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Abstract

Innovation in solar cell design is required to reduce cost and compete with tradi-
tional power generation. Current innovative solar technologies include nanostructured
dye-sensitised solar cells and polymer solar cells, which both contain organic materials
with limited lifetime. This project aims to combine the advantages of ZnO nanorods
and quantum dot (QD) absorbers in an all-inorganic solar cell, using the layer-by-layer
(LbL) process to increase light absorption in the cell.

The parameters that affect the aqueous chemical growth of ZnO nanorods were
investigated on Ag-coated substrates in order to improve the density and alignment of
the nanorods. Rods 3—6 yim long and 90-500 nm in diameter were grown on fluorine-
doped tin oxide (FTO)-coated glass substrates for use in solar cells.

Zn0O nanorods were doped with antimony (Sb) in-situ during their aqueous syn-
thesis to make them p-type. Direct addition of Sb acetate to the reaction adversely
affected the nanorod morphology, which was avoided by first dissolving the Sb ac-
etate in ethylene glycol. Optical and electrical properties of the nanorods were altered
with Sb-doping, but p-type behaviour was not proven conclusively.

Zn0O nanorods were conformally coated with CdTe QD-polymer films using a LbL
process. Increasing the number of coated layers increased the level of light absorp-
tion at wavelengths of 500-900 nm due to absorption by the QDs. Air annealing of the
QD-polymer films above 200 °C led to oxidation of the film, which did not occur when
annealing in vacuum. Annealing in vacuum up to 350 °C led to a slight reduction in
quantum confinement effects attributed to increased interaction between the nanopar-
ticles due to reduced separation. At 450 °C the polymer was completely removed and
no quantum confinement remained in the CdTe.

To complete the solar cells CuSCN was deposited between the LbL-coated ZnO
nanorods by repeatedly spreading a solution of CuSCN in propyl sulphide on the sur-
face and allowing it to dry. This film filled between the coated nanorods, but the drying
and quantity of solution used had to be carefully controlled to avoid cracking in the
film. Spin-coating of CuSCN solutions was attempted, but films suitable for solar cells
were not produced. Poly(styrenesulfonate)-doped poly(3,4- ethylenedioxythiophene)
(PEDOT:PSS) was deposited by spin-coating as an alternative to CuSCN, but the film
only penetrated ~200 nm below the nanorod tips.

Solar cells were produced with different thicknesses of LbL films, annealed com-
ponents and other variations. A model was proposed whereby carriers are extracted
from the LbL film through exciton transfer between QDs. Annealing of the ZnO
nanorods in air and reduction of the cracks in the CuSCN film both improved the
efficiency of the solar cells. Annealing of the LbL film in vacuum improved the per-
formance of the cells by increasing the efficiency of charge transfer. In devices with
annealed LbL films 50-layer devices had higher efficiency than 30-layer devices and
cells using CuSCN had a higher efficiency than those with PEDOT:PSS. The best
cells produced used 50 layer CdTe-polymer films annealed at 350 °C in vacuum with
CuSCN. These produced an energy conversion efficiency of 0.0062 %, which com-
pares to 1-3 % for similar cells in the literature and 10-20 % for commercial devices.
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Chapter 1

Introduction

1.1 Background — electricity generation

Energy security and climate change are very important topics at the current time.
There is an increasing consensus that we must reduce our reliance on fossil fuel-based
energy production because of both security of supply and the impact of carbon dioxide
emissions on the climate. A number of solutions to this problem have been proposed
and are either in use or under investigation. These include three main avenues for
electricity generation to reduce fossil fuel use and/or carbon dioxide emissions. The
first is to continue to use fossil fuels and combine this with carbon sequestration, such
as ‘carbon-capture and storage’ (CCS) systems. The second is to increase the use of
nuclear fission to produce electricity. And the third is to use renewable energy pro-
duction. It could be said that the forth possibility is to use nuclear fusion to produce
electricity, however this is much further from practical implementation that the other
possibilities. All of these options have advantages and disadvantages. CCS allows the
use of the established system of burning fossil fuels for energy, but does not remove all
of the CO, emitted and does nothing to address the problems with security of supply.
Nuclear fission also relies on the import of a fuel in the form of uranium, which could
be an issue as many of the sources of this element are in unstable regions. However,
relatively small quantities of this fuel are required to produce electricity compared to
fossil fuel and no CO, is emitted. The largest drawback of this option is that it pro-
duces radioactive nuclear waste that takes thousands or tens of thousands of years to
break down. Renewable energy generation produces no CO, and requires no input
of fuel, but the supply is intermittent due to changes in weather conditions, reliance
on daylight, etc. The source of energy is also very diffuse therefore installations can
have a large impact on the landscape. Additionally, many renewable energy sources
are still expensive compared to more traditional means of generation. It is likely that a
mixture of these solutions will be used in the future to decrease our reliance on fossil
fuels.

Within the renewable option there are a number of technologies such as wind,
tidal, solar photovoltaic (PV), geothermal, biomass, etc. Many of these technologies
are already being used around the world, and among them solar PV has much scope for
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improvement in the area of materials to both improve efficiency and reduce cost; solar
PV remains the most expensive renewable method to generate electricity (e.g. 15-
30 USc/kWh for commercial scale solar PV compared to 5-9 USc/kWh for on-shore
wind [1]). Solar PV has the advantage that it has a fairly low visual impact compared
to many other renewable options: PV panels could be installed on roofs of nearly
all building without being highly visible, which can be appealing compared to high
visual-impact technologies such as wind turbines. Additionally, once installed solar
modules need very little maintenance as they have no moving parts, and will last for
at least 25 years with no more than a 10-20 % drop in output [2].

1.1.1 Challenges in photovoltaics

In the years since the first commercial installations solar PV has gradually become less
expensive; PV module price has dropped by 22 % every time the global installed ca-
pacity has doubled, and is currently approximately two thirds less than 5 years ago [2].
Economies of scale have been a large factor in the cost reduction, but technological
progress and increased production efficiency have also played a part [2]. This cost re-
duction has been assisted by a rapid acceleration of installation in recent years: in 2011
the global installed capacity reached almost 40 GW, of which nearly half (16.6 GW)
was installed in 2010 [3]. A large portion of this installation was made by Germany
(7.4 GW) [3], who were the first country to introduce feed-in-tariffs (FiTs), which
helped to drive this increase. FiTs are schemes whereby electricity generated by PVs
is sold back to the grid at a premium rate, which is guaranteed for a number of years.
The costs of such schemes are taken on by the utility companies to meet their re-
newable obligations [2]. PV installation is increasing in a number of other European
countries due to implementation of FiT schemes, and such increased demand should
further reduce costs, which should drive further demand etc. With the increase in
efficiency of production the energy payback time of PV systems has also decreased:
a PV module will generate the same quantity of energy that was used to produce it
within 1-3 years [2]. The cost of production has reduced to such a degree, and cost of
energy produced by non-renewable methods (fossil-fuel and nuclear) is increasing at
such a rate, that PV is expected to reach grid parity in the near future [2]. Grid parity
is the point at which the generation costs of PV electricity match that of conventional
generation methods. It is thought that when comparing PV to conventional generation
at peak times (during the day, when PV is generating) grid parity may have already
been reached in Southern Europe. The longest time predicted until grid parity is in
Northern Europe when comparing PV prices to the baseline electricity price (lower
than peak), where it will be reached by 2025 [2]. However, although PV electricity
costs are decreasing, the rapid approach of grid parity is largely assisted by steep rises
in fossil fuel cost. Therefore PV costs would ideally be driven even lower than grid
parity so that they become more economical than fossil fuel generation methods, and
electricity prices could begin to reduce if sufficient capacity could be installed.

The PV market is still largely dominated by crystalline silicon (c-Si) with 80 % of
installed capacity [2]. Here cost reduction has largely come from economies of scale
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in the production of this material and associated modules. Record light-to-electrical
energy conversion efficiencies for silicon solar cells are 25.0 % for single crystal and
20.4 % for polycrystalline silicon [4], with c-Si modules operating at around 12-20 %
efficiency [2].

There are a number of alternative materials and designs to silicon-based cells that
are either used for cells or are under development. These include thin-film solar cells,
dye-sensitised solar cells (DSSCs) and polymer/organic solar cells. Thin-film solar
cells use direct band gap semiconductors therefore require much thinner layers of ma-
terial than silicon solar cells to absorb sufficient sunlight. The cells are highly stable
and efficient, but the materials used are generally quite expensive and sometimes toxic.
They have been produced commercially for some time with CdTe-based thin-film so-
lar cells being the most well established and economical thin-film technology due to
standardised and well-established manufacturing techniques [2]. However, because
the cost remains higher and the production base is less established these are not as
wide-spread as silicon solar cells: over 1000 companies are involved in c-Si solar cell
manufacture compared to only 30 for thin-film solar cells [2]. The record efficiency
for a CdTe solar cell is 16.7 %, and submodule is 12.5 % [4]. The main other type of
thin-film solar cell is based on Culn;_,Ga_Ses (CIGS). These cells are more efficient
than CdTe (cell record efficiency 19.6 %, submodule 16.7 % [4]), but due to complex,
non-standard production techniques they remain more expensive and less widely used
than CdTe [2].

DSSCs use porous TiO, sensitised with an organic dye to absorb the sunlight and
are completed with a liquid electrolyte to regenerate the dye. They have very recently
reached commercialisation, with around 30 MW of capacity produced in 2009, and a
total of 200 MW expected by 2012 [2]. They are based on fairly affordable, non-toxic
materials and are relatively simple to manufacture, therefore could be much cheaper
than any currently available solar cells. DSSCs are less efficient than silicon solar
cells (record 10.4 % for a cell [4], but generally <4 % for commercial modules [2],
although the submodule record stands at 9.9 % [4]). The low cost means that the cost
per watt of electricity should still be much lower than other solar cell types. Finally
there are polymer, or organic solar cells that are made from conducting polymers and
have the potential to be very cheap and easy to produce. However, they still require
a large amount of research, having low efficiencies (record 8.3 % for a cell and 3.5 %
for a submodule [4]).

The solar cells technologies under development that are discussed above aim to
reduce the cost of producing electricity from the sun. However, they all have limi-
tations and there is still scope for improvements to be made. One of the issues with
the newer solar cell technologies is that although they are much cheaper to produce
than silicon or thin-film cells the molecular, liquid-state and polymer materials used
in DSSCs and organic solar cells are much less stable so are expected to last less time
[2]. Thus some of the gains made due to their inexpensive production may be lost due
to their short lifetime as they would need to be replaced more frequently. Therefore,
there is still a need to design new types of solar cell that are cheap to produce but that
are more stable than DSSCs or polymer solar cells.
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One of the reasons that DSSCs and polymer solar cells can be produced so cheaply
is that the materials that comprise them do not need to be extremely high quality, and
generally can be produced using low energy, often chemical production techniques.
It would therefore be ideal to produce solar cells using a design that means the com-
ponent materials do not need to be extremely high quality, ideally being produced
using inexpensive chemical techniques, but have a stability comparable to silicon or
thin-film solar cell materials. This high stability is most likely to be achieved using
solid-state, inorganic materials, as they are generally more stable than molecular, lig-
uid or organic materials. An area of research that has the potential to address these
requirements is that of solid-state DSSCs and extra-thin absorber (eta) solar cells.
These take the basis of an inorganic nanostructured semiconductor from DSSCs, but
use solid-state, inorganic absorber and/or hole-collecting materials instead of molec-
ular and liquid materials as in the DSSC. There are a number of designs of solid-state
DSSCs and eta solar cell. Some are based on porous TiO5 and some on ZnO nanorods,
as discussed in chapter 2.

Another potentially beneficial area of investigation is the use of semiconductor
nanoparticles, or quantum dots (QDs) as absorber materials in this type of solar cell.
These are made from inorganic semiconductors and are therefore chemically stable,
but their properties can be varied by varying the size of the particles. The main varia-
tion in properties that is relevant to PVs is that the band gap of the material increases
as the particles are made smaller, shifting the optical absorption maximum to shorter
wavelengths (see section 2.4). This allows the absorption peak of a material to be
shifted towards the optimum for solar energy conversion (see section 2.1), broadening
the potential range of materials available for use in PV devices. QDs therefore have
the potential to allow optimisation of the materials properties for use in a solar cell
while using an inexpensive, abundant material as the absorber. However, very few
solar cells use QDs as sensitisers, especially in fully solid-state designs and there are
many issues with the QD-sensitised cells that require investigation. One such issue is
that charge collection through porous TiO, and penetration of a solid-state hole col-
lector into the pores can both limit the performance of TiO,-based cells. Both of these
limitations are reduced when using ZnO nanorods in the cell. However, using ZnO
nanorods does not lead to sufficient surface-area enhancement to allow enough inci-
dent light to be absorbed by a layer of QDs. It is this challenge that is investigated in
this thesis — to increase the quantity of QDs deposited onto ZnO nanorods to increase
the light absorption and produce an effective QD-sensitised ZnO nanorod solar cell.

1.2 Aims and objectives

The aim of the project is to produce a QD-sensitised ZnO nanorod solar cell with
enhanced light-harvesting ability achieved using the layer-by-layer (LbL) process to
deposit the QDs. To make proof-of-concept devices CdTe quantum dots will be used
as the LbL process has already been developed for previous work in light-emitting
diodes using CdTe QDs [5]. Although bulk CdTe has a close-to-optimum band gap
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for solar energy conversion (see section 2.1) and the shift in band gap of these QDs
therefore takes them away from this optimum value, the aim of the project is to show
that the LbL process can be used to deposit QDs on ZnO nanorods for PV devices
so that the methods can potentially be applied later to a broader range of QDs. For
example PbS, PbSe, FeS, and CuFeS; have band gaps that are too small for efficient
solar energy conversion, therefore QDs of such materials with band gaps closer to the
optimum for solar energy conversion could potentially be used for PVs. In addition to
band gap shift, another property that could benefit from quantum confinement is the
shift in conduction band position to higher energies (see section 2.2.3 and figure 2.8).
It is possible that using CdTe QDs could shift the conduction band to a level that
allows more efficient charge transfer to ZnO, even though it shifts the band gap away
from the optimum value for PVs. The potential investigation of such shift is discussed
further is section 8.2.

Ideally the use of the LbL process would lead to the production of a QD-sensitised
solar cell that had an energy conversion efficiency comparable with other solid-state
DSSCs or QD-sensitised nanostructured solar cells currently being researched. To
achieve this aim the following objectives must be met:

e Demonstrate that the layer-by-layer (LbL) process can be used to deposit mul-
tiple layers of QDs on ZnO nanorods and that adding more layers increases the
light absorption of the composite.

e Show that such LbL-coated ZnO nanorods can be in-filled with a solid-state hole
collector to produce a working solar cell.

e Study the properties of the cell and relate them to the component materials.
Use this understanding to improve the performance of the cell so that they can
compete with the efficiency of other QD-sensitised ZnO nanorod solar cells.

1.3 Thesis structure

In the thesis chapter 2 is the literature review. This explains the physics of solar cells
and gives the background of the literature on eta solar cells including the original
nanostructured DSSC design, cells in which one of the components was replaced with
a solid-state alternative, cells where ZnO nanorods replaced porous TiO2, and full
eta solar cells where both the dye and hole collector were replaced with solid-state
materials. Summaries of the methods in the literature for growth of ZnO nanorods,
CdTe QDs and the LbL process are also included. Chapter 3 provides details of the
experimental methods used in the project. Chapter 4 presents and discusses the re-
sults of the chemical growth of ZnO nanorods that were used in the project and how
this growth was developed to improve the morphology and other properties of the
nanorods. Chapter 5 describes attempts to dope ZnO nanorods with antimony, with
the aim of producing p-type nanorods as opposed to undoped nanorods which are
normally n-type. Chapter 6 presents the results of coating the ZnO nanorods with
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CdTe QDs using the LbL process, the properties of the LbL films, and the effects of
annealing the LbL films. Chapter 7 includes the details of the ZnO nanorods, LbL
films, copper thiocyanate (CuSCN) hole-collecting layers and poly(styrenesulfonate)-
doped poly(3.4- ethylenedioxythiophene) (PEDOT:PSS) hole collecting layers that
were used in the solar cells. The results of PV characterisation of the complete solar
cells are included and the PV properties of the cells are related to variations in their
structure and composition. Finally, chapter 8 presents the conclusions and suggests
future areas of investigation related to the thesis.



Chapter 2

Literature Review

2.1 Solar cells

2.1.1 Solar cell theory

Photovoltaic cells use materials that generate photoexcited carriers (electrons and/or
holes) upon absorption of incident photons. A built-in asymmetry in the cell leads to
a separation of the photoexcited carriers through the material, so that a current flows
and a voltage is generated. In a traditional semiconductor solar cell, this asymmetry is
provided by a p-n, or p-i-n junction, and these layers are stacked on top of each other
with one or two of the layer(s) absorbing the light. The current-voltage characteristics
of such a device in the dark can therefore be described by the diode equation:

Vv
Jaars(V) = Jo (exp (RZBT) - 1) , 2.1)

where Jj is the reverse saturation current density, e is the charge of an electron, V'
is the applied bias, n the diode non-ideality factor, kp is Boltzmann’s constant, and
T is the temperature in Kelvin [6]. When light falls on the cell and the terminals are
connected together in short-circuit, a short-circuit current flows through the circuit,
and per area of the cell, the short-circuit current density is defined by [6]

Joe =€ / by(E)EQE(E)dE. (2.2)

Here the short-circuit current density is given by the integration of the product of the
incident spectral flux density, b,, with the external quantum efficiency, EQE, across
the whole spectrum of incident photon energies, £. EQE is an important measure of
the performance of a solar cell. It gives the probability that a photon of energy £ will
deliver one electron to the external circuit, and is therefore sometimes referred to as
the incident photon-to-current conversion efficiency (IPCE). The EQE is dependent
on the absorption coefficient of the solar cell material across the spectrum, and the
efficiency of charge separation at the junction and collection through the material.

7
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These two components of EQE can be separated, giving
EQE(E)=LHE(FE) x IQE(E), (2.3)

where L H FE is the light-harvesting efficiency, which expresses the portion of light ab-
sorbed by the cell, and Q) F is the internal quantum efficiency, which defines the pro-
portion of photoexcited electrons in the solar cell that contribute to the current in the
external circuit. By measuring separately LHE and EQE for a cell, the losses through
insufficient light absorption and recombination within the cell can be separated.

Under illumination, the current-voltage behaviour of a photovoltaic cell with an
applied bias V' can be approximated as a sum of the short-circuit photocurrent density
and the dark current density, with the sign convention giving the dark current density
as negative [6]:

J(V) = Joe = Jaari(V)

= J(V) = Jo — J (exp (nZ‘B/T) _ 1) . (2.4)

It can be seen from figure 2.1 that as the applied bias increases the current density
drops from J,. at V' = 0 to zero when Jy,.. = Js.. This point is referred to as the
open-circuit voltage, V,., as it is the voltage that is generated in the cell when the
terminals are open [6]. Substituting J;,, from equation 2.1 gives

eVoe
— -1 2.
Jsc JO (eXp (nkBT> ) ( 5)
Ly, PkeT (‘]— i 1) | 2.6)
(& J()

In the range between J,. and V. the cell is generating power density, P. At some
current density, J,, and voltage V,, the cell is generating maximum power density,
P,, (figure 2.1). The proportion of this maximum power density to the maximum
theoretical power density if operating at .J,. and V,,. is defined by the fill factor [6]:

_ IV
B JSC‘/:)C.

