of 2.62 mA/cm? for 2-A recipe compared to 9.31 mA/cm? for 2 step

recipe. Thus, 2 step recipe was selected to fabricate HEH devices.

6.1.5 Structure transfer from FTO glass to Corning® Willow™ glass

From results achieved in Section 6.1.4, the perovskite recipe suitable for ZnO
nanorods (350 nm) on FTO is selected to be 2 step without additive. The next step
would be to transfer the structure onto Corning® Willow glass™ (CW) then test the
combined energy harvesting performances. However, after the first step of Pblz
precursor deposition on CW substrates, highly reflective Pblz crystals (1 mm?
dimension, visible by eye) formed on the surface (mainly around the edge). The
similar Pbl2 structure was discovered in early trials in this project which led to poor
perovskite structure as shown in Figure 6-8. Thus, no MAI was further deposited.
The cause of the quick crystallization of Pblz is attributed to the evaporation of the
solvent. First, edge bead effect is a common issue during spin coating process. At the
periphery of the substrate, fluid dries first due to increased friction with air. This
leads to quick solvent evaporation which explains the fact that majority of the
crystals form near the edge. This also explains the differences of film morphologies
of perovskite in the central and at the edge as shown in Figure 6-6. Secondly, the
surface induced nucleation is sensitive to temperature, it is restricted to the initial
deposition time (from the moment of solution casting until the substrate cools
down)162, [t was found during initial trials that, for 2 step deposition method (no
additive), the loading time (from the moment of solution casting until the start of
spin coating) of Pblz on preheated substrate affects the resulted Pblz film
morphology. Prolonged loading time (>10 s) would result large-sized branched

structures shown in Figure 6-8 below.
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Figure 6-8: Large-sized branched perovskite structure.

As shown in Figure 6-8, the preferential growth is parallel to the surface. During the
loading time on a preheated substrate, more nucleation sites are formed resulting in
a large number of crystallites with different orientation. The origin of this effect is
attributed to the lower symmetry (tetragonal [4/ mcm) of the perovskite crystals1®,
which allows for a preferred growth facet.

As a result, preheating process is not suitable for the CW substrates. According to

Newton’s cooling law of heat transfer, CL—?: h-AAT (t) , where Q is the thermal

energy, histhe heat transfer coefficient, Ais the heat transfer surface areaand T
is the temperature of the objects’ surface and interior. Larger surface area would
lead to faster cooling of the object. As a result, the long and thin CW substrate
dissipates heat at a higher speed than FTO glass, which is attributed to the high
surface-to-volume ratio of CW (102.2 cm-! compared to 12.3 cm-! for FTO). By the
time when CW substrate is transferred from hot plate to the spin coater, the
temperature of the surface is already way below the preheating temperature. Due to
the brittleness of the substrate, the handling process of transferring the substrate
from hot plate to spin coater also require extra time. Furthermore, due to the long
aspectratio of the substrate, anti-solvent treatment is also not suitable as the droplet

of the anti-solvent could not fully cover both ends of the long substrate, leading to

203



Chapter 6. Hybrid energy harvester based on perovskite light absorber layer

non-uniform coverage of the perovskite layer. As a result, the perovskite deposition
method for CW needs to be further adjusted. It would therefore be ideal to deposit
the perovskite layer without preheating or anti-solvent treatment. Without
preheating, the quick crystallization rate of the perovskite structure results poor
coverage film shown in Figure 6-2. As reported, PbClz can be used as an additive to
assist the formation of perovskite in two-step deposition!®’. It is suggested that
PbCl2 could inhibit Pblz crystallization and contribute to the full conversion of Pblz,
which leads to enhanced perovskite film morphology controll¢’. The resulted
CH3NH3PbIz-xClx shows slowed crystal growth rate due to CI' induced lattice
distortion during perovskite crystallization>’. Thus, an adjusted 2 step recipe was
proposed with PbClz added into the precursor solution. The molar ratio for Pblz and
PbCl2is 9:1 in the 7:3 volume ratio of DMF/DMSO precursor solution. The deposition
method (noted as 2+Cl) details are shown in Table 6-4:

Table 6-4: Parameters of 2-Cl method selected to deposit perovskite on CW substrate.