FF (2.7)
The overall light-to-power conversion efficiency of the cell, 7, is then defined as the
maximum power density as a proportion of the incident light power density, F;,, or
irradiance [6]:

I Vi
— 2.8
n P (2.8)
JscVoc F'F
= n=—"F (2.9)

Equation 2.9 includes all of the characteristic parameters of a solar cell, which are gen-
erally tested under a standard air mass (AM) 1.5 spectrum (figure 2.2), corresponding
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Figure 2.1: Example J-V behaviour of a non-ideal solar cell in the dark and under illu-
mination. At V' = 0 the current is equal to the short-circuit current density, Js., and at zero
current the cell generates open-circuit voltage, V.. The maximum power generated, P, is at
current density J,,, and voltage V,,,.
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Figure 2.2: AM 1.5 solar spectrum. Inset shows maximum theoretical efficiency of a single
band gap semiconductor solar cell under AM 1.5 illumination as a function of band gap energy.
Top scale shows photon energy corresponding to wavelengths on lower scale, and is annotated
with band gap energies of semiconductors used in eta solar cells, as well as common solar cell
materials. Inset from figure 2.8 in Ref. 6.
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Figure 2.3: Equivalent circuit for a solar cell. Includes series (R;) and shunt (Ryy,) resis-
tances.

to the sun being at an elevation of 42 °. The most common F;, used to test a cell is
defined as 1 sun, corresponding to 100 mWcm ™2,

The reason that a solar cell does not operate at .J,. and V.., and therefore has F'F' <
1 is because of losses within the cell. Some of these are caused by the non-ideality of
the diode, included in the non-ideality factor n. However, there are also resistances in
a normal cell that must be taken into consideration. These can be separated into series
resistance, R, and shunt resistance, R,,. A diagram of an equivalent circuit of a solar
cell representing these losses can be seen in figure 2.3. The series resistance of a cell
is caused by resistance to current flow in the cell materials, resistance at the interface
with the contacts, and resistance in the contacts [6]. The shunt resistance is caused by
leakage of current through and around the cell, e.g. through short-circuits [6].

2.1.2 Solar cell materials

Early solar cells were based on a silicon p-n diode. Silicon is an indirect band gap
semiconductor, which means that it has a very small absorption coefficient, therefore
hundreds of microns of material are required to absorb sufficient sunlight and achieve
areasonable LHE [6]. The carriers that are generated in the silicon material must drift
and diffuse to be separated at the p-n junction and then reach the contacts. This means
that high quality material with low defect densities are required for the carriers to be
extracted before recombining. Due to the mass production and large amount of mate-
rial development in silicon from to the electronics industry such high-quality silicon is
both available and reasonably affordable, therefore silicon still remains the dominant
solar cell material. The highest independently confirmed efficiency for single crystal
silicon solar cells is 25.0 % and for polycrystalline silicon is 20.4 % [4].

Later developments of semiconductor materials led to the production of thin-film
solar cells. Thin-film solar cells use direct band gap semiconductors such as CdTe,
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and CulnSe, or Culn;_,Ga,Se, (CIS and CIGS) with high absorption coefficients
and so can absorb a large portion of the incident light in layers 2-5 um thick [6].
Again, photogenerated carriers must drift or diffuse through these layers to reach the
front and back contacts. Thus the average diffusion length of the carriers must match
the thickness of the cell, i.e. a few pum, so that they do not recombine before being
extracted. High quality, expensive materials must therefore be used in these cells. The
highest independently confirmed efficiencies for CdTe and CIGS cells are 16.7 % and
19.6 % respectively, and for submodules are 12.5 % and 16.7 % [4].

2.2 Extra-thin absorber solar cells

The purpose of the extra-thin absorber (eta) solar cell design is to reduce the local
thickness of absorber material while retaining the optical thickness necessary to ab-
sorb sufficient incident light. This is achieved by using a highly structured, wide band
gap semiconductor as a basis for the cell onto which a narrower band gap absorber
material is coated (see figure 2.4). The structured surface creates a high surface area
so that with a local thickness of <100 nm [7] an effective optical thickness of >1 um
is created: sufficient to absorb most of the incident light. By using an absorber layer
with a much small local thickness the material quality requirements are relaxed as the
photogenerated carriers need only diffuse a few tens of nm to reach the junction with
either the electron transport (n-type) or hole transport (p-type) material; a theoretical
study of eta cells calculated that to achieve efficiencies of 10 % an eta cell needed
an absorber with a carrier lifetime 14 times lower than a thin-film cell [8]. This low
material quality requirement allows greater flexibility in both the type of material and
the deposition method. Low cost chemical synthesis methods can be used as associ-
ated high defect densities have a lower impact when such low diffusion lengths are
required [9, 10]. In principle the absorber material therefore need only be chosen for

veor -

contact | _ Hole
<“——1  conductor
(p-type)
Extra-thin Electron
absorber — L~ conductor
layer V4
(n-type)
Transparent
conductor —>
<«+— Glass

Figure 2.4: Schematic of an extra-thin absorber solar cell. Nanostructuring of n-type layer
by using either porous TiO2 or ZnO nanorods allows an extra-thin absorber layer to be used.
The increased surface area combined with enhanced light scattering from this structure allows
a thin layer of absorber material to absorb a large portion of the incident light. The structure
is filled with a p-type material to collect photogenerated holes.
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properties relating to superior light absorption and ease of deposition, and the trans-
port properties of the n- and p-type materials can be optimised separately. The aim
of the eta concept is therefore to be able to produce low cost solar cells using stable
materials with efficiencies approaching those of thin-film solar cells.

The following sections give a background to the development of the eta solar cell
concept with examples of specific cells. Details of a number of eta cells, their methods
of production and performance are given. For ease of comparison, table 2.1 gives a
summary of the materials used in these cells and their key performance parameters.

Table 2.1: Eta solar cells: materials and performance. Summary of performance of cells
discussed in following sections where sufficient data is given. Separated into cells using porous
TiOg as a basis, and cells using ZnO nanorods.

Porous TiO,-based cells

Buffer | Absorber | Hole collector Jee Voe | FF | n/% | Year | Ref
layer | material /mAcm™? | /mV
Dye Electrolyte 11.5% 685 | 0.68 | 7.12 | 1991 [11]
Dye Cul 6* 450 | 0.537 | 1.8 | 1998 | [12]
MgO | Dye Cul 8.74 510 [ 0.54 | 2.9 |2003| [13]
Dye CuSCN 7.8 600 | 0.44 | 2.1 | 2002 [14]
CdS QDs | Electrolyte 0.0175 | 395 1990 | [15]
Se CuSCN 3* 600 0.13 | 1998 | [16]
CdS CuSCN 2.3 860 | 0.65 | 1.3 | 2006] [9]
In,S3 CuSCN 8 475 1 0.58 | 2.3 | 2009 [10]
In,S3 | SbySs CuSCN 14.1 490 | 0.49 | 3.37 | 2009 [17]
Iny,S; | CusS CuSCN 0.4 310 | 0.48" | 0.06 | 2009 | [18]
Iny,S; | PbS PEDOT:PSS 7.4 280 | 0.4 0.83 | 2006 | [19]
PbS QDs | spiro-OMeTAD | 4.58 560 | 0.57 | 1.46 | 2009 | [20]

7ZnO nanorod-based cells

Absorber | Hole collector Jse Voe | FF | n/% | Year | Ref
material /mAcm~? | /mV

CdTe CuSCN 0.03* 200 | 0.28 2005 | [21]
CdSe CuSCN 3.9* 490 | 0.32 | 2.3 | 2006 | [22]
In, S5 CuSCN 10.5 570 | 0.56 | 3.4 | 2008 | [7]
CdSe MEH-PPV 5* 500 | 0.317 | 0.9 | 2008 | [23]

*These cells were tested at less than 1 sun illumination, therefore parameters, especially Js.,
cannot be directly compared.

fCalculated from other parameters given using 7 = Js. - Voo - F'F/Py,, where P, is the
illumination intensity.
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This table only includes the designs where a full cell has been completed and tested.
Where the same group has published multiple reports on the same design of solar cell,
only the results from the best performing cell are included.

2.2.1 Dye-sensitised solar cells

The concept of using a high surface area substrate to increase the light absorbed by a
very thin absorber layer originated in the field of dye-sensitised solar cells (DSSCs).
These cells use an organic dye material coated onto a wide band gap semiconductor
to absorb the sunlight. The absorption of light by the dye promotes electrons to an ex-
cited state, which are then transferred to the semiconductor layer. An redox electrolyte
is used in the cell to return the dye to the ground state (see figure 2.5a). Due to the
poor conductivity of these dyes, only photogenerated carriers from a single monolayer
of dye are able to reach the semiconductor and contribute to the photocurrent. In 1991,
O’Regan and Gritzel published a report of a solar cell using the wide band gap semi-
conductor titanium dioxide (TiO;) sensitised with a layer of light absorbing organic
dye [11]. The TiO, used in the cell was highly porous, and could therefore adsorb
780 times more dye than a flat electrode due to the high surface area [11] (see fig-
ure 2.5 b). This greatly increased the effective optical thickness of the dye compared
to a planar cell. The optical thickness was further enhanced by scattering, which had
been demonstrated previously when texturing amorphous silicon solar cells [24]. The
optical thickness enhancement allowed a greater portion of the incident light to be
absorbed by the cell, leading to a large increase in efficiency. This cell demonstrated
light-to-electrical energy conversion efficiencies (1) of 7.12 % under simulated sun-
light, which was a large improvement on previous DSSCs, which had efficiencies less
than 1 % [11].

a)_ Tio, Dye Redox b) TiO,,  ,Dye Pore Electrolyte
. _——F€ D* Electrolyte
CB
hv
A/A-
_‘D/ hv
.~
VB
Transparent
L \electrode Back electrode =~

Figure 2.5: Energy band diagram, showing operation under illumination (a) and
schematic (b) of a nanostructured DSSC. In (a) arrows show flow of electrons through cell.
On absorption of a photon of energy hv the dye is excited from the ground (D) to excited (D*)
state, and transfers an excited electron to TiO2. The dye is regenerated by an electron from
the redox couple, A/A™, (e.g. iodide/triiodide, I/I5"), which receives an electron from the back
contact.
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Despite the improvement in efficiency achieved in the DSSC by using highly
porous TiO,, there were still a number of limitations linked to stability of the liquid re-
dox electrolyte. Problems included containment to avoid evaporation [12, 13, 25, 26]
and long term stability due to the ionic conductivity, including the possibility of ir-
reversible reactions [12]. In order to address some of these limitations, work was
undertaken to replace the liquid electrolyte in the DSSCs with solid-state alternatives,
while still utilising the advantages offered by a highly porous electrode.

2.2.2 Solid-state hole collectors

To replace the liquid electrolyte in a DSSC, a possible alternative was to use an appro-
priate p-type semiconductor. This semiconductor material had to match the valence
band level for hole transfer from the dye, but not degrade it [26, 27]. In addition the
material needed high transmission in the visible spectrum to allow incident light to
the absorber layer (dye) [26, 27], which required a wide band gap semiconductor. In
the early work on ‘solid-state DSSCs’, as they are known, copper iodide (Cul) and
copper thiocyanate (CuSCN) were trialled. Their properties and deposition methods
are considered below.

Cul

The first complete solid state DSSC was demonstrated in 1995 in which the electrolyte
of a DSSC was replaced with the p-type semiconductor Cul [27]. Cul has a band gap
of 3.1eV [27] (transparent to wavelengths above ~400nm). It was also expected to
have a band alignment to the dye and TiO, that was favourable for efficient charge
extraction (figure 2.6). Cul was deposited from a solution in acetonitrile [27], which
filled the pores, leaving Cul on drying. No high temperature or high energy steps were
needed that would damage the dye. The initial TiOo/dye/Cul cell achieved an energy
conversion efficiency (1) of 0.8 % [27], and later n = 1.8 % was achieved using a
different dye [12]. This is significantly lower than for DSSCs using an electrolyte. In
addition, the stability sought by using a solid state hole collector was not achieved;
the performance of the cell degraded with time under illumination due to degradation
of both the Cul film and the dye layer [27]. However, the stability of the dye was
improved when UV light was filtered out of the incident radiation [27].

After this early work, Cul was used in some further solid state DSSCs. Some
improvement was seen by using a buffer layer of MgO between the TiO, and the
dye, which gave an efficiency of 2.90 % compared to 2.13 % without the buffer layer
[13]. This buffer layer also limited the degradation of cell parameters: after 72 hours
of illumination they were within 70 % of initial values, compared to 2 % without the
buffer layer [13]. It was suggested that the MgO layer created a physical and potential
barrier between the TiO, and Cul, suppressing the charge recombination and oxidation
at the interface caused by injection of photogenerated holes from TiOs to either the
dye or Cul [13].
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Figure 2.6: Energy band diagram the band alignment of the TiO,/dye/CuSCN and
TiO2/dye/Cul systems. Shows photoexcited electrons (filled) and holes (unfilled) in the dye.
Taken from figure 6 in Ref. 12.

CuSCN

CuSCN is a p-type semiconductor with a band gap of 3.6eV [16], making it appro-
priate as a hole collector in a solid state DSSC. The TiO2/CuSCN heterojunction has
been studied and shown to have good rectification [28], suggesting it has potential for
efficient charge separation in a solid state DSSC. The first full cell to be made using
TiO9/dye/CuSCN was produced in 1998 by O’Regan and Schwartz [29]. The dye-
coated pores of the TiO, were filled with CuSCN using electrochemical deposition
[29]. It was shown that by post treatment of the cell with KSCN and UV illumination
the internal efficiency of the cell could be improved. The authors suggested that this
increase in efficiency was caused by oxidation of SCN™ at the TiO5/CuSCN interface
to (SCN); and/or (SCN),, (a conductive polymer, parathiocyanogen), which are able
to reduce the dye more rapidly to its original state than CuSCN [29].

CuSCN has also been deposited directly from solution. This was performed by
dissolving CuSCN in propyl sulphide, successively spreading the solution on the sur-
face and allowing it to dry at 80 °C [14, 30]. The best TiOs/dye/CuSCN cell produced
by this method had n = 2.1 % at 100mWcm~? illumination (1 sun) [14]. Again,
this is lower than cells using a liquid electrolyte, but these CuSCN cells show an im-
provement in performance with storage. This was linked to continued evaporation of
the propyl sulphide [14], which suggests that the initial drying during deposition was
insufficient to allow all of the solvent to evaporate.

In 2004 both Cul and CuSCN were produced by successive ionic layer adsorption
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Figure 2.7: SEM images of CuSCN produced by SILAR method. a) on glass. b) on fluorine-
doped tin oxide (FTO). Taken from figure 5 in Ref. 31.

and reaction (SILAR) methods, in which substrates are dipped in aqueous solutions
containing Cu ions, followed by solutions with either iodine or thiocyanate ions [31].
These ions adhere to the substrate surface and then react with the counter ions to form
the final products. SILAR was developed in 1990 by Nicolau et al. to deposit films of
ZnS and CdS [32]. Neither Cul nor CuSCN produced by this method have been used
for a complete solar cell, therefore their performance relative to different production
methods cannot be compared. CuSCN produced in this way was comprised of vertical
crystallites with gaps apparent between the grains in scanning electron microscope
(SEM) images (see figure 2.7) [31], which could lead to pinholes when top contacts
are added. Such pinholes allow short circuit current routes that reduce the overall
efficiency of the cell.

Further solid state DSSCs have been reported using CuSCN and other solid state
materials as hole collectors [33—36], but for the discussion to progress towards full eta
solar cells it is important to look at the replacement of the light-absorbing dyes with
solid-state semiconductor films, as described below.

2.2.3 Inorganic absorbers

Narrow and medium band gap (£,) semiconductors, with E, in the range 1-2 eV, are
able to absorb a large portion of the solar spectrum (figure 2.2). They therefore have
the potential to produce solar cells with the highest possible efficiencies (inset, fig-
ure 2.2). This maximum efficiency results from a balance between maximising the
photocurrent and the photovoltage in the cell to achieve the maximum power point:
smaller £/, semiconductors can absorb more of the solar spectrum, and therefore gen-
erate higher photocurrent, but photovoltage is always less than E,/e, where e is the
electronic charge [6]. Fulfilling the same function as molecular dyes, inorganic semi-
conductors have been investigated as light-sensitising materials for porous TiO, lay-
ers. In 1990 it was demonstrated that porous TiO, could be sensitised to visible light
by coating with CdS [15]. CdS was grown in-situ by dipping the TiO, in a bath of
Cd(ClOy),, followed by a Na,S solution, washing in water after each dip [15]. This
process was repeated up to 30 times. This is essentially a SILAR method, as men-
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tioned in section 2.2.2, although this name was not used in this study. Using this
process, small particles of CdS were built up on the surface of TiO,, which led to
increased absorption of light incident on the composite [15]. The absorption onset
of the CdS shifted to longer wavelengths with increasing numbers of coating cycles.
This shift was ascribed to decreasing quantum confinement effects in the particles as
their size increased, calculating an increase from 4 to 7 nm between 1 and 5 coating
cycles [15]. An electrolytic cell was tested using a TiO, electrode coated with 5 cycles
of CdS under monochromated light at 450 nm, giving n = 6 % [15]. However, this
wavelength was near to the peak in the IPCE spectrum and without characterisation
under full spectrum simulated sunlight it is difficult to compare the performance to
other devices. As the bulk band gap of CdS is 2.4eV [37, 38], it is transparent to a
large amount of the solar spectrum, therefore is not an ideal absorber material (see
figure 2.2).

Later, successive dip coating was used to sensitise porous films with other sul-
phides by coating TiO, with nitrates of Cd, Pb, Ag, Sb and Bi, and then forming the
sulphide using Na,S [40]. It was found that only PbS and CdS coatings were stable un-
der illumination [40]. Additionally, it was shown that the reduction in electron affinity
of PbS caused by quantum confinement was required for injection of photogenerated
electrons into the TiO, conduction band (CB); after three coatings of PbS the IPCE
began to drop corresponding to the CB level of PbS dropping to lower energy than
that of the TiO, CB [40] (see figure 2.8). This demonstrated the additional degree of
flexibility that is accessible through the use of quantum confined particles: varying
the particle size allows tuning of band alignment. CdS cells showed a drop in IPCE to
half their original value after weeks or months of illumination, which occurred with
PbS after hours. This degradation was linked to reactions with the electrolyte as well
as particle growth or detachment [40].

In 1993, a porous TiO; film was coated with CdSe (£, = 1.7¢eV) using electro-
chemical deposition [41]. The thickness of the deposited film was controlled between
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o

Figure 2.8: Energy band diagram showing the change in alignment between the conduc-
tion bands of TiO2 and PbS with and without quantum confinement effects. From figure 1
in Ref. 39.



18 CHAPTER 2. LITERATURE REVIEW

3 and 20nm by varying the number of cycles in the electrochemical deposition. A
blue shift was observed in the absorption onset of films <7 nm thick [41]. The onset
of photocurrent in the cell changed from ~350nm in a TiO, only cell, to ~700 nm
in a CdSe coated cell; the coating had successfully sensitised the TiOs to visible light
through transfer of photogenerated electrons from CdSe to TiO» [41]. However, the
photocurrent decayed rapidly in the first 5 seconds of illumination. This was attributed
to a build up of oxidised electrolyte at the interface with CdSe, limiting hole extraction
and increasing recombination in CdSe [41]. Again, the short- or long-term stability of
the cell suffered due to the use of a liquid electrolyte, which demonstrates why more
stable, solid-state alternatives were sought as discussed in section 2.2.2.

Many other cells have been produced using inorganic absorbers coated on porous
TiO,, regenerated using an electrolyte [42—49]. However, after initial investigations
into solid-state alternatives to the electrolyte or light absorbing layer in the DSSC,
solar cells were produced that combined both modifications. These are discussed in
the following sections.

2.2.4 Porous TiO,-based eta solar cells

The first fully solid state eta solar cell was made in 1998, and comprised a 6 um
thick porous TiO, film coated with selenium (Se) and filled with CuSCN [16]. A
23 nm thick film of the grey, semiconducting form of Se was produced by annealing
an electrochemically deposited film of Se and aging for several hours [16]. This form
of Se is p-type with a band gap of 1.8eV [16]. The Se-coated porous TiO, was filled
and covered with CuSCN from acetonitrile solution until it protruded 10 ym above
the TiO, [16]. The band positions of Se and CuSCN were measured by depositing
these materials individually onto fluorine-doped tin oxide (FTO) glass and performing
Mott-Schottky measurements (see figure 2.9). The TiO2/Se/CuSCN solar cell had
Jse = 3mAcm~2, V,, = 600mV and an efficiency of only 0.13 % at 0.8 sun, but
did remain stable after prolonged illumination [16]. It was suggested that the high
surface area of the Se film probably increased surface recombination, reducing the
photocurrent. Also, voids in the TiO, film allowed contact between the Se and the
FTO, which led to short-circuiting [16].