First Final
Preheat | Precursor MAI spin coating
Recipe annealing annealing
Q) (kRPM) (kRPM)
Y QA
2+Cl No 3 100 3, No anti-solvent 100
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Figure 6-9: (a) Top view of perovskite deposited using 2-Cl recipe. (b) J-V plot of the device

made from 2-Cl recipe.
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Table 6-5: Solar cell parameters of PSC based on 2-Cl recipe.

PSC recipe | Js (MA/cm?) | Voe (V) | Prmax (mW/cm?) FF PCE (%)

2-Cl 8.46+0.24 | 0.30%0.03 0.82+0.11 0.32+0.01 | 0.82+0.11

Although the efficiency is lower than devices based on 2-step perovskite (1.54%
PCE), 2-Cl recipe demonstrates good and uniform coverage on CW glass without
preheating or anti-solvent treatment. The speed of crystallization was greatly
reduced as the colour change (from yellow to black) took 45 s upon post annealing
after MAI deposition. For 2 step recipe without PbClz, the colour change normally

took 15 s.

6.2 Perovskite-based HEH using Corning® Willow™ glass

From section 6.1, it was concluded that for CW substrates, 2-Cl recipe (details shown
in Table 6-5) was suitable for depositing perovskite. In this section, results of PSC-
HEHs made using 2-Cl method are presented. The structure is comprised of CW
substrate/Zn0 seed layer (spin-coated or sputtered similarly to Chapter 5)/Zn0O
nanorods using pH=6 method (350 nm)/ CH3sNHsPbls-xClx (deposited via 2-Cl
recipe)/toluene-based PEDOT:PSS (spin-coated)/gold contact (100 nm via
evaporation). The devices were then laminated to test combined PV and NG
performances. The structure of the device is shown in the cross section SEM image

in Figure 6-10 below:
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Figure 6-10: Cross section SEM image of PSC-HEH based on ZnO nanorods grown using

pH=6 method.

It can be seen from Figure 6-10 that, ZnO nanorods are fully embedded in perovskite
with a thin capping layer of 150 nm. The perovskite structure infiltrates down to the
bottom of the rods. The spin-coated ZnO seed layer acts as barrier to screen the

contact between perovskite and FTO.
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Figure 6-11: J-V plot of PSC-HEH001-003.
Table 6-6: Solar cell parameters of PSC-HEH001-003.
]sc Voc Prmax PCE
Device Seedin FF
® | ma/em) | W) | mw/em?) (%)
PSC-
Spin-coat 1.17 0.37 0.13 0.30 0.13
HEHO001
PSC-
Spin-coat 3.02 0.15 0.12 0.26 0.12
HEHO002
PSC-
Sputter 0.94 0.14 0.03 0.26 0.03
HEHO003

From Figure 6-11 and Table 6-6, it can be seen that the performances of PSC-HEHs

are not consistent. PSC-HEH001 showed the highest open-circuit voltage of 0.37 V
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which is close to the values achieved on devices based on FTO. PSC-HEH003 shows
the lowest short-circuit current and open-circuit voltage, possibly due to high
resistance from the sputtered ZnO film. The PV performance is lower than N719-
based HEH (average PCE: 0.65%). For N719-based HEH, the light absorber layer of
N719 was deposited via soaking, which leads to a uniform coating. The p-type HTM
of CuSCN and PEDOT:PSS were deposited via spray coating, which lead to relatively
uniform coating even including manual errors. For PSC-HEHS, the light absorber
layer of perovskite and p-type HTM of PEDOT:PSS were all deposited via spin coating.
The spin coating method leads to uniform film on small FTO substrates. However on
long aspect ratio CW substrates, the uniformity of the perovskite film was not ideal.
The large gold electrode area (2-3 cm?) also increased the potential amount of
surface defects, which commonly leads to reduced current and FF on large scale
solar cells'68, The devices were all made in ambient environment with relatively high
humidity which could accelerate degradation. It has been reported that the stability
of perovskite on ZnO is lower than it on TiO2 163164169 The lamination process
includes hot pressing at temperatures from 100-150 °C. It was found that
degradation process was accelerated during the lamination process, which lead to
degraded perovskite (yellow area) shown after lamination. Thus, in order to further
improve the PV performance of PSC-HEHSs, a better perovskite deposition method is
still to be identified. It would be ideal to fabricate the device inside of a glovebox and
using cold lamination methods to avoid degradation of the device. However, as a
proof-of-concept, these HEH devices were tested for combined solar and kinetic