Further methods to produce eta solar cells include electrochemical deposition for
CdTe [50, 51], ZnTe [51] and CuSCN [52, 53], and SILAR for CdS [50]. However, it
was noted that using SILAR to coat the inside of the nanometer-sized pores of TiO-
can lead to inhomogeneities and incomplete filling due to poor infiltration of the liquid
precursors [50]. For this reason a method was developed to form the semiconductor
products by reacting adsorbed precursors containing metal cations (e.g. of Cd, Cu,
In) with a gas, called ion layer gas reaction (ILGAR) [50]. In this process porous
TiO, was first dipped into a solution containing the metal chloride. Any residual
solvent was then removed in an inert gas stream, and the adsorbed precursor was
sulphurised with hydrogen sulphide gas, giving CdS, Cu,S, In,S3 or CulnS, [50].
This process could be repeated to give controllable coating thickness, and produced a
conformal and homogeneous coating of CdS [50] and CulnS, [50, 52]. ILGAR was
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Figure 2.9: Band alignment for the TiO2/Se/CuSCN solar cell. Shows transfer of photoex-
cited electrons and holes from Se into TiO2 and CuSCN respectively. From figure 4 in Ref.
16.

used to coat porous TiOs with CulnS,, which was then filled with CuSCN deposited by
electrochemical deposition [53]. The J—V characteristics of this structure were tested
and showed good rectification, consistent with the study discussed in section?2.2.2
[28]. This also indicates that an eta solar cell produced using this method does not
suffer from the problems with short-circuiting that affected the Se-sensitised cell [16].

Following the early studies above, a number of full eta cells based on the porous
TiO,—CuSCN heterojunction and sensitised with sulphides using SILAR were pro-
duced and tested. These cells were sensitised with the sulphidic absorbers CdS [9],
In,S3 [10], SbyS3 [17] or CusS [18]. The band gaps of these absorbers span almost
the whole range of band gaps used in eta solar cells (see figure2.2), and are 2.4,
2.1, 1.7-1.8, and 1.2 eV respectively. Although In,S3 has been used as a buffer layer
with narrower band gap absorber materials deposited on top, it operates here as the
sole absorber material, giving an efficiency of 2.3 % [10], which is one of the highest
efficiencies currently achieved for eta cells. This demonstrates that as eta cells are
currently operating well below maximum theoretical efficiency for a single band gap
cell (figure 2.2 inset) they do not necessarily require the use of optimal band gap ab-
sorbers to achieve higher efficiencies. The construction of this cell also demonstrated
the significance of the thickness of the TiO, layer for optimising the cell; it was found
that the effective optical thickness of the In,S3 layer could be increased by increasing
the thickness of the porous TiO, layer while using the same number of SILAR coat-
ings [10]. This led to an increase in .J,. of the solar cells, but only up to ~200-300 nm
of TiO,, after which no further increase was observed. The processing of materials
also has been shown to have an impact on the performance: in the CdS-sensitised



20 CHAPTER 2. LITERATURE REVIEW

cell both chemical bath deposition (CBD) and SILAR were used to deposit CdS, with
CBD-produced cells showing less light absorption and poorer cell performance [9].

In both the SbyS3 and Cu,S-sensitised cells InyS3 was used as a buffer layer (some-
times referred to as In(OH),.S, due to unknown variations of stoichiometry and com-
position of actual films produced). The use of these buffer layers improved both the
performance [18] and the stability [17] of these cells. In the case of Sb,S3, it was
noted that the In,S3 layer prevented oxidation of the SboS3 occurring when in contact
with TiO5 [9]. This is similar to buffer layers discussed in section 2.2.2, which pre-
vented the transfer of high-energy, photogenerated holes from TiO into the absorber
material. It was found that under continuous illumination, efficiency of the Sb,S3 cells
dropped by no more than 10 %, which was regained by standing in the dark for a few
hours [17]. This indicates that with the right combination of materials and processing,
such solid state eta cells can be very stable under operation.

An additional processing step that was added to some of these cells was to soak
the coated TiO, and aqueous solution of either LiSCN [9, 17, 18] or KSCN [17],
before filling with CuSCN from propyl sulphide solution. For the Sb,Ss-sensitised
cell this treatment led to an improvement of J,., V,. and F'F' and reduced the re-
sistance of the cell. This effect was greater for KSCN-treatment than LiSCN [17].
Post-treatment of CuSCN with KSCN was mentioned in section 2.2.2, and improve-
ments were attributed to possible doping with SCN™ ions, increasing the conductivity
of the CuSCN. Pre-treatment with LiSCN or KSCN in these cells could be explained
by a similar mechanism.

This set of cells with sulphidic absorbers is useful for understanding the impact
that the absorber layer, TiO, film and processing variations have on the efficiency of
the cells. The Cu,S-sensitised cell has the lowest efficiency of 0.06 % [18]. The exact
reason for this low efficiency was not identified, but the authors suggested that there
were a lot of losses at the TiO, interface in this cell, despite attempts to passivate
with an In,S3 buffer layer [18]. The SbySs-sensitised cell had the highest efficiency
of 3.37 % [17], which could result from the particular combination of materials in this
device, but also could be because a large amount of optimisation of film thicknesses
and processing was performed in this study. The large difference in photo-harvesting
ability between these cells can be seen when comparing the IPCE, or external quantum
efficiency (EQE), which is shown in figure 2.10.

Other examples of porous TiO,-based eta cells also utilised chemical methods to
deposit the absorber layer, but used the conducting polymer polystyrene sulfonic acid-
doped poly(3.,4- ethylenedioxythiophene) (PEDOT:PSS) as the hole collecting layer.
All of these cells used a porous TiO, layer coated with an In(OH),S, buffer layer
and PbS (or Pb(OH),S,) absorber produced by either CBD [19, 54] or SILAR [55].
PEDOT:PSS was deposited into the coated pores of TiO, by spin coating from aqueous
solution [19, 54, 55]. The band gap of the In(OH),S,, buffer layer varied between 2.4
and 3.4 eV depending on the pH of the CBD solution [19]; as the composition became
more S-rich or more O-rich the band gap was closer to that of InyS3 (2.1 eV), or Iny O3
(3.7¢V) [19]. In(OH), S, in tested cells had a band gap of 2.4 eV [19]. The Pb(OH),S,,
that was deposited had a band gap of 0.85 eV, larger than bulk PbS (0.37 eV), attributed
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Figure 2.10: a) EQE and transmission spectra of a TiO2/In(OH)S/Sb,S3/CuSCN solar
cell. b) EQE spectra of TiO2/CdS/CuSCN and TiO2/In(OH)S/CuyS/CuSCN solar cells.
a) Absorption onset and photocurrent generation onset begins at ~750 nm, due to photon ab-
sorption by the SboS3 layer. From figure 1 in Ref. 17. b) Solid line is for CdS-sensitised cell,
and dotted line is for CusS-sensitised cell using In(OH),.S,, and dodecylphosphonate buffer
layers. From figure 3 in Ref. 18.
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Figure 2.11: Band diagram (a) and SEM image (b) of a

TiO>/In(OH),S,/Pb(OH),S,/PEDOT:PSS solar cell structure. = From figure 6 in
Ref. [54] (a) and figure 4 in Ref. [19] (b).

to the same alloying process as for In(OH),. S, [19]. It was found that the In(OH),.S,,
not the Pb(OH),.S,, was generating the photocurrent in the cell. A later study found
that the low contribution by Pb(OH),S, was due to high charge recombination at the
In(OH),S,/Pb(OH),S, interface because of an barrier for electrons (see figure 2.11 a)
[54]. However, the solar cell performance was severely degraded if the Pb(OH),S,,
layer was removed [55]. The performance of the cell was also limited because it was
not completely opaque, therefore not all of the incident light was absorbed. Also, the
absorber layers did not completely fill the TiO, pores (see figure 2.11 b) [19, 55]. The
authors identified that these structural issues must be addressed in order to improve
the performance of the cells [19, 55].

Following early porous TiO, solar cells sensitised with inorganic absorbers, cells
were reported using inorganic nanoparticles, or quantum dots (QDs) as absorber ma-
terials. QDs are promising absorbers for eta solar cells, because the absorption co-
efficient and band gap increases as the particles are made smaller [42]. Many cells
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used electrolytes as hole collectors, and can be thought of as similar to a DSSC,
with QDs replacing the dye. However, in some cells the electrolyte was replaced
with a solid state material. The first such cell was produced by Plass et al. in 2002,
and used the hole conductor 2,2°,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-
spirobifluorene (spiro-OMeTAD) [56]. Porous TiO, was sensitised using PbS QDs
grown in-situ on the surface by dipping it into a lead nitrate solution, followed by a
Na,S solution [56]. This process was repeated a number of times, producing different
sized QDs (6 nm after 7 cycles). PbS absorption was blue shifted due to quantum con-
finement, which reduced with increasing dipping cycles [56]. Plass ef al. note that the
change in position of the PbS conduction band is beneficial to electron injection into
TiO5 [56] (discussed in section 2.2.3).

In 2009, Lee et al. also produced a PbS QD-sensitised porous TiO, solar cell
using spiro-OMeTAD as a hole collector [20]. They also coated the TiO; with PbS
using lead nitrate and NasS solutions, but in methanol rather than water [20]. This
produced superior performance compared to aqueous solutions, attributed to better
wetting and faster drying [20]. The coverage of TiO, by PbS was found to be 30—
40 %. Attempts to improve efficiency by increasing coverage were not successful
as subsequent reduction in quantum confinement reduced the efficiency of electron
transfer [20].

2.2.5 Zinc oxide nanorod-based solar cells

Zn0O nanorods have been used in both DSSCs and eta solar cells instead of porous
TiO, layers to create a highly structured substrate. The motivation behind this substi-
tution was to enhance the efficiency of charge transport: ZnO nanorods offer a direct
conduction path to the contact [57] and have high electron mobility (200 cm?/Vs for
ZnO compared to 10 cm?/Vs for TiO, [33]). The open structure of the ZnO nanorods
allows flexibility for coating procedures as the precursors can readily reach the entire
surface [58]. ZnO nanorods also produce an increase in optical path through light
scattering similarly to porous TiOs [59]. Further details of the properties of ZnO are
given in section 2.3.

Dye-based absorbers

A small number of groups have produced DSSCs based on ZnO nanostructures. Stud-
ies have suggested that charge injection from dye to ZnO can occur at a rate com-
parable to dye-TiO, injection rates [61], making it a potentially successful substitu-
tion. However, when using ZnO nanorods or nanowires for DSSCs the limited surface
area compared to porous TiO, has proved an issue, as lower dye loading can lead to
poor light absorption [60, 62]. Therefore, workers have attempted to adapt the ZnO
nanorods to increase the surface area. Once such adaptation was to add secondary rods
to the side of the nanorods (see figure 2.12) [60]. These rods were grown by metal-
organic chemical vapour deposition (MOCVD), nucleated on a thin compact ZnO film
[60]. Despite this attempt at surface area enhancement, a light-harvesting efficiency
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Figure 2.12: SEM images of ZnO nanorods produced by MOCVD with secondary rods
growing from the surface. a) Side view. b) Top down. Taken from figure 2 in Ref. 60.
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Figure 2.13: Effect of adding PEI to the chemical synthesis of ZnO nanorods. a) SEM
image of elongated ZnO nanorods produced by chemical bath method with PEI added. b) Plot
showing difference in nanorod length versus diameter without (triangles) and with (circles)
PEI added to the synthesis. Taken from figure 1 in Ref. 62.

(LHE) of only 8 % at the dye absorption maximum was achieved, meaning that over
90 % of incident light was passing through the cell.

Better results for a ZnO nanorod DSSC were achieved by Law ef al. when in-
creasing nanorod surface area to increase dye loading and therefore light absorption
[62]. In this study, nanorods were grown in a chemical bath of zinc nitrate and hex-
amethylenetetramine (HMT), which was heated at 92 °C for 2.5 hours, repeating the
growth to produce longer nanorods [62]. With these repeated growths, the nanorod
width increased as well as the length, and so the surface area did not increase suffi-
ciently with increased growth stages to absorb enough dye. The growth method was
therefore adapted by adding poly(ethylenimine) (PEI) to the synthesis, which led to
growth of much more elongated rods over time with a roughness factor of up to 200,
compared to 20 without PEI (see figure 2.13) [62]. This surface area enhancement
was successful and an EQE of 40 % at the dye absorption peak was achieved [62],
compared to only 6 % in the ZnO nanorod DSSC mentioned above [60]. With this
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increased light absorption achieved using higher aspect ratio nanorods an efficiency
of 1.5 % was recorded [62]. However, this is still below the efficiency of porous TiO,-
based DSSCs, which have achieve efficiencies closer to 10 %. Although an improve-
ment on previous nanorods, the surface roughness of 200 is still below that of 780
achieved in the Gritzel cell [11]. This demonstrates that despite efforts to increase the
surface enhancement, the low surface area of ZnO nanorods compared to porous TiO-
still limits the efficiency of ZnO-based devices, despite the superior charge collection
capabilities of ZnO nanorods.

Apart from elongating or adapting the ZnO nanorods to increase surface area, an-
other possibility for increasing the light absorption in ZnO nanorod-based cells is to
increase the thickness of the absorber layer. Although this is not possible with dye-
based absorbers due to their poor charge transport properties, it is a possibility for
inorganic semiconductor absorbers. Examples of cells based on ZnO nanorods coated
with such absorbers are explored in the next section.

Inorganic absorbers

The first demonstration of a semiconductor coating on ZnO nanorods was made in
2000 by depositing amorphous silicon (a-Si) onto the rods using chemical vapour
deposition (CVD) [57]. ZnO nanorods in this study were deposited by electrochemical
deposition ~2 um long and 100-200 nm across (see figure 2.14 a). The a-Si coating
was uniform and conformal (figure 2.14b) [57]. It was noted that ZnO nanorods
are more easily coated than porous TiOs due to their open morphology [57]. No
performance results from ZnO/a-Si solar cells were given.

In 2005 solar cells were produced based on both CdTe and CdSe-coated ZnO
nanorods [21, 22, 63]. In these studies ZnO nanorods were deposited electrochem-
ically, as were the CdSe films (see figure 2.15) [22, 63]. CdTe was deposited by
metal-organic chemical vapour deposition (MOCVD) [21], and CuSCN was deposited

Figure 2.14: a) ZnO nanorods grown by electrochemical deposition, and b) coated with
a-Si by chemical vapour deposition. Arrow indicates joining of coating between two rods.
From figures 1 (a) and 3 (b) in Ref. 57.
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Figure 2.15: Uncoated (a) and CdSe-coated (b) ZnO nanorods grown by electrochemical
deposition. From figures 3 (a) and 6 (b) in Ref. 22.

from propyl sulfide solution. CdTe and CdSe were chosen as their narrower band
gaps enhanced absorption in the visible region, and band alignment was predicted
to favour charge extraction (see figure 2.16). The best cells used a CdSe absorber
layer, which was annealed after deposition to improve crystallinity and reduce trap
states [22]. This cell gave J,, = 3.9mAcm~2, V,, = 490mV, FF = 0.32 and
n = 2.3 % at ~1/3 sun after 1 week of storage [22]. However the efficiency dropped
back to 1.5 % after further months of storage [22]. It was found that vacuum stor-
age enhanced the performance of the cell, attributed to continued evaporation of the
propyl sulfide [22], as found previously with CuSCN deposited by this method (sec-
tion 2.2.2). The performance of CdTe-based cells was poorer than CdSe-based cells,
with J,. = 0.03mAcm™2, V,. = 200mV and FF = 0.28 at ~1/3 sun [21]. The
authors suggested that low J,. and F'F' resulted from the small difference between the
predicted conduction band levels of ZnO and CdTe (figure 2.16 a) [21].

Eta cells have also been produced by coating ZnO nanorods with 10-75 nm thick
In,S3 absorber layers using ILGAR (see section 2.2.4) [7, 58, 64-66]. 1.5 ym long
nanorods were produced by placing substrates in a chemical bath of NaOH and zinc
nitrate at 80 °C for 90 minutes. To complete the cells the coated nanorods were filled
with CuSCN from propyl sulfide solution. A cross section of this solar cell can be
seen in figure 2.17 a. ILGAR produced a conformal coating of In,S3 on ZnO nanorods
with controllable thickness (see figure 2.17 b—d) [7]. When the local thickness of the
In,S3 layer was varied from 10 to 75 nm, J. decreased and V. increased (see fig-
ure 2.18 a) [7]. It was concluded that the diffusion length of carriers in the In,S3 layer
was ~10 nm. Therefore, increasing the local thickness led to increased recombination
and the observed reduction in J,. [7]. Conversely, the increase in V. with In,S3 thick-
ness was due to a reduction in tunnelling recombination through the absorber layer [7].
The optimum solar cell performance was achieved with an In,S3 thickness of 25 nm
[7]. The influence of ZnO nanorod length on the performance of this cell structure
was also studied [58]. The rod length was varied between O (planar cell) and 3 pm by
varying the deposition time between 0 and 150 min, while the local In,S3 thickness
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Figure 2.16: Predicted band alignment for ZnO/CdTe/CuSCN and ZnO/CdSe/CuSCN.
From figure 1 in Ref. 21 and figure 2 in Ref. 22.

was maintained at 20 nm [58]. As the rod length increased it was found that J,. in-
creased while V. and F'F" decreased [58]. The decrease in V,,. and F'F’ resulted from
a drop in the shunt resistance, attributed to an increase in surface recombination due to
increased surface area of the longer rods [58]. The optimum rod length was found to
be 800 nm [58]. Further studies of ZnO nanorod/In,S3/CuSCN solar cells focussed on
annealing the complete structure, and the effect on the In,S3/CuSCN interface. It was
found that annealing the cell at 200 °C for 2 min produced optimal improvement in .J,.,
V,. and F'F' [65]. Annealing the In,S3/CuSCN layers caused Cu to diffuse towards
the interface where it reacted with In,S3 giving additional sub-band gap states and a
shift in the In,S3 band gap (see figure 2.18 b and c) [65, 66]. This reduced recombi-
nation, increasing V,. [66], and shifted absorption to longer wavelengths, increasing
Js. [65]. The best performing ZnO/In,S3/CuSCN solar cell gave J,. = 10.5 mAcm 2,
Voe =570mV, FF = 0.56 and n = 3.4 % at 1 sun [7].

Zn0 nanorod/semiconductor/polymer solar cells were made using a novel coating
method to deposit CdSe films onto ZnO nanorods [23]. The films were produced by
drop-casting solutions of octadecyl amine-capped CdSe QDs in toluene onto electro-
chemically deposited ZnO nanorods [23]. Once deposited, the QD-coated nanorods
were annealed in an air-CdCl, mix at 380 °C to form a continuous film of CdSe on
the ZnO [23]. Annealing led to a large increase in the quantum efficiency of the
cell and a red-shift in the absorption onset due to loss of quantum confinement (see
figure 2.19) [23]. The solar cell was completed by filling the rods with the conduc-
tive polymer poly(2-methoxy-5-[2’-ethyl-hexyloxy]-1,4-phenylene vinylene) (MEH-
PPV) [23]. The best ZnO nanorod/CdSe/MEH-PPV cell gave .J,. = 5mAcm 2,
Voe = 500mV, and n = 0.9% at 0.85 sun [23]. Replacement of MEH-PPV with
poly(3-hexylthiophene) (P3HT) gave an efficiency of 1.5 % [23].
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Figure 2.17: SEM images of the cross-section of a ZnO nanorod/In,S3/CuSCN solar cell
(a), and top-view of ZnO nanorods with 0 (b) 15 (c) and 45 nm (d) of In>S3 coating. From
figure 1 (a) in Ref. 64 and figure 1 in Ref. 7 (b—d).
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Figure 2.18: (a) change in J;., V. and F'F' in the ZnO nanorod/In,S3/CuSCN solar cell
as local thickness of In,S; layer is increased. (b) and (c) proposed band structure of the
InsS3—CuSCN interface before (b) and after (c) annealing. From figure 3 in Ref. 7 (a) and
figure 10 in Ref. 66 (b) and (c).
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Figure 2.19: Increase in quantum efficiency of the ZnO nanorod/CdSe/MEH-PPYV solar
cell with different annealing times in air/CdCl, at 380 °C. From figure 3 in Ref. 23.