energy harvesting performances.
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Figure 6-12: Time-dependent current density (log scale) scans of PSC-HEH001, 002 and

003.

Table 6-7: Peak/average current density (mA/cm2) values of HEHs tested under solely

oscillation (NG), solely illumination (PV) and oscillation under illumination (NG+PV).

PSC-HEHO001 PSC-HEHO002 PSC-HEHO003

Peak Average Peak Average Peak Average

NG 0.0057 0.0054 0.0053 0.0046 0.0022 0.0020

PV 1.1941 0.8856 2.1259 1.9143 0.7930 0.4832

NG+PV 0.8320 0.7324 1.8891 1.7876 0.6169 0.5008

Figure 6-12 and Table 6-7 show the devices perform as HEHs. For the NG part, all
device show response to oscillation. The average current density (mA/cm?)
generated from NG part is ~0.005 from PSC-HEH001-002 which are based on spin-

coated seed layer; and 0.002 for PSC-HEH003 which is based on sputtered seed layer.
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It is worth noted that, in order to avoid breaking the brittle CW substrate, the
amplitude setting from signal generator was only 100 mV (compared to the 400 mV
setting for PET-substrates). Higher amplitude setting would lead to higher degree of
oscillation displacement (See Figure 5.5), which would give higher current density
output. However, this would also cause higher risk of breaking the substrate.

For the PV part, the PSC-HEH002 shows the highest current density while the PSC-
HEHO003 shows the lowest (average values in Table 6-7), corresponding to the
results achieved from J-V scans shown in Table 6-6. All current responses show a
strong overshoot when turned on then slowly start to decay. At time t = 20 s,
illumination is switched on and photo current rises to the maximum value. Due to
the slow charge extraction, overshoots emerge. The diffusion gradient is then
established with charge recombination increases due to high charge carrier density,
leading to the decrease of photo currentl’0. The overshoot is also seen when
switching off for HEH-002 and HEHOO03 (t = 30 s and t = 50 s in Figure 6-12). This is
attributed to injected charges that are delivered from the electrodes and cancel the
charge carrier density, which made up the diffusion gradient!70.

It can be seen that 10 s (PV, illumination time length) and 15 s (NG+PV, illumination
with oscillation time length) are not long enough for the current to reach a steady
state. It has been reported that structural deformation can be induced by absorption

of photon on perovskitel71. Distortions!”!, migration1’2 of iodide ions and freely

reorienting organic dipole ( CH;NH, ) alignment!73 have been reported. The

activation energy for CH,NH, migration has been reported to be 0.84 eV, which
makes it unfavourable compared to low activation energy (0.58 eV) iodide ion
migration!72. A decrease in the binding energy of CH,NH; ion to the inorganic

cage is suggested to allow the cations to freely rotate upon light excitation, leading
to dipole alignment!73. This dipole alignment would return to relaxed state in the

dark. However, the amount of dark time it takes for the perovskite to reach a relaxed
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state is suggested to be on the order of tens of seconds74 (~30 s173). Thus for the 5
s of dark time (t = 30-35 s shown in Figure 6-12), the material is re-illuminated
before full relaxation, and a small amount of dipoles are still aligned. As a result, the
starting point (t = 35 s in Figure 6-12) of NG+PV output is slightly lower than the
start of PV output (t = 20 s in Figure 6-12). This is the reason why both peak and
average current outputs are lower for results achieved under NG+PV condition
compared to results achieved under PV condition. Except HEH003, which shows
improved average current output under NG+PV condition (0.50 mA/cm?) compared
to results under PV condition (0.48 mA/cm?). This suggests that, for HEH003 (based
on sputtered seed layer), effect of kinetic energy harvesting may be stronger which
compensates and even overcomes the relaxation process.

Thus, in order to further evaluate the effect of oscillation upon illumination, a second
round of time-dependent current output scan was performed. In this 60 s scan,
illumination was kept on during 5-55 s. The oscillation was turned on intermittently

during 5-55 s. The focused plots are shown below in Figure 6-13.
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Figure 6-13: Time-dependent current density (log scale) scans focused on NG+PV effect. The

green arrow relates to the results of oscillation turned on.

Table 6-8: Average current density (mA/cm?) values of HEHs tested under solely

illumination (PV) and oscillation under illumination (NG+PV).

PSC-HEHO001 PSC-HEH002 PSC-HEHO003
PV (average) 0.5687 1.6201 0.3074
NG+PV (average) 0.6076 1.7808 0.3981
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Figure 6-14: Average current density (mA/cm2) comparison of PSC-HEHs achieved under
NG, PV and NG+PV conditions.

Figure 6-13 , Figure 6-14 and Table 6-8 show the improved performance under
NG+PV compared to PV. The general trend of the current density under illumination
is still decreasing as shown in Figure 6-13. But it is clear to see that oscillation
improves the photo current output, which slows the current relaxation process. PSC-
HEHO0O3 still shows the lowest current density, but the average value shows the
greatest improvement of 29.5% compared to 6.8% from PSC-HEHO001 and 9.9%
from PSC-HEHO002. As the average current generated from NG performance (see
Table 6-7) is on the range of 0.002 to 0.005 mA/cm?, the improvement is not simply
an additive effect. In general, due to the piezoelectric property of ZnO nanorods,
oscillation induced strain is suggested to generate a piezoelectric potential which
would affect the charge dynamics within the system. First, the alternating

piezoelectric potential is suggested to improve the spatial charge separation within
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the perovskite layer, similar to the mechanism of N719-based HEH discussed in
Section 5.3.2, leading to reduced radiative recombination between free electrons
and free holes. Secondly, within the perovskite structure, vacancy-mediated
diffusion is the most common process, which is further supported by the ease of
formation of Schottky disorderl’s. Three ion migration mechanisms (mediated by

vacancy defects) are commonly considered, including I- migration, Pb?* migration

and CH,NH, migration. The activation energies have been calculated to be 0.58

eV, 2.31 eV and 0.84 eV for I, Pb?*and CH,NH,, respectively!72. This indicates that

diffusion of iodide ions is favourablel’2, When the cell is short-circuited externally, a
built-in electric field is present in the perovskite layer due to the difference in the
work functions of the contacts72. This could drive iodide ion migration towards the
contacts, where they accumulate instead and generate a space charge region. This
region could counteract the built-in field by partially screening it. Thus the
magnitude of the short-circuit photo current is controlled by the extent to which the
electric field is screened170172, A reduced internal field within the device (due to
ionic screening) could lead to less efficient charge collection of photo induced charge
carriers. Upon oscillation, the piezoelectric potential generated from piezoelectric
Zn0 nanorods is suggested to reduce the built-in field. This would allow a dissipation
of ionic charge from the contacts by diffusion, thus improve the charge collection
efficiency leading to improved photocurrent. Thirdly, trap-assisted recombination
sites are suggested to reside at grain boundaries and predominantly at interfaces
between ZnO/perovskite and PEDOT:PSS/perovskitel’¢. For perovskite at
Zn0/perovskite interface, positively charged iodide vacancies (corresponding to
iodide ion migration) would cause recombination between trapped electron and
free holes in the valence band. It is suggested that, piezoelectric potential affects the
ion migration dynamics via dissipating ionic charge from the contacts by diffusion.

As a result, trap-assisted nonradiative recombination is suppressed, leading to
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improved current output.