Nanoparticle absorbers

Solar cells have been produced by coating ZnO nanorods with a variety of semicon-
ductor nanoparticles to sensitise them to visible light. Nanoparticles used include
CdSe [67, 68], CdTe [69], CdS [38, 70] and CulnS, [71]. These cells have been com-
pleted or tested in electrochemical apparatus, or using electrolytes similar to DSSCs
and therefore cannot be considered as eta solar cells. However, the use of nanoparti-
cles to sensitise ZnO nanorods is important for the development of ZnO nanorod solar
cells, and details of these cells are given below.

Some nanoparticle coatings have been made by immersing nanorod-coated sub-
strates into a chemical bath of nanoparticle precursors and heating to induce nucle-
ation of the nanoparticles directly on the surface [68, 70]. Although the structures
grown in these studies are referred to as nanoparticles or nanocrystals, they are too
large to display quantum confinement. These coatings are more accurately considered
incomplete thin-film coatings, and in the case of CdSe-coated nanorods, the coatings
are annealed after deposition at 400 °C to produce a polycrystalline thin film layer
[68]. The best performing cell was obtained with a complete covering of the nanorods
that appears approximately 100 nm thick, giving n = 0.34 % at 1 sun [68].

Other studies using semiconductor nanoparticles to sensitise ZnO nanorods have
retained the quantum confinement of the nanoparticles, thus can be referred to as quan-
tum dots (QDs). These QDs have been grown before deposition on the nanorods, using
capping molecules or shells to improve stability and prevent agglomeration in solu-
tion. The QDs have then been attached to the nanorods by soaking nanorod-coated
substrates in the QD solution for up to several days [67, 69, 71]. Using this method
led to a limited coverage of QDs in the case of CdSe [67] and CulnS, [71], forming
less than a monolayer on the surface. These cells thus suffer similarly to ZnO DSSCs
as the lower surface area of ZnO nanorods compared to porous TiO; means that a
monolayer of absorber cannot absorb sufficient incident light, and the efficiencies of
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these cells remain below 1 %. For example, the CdSe nanoparticle-sensitised cell had a
LHE of only around 30 % at the CdSe nanoparticle absorption peak [67], which means
around 70 % if the incident light at this wavelength was passing through the cell. As a
consequence the maximum EQE was ~20 % [67] compared to ~90 % for a cell using
a 25nm thick film of In,S3 as the absorber [7]. In the case of CdTe nanoparticle-
sensitised nanorods, soaking in the nanoparticle solution produced a much thicker
coating, estimated to be 10 nm thick [69]. The particles appeared to retain quantum
confinement as the photocurrent onset occurs around 550 nm [69]: well above the bulk
band gap of CdTe, whichis 1.5eV [72] (£ 830 nm). The reason for the increased cov-
erage in this case was not investigated, and efficiency was not given so the impact of
this increased coverage cannot be compared with other cells. However, it was shown
that by increasing the nanoparticle coating thickness the incident light absorption was
increased [69], which should lead to increased photocurrent in the cell compared to
those only using a monolayer of nanoparticles.

It has thus been shown that the efficiency of nanoparticle-coated ZnO nanorod so-
lar cells is often limited by insufficient light absorption resulting from low nanoparticle
coverage. Although higher nanoparticle coverage has been achieved in one case, the
reasons for this enhancement of coverage are not understood. It is for this reason that
the layer-by-layer (LbL) method for deposition of semiconductor nanoparticles is in-
vestigated in this project. It is hoped that by building up many layers of nanoparticles
the LHE of the cell can be enhanced leading to improved photovoltaic performance.
More details of the LbL process and its potential benefit for the coating of a nanopar-
ticle absorber layer are given in section 2.4.1.

2.3 Zinc oxide

Zn0 is a semiconductor with a direct band gap of 3.2-3.4 eV [73-75]. It has a wurzite
structure, strong piezoelectric and pyroelectric properties [76], and intrinsic n-type
conductivity due to native defects [77]. Previously, it has found applications in piezo-
electric transducers, varistors, actuators and phosphors [75, 76]. It has also been used
as a transparent conductor due to a doped resistivity as low as 10~4~1072 Qcm [78]. In
recent years, ZnO has received increased interest for a variety of device applications.
These include optoelectronic applications, as ZnO has a high exciton binding energy
of 60 meV, which allows efficient room temperature excitonic emission [76]. More re-
cently, the variety of nanoscale morphologies demonstrated for ZnO [76] have led to
further development of device designs, including suggested applications in transparent
electronics and nanoscale UV optoelectronics [79]. The most common morphology
studied is the 1D structure, which ZnO forms due to preferential growth along its c-
axis, leading to elongated hexagonal nanorods or wires. This morphology has been
achieved through vapour-phase, electrochemical, and aqueous solution-based methods
[80], which are explored below.
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2.3.1 Zinc oxide nanorod growth methods

Numerous reviews have considered the growth methods and mechanisms of ZnO
nanorods, nanowires and other nanostructures, including Refs. 74, 80 and 81. These
can be consulted for extensive detail and references on the growth of these structures.
The sections below give a brief summary of the main growth methods, focussing on
techniques that are most relevant to this thesis.

Vapour-phase growth

The most common method for the vapour-phase growth of ZnO nanorods and wires is
chemical vapour deposition. In this method vapour species are generated by the evap-
oration and/or chemical reduction of precursors in a reactor such as a tube furnace.
These gaseous species are then transported to a solid substrate which is at a lower
temperature than the precursors where they nucleate [81], generally by the vapour-
liquid-solid (VLS) or vapour-solid (VS) mechanism. The VLS mechanism requires
the substrate surface to be coated with a metal catalyst, generally Au in the case of
Zn0 growth [74]. The vapourised ZnO dissolves into the liquid Au droplets until they
become supersaturated, at which point the ZnO nucleates and begins to grow out-
wards [74]. By control of the initial metal particle size [80], oxygen partial pressure,
and overall gas pressure [74] the nucleation of ZnO is controlled to form nanostruc-
tures of the desired dimensions. VS mechanisms do not use a metal catalyst. Instead
the substrate is coated with a ZnO thin film using a method such as pulsed-laser depo-
sition (PLD). In the VS mechanism the gaseous precursors nucleate directly onto this
seed layer, producing ZnO nanorods or wires through controlled temperatures and gas
pressures. This method may be preferable for device applications, as it does not leave
metal impurities in, or on, the tip of the nanowires [82].

VS growth of ZnO nanorods and wires often uses the carbothermal reduction of
precursors to produce gaseous Zn, which is then transported to the substrate where it
reacts to form the ZnO nanostructures [81]. For this method, a 1:1 mix of commercial
ZnO powder and graphite powder is used as the precursor [74, 82—85], which is heated
to between 700 and 900 °C [82—-85]. A gas flow of either argon [83, 84], dry air [82]
or nitrogen containing trace oxygen [85] is passed through the furnace. Si [82-84],
sapphire [85] or porous Al;Og3 [86] substrates, coated with ZnO thin films by PLD,
have been used. The substrate is placed downstream at a slightly lower temperature
point. Depending on the conditions and position of the substrate, ZnO nanowires with
a good density (average spacing of only a few nanowire diameters), and excellent
alignment (almost all 90 °) can be produced. Other VS mechanisms have nucleated
ZnO nanorods onto ZnO thin film-coated substrates, but not used the carbothermal
method. In these cases the precursor used is Zn powder [87], which can also be mixed
with dopants such as Al powder to produce doped nanorods [88]. These reactions
have been performed at temperatures of 700—750 °C, using a gas flow of argon [87] or
nitrogen-oxygen mixture [88]. An example of ZnO nanorods grown by the VS method
are shown in figure 2.20.
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Figure 2.20: ZnO nanorods grown by the vapour-solid mechanism. Rods grown by the
carbothermal reduction of ZnO using graphite, nucleated on Si substrates coated in a ZnO thin
film by PLD. Taken from figure 3 in Ref. 84.

Nanostructures grown by these methods have not been applied widely for use in
photovoltaic devices, despite sometimes achieving high aspect ratios and well-aligned
growth. This is most likely because the majority of growth is performed on crystalline
substrates such as sapphire or silicon, seeded with either Au catalysts of ZnO thin
films. Relatively little work has been undertaken to grow ZnO nanorods on transparent
conductors such as FTO or ITO, which would be suitable for photovoltaic applications.

Electrochemical deposition

ZnO nanorods have also been grown by electrochemical deposition [21, 22, 57, 63,
89, 90]. In this process a substrate is placed into a chemical bath as one electrode of
a three electrode arrangement [57]. A potential is then applied between the electrodes
and ZnO grows on the substrate. For the growth of ZnO nanorods a solution of 0.5 mM
ZnCl; and 0.1 M KCl in water is generally used [21, 22, 63, 89, 90]. The bath is heated
to 80 °C, and a potential of -1 V versus the saturated calomel electrode is applied, using
Pt as a counter electrode. Oxygen is bubbled through the solution to keep it saturated.
The time taken for the reaction to be completed has not been provided in the literature.
Using this process ZnO nanorods of ~2 ym in length with an average diameter of
150 nm are produced, and can be seen in figure 2.15 (section 2.2.5). These nanorods
therefore have an aspect ratio of approximately 15, and grow at an angle of at least
45 ° from the substrate. Such electrochemically deposited nanorods have been coated
in narrow band gap semiconductors and used for photovoltaic cells, as described in
section 2.2.5.

The process for formation of ZnO nanorods on the surface has been described
as occurring in two steps [90]. First, oxygen is electro-reduced at the surface of the
substrate, increasing the OH™ concentration. This then reacts with zinc ions to deposit
either amorphous Zn(OH), or crystalline ZnO on the surface, and the conditions are
controlled to produce the latter.



32 CHAPTER 2. LITERATURE REVIEW

Chemical bath deposition

A variety of chemical bath methods have been used to grow ZnO nanostructures, us-
ing varied precursors and conditions. Here, chemical bath deposition (CBD) should
be distinguished from hydrothermal growth. In hydrothermal growth the aqueous pre-
cursor solution is treated with both heat and pressure, usually by heating in a sealed
vessel to above the solvent boiling point. Whereas in CBD heat but not pressure is
applied, generally because the reaction is not carried out in a sealed vessel and the
temperature is kept below the boiling point of the solvent. ZnO nanorod aqueous
chemical synthesis methods do not use hydrothermal conditions as the temperature is
always kept below 100 °C.

The CBD methods for ZnO nanorod synthesis can be separated into two main
categories: thermal decomposition of zinc precursors using a ligand to control mor-
phology, and thermal decomposition of zinc precursors using a base to control pH
and produce nanorods. The former method is dominated by the thermal decomposi-
tion of zinc nitrate using hexamethylenetetramine (HMT) to control the morphology
[62,67,71,79,91-100]. In this method a substrate seeded with a thin layer of ZnO is
placed face down into a solution of zinc nitrate and HMT. Concentration of reactants
is generally equimolar, and varies between 0.01 and 0.1 M. Some later studies use a
slightly lower concentration of zinc nitrate (0.016 M) than HMT (0.025 M) [67, 71].
This solution is then heated to between 75 and 90 °C and kept at this temperature for
between 0.5 and 12 hours. Upon heating, both homogeneous (in the solution) and het-
erogeneous (on the surface) precipitation of ZnO nanorods occurs, and at some stage,
depending on the concentration and temperature, the reactants are depleted and the
reaction ceases. For a 0.025 M equimolar solution this occurs after about 2.5 hours
at 90 °C [62]. The size of the nanorods produced depends mainly on the initial con-
centration of the reactants, and varies between approximately 3 x 1 ym at 0.1 M [94],
to 1 pm x 100nm at 0.01 M. However, both the length and the diameter of the rods
can be increased by placing the substrate in fresh chemical bath solutions when the
reactants have been depleted [62, 91]. A plot showing the increase in both length and
diameter of nanorods grown in a 0.025 M solution at 90 °C can be seen in figure 2.21,
along with an image of rods produced after 1.5 hours. As described in section 2.2.5,
increasing the reaction time increases the length and diameter of the rods at similar
rates, so that little increase in aspect ratio is achieved, which remains around 10. It
is for this reason that Law et al. added PEI to the reaction to preferentially increase
the length of the rods to achieve aspect ratios of up to 200 (see section 2.2.5 and fig-
ure 2.13) [62]. It is also possible that using a lower concentration of zinc nitrate than
HMT can achieve higher aspect ratios of around 100 [67, 71], but direct comparison
of rods grown using equimolar and non equimolar conditions is required to confirm
this.

Zn0O nanorods are produced in this reaction by the controlled precipitation of ZnO
from Zn precursors via hydrolysis [95]. Although HMT can act as a ligand, it is
reportedly a poor ligand for Zn, and its main role is to provide a controlled supply
of hydroxide ions [95]. This occurs because HMT gradually decomposes to form
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Figure 2.21: ZnO nanorods grown using zinc nitrate and HMT. a) Length and diameter of
rods grown in 0.025 M solutions at 90 °C as a function of time. b) SEM image of rods, grown
for 1.5 hours. Taken from figure 2 in Ref. 91.

ammonia and formaldehyde on heating [95]. In this reaction it is important that OH~
ions are supplied gradually, as [Zn?*] needs to be relatively high compared to [OH™]
for rods to be formed [95]. A suggested reaction scheme for the synthesis is [74]:

CoH 9Ny + 6H,0O = 6HCHO + 4NHj (2.10)
NH; + Ho,O = NH; + OH™ (2.11)
20H™ + Zn** — ZnO(s) + H,O. (2.12)

Here the HMT first decomposes (step 2.10), then the OH™ ions resulting from the for-
mation of ammonium (step 2.11) react with dissolved zinc ions to form ZnO, which
is non-soluble and therefore precipitates homogeneously, and heterogeneously if a
suitable substrate is present. It has been suggested that Zn(OH), forms before the
growth of ZnO, which then grows via a dissolution-reprecipitation mechanism, where
Zn(OH), acts as a reservoir of zinc [95]. ZnO, not Zn(OH), forms as the final precip-
itate because of the pH of the solution, which is buffered by HMT [95].

The most common base used for the formation of ZnO nanorods in the second
growth category is ammonium hydroxide (NH,OH). The use of NH,OH to control
the decomposition of zinc nitrate and form ZnO nanorods was studied in detail in
2005 by Tak et al. [101]. Zinc nitrate concentrations of 0.01-0.04 M were used, and
the pH was adjusted to 10.1-10.5 by adding NH,OH. Si substrates seeded with a layer
of zinc metal were suspended in this solution, which was then heated to between 60
and 90 °C for 6 hours. This produced nanorods 2.5 ym long and 50 nm across, which
were very well aligned due to the uniformity of the Si substrate. It was also found
that when the reaction was repeated the length of the nanorods increased by ~1 ym
per synthesis, while the diameter only increased by ~15nm [101] (figure 2.22). This
is very useful, as it allows the aspect ratio to be increased with increasing syntheses.
Nanorods of up to 5.5 yum x 100 nm (aspect ratio 55) were produced [101]. In later
work, Tak et al. produced further ZnO nanorods on Si substrates, using a sputtered
Zn0 seed layer [102, 103]. In these studies zinc nitrate concentrations of 0.01 M and
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Figure 2.22: ZnO nanorods grown using zinc nitrate and ammonium hydroxide. a) Single
growth with 0.02 M zinc nitrate at pH 10.4 b)-d) 1st-3rd additional growth steps using solutions
of 0.01 M zinc nitrate at pH 10.4. All steps carried out at 90 °C for 6 hours. Taken from figure 7
in Ref. 101.

pH 11 were used, and the reaction was carried out at 95 °C for 6 hours. The ability to
produce rods with increasing aspect ratio by repeating the synthesis makes this method
attractive for use in eta solar cells. However, the method has not been used to grow
nanorods on transparent conducting substrates such as FTO. This must be achieved
for it to be used in a complete solar cell structure.

Of the synthesis methods described above, chemical synthesis using zinc nitrate
and HMT was chosen to grow the nanorods studied in this thesis. This method was
chosen for numerous reasons. Firstly, the method is well established in the literature,
and it has been demonstrated repeatedly on transparent substrates. Thus a large vol-
ume of data on the details of the method are available. The use of a low temperature,
aqueous chemical method is attractive for future scale-up as it requires relatively low
energy inputs, and can be performed in large quantities. Finally, this method had pre-
viously been used in our laboratory to grow ZnO nanostructures and the equipment
and chemicals were readily available, which allowed the method to be more quickly
developed at the start of the project.

2.3.2 ZnO Photoluminescence

Photoluminescence (PL) is often used to understand the properties of zinc oxide bulk,
thin films, and nanostructures. The room temperature emission spectrum of ZnO nor-
mally comprises a sharp peak around 370-390 nm and a broad emission between 450
and 700 nm (see figure 2.23). The sharper peak in the PL spectrum of ZnO is generally
referred to as the bound exciton, or simply exciton emission as it has been attributed
to the recombination of excitons bound to neutral donors or acceptors [104] and thus
has an energy just below the band gap. Most studies focus on the broad band as it
is attributed to recombinations in deep levels caused by intrinsic defects in ZnO and
therefore can be used as a measure of crystalline quality. The exact form and location
of this emission depends on the samples studied and their preparation condition as it
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Figure 2.23: Photoluminescence spectrum of chemically grown ZnO nanorods. Typical
emission peaks can be seen, comprising a narrow UV exciton emission, and broad defect-
related green emission. Taken from figure 6 in Ref. 109.
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Figure 2.24: Proposed energy levels for common defects occurring in ZnO. Taken from
figure 4 in Ref. 110.

is likely that a variety of deep defect states contribute to this emission. These defect
states, along with their possible energy levels as calculated by Lin et al. are shown in
figure 2.24. The defects most commonly attributed to the broad, green emission are
oxygen vacancies (Vo) [105-107] resulting from the loss of oxygen during high tem-
perature processing. However, as can be seen from the scheme in figure 2.24, other
defects such as the O antisite (O, ) have also been attributed to this green (2.2-2.5eV)
emission. The very broad nature of the emission suggests a number of defects may
be responsible in any one sample. This has been confirmed by selectively enhancing
or suppressing components of this emission by treatments at different temperatures in
different atmospheres [108]. In one case, such a treatment has led to the deconvolu-
tion of the broad emission into a green peak (centred 520-540 nm), attributed to Vo
as in many studies, and a yellow peak (centred 580—-600 nm), attributed to interstitial
oxygen, Oy [106].

The remaining states occurring in ZnO are the shallow donors or acceptors, such as
the zinc interstitial (Zny) and zinc vacancy (Vz,) respectively [74, 110]. As a shallow
donor, Zn; can be attributed to the relatively high intrinsic n-type conductivity of ZnO.
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The emissions due to these states are not often seen or discussed in ZnO PL as they
are very close to the exciton emission and not generally strong enough to be resolved.
However, some have deconvoluted the near band-edge peak to show contributions just
below the excitonic energy [111]. In some cases the near band-edge emission has
been strong enough to be resolved separately, and linked to surface zinc vacancies
[106, 112], which are found mainly in the surface depletion region of ZnO.

2.3.3 P-type ZnO

For some time, the reliable production of p-type ZnO has proved a challenge. This
is because, as mentioned above, as-grown ZnO is nominally n-type due to intrinsic
defects [77]. Thus, most holes introduced by acceptor dopants are compensated by the
high intrinsic free electron density. Despite this, there have been increasing examples
in recent years of p-type ZnO thin films and nanostructures.

P-type doping of ZnO has most commonly been achieved with the group V ele-
ments N, P, As and Sb. Acceptor doping by N and P occurs through oxygen substi-
tution, leading to the introduction of a shallow acceptor level. Acceptor doping with
As and Sb in ZnO is slightly more complicated, as their larger ionic radii makes oxy-
gen substitution energetically unfavourable. However, it has been shown that doping
Zn0O with As and Sb can produce p-type thin films [77]. P-type behaviour in As and
Sb-doped ZnO was explained by Limpijumnong et al. to result from the formation of
the complex As/Sbz,-2Vz, (As or Sb on a zinc site coupled to two zinc vacancies),
which was shown to be a shallow acceptor [113]. Early experimental success coupled
with theoretical explanation of the behaviour led to the production of many more p-
type ZnO thin films [114-116], including those doped with As or Sb [117-126]. The
mayjority of these films were produced by high energy, high vacuum growth methods
such as molecular-beam epitaxy (MBE) or pulsed laser deposition where the dopant
was introduced to the growth source(s) [117-124, 126]. However, some acceptor-
doped films have also been produced using sol-gel methods [114, 125].

P-type ZnO nanostructures

There is significant interest in producing p-type ZnO nanostructures for a variety
of potential device applications. For example, transistors or diodes based on ZnO
nano-homojunctions could be used for transparent electronics, UV optoelectronics
and photonics. Group V acceptor dopants are added during vapour-phase synthesis of
Zn0O nanorods by introducing either gaseous (N or P) [85], or vaporised (As or Sb)
[127, 128] materials to the gas stream. Doping of chemically grown ZnO nanorods
has not been performed during the chemical synthesis. Instead, p-type dopants have
been added using post-growth steps such as annealing in the presence of N-containing
gases [99], or sources of As [129, 130]. In many cases p-type behaviour in such doped
ZnO nanostructures has been confirmed through electrical measurements, such as rec-
tification through a diode constructed using the doped ZnO and an n-type material
[85, 99, 129, 130].
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2.4 CdTe nanoparticles

CdTe is a semiconductor with a band gap of 1.4-1.5eV [6, 131, 132], which adopts
either the wurzite [6] or zinc blende structure [131]. It has a high absorption coefficient
in the visible region, making it a useful material for thin-film solar cells [6, 132] (see
section 2.1.2). Thin films can be produced by a number of methods including vacuum
evaporation, electrochemical deposition, MBE, MOCVD, screen printing and spray
pyrolysis, with the best films reportedly produced by closed space sublimation/vapour
transport [6, 131]. Thin-film solar cells using n-CdS/p-CdTe heterojunctions have
achieved efficiencies up to 16.7 % [4].

When all three dimensions of a material measure less than ~100 nm, it can be
referred to as a nanoparticle [133]. If the dimensions are small enough to lead to
quantum confinement, the particles are referred to as quantum dots [133]. Quantum
confinement is the confinement of the wavefunctions of the carriers in the material;
when the size of a particle approaches the order of the size of the carrier wavefunction
the wavefunction is localised, and the carriers are confined [133, 134]. The wavefunc-
tion can therefore no longer be modelled based on an infinite crystal, and the subse-
quent density of states (DOS, the number of carrier states per unit energy and volume
[134]), is altered [133, 134]. As the dimensions of the confinement are decreased, the
energy levels of the material (described by the DOS) change from continuous bands
to discrete, quantised levels, and the separation between levels increases [133]. In a
semiconductor, this means that the fundamental energy gap, [,, increases with de-
creasing particle size [133]. This is the origin of the ‘tunability’ of quantum dots
discussed in earlier sections. Depending on the number of dimensions that are con-
fined (one, two or three) the material is described as a 2D, 1D or OD material, and the
DOS is affected in different ways. The resulting DOS are represented in figure 2.25.
The size of the carrier wavefunction is described by the de Broglie wavelength (\;p),
which is a function of the effective mass of the carrier, m*, and the carrier energy, £:

h
Vo2m*E

where h is Plank’s constant. In a typical semiconductor the de Broglie wavelength
is approximately 10 nm [134], thus the dimensions of a nanoparticle must be of this
order or less to be quantum confined.

CdTe nanoparticles display quantum size effects as described above when <10 nm
in size. As the particles are made smaller the band gap increases from the bulk value.
As a consequence the absorption and PL emission shift to shorter wavelengths as the
particles get smaller. This can be seen in CdTe quantum dots capped with thioglycolic
acid (TGA) as the particles grow with increasing synthesis time (figure 2.26) [135]. At
the shortest synthesis time the particles are very small and the PL peak is at ~540 nm,
whereas after approximately 26 hours the particles have grown larger, reducing quan-
tum confinement, decreasing the band gap, and giving a PL peak at ~620 nm. It can
also be seen that the absorption and PL peaks broaden as the synthesis time increases,
which results from the greater size distribution of the particles after a longer growth

B = (2.13)
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Figure 2.25: Density of states (DOS) for electrons in the conduction band of quantum
confined materials. DOS for 3D (bulk) 2D (quantum well), 1D (quantum wire) and 0D
(quantum dot) are shown. The energy of the conduction band edge (Ec) in the bulk material
is indicated. This energy increases as the materials become more confined (and the valence
band edge (Ev) decreases in energy), leading to the increase in band gap in quantum confined
semiconductors.
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Figure 2.26: Absorption and photoluminescence (PL) spectra of TGA-capped CdTe
nanoparticles grow at times indicated. Absorption and emission shift to longer wavelengths
as the particles become larger over time due to decreasing quantum confinement and increasing
the band gap. Taken from figure 1 in Ref. 135.

time.

Nanoparticles can be produced by both top-down and bottom-up techniques, with
bottom-up, solution-based methods being the most popular [133]. Most solution meth-
ods for the synthesis of nanoparticles proceed by the generation of supersaturation,
which leads to either homo- or heterogeneous precipitation, followed by subsequent
growth of the particles [133]. For the produced nanoparticles to have a uniform size



2.4. CDTE NANOPARTICLES 39

distribution, the supersaturation and therefore nucleation is carefully controlled to oc-
cur over only a short time period [133]. This is generally performed by injecting
room-temperature reagents into a hot reaction vessel, which leads to rapid supersat-
uration coupled with a drop in the temperature. The drop in reagent concentration
caused by the rapid nucleation prevents further nucleation continuing, and therefore
most of the particles have nucleated at the same time and grow to a similar size [133].
The solution is then reheated gently, which leads to the gradual growth of the initial
nuclei to the required size [133]. The size uniformity of the particles is further en-
hanced by Otswald ripening, which is the growth of larger particles at the expense
of smaller ones [133]. Capping molecules (often organic) are added to the solution
to avoid the particles agglomerating in the solution, bonding to the surface through
either covalent or dative bonds [133] and repel other particles which are capped with
the same molecules.

A bottom-up method for synthesizing CdTe nanoparticles in organic solvents that
is commonly followed was reported by Talapin ef al. in 2001 [136]. In this method
CdTe nanoparticles were synthesised in a mixture of tri-n-octylphosphine (TOP) and
dodecylamine (DDA). The nanoparticles were produced by two slightly different meth-
ods, which both approximately follow the process of supersaturation followed by grad-
ual growth described above. The two methods vary mainly by the order that the reac-
tants (TOP, DDA, dimethyl cadmium and tellurium powder) were dissolved and mixed
together and the temperatures at which the various stages of the reaction took place.
In general the rection was performed between 100 and 200 °C and lasted for up to
20 hours. By this method nanoparticles of 2.5-6 nm were produced, emitting light in
the range 550-650 nm (green to red). At the end of the reaction toluene was added,
in which the nanoparticles were soluble, and the mixture was filtered and isolated by
precipitation using methanol.

Nanoparticles produced by the above method have been made water soluble by
exchanging the capping molecules for amino-ethanethiol-HCI (AET) or mercapto-
propanoic acid (MPA), which gave positive or negative surface charge respectively
[137]. In this report a simplified version of the synthesis of CdTe nanoparticles in
TOP/DDA was used that closely resembles the supersaturation and gradual growth
model described above: dimethylcadmium and tellurim powder were added to a TOP/DDA
mixture at 50 °C (leading to supersaturation), which was then heated to 145-180°C
and held at that temperature to allow the particles to grow [137]. This led to particles
that emitted green, yellow or orange light depending on the growth temperature. To
transfer the particles to water-soluble capping molecules they were first dissolved in
chloroform. MPA mixed with KOH or AET were dissolved in methanol and then
added to the nanoparticle solution, which led to flocculation and precipitation (as
methanol addition did in Ref. 136). Water was then added to the suspension, giv-
ing a two-phase system, and shaking caused the nanoparticles to be transferred to the
water fraction.

Water soluble nanoparticles can also be synthesised directly, as demonstrated by
Gaponik et al. in 2002 [138]. These nanoparticles were grown by a supersaturation
method in an aqueous solution [138]. However, the control of the nucleation and
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subsequent growth is slightly different to that described in general above; the Te pre-
cursor was added in gaseous form, and the nucleation occured at room temperature
[138]. The nucleation was ceased by removing the Te precursor, and formation and
growth of the final CdTe nanoparticles was induced by heating and stirring the solu-
tion [138]. This ensured a controlled period of nucleation and therefore a narrow size
distribution. Such CdTe nanoparticles were used in the solar cell fabricated for this
thesis and the full method is described in section 3.2.

2.4.1 Layer-by-layer deposition

Layer-by-layer (LbL) deposition is a method for producing films of materials by de-
positing alternating monolayers of components with opposite charges [139]. After
the deposition of each layer the surface charge of the film is reversed [140] and the
subsequent monolayer adheres by electrostatic forces [139]. This allows the build-
up of any number of layers of material that are held together by strong electrostatic
bonds, which creates stable, uniform and long-lasting films that are often resistant to
dissolution by solvents [141]. LbL films can be deposited on structured as well as
planar surfaces [139, 140]. LbL deposition was originally developed for deposition of
composite polymer films [139] by using polymers with oppositely charged functional
groups, but can be used to deposit any water-soluble, dispersible material that has
surface charges [140]. This includes charged nanoparticles (metal, semiconducting or
insulating), nanoplatelets (e.g. clays), proteins, pigments many other materials [141].

In this thesis, the deposition of semiconductor (CdTe) nanoparticles by the LbL.
process is utilised. The LbL process is used to build-up a film of semiconductor
nanoparticles of any desired thickness on a surface. A schematic of the process can be
seen in figure 2.27. The build-up of material is controlled through a balance between
adsorption and desorption of dissolved species [141]. When the substrate is immersed
in a solution, the charged species (polyelectrolyte or nanoparticle) adsorb onto the
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+M+§(§- -0'+ —_ +‘l’ v ‘L —_ ____._ _._
v ¥ o dry 2 s dry -9,58., 0., @
—] ]
substrate 1‘ I

Figure 2.27: Schematic of the layer-by-layer (LbL) deposition process for depositing
nanoparticle-polymer films. a) Substrate is immersed in solution containing a polymer elec-
trolyte with a positive surface charge, adhering to the negatively charged substrate surface. b)
Substrate is immersed in a solution containing a dispersion of nanoparticles with negative sur-
face charge, which adhere to the polymer-coated surface. ¢) The process is repeated as many
times as desired to build up a number of polymer-nanoparticle layers. Between each coating
step the substrate is rinsed in water and dried to remove any excess material that is weakly
adhered to the surface.
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surface, preferably until a monolayer is formed (figure 2.27 a) [141]. The rinse stage
then allows any material that is not strongly bonded to the surface to desorb, leaving a
monolayer of adsorbed material [141]. This careful control of the layers leads to very
uniform coatings of material [139]. When the process has been completed for both
species (polymer and nanoparticle, figure 2.27b) a composite bilayer of nanoparti-
cle and polymer has been formed [139]. The films are very controllable, as both
the thickness and the optical absorption depends linearly on the number of bilayers
[139]. Because the polymer component of the films puts a lower limit on the inter-
particle spacing, and therefore limits the inter-particle interactions, LbL films contain-
ing only nanoparticles have been attempted [139]. To form these layers nanoparticles
with opposite surface charges (achieved with different capping molecules) were used
alternately, instead of nanoparticles and a polyelectrolyte [139]. Unfortunately, the
nanoparticles did not adhere well, and no more than a single bilayer could be reliably
produced [139]. A full description of the LbL process used to produce the solar cells
described in this thesis is given in section 3.3.

2.5 Summary

Solar cells work by generating and separating excited carriers upon the absorption of
incident light. In traditional solar cells the separation is achieved across a p-n or p-i-n
junction, and the cells are therefore modelled as diodes that generate current when
illuminated. Solar cells can be characterised by a number parameters including the
short-circuit current density, J,., open-circuit voltage, V., exteral quantum efficiency
(EQE) also known as the incident photon-to-electron conversion efficiency (IPCE),
fill factor, FF, and overall light-to-electrical energy conversion efficiency, 7. J. is
determined by the incident flux density of light falling on the cell and EQE. EQE
in turn is determined by the light-harvesting efficiency (LHE) and inernal quantum
efficiency (IQE). Respectively, these are the proportion of incident photons that are
absorbed by the cell at a given energy, and the proportion of these photons that lead
to an electron contributing to the current in the external circuit. V. is the voltage
that is generated in the cell under illumination when the terminals are open, and is
determined mainly by the built-in bias in the diode. Because of resistive losses in the
cell (both series and shunt) and non-ideal diode behaviour the cell does not operate at
both J,. and V., but instead operates at the maximum power point, generating power
density P = Jm X Vi,. The proportion of the actual power density generated,
P02, to the maximum theoretical power (Js. x V,.) is the fill factor. The efficiency
of the device is given by the ratio of the power density generated by the cell to the
incident irradiance on the cell. Most commercial terrestrial solar cells in use today are
made from either silicon (single- or poly-crystalline, or amorphous), or the thin-film
materials CdTe, CulnSe, or Culn;_,Ga,Se,. Thinner layers of thin-film materials can
be used because they have higher absorption coefficients than silicon, therefore absorb
more light in a smaller quantity of material. These cells generally have efficiencies of
15-25 %.
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The effectiveness of high surface area nanostructured substrates in increasing dye-
sensitised solar cell (DSSC) efficiency was first demonstrated in 1991 by O’Regan
and Gritzel who produced cells with 7.12 % efficiency with porous TiOs, compared
to less than 1 % without. Problems with stability led to replacement of both the dye
and the electrolyte. The wide band gap p-type semiconductors Cul and CuSCN were
used to replace the electrolyte in such cells. CuSCN, produced by electrochemical
deposition or from propyl sulphide solution, became dominant due to its superior sta-
bility. Later the hole conducting polymers PEDOT:PSS, spiro-OMeTAD and MEH-
PPV were also used for this function. The dyes were replaced with inorganic narrow
band gap semiconductors, some as nanoparticles (or quantum dots, QDs). Initially,
these innovations were used separately, but later solid hole conductors and inorganic
absorbers were combined to produce extra-thin absorber (eta) solar cells. Porous TiO,
eta cells were produced using absorbers such as Se, CdS, CulnS,, InyS3, SbyS3, CusS
and PbS thin films and QDs. Later, cells were also made using ZnO nanorods as an
alternative to porous TiO, with CdTe, CdSe or In,S3 absorbers. Absorber layers were
produced using MOCVD, electrochemical deposition, SILAR, ILGAR and CBD. For
eta cells, porous TiO, and ZnO nanorods offer different advantages. Porous TiO, has
a higher surface area, which is beneficial for very thin absorber layers such as mono-
layers of dyes or QDs. ZnO nanorods provide a more direct conduction path to the
back contact, and are more easily penetrated by absorber layer precursors. Thus either
material may be more appropriate for each absorber layer and deposition method. To
date the maximum efficiency achieved by eta solar cells is 3.4 %.

Zn0 is a semiconductor with a band gap of 3.2 eV. It is generally n-type with a low
doped resistivity. ZnO can easily form 1D structures such as nanorods or wires due to
preferential growth along the c-axis of its wurzite structure. These nanostructures have
been grown by vapour-phase, electrochemical and chemical methods. Vapour-phase
methods heat precursors of Zn or ZnO at 700-900 °C in controlled atmospheres. 1D
nanostructures are formed on Au or ZnO-seeded substrates by vapour-liquid-solid or
vapour-solid mechanisms respectively. Electrochemical deposition of ZnO nanorods
has been achieved using three-electrode cells in aqueous chemical baths of ZnCl,
and KCl at 80 °C. ZnO nanorods are grown chemically by decomposing Zn precursor
salts in aqueous baths using either a ligand or elevated pH to create 1D structures.
The most common method using a ligand is the decomposition of zinc nitrate using
hexamethylenetetramine (HMT). Generally, equimolar solutions of these reactants are
heated at 75-90 °C for 0.5-12 hours. Rods grown using high pH to control the mor-
phology generally also use zinc nitrate as a precursor, and raise the pH to 10—11 using
ammonium hydroxide. The reaction is performed at 60-90 °C for 6 hours. In both
chemical methods nanorods can be grown directly from substrates by seeding them
with a layer of ZnO and placing them face-down in the solution. ZnO photolumines-
cence (PL) generally displays a sharp exciton peak around 370-390 nm and a broad
defect-related emission around 450-700 nm. The intensity ratio of these peaks de-
pends on the density of defects in the ZnO sample. The defect emission has been
related to emission from deep intrinsic defects in the ZnO. Shallow donors and accep-
tors can also lead to emission shoulders close to the main exciton emission. Efforts
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have been made to produce p-type ZnO, which is generally difficult due to compen-
sation by intrinsic donor defects. P-type doping of ZnO has been achieved using the
group V elements N, P, As and Sb. P-type doping by N and P occurs through oxy-
gen substitution, and doping by As and Sb has been explained through the creation
of an acceptor complex that combines As or Sb on a zinc site with two zinc vacan-
cies. P-type ZnO nanostructures have been formed by adding these elements to gas
stream in vapour-phase methods, or annealing in the presence of the elements where
nanostructures were grown by chemical methods.

CdTe is a semiconductor with a 1.4—1.5eV band gap and high absorption coeffi-
cient. Thin films of CdTe have been produced by a number of methods, and CdTe/CdS
thin-film solar cells have achieved efficiencies up to 16.7 %. CdTe displays quantum
confinement when the material is less than 10 nm in size. Quantum confinement refers
to the confinement of the electron wavefunction in the crystal leading to an increase in
the band gap of the semiconductor. The absorption and PL emissions therefore shift
to shorter wavelength, and can be ‘tuned’ by varying the particle size. Nanoparticles
(NPs) can be produced by either top-down or bottom-up methods, with the latter be-
ing more common. NPs are generally produced in chemical reactions (bottom-up)
by generating a supersaturation in a precursor solution, which leads to rapid homo-
or heterogeneous nucleation, followed by gradual growth. The NPs can be capped
with molecules such as long-chain organic molecules or those with charged functional
groups to prevent agglomeration. CdTe NPs have been produced by such a process
using both organic and aqueous reactions. CdTe NPs have been synthesised in organic
solvents by adding CdTe and Te precursors to tri-n-octylphosphine-dodecylamine so-
lutions and heating to between 100 and 200 °C to grow the NPs. CdTe NPs have been
produced in water by introducing Te gas to a dissolved Cd precursor, and then re-
fluxing to grow the CdTe NPs. The layer-by-layer deposition method can be used to
produce films of NPs while retaining their quantum confinement. This method uses
dispersions of NPs with a positive or negative surface charge and a soluble polymer
with the opposite charge. Substrates are dipped alternately in these solutions and the
NPs and polymer build up in layers by electrostatic attraction. This method leads to
uniform, stable films of NPs being produced with controllable thickness.