6.3 Summary

In summary, morphology optimization of perovskite films deposited on ZnO
nanorods was conducted. For FTO substrates, 350 nm nanorods were able to achieve
the most uniform and complete coverage. Different perovskite deposition methods
were investigated. The addition of 2-(Dibutylamino)ethanol was found to improve
the perovskite stability and lead to large-sized crystals. However the PCE was
limited by large charge transfer resistance, potentially due to poor penetration of
the perovskite between the nanorods. In comparison, 2-step without additive recipe
shows higher PCE which is attributed to low charge transfer resistance. In order to
achieve a more uniform perovskite film on long aspect ratio CW substrate, no
preheating or anti-solvent treatment was applied. Instead, PbCl2 was added into the
2-step recipe which decelerates the crystallization of perovskite crystals. Finally,
CW-based PSC-HEHs were fabricated and tested. Due to the nature of spin coating
procedure and long aspect ratio, the resulted perovskite film was not homogeneous.
The resulted PCEs from large working area showed inconsistency. However, the PSC-
HEHs were demonstrated to work as NG and PV individually. Furthermore, the
current density under NG+PV condition showed further improvement compared to
result achieved under PV condition instead of a simple summation. This result
corresponds well with the further improvement achieved on N719-based HEHs. It is
suggested that, the piezoelectric potential generated by piezoelectric ZnO nanorods
affects the ion migration dynamics within the perovskite system. Reduced
recombination leads to higher charge collection efficiency, which leads to higher
current output. Therefore, a perovskite-based hybrid energy harvester scavenging

kinetic and solar energy was successfully designed and developed.
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Chapter 7 Conclusions and Future works

7.1 Conclusions

7.1.1 Background and aims

Benefiting from the fact that solar and kinetic energy are commonly existing
simultaneously in the environment, it is within great interest to design a hybrid
energy harvesting device that could harvest both kinetic and solar energy. A number
of designs have been proposed and demonstrated (Section 2.5.5). However these
designs mainly comprise of a single solar cell and a single nanogenerator connected
in series or parallel. The output generated from the hybrid device is the summation
of the output generated from solar cell and nanogenerator individually. Thus, the
fabrication and assembly of the device remain complicated. It would be beneficial to
fabricate a hybrid energy harvester with integrated design and can simultaneously
harvest multiple forms of energies.

The aim of the research reported in this thesis was to fabricate a solar cell based on
piezoelectric ZnO nanorod, and probe the piezoelectric effect on the performance of
the solar cell. The piezoelectric effect could be induced via acoustic waves as
reported by Shoaee®’. Alternatively, it can also be induced via bending the device
which is based on a flexible substrate. Liquid-state and solid-state DSSCs based on
Zn0 nanorods could be fabricated and tested using a loud speaker as the acoustic
source. Furthermore, in order to induce a higher degree of strain onto the nanorods,
flexible substrates such as ITO coated PET and FTO coated Corning® Willow™ (CW)
glass were considered. Based on the nanogenerator structure reported by Briscoe’?
and Jalali®2, which is ZnO/CuSCN/PEDOT:PSS, the design of hybrid energy
harvesters (HEHs) were proposed to be based on flexible substrate/ZnO

nanorod/light absorber layer/CuSCN/PEDOT:PSS (Chapter 5 and Chapter 6). The
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different light absorber materials such as N719 and methylammonium lead iodide
(MAPI) were investigated, which requires different device designs.
The summarized aims and objectives are shown below.
1) Fabricate ZnO-based solar cells and probe the acoustic effect on the
efficiencies of the devices.
2) Design, fabricate a dye-based HEH (N719-HEH) and investigate the NG and
PV performances of the devices.
3) Design, fabricate a perovskite-based HEH (PSC-HEH) and investigate the NG

and PV performances of the devices.

7.1.2 Completion of objectives

The extent to which the objectives of the project were met are discussed below.

1) Acoustic enhancement investigation for ZnO-based solar cells.