Chapter 3

Experimental

3.1 ZnO nanorod synthesis

3.1.1 ZnO seed layer

In order to grow ZnO nanorods on conductive substrates such as indium-tin oxide
(ITO) and fluorine-doped tin oxide (FTO) it has been reported that a seed layer is re-
quired. The seed layer that was chosen for this project was developed by Greene ef al.
[92] and involves the deposition of zinc acetate on the substrate surface from a solution
in ethanol and subsequent in-situ thermal decomposition to form a thin layer of ZnO
crystallites on the surface. The method was undertaken as follows. First, all substrates
were washed with soap, and ultrasonically cleaned in acetone and isopropanol for 10
minutes each. The substrates were then placed conductive side-up onto a cleanroom
wipe. The zinc acetate solution was dripped onto the substrate surface using a thin
glass pipette and allowed to wet the surface. One drip of solution was needed to cover
approximately 1cm? of the substrate. This was left for 10-15 seconds and then rinsed
off with pure solvent and dried with nitrogen. The wet-rinse-dry steps were repeated
5 times for each substrate. The substrates were then placed onto a hotplate, which was
set to achieve a substrate surface temperature of 350 °C, and left for 25 minutes before
being switched off and allowed to cool naturally. The whole process was repeated
three times.

In initial trials both deionised water and isopropanol (Fisher Scientific, 99.5+ %)
were used as a solvent for the zinc acetate (Sigma-Aldrich, >98 %), to make a S mM
solution. The zinc acetate was added to the liquid and placed in the ultrasonic bath to
aid dissolution. When the solution was deposited using the above method no ZnO
nanorods could be grown on the substrate, suggesting a seed layer had not been
formed. It is possible that the solubility of zinc acetate in these solvent meant that
it was not left on the surface but instead washed away. Alternatively ZnO may have
formed in the solution, leading to deposition of ZnO crystals; the original source of
this method identifies that the ZnO should be formed in-situ on the substrate surface,
requiring zinc acetate, not ZnO, to be deposited from the solution [92]. Thus, for sub-
sequent trials absolute ethanol (Fisher Scientific, 99+ %, anhydrous) was used as the
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solvent and for rinsing for all seed layer syntheses. Zinc acetate was dissolved in the
ethanol by placing it in the ultrasonic bath for 10 minutes, shaking, and leaving for at
least 4 hours before use to ensure that it was fully dissolved.

In early trials ITO was used as a substrate material. Repeated attempts to deposit a
seed layer onto I'TO using both 5 and 10 mM solution of zinc acetate in ethanol by the
above method were not successful; some structures were observed on the substrate sur-
face, but ZnO nanorods could not be reliably grown on the surface (see section 4.1.2).
In the original paper on this synthesis method FTO, not ITO, was used as a substrate
material [92]. Therefore FTO-coated glass (Pilkington USA TEC-15, 12—-14 Q)/(]) was
trialled as a substrate material. When using FTO substrates ZnO seed layers could
clearly be seen on the surface (see section 4.1.3). ZnO nanorods could be successfully
grown from these seed layers, indicating FTO was a more suitable substrate than ITO
for deposition of a ZnO seed layer by this method. FTO glass was therefore used for
all further work requiring conductive glass substrates. The final method that was used
to deposit ZnO seed layers used cleaned FTO substrates and a S mM solution of zinc
acetate in absolute ethanol. The zinc acetate was deposited and heated as described
above. To ensure good wetting of the substrate an additional rinse and dry step with
ethanol was added before the 5 wet-rinse-dry steps (before starting, and after each
anneal step). Rinsing the surface with a large quantity of ethanol and drying before
depositing the small amount of zinc acetate solution ensured that it wetted the surface
evenly.

3.1.2 FTO etching

For the solar cells, substrates had some of the FTO removed by chemical etching
before depositing the seed layer to avoid short-circuits. The area that was not to be
etched was masked with Kapton tape. The etch solution was prepared by dissolving
Cr pellets in HCI (32 %, Fisher). 1 g Cr was added for every 150 ml HCI. The solution
was stirred slowly while heating to 90 °C. The Cr dissolved much more quickly as
the solution heated up. When the Cr was fully dissolved (solution takes on a dark
green colour) and the solution was at 90 °C, the substrates were added face-up. The
substrates were left in the solution for 4 minutes, which was kept at ~90°C. A Zn
pellet was added at the start and half way through the etching to ensure the Cr ions
remained active in the solution. The solution was then emptied into a bottle through a
funnel, catching the substrates, which were then rinsed thoroughly in distilled water.
The Kapton tape was then removed and the substrates rinsed again. A small amount
of under-cutting had occured under the tape, but this was minimal (<1 mm).

3.1.3 Aqueous chemical nanorod growth

Initially, synthesis of ZnO nanorods was performed on Ag-coated ITO substrates.
These substrates were used because previous work in our laboratory had indicated
that ZnO nanorods would nucleate on Ag-coated substrates from chemical solution.
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Ag was coated onto ITO-coated glass substrates under vacuum by thermal evapora-
tion of Ag wire. A mask with round holes, diameter ~1 mm was often used so that
nucleation on both Ag and bare ITO sections could be studied on the same substrate.
ITO-coated glass was used to ensure conductivity across the whole substrate to im-
prove SEM analysis, and because Ag adhered better to ITO than bare glass. Later,
ZnO0 seeded substrates as described above were used. ZnO seed layers were also de-
posited onto Ag-coated ITO glass for use in some reactions.

Zn0O nanorods were grown using the zinc nitrate hexahydrate (Aldrich, 98 %)
— hexamethylenetetramine (HMT, Sigma-Aldrich, 99.5 %) method described in sec-
tion 2.3.1. Reactant concentrations used were between 0.01 and 0.1 M, with the zinc
nitrate and HMT concentrations always equal to each other in the solution. Reactants
were added to the solution by first dissolving at higher concentration (0.25 or 0.1 M) in
water to make batch solutions, and then adding these to the required quantity of water
using a plastic syringe to mix and dilute. In some experiments this extra water and/or
the batch solutions were pre-heated to 90 °C before being mixed so that the reaction
started instantly on mixing, and in some cases the reactants were mixed cold and then
heated to 90 °C. However, it is stated in Ref. 95 that HMT decomposes on heating, so
in later experiments this batch solution was not pre-heated.

The substrates used in the reaction were placed face-down in the reaction solution.
The substrates were held by being placed on a rectangular stand of a design shown
in figure 3.1. By being placed face-down, ZnO nanorods could nucleate heteroge-
neously on the seeded or Ag-coated surface of the substrate, but the homogeneously
nucleated precipitate that formed in the solution would not cover the surface as it
settled to the bottom. Initially thin copper sheeting was used to make the stand (fig-
ure 3.1a), as this did not seem to disrupt the nanorod growth. Later, PTFE stands
of a similar design were made by cutting the required shape from a block of PTFE
(figure 3.1b). This limited the quantity of impurities in the reaction, as some of the
Cu could potentially become soluble in the reaction and be incorporated in the ZnO,
even if below detectible limits. No obvious morphological differences could be ob-
served in the ZnO nanorods when changing the stand material. Once held on the stand

Figure 3.1: Stands used to hold substrates during aqueous chemical synthesis of ZnO
nanorods. a) Copper stand. b) PTFE stand.
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Figure 3.2: Schematic of the apparatus for aqueous chemical synthesis of ZnO nanorods.
a) Growth of nanorods in open vessel using water bath. Closed vessel was also used in water
bath. b) Growth in closed vessel in oven.

the substrates were placed into the reaction solution. This was performed at different
stages of the reaction. In some cases the substrates were added as soon as the reactants
were mixed, while they were still cold. When the reactants were added to pre-heated
water, the substrates were added just before the reactants. Some reactions were per-
formed in an open-topped reaction vessel, some with a covered vessel (figure 3.2).
When performed in an open reaction vessel the solution level would decrease as the
solution evaporated, so in some cases a small quantity of pre-heated water was added
to the solution to ensure the level stayed above the substrates. Initially, the solution
was heated by placing the vessel in a water bath on a hotplate (figure 3.2 a), but later,
when the reactions were consistently performed in a closed vessel, the solution was
heated using an oven (figure 3.2b).

Each single reaction was performed for 2-2.5 hours, as after this time all of the
reactants were depleted and the reaction had ceased. This could be observed because
the homogeneous precipitate was no longer forming, and all that had formed had set-
tled to the bottom of the vessel. After this time the substrates were taken out of the
solution, the backs of the substrates were wiped and then placed face-up on a clean-
room wipe. The surface was gently rinsed with distilled water to remove any loose
precipitates, and the substrates were left to dry naturally or dried with a nitrogen flow.
The reaction solution was left to cool and then the supernatant was removed and re-
placed with fresh distilled water, the precipitate shaken up and left to re-settle. This
was performed three times to clean the precipitate. The majority of the water was then
removed and the precipitate was removed and stored with a small quantity of water for
later analysis. In some cases the substrates were taken out of the solution and placed
directly into a fresh, cold solution before being returned to the oven for subsequent
nanorod synthesis.

In some reactions, poly(ethylenimine) (PEI) was added with 0.025 M zinc nitrate
and HMT as described in section 2.2.5. PEI was added by first diluting the supplied
solution (Sigma Aldrich, 50 wt.% in water, M, 1300) to reduce the viscosity and make
it more manageable. This diluted solution was added to the reaction mixture after the
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zinc nitrate and HMT to make a final concentration of 5-7 mM.

The final method that was used for growing ZnO nanorods involved diluting and
mixing zinc nitrate and HMT while cold to 0.025M and adding the substrates on a
PTEFE stand to the solution, also while cold. PEI was not used. These were sealed in
a close-lidded vessel and placed into an oven that had been pre-heated to 90 °C. The
solution was left for 2.5 hours before being removed from the oven and the substrates
removed and cleaned as described above. Multiple syntheses were performed using
the same substrates if required. For solar cells, syntheses were repeated 20 times for
earlier cells (total 50 hours), and 6 times for later cells (total 15 hours). Before CdTe
coating, nanorods used in the solar cells were annealed at 400 °C for 1 hour in air to
increase conductivity, as performed by Law et al. [62].

3.1.4 Sb-doped nanorods

Zn0O nanorods were doped with Sb by adding Sb precursors to the solution of zinc
nitrate and HMT and using the method described in the previous section to grow the
nanorods with Ag-coated ITO substrates. Doped nanorods were grown in 0.01, 0.025
and 0.1 M solutions of zinc nitrate and HMT. Sb acetate was added to the reaction to
achieve the Sb doping. The concentration of Sb acetate in the reaction was such that
the concentration of Sb ions was either 5, 1 or 0.1 % that of the Zn ions. Sb acetate
was either dissolved in water and added directly to the reaction bath immediately
after the other reactants, or dissolved in ethylene glycol (EG) first, and then added
to the aqueous solution. Sb acetate in EG solutions were made up to either 0.1 or
0.05 M, and then the required quantity of this solution was added to give the correct
Sb concentration in the final solution. Sb acetate remained stable in EG solutions
for many weeks. For comparison, ZnO nanorod syntheses were performed with the
equivalent volume of EG added, but no Sb acetate.

3.2 Synthesis of CdTe nanoparticles

CdTe nanoparticles were obtained from project partners and the synthesis is explained
in Refs. 135 and 138. The method used was as follows. CdTe precursors were first
made by dissolving 0.985g (2.35 mM) of Cd(ClO4)2-6H50 in 125 mL of water, stir-
ring in 5.7 mM of thioglycolic acid (TGA) and adjusting the pH to 11.2-11.8 by drop-
wise NaOH addition. This solution was placed into a three necked flask fitted with
a septum and valves and deaerated for 30 minutes by bubbling nitrogen through the
solution. HsTe gas, generated by reacting AlsTes with H,SO,4, was then bubbled
through the solution under nitrogen for ~20 minutes while stirring (figure 3.3 a). At
this stage the solution changed to an orange colour, indicating the formation of CdTe
precursors. This solution was then refluxed at 100 °C with a condenser in air to form
the thiol-capped CdTe nanoparticles (figure 3.3b). After 5-10 minutes of refluxing
CdTe nanoparticles of <2nm in size had formed, with an absorption maximum of
~420nm. The reaction could be continued to allow the nanoparticles to grow, which
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Figure 3.3: Schematic of the procedure for synthesising thiol-capped CdTe nanoparti-
cles. a) Formation of CdTe precursors by reaction between dissolved cadmium chloride and
HyTe gas. Thiol capping molecule, R-SH, is also dissolved in the solution. Thioglycolic
acid (HSCH>COOH) is used as the capping molecule in this project. b) CdTe nanoparticles
are formed by refluxing the precursor solution in the presence of air. Taken from figure 1 in
Ref. 138.

led to a gradual red-shift in the absorption maximum (see figure 2.26). CdTe nanopar-
ticles used in this project had an absorption maximum of ~600 nm (see section 2.4),
which required a growth time of ~25 hours and corresponds to ~3.2 nm in size.

3.3 Layer-by-layer deposition of CdTe nanoparticles

The layer-by-layer (LbL) process was used to deposit films of CdTe nanoparticles used
in this project. A robot was used to move between the different stages and dip into
the solutions used in the LbL process. The substrates were attached to a holder that
holds them perpendicular to the substrate surface. The main stages of the process in-
volve dipping the substrates into a solution of 20 mM poly-(diallyldimethylammonium
chloride) (PDDA, Sigma Aldrich, medium molecular weight, M,, 200,000-350,000)
and 0.2 M NaCl (Sigma Aldrich, 99.5 %), followed by dipping into a suspension of
TGA-capped CdTe nanoparticles. This suspension was a 7:1 mix of distilled water
and the original CdTe nanoparticle suspension that was supplied by our partners, giv-
ing a nanoparticle concentration of ~0.7uM. Before each dip step (PDDA and CdTe)
the substrates were washed by dipping into a bath of flowing distilled water, followed
by drying in an air flow. The substrates were dipped and withdrawn into all solutions
at 0.15 mm/sec, taking approximately 3.5 minutes to withdraw. After one complete
cycle as shown in figure 3.4 a complete bilayer was formed on the surface. This was
repeated from 10-50 times to form the required number of bilayers. This automated
process was developed by Dr D. E. Gallardo for the deposition of LbL films of CdTe
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Figure 3.4: Flow diagram showing the layer-by-layer (LbL) process for depositing films of
CdTe nanoparticles embedded in PDDA. Cycle is repeated until required number of bilayers
is deposited, when cycle ceases after the final dry stage.

nanoparticles for LED devices [5, 142].

3.3.1 Annealing of layer-by-layer films

Some LbL films of CdTe nanoparticles in PDDA were annealed for 1 hour at 150-
450°C, either in air or in vacuum. In air, the substrates were placed face-up on a
hotplate, which was then set to achieve the surface temperature required. The samples
were heated to the required temperature, held for 1 hour, and then the hotplate was
turned off and the samples were allowed to cool. The films were annealed in vacuum
by attaching vertically to a metal sheet (~2 mm thick) and placing in a vacuum cham-
ber, which was pumped to 10~7 mbar. A heat lamp was used to heat the back of the
sheet, where a thermocouple was attached to measure the temperature of the sheet.
Again, the samples were heated to the required temperature, held for 1 hour, and then
turned off and allowed to cool. Once cool the samples were removed from the vacuum
chamber.

3.4 Copper thiocyanate deposition

Copper thiocyanate (CuSCN) was used as a transparent p-type material in the solar
cells produced in this project. CuSCN was deposited from a propyl sulphide solution
as described in section 2.2.2. Initially, ethyl sulphide (Aldrich, 98 %) was used as
the solvent, but later propyl sulphide (Aldrich, 97 %) was used, as it has been found
that ethyl sulphide forms complexes with CuSCN that cannot be fully removed on
heating, whereas propyl sulphide can be fully removed on heating [30]. Solutions of
0.01-0.4 M were made by placing CuSCN powder (Aldrich, 99 %) in the solvent and
stirring overnight. When using propyl sulphide the solution concentration was always
below 0.32 M, as this is the solubility limit of CuSCN in propyl sulphide [30]. After
stirring, the solution was allowed to settle as there was sometimes some undissolved
material in the solution, even when working below the solubility limit. With this
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Figure 3.5: Schematic of the methods for depositing CuSCN films. a) CuSCN solution in
propyl sulphide is dispensed from end of pipette, which is rastered holding slightly above the
surface, leaving a small quantity of solution behind, which is left to dry. b) Alternative method,
where solution is dispensed from pipette and then run down edge. The solution is then touched
to the surface to form a meniscus, which is dragged back and forth across the surface until the
solvent has all evaporated.

precipitate settled at the bottom, clean solution was taken from the top portion for use.

Substrates used included glass, ITO and FTO-coated glass, ZnO nanorods on FTO,
and CdTe-coated ZnO nanorods on FTO. Coating any more than a single layer onto
planar (glass, ITO, FTO) substrates was unsuccessful as the film peeled off, presum-
ably because the surface was too smooth. The solution was coated onto the substrates
by either spreading on as in the literature or by spin-coating. When spread on the sub-
strates were placed onto a hotplate st to 70-90 °C, and solution was spread thinly over
the surface by passing a narrow glass pipette over the surface while releasing small
quantities of solution (see figure 3.5 a). When the surface was covered the solvent was
allowed to visibly dry and the next layer was then applied. It was found to be impera-
tive that as small a quantity of solvent as possible was applied to the surface to avoid
inhomogeneities and cracking (discussed in section 7.3). To allow smaller quantities
to be dispensed the spreading method was adapted towards the end of the project; a
small drop of solution was dispensed from the pipette, which was then turned flat so
that the drop ran along the side of the pipette. The pipette was then lowered until the
drop touched the surface of the substrate, forming a meniscus between the pipette and
the surface. The pipette was then passed backward and forward across the surface,
maintaining the meniscus, until all of the solvent had dried (figure 3.5b). This way,
only the tiny quantity of solution that dried behind the pipette was coated at one time.
The method was also adapted during the project to ensure the solvent fully evaporated:
every ten layers the hotplate temperature was increased to 150 °C, which is above the
boiling point of propyl sulphide (142°C), held for 5 minutes, and then returned to the
previous temperature. This ensured that any remaining solvent would evaporate. Spin-
coating was also trialled as an alternative for depositing CuSCN layers. The solution
was dripped onto the substrate, which was then spun at 1000-2000 rpm for 10-30
seconds. These trials were performed when using ethyl sulphide as a solvent.

In the final method for depositing CuSCN (Aldrich, 99 %), propyl sulphide was
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used as the solvent (Aldrich, 97 %) to make a 0.1 M solution. This solution was spread
repeatedly over the nanorod-coated FTO substrates, which were heated at 80 °C. The
solvent was allowed to evaporate between each coating [14, 30]. The coating was re-
peated 50 times, increasing the temperature to 150 °C for 5 minutes every 10 coatings
to allow excess solvent to evaporate.

3.5 PEDOT:PSS deposition

Poly(styrenesulfonate)-doped poly(3,4- ethylenedioxythiophene) (PEDOT:PSS) was
trialled as an alternative hole conductor for use in the solar cells. Aqueous PE-
DOT:PSS solution was used either as-supplied (Aldrich, 1.3 wt.%, conductive grade),
or diluted to 25 % of the supplied concentration in absolute ethanol. The solution was
applied to the substrate by dripping on 10 drops while spinning at 2000 rpm. The
substrate was spun for a further 20s. After spinning, the substrate was placed onto
a hotplate at 120 °C for two minutes for the films to dry [143]. This process was re-
peated up to 6 times. In some cases, the first two layers were deposited using a diluted
solution, and the last 2—4 with a concentrated solution.

3.6 Device completion

After deposition of the hole collecting layer onto uncoated or CdTe-coated ZnO nanorods,
gold contacts were added for electrical testing using an Edwards E480 evaporator.
Substrates were covered using a mask to separate 6 individual contacts with 4 x4 mm
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Figure 3.6: Schematic of the layout of contacts on the substrate with corresponding pho-
tograph. Active area, where ZnO-CdTe-CuSCN structures are grown and coated. Edges have
FTO removed by etching to avoid short-circuits when contacts are made. Each of the four
devices is tested in turn by connecting to the Keithley SMU with positive and negative poles
as indicated.
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active area on the surface (figure 3.6). The masked substrates were placed into the
evaporator, pumped to ~3x 10~% mbar, and coated with 40-60 nm of gold by thermal
evaporation.