During the early stage of the project, the acoustic effect was investigated on ZnO
nanorod-based solar cells. For liquid-state solar cell, different parameters were
tested to achieve a relatively high and stable (compared to the literature: 1.5%)
efficiency. Longer aspect ratio rods were found to improve the efficiency which is
attributed to higher surface area. Higher surface area could enhance the dye loading
and light scattering effect of the photo anode and increase the charge injection and
collection efficiencies. Optimal dye loading time was found to be within the range of
2-3 h for ZnO nanorods compared to 6-12 h for TiO2 nanoparticles reported in
literature. The acidic nature of dye molecules would dissolve the ZnO and cause
complex aggregations on the surface of the rods and reduce the short-circuit current.
Different spacers and Pt-counter electrodes were also tested. Comparing the two
spacers, Surlyn spacer leads to higher short-circuit current while Sellotape spacer
leads to higher FE which is attributed to the amount of electrolyte contained. For the

Pt-counter electrodes, lab-sputtered Pt leads to higher short-circuit current and FF,
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which is attributed to the better surface quality and higher thickness of the Pt layer.
Finally, a stabilized performance was achieved via proper sealing of the device using
epoxy. However, no significant acoustic enhancement effect was discovered. Then,
solid-state DSSCs based on ZnO/N719/CuSCN were fabricated and tested. Acoustic
enhancement of the efficiency was discovered in a number of devices. Although the
effect was neither significant nor consistent, it shows a promising design approach
which is based on a solid-state structure. It may also be beneficial to utilize a flexible
substrate such as Corning® Willow™ glass, which could potentially induce a higher
degree of strain onto the rods.

2) Performance characterization of N719-HEH

A HEH based on N719 light absorber layer was designed and fabricated (Section 5.1).
For HEH fabricated on PET substrates, the power output was found to be further
improved when the device was oscillating under illumination as comparing to solely
oscillating or solely under illumination. The output value (NG+PV) was higher than
a simple summation of the outputs from NG and PV individually, indicating the
charge dynamics may be affected by the piezoelectric potential from the
piezoelectric nanorods similarly to the report by Shoaee?8” et al. It is suggested that
the piezoelectric potential would enhance the charge separation within the device
and reduce the recombination, leading to a higher charge collection efficiency and
current output. This was further supported by results achieved on HEHs based on
CW substrates. The time-dependent current density plots revealed that under
illumination condition, further application of oscillation would further improve the
current output. The thickness of CuSCN coating was also found to affect the PV
performances of the devices. Increasing CuSCN coating led to improved PCE, which
was attributed to improved photo current from reduced charge transfer resistance.

Thus, a N719-based hybrid energy harvester was successfully designed and
fabricated. The device works as both NG and PV. Furthermore, the power output of

device working under NG+PV condition is higher than the summation of power
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achieved on NG and PV individually.

3) Performance characterization of PSC-HEH

In order to further improve the power output of the device, perovskite-based HEHs
(PSC-HEHs) were designed using methylammonium lead iodide as light absorber
layer. Preheating and anti-solvent treatment were found to improve the coverage
and continuity of the perovskite film. Short rods (350 nm) were found to result a
better coverage of the perovskite layer. The PV performance (PCE < 1%) was not as
expected compared to literature values (PCE > 10%). This was attributed to the long
aspect ratio substrate which has a large contact area (> 2 cm?), as well as the non-
optimized deposition processes. Large area contains higher amount of defects which
commonly leads to low performances. Once the deposition processes are fully
optimized, higher efficiency should be achieved. However, the goal in current stage
was to demonstrate the HEH working principle. Time-dependent current density
plot successfully proved the devices were able to harvest both kinetic (as NG) and
solar energy (as PV). Despite a decreasing trend in the photocurrent over time, the
oscillation clearly improved the current output.

The success of hybrid energy harvester based on perovskite solar cell further
supports the theory that the piezoelectric potential originating from the ZnO
nanorods could affect the charge dynamics within the solar cell and further improve
the performance of the device. The integrated structure requires simpler fabrication

process compared to the hybrid energy harvesters reported in literature.