3.7 Analysis

3.7.1 Scanning-electron microscopy

The morphology of the nanorods was studied using a Philips XL30 SFEG scanning
electron microscope (SEM) and elemental analysis was performed using an attached
energy-dispersive x-ray spectrometer (EDX, Oxford Instruments). Samples were
mounted at either 90 or 45° to the electron beam. Most samples were conductive
enough that charging was not an issue, however in some cases (e.g. cross-sectional
analysis of CdTe LbL films) silver-DAG was added around the analysis area to allow
excess charge to be conducted away.

3.7.2 X-ray diffraction

X-ray diffraction measurements were performed using a Siemens D5005 diffractome-
ter. Scans were performed from 5-90° using Cu K,, radiation. Crystal peaks were
identified using the International Centre for Diffraction Data (ICDD) database.

3.7.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed using a VG
Instruments Escalab with a magnesium source and 20 eV pass energy. ITO-coated
glass pieces were used as substrates to avoid excessive charging. A small piece of
carbon tape was placed on the samples and the resulting spectra were aligned by taking
the C 1s peak as a charge reference (284.6eV). XPS measurements were performed
and calibrated by Dr D. E. Gallardo.

3.7.4 Optical absorption

UV-Vis absorption spectra were measured using either a Perkin-Elmer Lambda 7 spec-
trophotometer or a Lambda 950 spectrophotometer with attached integrating sphere.
The integrating sphere was used to capture the maximum quantity of light that passed
through the substrates including scattered light, which was not captured when using
the Lambda 7. Materials in solution were diluted and placed into a quartz cuvette for
analysis. Analysis of CdTe LbL films were performed on glass substrates where pos-
sible, as these gave the clearest absorption measurements compared to ITO or FTO
substrates. ZnO nanorods were analysed as-grown on FTO substrates or dispersed in
water in a quartz cuvette. Dispersion was performed by taking the collected homoge-
neous precipitate and dripping 1-5 drops into 10 ml water in the cuvette. Most disper-
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sions remained mixed for long enough to take the measurements before the nanorods
settled to the bottom.

3.7.5 Photoluminescence

Photoluminescence measurements were taken by mounting the solid samples at a fixed
angle to the beam of a frequency quadrupled Nd: YAG laser with an output wavelength
of 266 nm. The laser was set to a repetition rate of 10 Hz and an output power of
~94 mJ/pulse-cm?. The spectra were collected using a collimator connected via a
fibre-optic cable to an Ocean Optics SD2000 spectrometer. Theoretical fits were made
to the measured spectra by plotting the sum of multiple gaussians, and then minimising
the difference between the model and the data using the solver package in Microsoft
Excel. The peak center, amplitude, and full width at half maximum were used as
parameters in the fit. Additional gaussians were added or subtracted until the fit was
optimised.

3.7.6 Electrical and photovoltaic characterisation

All current-voltage measurements were performed using a Kiethley 2400 SMU con-
trolled using Labview 8.0 software. Contacts to solar cells were made using gold
sprung probes built into a device holder. Cells were illuminated with a non-collimated
Xe lamp, which was calibrated using a Newport reference cell to give 1 sun (100 mWcm~2)
output. Reference measurements of some cells were made using a Newport Oriel solar
simulator with an AM 1.5 filter, also at 1 sun illumination. Each cell on each substrate
(nominally four on each — see figure 3.6) was tested in turn by applying a voltage
sweep both in the dark and under illumination. Multiple cells were used on the same
substrate in case one cell had short-circuited or behaved anomalously. As long as
three of the devices gave similar J-V characteristics it was assumed to be the standard
performance for that type of device. Current values for the set of devices were not av-
eraged, as this may have distorted the shape of the curve. Instead, the characteristics
of a reprasentative device was chosen to be included for comparison in chapter 7.



Chapter 4

Zn0O nanorod synthesis

The first stage of solar cells production was to produce nanorods of suitable morphol-
ogy, density of growth and on suitable substrates for use in these solar cells. This
chapter describes the development of the growth of these nanorods, and describes the
outcomes of the variations in the growth method that were described in section 3.1.3.
This includes initial trials of growing nanorods on Ag-coated substrates, the deposi-
tion of thin ZnO seed layers on transparent substrates, and subsequent growth of ZnO
nanorods on these substrates. The development of the morphology, size and nucleation
density of the nanorods is described, as well as the optical properties of the nanorods
that were produced.

4.1 Nanorod morphology and nucleation

4.1.1 Nanorod growth on Ag

As described in section 3.1.3, nanorods were grown on Ag-coated ITO substrates us-
ing a variety of conditions. Initially, growth of nanorods was performed in an open
dish, pre-heating the water and reactant batch solutions before mixing. Although in
some cases this method produced rods with relatively good alignment and density
(figure 4.1), it was found that the result was very unpredictable. In some cases the
rods nucleated with poor density and/or alignment (figure 4.2 a), or grew with non-
standard morphology (figure 4.2b). Even if the HMT was not pre-heated (avoiding
early decomposition: see section 3.1.3), or both reactants were not, the results still
varied largely between syntheses. Adding the reactants to a pre-heated solution and
performing the reaction in an open bath both made the conditions of the reaction hard
to control. When the reactants were added hot the reaction initiated very quickly,
so nucleation and growth on the substrate were sensitive to the exact temperature at
which this was performed and the way the reactants were added. Also, with no lid
on the reaction vessel the evaporation of the solution had to be monitored and varied
depending on the air flow and ambient temperature of the room. Although every effort
was made to keep these conditions controlled, it was difficult to keep them exactly the
same every time.

55
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Figure 4.1: SEM images of ZnO nanorods grown on Ag substrates in aqueous 0.01 M
solution of zinc nitrate and HMT. a) Wide view. b) Close-up image. Nanorods grown in an
open bath for 2 hours. Reactants were added after heating water to 90 °C. Images taken at 45°.

Figure 4.2: SEM images of poor ZnO nanorods grown on Ag substrates in aqueous 0.01 M
solution of zinc nitrate and HMT. a) Poor alignment and nucleation of rods. b) Non-standard
morphology. Nanorods grown in an open bath for 2 hours. Reactants were added after heating
water to 90 °C. Images taken at 45°.

Heating the reactants from cold with the substrates present from the start and seal-
ing the reaction vessel allowed conditions to be kept more constant; the reaction began
gradually as the solution was heated and evaporating liquid could not escape from the
reaction vessel. This method produced much more consistent results (figure 4.3). The
nanorods produced in this way were consistently well-aligned and grew with good
density on the substrate. It was also found that using a final solution concentration of
0.025 M of reactants also led to more dense nucleation. These rods were ~2 yum long
and 200 nm wide. The main benefit of this method was that it was more consistent:
rods could be reliably grown on Ag substrates giving similar density, size and shape
of rods.

Rods were also grown by this method using 0.1 M solutions. The solutions were
heated for 6 hours to ensure the reactants were fully depleted. These rods, as expected
from the literature [79], were much larger: approximately 1 ym in diameter, and 2—
4 pum long (figure 4.4 a). They also nucleated very densely on the substrate so that in
some area they almost fused to form a continuous film (figure 4.4 b).
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Figure 4.3: SEM images of ZnO nanorods grown on Ag substrates in aqueous 0.025 M
solution of zinc nitrate and HMT. a) Wide view. b) Close-up image. Nanorods grown in a
sealed vessel for 2.5 hours. Reactants were added before heating the solution. Images taken at
45°.

Figure 4.4: SEM images of ZnO nanorods grown on Ag substrates in aqueous 0.1 M
solution of zinc nitrate and HMT. a) Close-up image. b) Wide view showing high density
of nucleation. Nanorods grown in a sealed vessel for 6 hours. Reactants were added before
heating the solution. Images taken at 90°.

4.1.2 Seed layer

Early attempts to deposit seed layers from solutions of zinc acetate in water, iso-
propanol, or in ethanol onto ITO-coated glass substrates by the method described in
section 3.1.1 were not successful. It was difficult to ascertain whether seed layers had
been formed from direct measurements as they should only be tens of nm thick. How-
ever, no nanorods grew from seed layers deposited onto ITO substrates, suggesting
the seed layers had not formed, or had not adhered sufficiently

Attempts to deposit seed layers onto FTO-coated glass substrates were more suc-
cessful. Because of the textured nature of the FTO substrates, the ZnO seeds could
be directly imaged on the surface (figure 4.5). This allowed the successful growth of
ZnO nanorods onto these seeded FTO substrates, which is discussed below.
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Figure 4.5: SEM images of FTO substrates without (a) and with (b) ZnO seed layer. Seed
layer deposited from zinc acetate in ethanol solution by method described in section 3.1.1.
Images taken at 45°.

4.1.3 Nanorod growth on seed layer

As with the growth on Ag-coated substrates, growth of ZnO nanorods onto seeded
FTO substrates in open baths with reactants added to a hot solution was sometimes
successful (figure 4.6 a). However, in this case it was more clear that adding the re-
actants at the start of the reaction produced more well-defined nanorods than when
added hot, even in an open bath (figure 4.6b). Again, this likely occurred because
of the controlled initiation of the reaction as the temperature increased. However, as
with growth on Ag-coated substrates, performing the reaction in a closed vessel al-
lowed further control of the reaction conditions and meant that no solution was lost
through evaporation. Thus the chosen method for growth of ZnO nanorods on seeded
FTO substrates was to mix the reactants when cold, add the substrates from the start,
and heat inside a closed vessel. This consistently led to very dense, reasonably well-
aligned ZnO nanorods ~500 nm long and ~40 nm wide (figure 4.7 a). The rods were
not as well aligned as those grown on Ag, which was attributed to the high roughness
of the FTO surface (figure 4.5 a), which correlates with the variation in growth angle of
the nanorods. This method was also be used to grow larger (1 xm x 100 nm) nanorods
by introducing the substrates to multiple reaction baths, as seen in figure 4.7 b.

4.1.4 Growth with PEI

Growth of nanorods was trialled with PEI to try to increase the aspect ratio of the rods,
as discussed in section 3.1.3. Images of such rods grown at 90 °C in three 2.5 hour
syntheses with fresh solutions of 0.025 M zinc nitrate and HMT and ~6 mM PEI are
shown in figure 4.8 a. Rods grown without PEI, but with other conditions the same are
shown in figure 4.8 b. There is little difference in the morphology of the rods and the
aspect ratios of both sets of rods were around 10. The aspect ratio of the rods did not
increase when grown in a greater number of syntheses, up to 20 times. This indicated
that for an unknown reason the use of PEI in the synthesis did not give the increased
aspect ratio reported in Ref. 62. Therefore PEI was not used for further syntheses.
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Figure 4.6: SEM images of ZnO nanorods grown on seeded FTO substrates in aqueous
0.025 M solution of zinc nitrate and HMT. a) Reactants added hot. b) Reactants added at
start, and then heated. Both reactions performed in open bath for 2 hours. Images taken at 45°.

Figure 4.7: SEM images of ZnO nanorods grown on seeded FTO substrates in aqueous
0.025 M solution of zinc nitrate and HMT. a) Single synthesis of 2.5 hours. b) Substrates
placed in three consecutive syntheses of 2.5 hours with fresh solutions each time. Both reac-
tions performed in a sealed vessel. Images taken at 45°.

Figure 4.8: SEM images of ZnO nanorods grown on seeded FTO substrates in aqueous
0.025M solution of zinc nitrate and HMT. a) Rods grown with ~6 mM PEI added to re-
action. b) Nanorods grown in same conditions, but without PEI. In both reactions substrates
were placed in three consecutive syntheses of 2.5 hours in a sealed vessel with fresh solutions
each time. Images taken at 45°.
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4.2 Optical properties

4.2.1 Absorption

Optical absorption spectra of ZnO nanorods dispersed in water measured in the Lambda
7 spectrophotometer can be seen in figure 4.9. These nanorods were synthesised in
open baths containing 0.01 M solutions of zinc nitrate and HMT. The nanorods that
nucleated homogeneously in the solution were collected, washed as described in sec-
tion 3.1.3, and dispersed in water for measurement. The nanorods display a sharp
absorption peak around 370-380 nm (3.36-3.27 eV), which corresponds to the band
gap absorption of ZnO (section 2.3). The sample marked by a dashed line displays a
more gradual increase in absorption from higher wavelengths to the absorption peak,
which is a result of scattering from the nanorods. The Tauc plot [144] of the spectrum
with the solid line is shown in the inset. The intercept of the tangent taken near the
absorption peak gives the optical gap of 2.8-3.1 eV, depending on where the tangent is
taken. This is slightly below the band gap of ZnO, which is normally expected due to
band tailing [145]. The optical gap may also appear slightly smaller due to the scatter-
ing mentioned above, which will reduce the gradient of the line near to the absorption
peak and also makes it difficult to fit a tangent to the line.

Absorption spectra of short ZnO nanorods that have grown on the seeded FTO
substrate have a less well-defined peak (figure 4.10a). This is most likely due to the
absorption of the FTO substrate, which increases rapidly below ~350nm, and has
some absorption below 400 nm. However, for these nanorods, which have been grown
in only one synthesis and are therefore only 200-500 nm long, an absorption edge can
still be seen at ~370nm. Also, the Tauc plot (figure 4.10b) gives an optical gap of

__ 006
= or 5
}B ! < 8 0.04
Q /I \\ (\LLIT
T 0.8 f . 4 0.02
g ,’/ N é L

s \ 00 ,’ L
8 06F ..’ N 90 25 30 35 40
~ Mk, ~
3 S Energy (eV)
&
o 04r S
= .
= [ S
2 02

L N
<
S

oo YR S SR SR T SR SN TR S [ N SR SR S [N SN SR ST S T S SO T S N
300 350 400 450 500 550 600
Wavelength (nm)

Figure 4.9: Absorption spectra of ZnO nanorods dispersed in water. Inset shows Tauc
plot for one spectrum. A sharp absorption peak around 370-380 nm (3.36-3.27eV) can be
seen for both samples. Range of possible tangents indicated by two lines on the Tauc plot.
Spectra recorded in a Perkin-Elmer Lambda 7 spectraphotometer.
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Figure 4.10: Absorption spectrum (a), Tauc plot (b) and SEM image (c) of short ZnO
nanorods grown on seeded FTO substrates. Absorption of longer rods also shown in (a).
Nanorods grown for 2.5 hours at 90 °C, three times in the case of long rods. Spectra recorded
in a Perkin-Elmer Lambda 7 spectraphotometer.

3.2440.02 eV — much closer to the expected band gap, suggesting scattering is less
significant from these small rods. For longer rods, as seen in figures 4.7 b and 4.8, an
absorption edge cannot be seen (figure 4.10 a). Instead the absorption increases grad-
ually below ~600 nm, and rapidly below ~400 nm. This is both because of increased
scattering and because there is much more ZnO in the path of the spectrometer leading
to a much higher optical density.

4.2.2 Photoluminescence

The results of PL. measurements of ZnO nanorods are presented in figure 4.11. The
spectra are normalised to the exciton maximum. The spectrum for ZnO nanorods
grown on Ag (figure 4.11 a) contains the common features of ZnO PL, as discussed in
section 2.3.2. There is a sharp excitonic peak at ~385 nm and a broad defect-related
emission between ~450 nm and ~700 nm. The defect-related emission is quite small
compared to the excitonic peak, demonstrating a low level of defects, and that the rods
are of good crystalline quality (see section 2.3.2). There is also a large spurious peak
at 532 nm, which is a harmonic of the 266 nm excitation. For ZnO nanorods grown on
FTO (figure 4.11 b) the deep defect emission at 450—700 nm is even smaller compared
to the exciton emission, which implies a better crystallinity than when grown on Ag.
This may result from the fact that the nanorods grown on FTO nucleate on ZnO seeds,
so will have a good lattice match to the substrate. In the nanorods grown on FTO
shoulders to the exciton emission at ~400 and ~420nm can clearly be seen. The
shoulder at ~420 nm can be seen slightly for the nanorods grown on Ag, but is much
smaller. These shoulders are discussed in section 2.3.2 as being linked to surface zinc
vacancies. This correlates with the fact that the shoulders are more pronounced in the
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Figure 4.11: Photoluminescence (PL) spectra of ZnO nanorods grown on Ag (a) and
seeded FTO (b) substrates. Insets show corresponding rods, scale bars 200nm. ZnO
exciton peak (385nm), laser harmonic (532 nm) and ZnO peak shoulders around 400 and
420 nm are indicated.

nanorods grown on FTO as these rods are smaller so have a higher surface-to-volume
ratio, which enhances the luminescence from surface states.

4.3 Summary

Early attempts to grow ZnO nanorods were made on Ag-coated glass substrates using
0.01 M equimolar solutions of zinc nitrate and HMT. When the reactants were added
to the reaction bath after it had been heated and the reaction was performed in an open
bath the subsequent nanorod growth was unpredictable. Conversely, if the reactants
were mixed cold and then gradually heated up and the reaction was performed in
a closed vessel the nanorods grew more reliably. It was also found that increasing
the reactant concentration to 0.025 M increased the density of nucleation, as well as
slightly increasing the size of the rods. Rods grown in this way were ~2 um long and
~200 nm wide.

Zn0 seed layers were deposited onto FTO-coated glass substrates using solutions
of zinc acetate in ethanol. Other solvent such as water and isopropanol could not be
used to deposit this seed layer, nor could ITO-coated glass substrates. ZnO nanorods
were grown on these substrates using 0.025 M equimolar solutions of zinc nitrate and
HMT, heated from cold in a closed vessel. After 2.5 hours at 90 °C the rods were
~500 nm long and ~40 nm wide. Substrates were also placed in three consecutive 2.5-
hour reactions with fresh solutions, which produced rods ~1 ym long and ~100 nm
wide. Absorption spectra of the shorter nanorods showed an absorption peak around
370 nm, and a Tauc plot gave an optical gap of 3.24+0.02eV. The longer rods did
not show a distinct absorption peak, instead the absorption increased gradually below
~600nm, and rapidly below ~400nm. 6 mM PEI was used as an additive to the
reaction on seeded FTO substrates in an attempt to increase the aspect ratio of the
rods. This was not successful, as the aspect ratio was ~10 after 2.5 hours whether or
not PEI was used.
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Photoluminescence analysis of ZnO nanorods grown on both Ag and FTO-coated
substrates showed an the expected exciton emission at ~385nm. There was also a
defect-related emission at 450—700 nm, which was higher in the rods grown on the
Ag-coated substrate. Rods grown on the FTO-coated glass substrate had enhanced
shoulders at ~400 and ~420 nm to the 385 nm emission, which have been linked to
surface zinc vacancies in ZnO and reflect the higher surface-to-volume ratio of the
smaller rods grown on FTO.

This chapter has shown that the process to grown ZnO nanorods on transparent
conductive substrates using zinc nitrate and HMT solutions was successful. This pro-
cess was reproducible and could be repeated multiple times on the same substrates to
produce longer rods. These rods were therefore suitable for use in the proposed solar
cells.



Chapter 5
Sb-doped ZnO nanorods

The aim of the growth methods for Sb-doped ZnO nanorods studied here and de-
scribed in section 3.1.4 was to achieve successful doping of ZnO nanorods where the
dopant source was introduced during the aqueous chemical synthesis of the nanorods,
rather than in post-growth, high temperature steps as demonstrated previously (sec-
tion 2.3.3). The motivation for achieving this doping was the production of p-type
Zn0O nanorods. These could then be used in the solar cell structure to produce a new
type of eta solar cell where the nanostructured basis was formed of a p-type, rather
than n-type material. The layer coated on top of the absorber-coated nanorods would
then need to be n-type rather than p-type to form a p-n junction. The choice of ma-
terials for this layer would therefore be much larger than the limited choice of p-type
materials described in section 2.2.2, as there are a large range of possible wide band-
gap n-type materials that could be deposited onto the LbL-coated ZnO nanorods. It
also raises the possibility of using n-type ZnO on top of the p-type nanorods, forming
a cell based on a p-n ZnO homojunction.

As explained in section 3.1.4, Sb was added to the reaction such that the concen-
tration of Sb ions was either 5, 1 or 0.1 % that of the Zn ions. In this chapter the
convention for doping of semiconductors is followed such that these are referred to
as 5, 1 and 0.1 at.%. This makes the assumption that Sb substitutes for Zn, so that
the formula of the doped material is Zn; _,)Sb,O and the Sb content is referred to as
(x x 100) at.%. Whether this refers to the added ratio of Sb and Zn or the measured ra-
tio of Sb and Zn is specified in the text. The properties of the rods that were produced
by these methods are explored in this chapter through their structure, composition,
optical and electrical properties.