7.2 Future works

In the following section, a number of suggestions for future areas of investigation
that continue the work described in this thesis are given. As with the other parts of
the thesis, these are divided in the sequence from bottom to top components of the

HEH device in additions to variations that can be made to the complete devices.
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7.2.1 Substrate

In this project, commonly reported PET substrate was used for the HEH device
fabrication. PET substrate has the advantage of high flexibility. However it suffers
from high resistance and low temperature annealing limitation. Alternatively, CW
substrate can be annealed up to 800 °C and remain relatively flexible. However the
substrate is brittle and requires extra care during handling. It would be ideal to
utilize a transparent substrate which has both high flexibility and high thermal
stability. Polyethersulfone (PES) is an alternative substrate, which remain thermally
stable up to 220 °C. Flexible perovskite solar cells based on PES177 have been
reported. Furthermore, alternative flexible glass such as D263-T™ (fabricated by
PGO, Germany) can be utilized instead of CW substrate. Commercially available
titanium foil combined with transparent, conductive adhesive coated laminate have

also been reported to fabricate flexible, FTO-free perovskite solar cell178.

7.2.2 ZnO nanorods

In this project, different morphologies of nanorods were achieved using different
synthesis methods. For N719-based HEH, longer aspect ratio or doping are the
potential ways to further improve the charge transfer property of the photo anode
and PV performance of the devices. As for PSC-based HEH, although 350 nm rods
were proven in our experiment to achieve the best coverage. It would still be ideal
to utilize longer rods, as the longest ZnO nanorods reported for PSC in literature is
~1 um®2, This would require different perovskite deposition method to be optimized

for such long rods.

7.2.3 Light absorber layer

The deposition process for light absorber layer is considered to be the most

important step during the fabrication processes because it directly determines the
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PV performance of the device. As the results shown in this report, photo current
output of PV performance is orders of magnitude higher than that of NG
performance. Thus, the main design target of the HEH is to achieve the highest PV
performance possible, while testing the oscillation effect on the PV performance to
see if it can further improve the efficiency or produce a small amount of additional
power during dark periods. For N719-based HEH, the dye loading time greatly
affects the performance of the device. Alternatively, TiO2 shell structure can be
applied to enhance the dye loading and charge injecting as suggested in Section 4.1.
For PSC-based HEH, the deposition of perovskite could be carried out in a glove box
which would slow down the degradation process and improve efficiency. Also,
adjusted deposition recipe is required to deposit a perovskite layer with better
coverage on longer rods (1 pm). With an optimized perovskite device,
recombination and ion migration will be suppressed. It would be interesting to see

if any further improvement can be achieved upon oscillation.

7.2.4 P-type hole transporting material

For N719-HEH, double p-type layers are essential as CuSCN would improve the
surface passivation and facilitate the charge transfer, while PEDOT:PSS acts as
stress/strain buffer and provide a flat surface for gold deposition. The coverage of
CuSCN and PEDOT:PSS could be controlled via automatic spray coating to reduce
manual errors. For PSC-HEH, toluene-based PEDOT:PSS exhibits good coverage via
spin coating benefiting from the excellent wetting property from toluene solution.
The thickness of the PEDOT:PSS could be further optimized. Too thick of a coating
would increase the series resistance while too thin of a coating would cause

potential gaps within the film.
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7.2.5 Device sealing and finish

Currently, the hot pressing sealing via lamination shows less effect on N719-HEH.
On the other hand, PSC-HEH is more sensitive towards high temperature and shows
accelerated degradation after lamination. The lamination process is beneficial for
the device in principle. It fully seals the device and screens the external humidity or
air. It also improves the flexibility of the device by acting as a protection layer. Thus,
an alternative cold lamination is potentially beneficial for PSC-HEH devices. It would
also be beneficial for the lamination process to take place in the glove box right after
the assembly of the device.

For the testing, it would be beneficial to investigate the dependency of the current
output with the oscillation frequency. Thus, using root-mean-square (RMS) value
would provide a clear comparison with the DC output of solar energy harvesting.
The further investigation suggested above should lead to improved power output
and understanding of ZnO-based hybrid energy harvesters, building on that
developed in this thesis. It is hoped that with this understanding this new type of
device could be developed and improved so that it may operate at efficiencies that
are competitive with other energy harvesters and at various environmental

conditions.
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