5.1 Morphology and composition

When Sb acetate dissolved in water was added directly to the reaction it strongly
affected the crystal quality of the rods, giving ovoid rather than hexagonal structures
(figure 5.1). The rods shown formed as homogeneous precipitate in the solution, as
the addition of Sb acetate in this way led to very little nucleation on Ag substrates. It
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Figure 5.1: SEM images of ZnO nanorods grown in aqueous 0.01 M solution of zinc ni-
trate and HMT with Sb added from aqueous solutions of Sb acetate. a) 0.1 at.% Sb added.
b) 1 at.% Sb added c¢) 5 at.% Sb added. Ag substrates were placed in solution but few nanorods
nucleated on substrates so nanorods shown grew homogeneously in solution and were de-
posited for imaging.

is likely that the addition of Sb disrupts the growth of ZnO nanorods due to formation
of a secondary phase rather than the desired incorporation of Sb ions into the ZnO
lattice. When dissolved in water, Sb acetate hydrolyses readily to form Sb,O3 [146].
If this reaction occurs more rapidly than the formation of ZnO then it is likely that
separate crystals of Sby,O3, which has an orthorhombic structure [146], will form in the
solution, beginning before the nucleation of ZnO. These Sb,O3 particles could then act
as nucleation points for what appears to be homogeneously nucleated ZnO (i.e. ZnO
forming as a precipitate in the solution, rather than nucleating on the substrate). Due
to the difference in crystal structure ZnO nucleated on these crystals will not have
the recognised clear hexagonal structure of ZnO nanorods, but instead have a less
crystalline structure such as that seen in figure 5.1. When adding increasing quantities
of Sb to the reaction the growth of ZnO would be more disrupted by the presence of
larger quantities of Sb,O3 and the structure would be more altered, as observed. In
order to prevent this disruption to the growth of ZnO the synthesis was adapted to
limit the formation of Sb,O3 by controlling the supply of free Sb ions in the aqueous
solution in a similar way that the supply of Zn ions is controlled to form nanorods
(see section 2.3.1). Ethylene glycol (EG) was used as a solvent for Sb acetate to try
and achieve this control. Sb acetate could be successfully dissolved in EG and it was
thought that EG would act as a chelating ligand for Sb, limiting the concentration of
free Sb ions in the solution.

When Sb acetate was dissolved in EG before adding to the reaction solution there
was a much less marked effect on the nanorod growth, as can be seen in figure 5.2.
For all doping levels trialled the rods retained the hexagonal structure of ZnO and
nucleated densely on the substrate. The addition of Sb to the reaction also had a size-
limiting effect on the ZnO nanorod growth: all rods shown in figure 5.2 were grown
in 0.1 M solutions of zinc nitrate and HMT, and it can be seen that as more Sb was
added to the reaction the final size of the rods was reduced and aspect ratio increased.

Control experiments were performed by adding only EG to the reaction without Sb
acetate. This showed that the EG did not have a noticeable effect on the reaction when
added on its own, as can be seen in figure 5.3. Here rods grown with 1 at.% Sb added
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Figure 5.2: a)-c) Wide, and d)-f) close-up SEM images of ZnO nanorods grown in aque-
ous (0.1 M solution of zinc nitrate and HMT, doped with Sb by adding Sb acetate dissolved
in EG. a), d) 0.1 at.% Sb added. b), e) 1 at.% Sb added. c), f) 5 at.% Sb added. Nanorods grown
on Ag-coated substrates.

Figure 5.3: Comparison of SEM images of ZnO nanorods grown in aqueous solutions of
zinc nitrate and HMT with different additives. a) 0.025 M zinc nitrate and HMT, with no
additives. b) 0.025 M zinc nitrate and HMT with EG added. c¢) 0.1 M zinc nitrate and HMT
with EG and 1at.% Sb added. Nanorods grown on Ag-coated substrates seeded using Zn
acetate in ethanol method.

are also shown, demonstrating that the doped rods grow with a higher aspect ratio,
and less well-aligned on the substrate. These rods were grown on Ag-coated sub-
strates that had been seeded with a layer of ZnO derived from zinc acetate in ethanol
solutions (section 3.1.1), hence the high density of nucleation. The size difference
due to the doping is also apparent, as the concentration of zinc nitrate and HMT had
to be increased to produce doped rods (figure 5.3 ¢) of a similar size to the undoped
ones (figure 5.3a and b). The rods grown with only EG (figure 5.3 b) were the same
size as those grown without EG (figure 5.3 a) when using the same reaction concen-
tration. This confirms that it was the presence of Sb, not EG that limited the size of
the nanorods and increased the aspect ratio. The smaller overall size, and especially
diameter of the rods grown with Sb added to the reaction could result from Sb limiting
the rate of growth of the rods so that they grow smaller in the reaction time. However,



5.1. MORPHOLOGY AND COMPOSITION 67

the reaction still ended after ~2 hours irrespective of the Sb concentration, implying
that the reactants were still depleted in the same time. If the overall rate of rod growth
were limited by the addition of Sb, it would be expected that it would take longer for
the reactants to be used up. However, if the overall rate of growth was not affected,
but instead only the rate of growth on the substrate, this could produce smaller rods on
the substrate while the reactants were still used up in a similar time by the production
of homogeneously nucleated precipitate. This is supported by the quantity of precipi-
tate produced in the reaction: the quantity of precipitate produced in a 0.1 M reaction
with Sb added was greater than that produced in a 0.1 M reaction without Sb, imply-
ing that a larger proportion of the reactants were used up producing homogeneously
nucleated precipitate and less in the heterogeneously nucleated rods on the substrate.
A reduction in the rate of growth of the rods on the substrate could also account for
the higher aspect ratio: the high aspect ratio of the rods in this reaction is caused by
the limited OH™ ion supply slowing the formation of ZnO [95]. Therefore if the pres-
ence of Sb slowed the rate of ZnO formation on the substrate even further it would
be expected that the rod aspect ratio would be greater. The larger aspect ratio of the
Sb-doped rods could also be caused by a change in the nucleation on the substrate; if
the Sb-doped ZnO produced a larger number of smaller nuclei than the undoped ZnO
the rod diameter would be limited while the length would be more similar.

The more hexagonal morphology and higher nucleation density compared to pre-
liminary trials implied that the desired control of Sb supply had been achieved by
using EG. The change in size of rods with Sb doping indicated that the presence of
Sb had an effect on the growth. However, to confirm that this effect was accompanied
by the inclusion of Sb in the nanorods, and that the Sb supply was not reduced too
much by the EG, EDX measurements were performed to ascertain the Sb content of
the rods. Both when adding Sb from aqueous solution and EG solution the Sb content
was confirmed by EDX, an example of which is shown in figure 5.4 a. The average

b)

Sb Sb measured Sb measured
added (homogeneous) | (heterogeneous)

5at.% 3.1+0.8 at.% 1.06+0.09 at.%

1000

Counts

1 at.% 0.66+0.08 at.% 0.75x0.07 at.%

0.1at% | 0.52+0.09 at.% Not detected

Energy (keV)

Figure 5.4: a) Energy-dispersive X-ray (EDX) spectrum of Sb-doped ZnO nanorods with
5at.% Sb added (nucleated homogeneously). b) Table of average measured vs. added
quantities of Sb in the samples. ‘Homogeneous’ in measured refers to homogeneously nu-
cleated rods that had been deposited onto substrates for survey, and ‘heterogeneous’ refers to
heterogeneously nucleated rods that were surveyed in-situ on the substrates. All rods surveyed
were doped with Sb from EG solutions.
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quantities of Sb measured in samples doped using EG are shown in the table in fig-
ure 5.4b. The quantities were measured separately for nanorods that had nucleated
homogeneously in the solution, which were then deposited onto a substrate for EDX
survey, and nanorods that nucleated heterogeneously on the substrate. Both types of
rods were surveyed to determine if there were any differences in the Sb-content of rods
nucleated by these two different mechanisms. The values are averages of a number
of EDX scans of different areas and different samples prepared by the same method
and the errors given are the standard errors of these averages. Each doping content
added (0.1, 1 and 5 at.% Sb) will be discussed separately, as the implications of each
are different.

When 5 at.% Sb was added to the reaction the measured quantities of Sb in both
the homogeneously and heterogeneously nucleated rods were lower than that added.
However, the quantity measured in the heterogeneously nucleated rods was around
three times lower than in homogeneously grown rods. When taking scans of more
detailed areas of the homogeneously nucleated rods it was found that there were struc-
tures with irregular morphology that had much higher levels of Sb — up to 13 at.%.
Such structures are shown in figure 5.5 b. The presence of these phases accounts both
for the higher level of Sb measured in homogeneously nucleated rods than in heteroge-
neously nucleated rods, and the lower measured Sb content in the rods than the added
Sb content: some of the excess Sb that was added formed Sb-rich phases such as those
seen in figure 5.5 b in the homogeneously precipitated rods, but not in the rods grown

4 5

1 2 3 4 s o 1 2 3
Energy (keV) Energy (keV)
Figure 5.5: EDX spectra of Sb-doped ZnO nanorods nucleated homogeneously with
5at.% Sb added (c and d) corresponding to the indicated areas on the SEM images (a
and b). c) Spectrum of the hexagonal rod indicated, measuring 0.75 at.% Sb, which is close

to the limit of detection above the noise. d) spectrum of the less well-defined phase, as seen in
the corresponding SEM image and measured 13 at.% Sb.
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on the substrate (when no such structures were seen). Hence, when surveying large
areas of the precipitate the inclusion of some of this phase increased the average mea-
sured Sb content, but no such effect would occur with the surveys of rods nucleated
on the substrates. The higher error in the measurement of the homogeneously nucle-
ated rods reflects the fact that the Sb content was less consistent across the different
areas surveyed. It is possible that some of the Sb-rich phases were washed away in
the process of washing the precipitate as they are generally smaller and so more easily
dispersed. This could account for the measured value of Sb in the homogeneously
nucleated rods still being lower than the amount added. It is also possible that some
of the Sb remained dissolved in the solution and did not form a solid precipitate at all,
therefore was washed away immediately. It is most likely that a combination of these
factors reduced the final measured Sb content of the rods.

To measure the Sb content only of the homogeneously nucleated nanorods with
standard morphology and not include excess Sb that was present in different phases
EDX scans were performed on isolated rods which had been suspended in solution
and repeatedly washed to remove possible traces of synthesis chemicals and soluble
phases. This was performed for rods with 1 at.% Sb added, which were dispersed in
water and deposited on C-coated glass sparsely so single rods could be isolated. C-
coated glass was used as a conductive substrate instead of Ag or ITO because the C
peak lies well away from the Sb peak in the spectrum, whereas both Ag and In are
close to Sb on the spectrum. An example EDX spectrum from one of these scans is
shown in figure 5.6 a, and figure 5.6 b shows the rod that was surveyed for this scan.
The high level of C and Si come from the substrate. A survey of 45 points detected
an average of 0.66+£0.08 % Sb. This value of Sb-content is an average of the entire
volume of the rod. This is because the thickness of the rod (<500 nm) means that
X-rays will be generated from the full cross-section (and below, as demonstrated by
the high level of signals from the substrate), and surveys were taken along the whole
length. Performing the survey of homogeneously precipitated rods in this way led to
much more similar values being measured for homo-and heterogeneously nucleated
rods, as can be seen in figure 5.4 b. The measured Sb-content is below that added,
similarly to when 5 at.% Sb was added, but not by as much as the heterogeneously
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Figure 5.6: a) EDX spectrum of isolated Sb-doped ZnO nanorod with 1at.% Sb added,
measured from a point on rod shown in (b). Rod washed repeatedly and dispersed on C-
coated glass substrate.
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nucleated rods when 5 at.% Sb was added. This supports the suggestion that some of
the Sb was incorporated in secondary phases that had a different morphology and that
some may have been washed away in the solution. The fact that a lower proportion
of the Sb added was incorporated when 5at.% Sb was added implies that the Sb-
content in ZnO could be approaching the solid solubility limit, leading to a saturation
of the Sb content. It could also be that the duration of the reaction was not sufficient
for the full quantity of Sb to become available from the EG at the higher doping
levels; it may be that a fine-tuning of the Sb acetate concentration in EG is required
to achieve the right balance of slow Sb supply to retain the ZnO morphology, but
high enough Sb supply that the full quantity of Sb added is incorporated in the ZnO
by the end of the reaction. Investigations into adding the same quantity of Sb to the
reaction, but dissolved in different amounts of EG would ascertain whether this has
an effect on the quantity of Sb included. The fact that surveying the isolated rods in
the way described led to much more consistent Sb measurements between homo- and
heterogeneously nucleated rods suggests that the heterogeneously nucleated rods and
the standard morphology homogeneously nucleated rods do have a very similar Sb
content, and there is not a fundamental difference in the incorporation of Sb in these
two types of rods

Where 0.1 at.% Sb was added the measurement of Sb content in homogeneously
nucleated rods was higher than the amount of Sb added, and in heterogeneously nu-
cleated rods no Sb was detected. The inconsistency in these measurements can be
attributed to the limit of the accuracy of the quantitative EDX measurements when de-
tecting at this level: 0.1 at.% is close to the minimum level that can be resolved, so al-
though the random error in the sampling suggests the value of Sb lie above that added,
the measurement of 0.52+£0.09 at.% Sb at least confirms the presence of Sb, and indi-
cates that it is within the order of magnitude of the quantity added. This implies that
the heterogeneously nucleated rods may contain some Sb despite none being detected,
especially when considering the above findings that standard morphology homo- and
heterogeneously nucleated rods contain approximately the same Sb content. However
this would have to be confirmed by other means, such as EDX measurements in a
TEM system which can give a much more accurate indication of the presence of small
quantities of dopant.

The successful growth of Sb-doped ZnO nanorods with a hexagonal morphology
suggests that the use of EG as a solvent and chelating ligand for Sb facilitated the
desired control of Sb-ion supply in the reaction, while still providing a sufficient sup-
ply of Sb to be included in the rods. To ascertain whether the doping of the ZnO
nanorods in this way had any effect on the crystal structure of the rods, X-ray diffrac-
tion measurements were performed. The resulting spectra can be seen in figure 5.7.
It can be seen that the peak positions do not change within the precision of the mea-
surement as different quantities of Sb were added to the nanorods, indicating that the
crystal structure and lattice spacing were not affected by the addition of Sb. The spec-
trum corresponds to the ICDD spectrum 35-1451 for wurzite ZnO, as expected. The
high (002) peak is indicative of nanorods that are aligned along the c-axis. There is
a slight change in the ratio of the (002) to the other peaks with Sb doping, which is



5.2. OPTICAL PROPERTIES 71

002 Agil1l

101
5at% Sb 100

1 at.% Sb . )n\ PN /\

0.lat%sh
e A A

Intensity (normalised)

29 30 31 32 33 34 3 36 37 38 39

Figure 5.7: XRD spectra of ZnO nanorods doped with Sb, with Sb quantities added as
indicated. Indices are annotated for the wurzite ZnO structure from ICDD 36-1451, as well
as the peak corresponding to the Ag substrate.

indicative of the different aspect ratios and alignment with different doping levels. If
any secondary phases were present, they were not detectable above the level of noise.
These XRD spectra support the observations from the SEM images that when doping
Zn0O nanorods with Sb and controlling the Sb ion supply with EG the structure of the
nanorods is not adversely affected, retaining the hexagonal wurzite structure of ZnO.
Further analysis such as high resolution transmission electron microscope (HR-TEM)
studies of the doped nanorods would help to ascertain any lattice changes in the ZnO
resulting from Sb doping that could not be detected with XRD.

5.2 Optical properties

5.2.1 Absorption

Figure 5.8 shows absorption spectra of ZnO nanorods both undoped, and doped with
0.1 or 1 at.% Sb. 5 at.%-doped rods could not be surveyed due to high levels of scat-
tering. These spectra were recorded for nanorods that grew as a homogeneous precip-
itate in solution, as absorption could not be measured for heterogeneously nucleated
nanorods on Ag substrates, which are opaque. The rods surveyed were grown using
Sb in EG solutions as the Sb source in the reaction. It can be seen that the absorption
peak shifts towards shorter wavelengths with higher Sb content. The absorption peaks
occur at approximately 375 nm (3.31eV), 367 nm (3.38 eV) and 350 nm (3.55 eV) for
0, 0.1 and 1 at.% Sb-doped rods. Tauc plots were not made of this absorption data
as high scattering made them unreliable. The increasing energy of the exciton-related
absorption peak with increasing Sb-doping implies the inclusion of Sb in the ZnO
nanorods led to a widening of the band gap. This implies that the inclusion of Sb into
the ZnO leads to a change in band structure of the material, which could be caused
by changes in the electronic environment due to the presence of the Sb orbitals and
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Figure 5.8: Absorption spectra of ZnO nanorods undoped and with 0.1 and 1at.% Sb
added. Sb added to reaction in EG solution. Nanorods surveyed grew homogeneously in
solution and were diluted and dispersed in water for analysis.

also lattice strain due to the different size of the Sb ions or Sb-vacancy complex. It is
possible that as the homogeneously nucleated rods were used for the absorption mea-
surements some of the Sb-rich phases discussed above were included in the material
surveyed. This could account for the large shift in absorption peak observed despite
relatively small quantities of Sb being added, as some of the Sb-rich phases may have
had Sb content as high as 10 at.%.

5.2.2 Photoluminescence

The photoluminescence spectra of undoped ZnO nanorods and 1 at.% Sb-doped ZnO
nanorods on Ag substrates are shown in figure 5.9. The spectrum for undoped ZnO
clearly shows the exciton peak, at ~390 nm in this case, slightly shifted from that ob-
served in section 4.2.2. The doped nanorods also show an exciton peak in this region,
but which is much more broadened and possibly shifted slightly to the blue, consis-
tent with, but not as pronounced as, the shift in the absorption measurements. It is
possible that the blue shift is not as pronounced as that seen in the absorption mea-
surements because the heterogeneously nucleated rods used for the PL. measurements
did not contain any of the Sb-rich phases: all of the rods surveyed would have less
than 1 at.% Sb content based on section 5.1, so they would only be expected to have a
very small shift. The ~400 and ~420 nm shoulders discussed in section 4.2.2 are also
more pronounced, and the 400 nm shoulder is nearly visible as a separate peak. It is
unlikely that these enhanced shoulders can be solely attributed to the slightly higher
aspect ratio of the doped rods compared to undoped. These enhanced shoulders sug-
gest that there is a higher density of zinc vacancies (Vz,) in the doped rods, which
could suggest the successful formation of the Sbz,,-2Vy,, complex, which is required
for p-type doping using Sb. The introduction of Sb into the nanorods has also led to
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Figure 5.9: Photoluminescence spectra of ZnO nanorods undoped and with 1at.% Sb
added. Sb added to reaction in EG solution. Surveys were performed on nanorods grown on
Ag substrates. Normalised to exciton peaks.

a significant increase in the level of deep defects: the broad defect band, absent in the
undoped rods, is higher than the exciton peak in the doped rods. The defect band is
a similar shape, i.e. spans the same wavelengths as that observed in undoped rods in
section 4.2.2. This suggests that the deep defects present in undoped rods also occur
in Sb-doped rods, but at a higher level, rather than different deep defects occurring in
the doped rods.

5.3 Electrical properties

To further investigate the impact of the Sb doping on the carrier content and type
within the rods, electrical measurements were performed. These were taken using
an atomic force microscope (AFM) fitted with a Pt/Ir tip. The tip of the AFM was
lowered onto the top of a nanorod, a voltage was applied between the AFM tip and
the Ag substrate, and the resultant current was measured (figure 5.10c). The applied
voltage range was £5 V. The resulting current vs. field data are shown in figure 5.10 a,
with a close-up of the data in figure 5.10b. As the range of voltages surveyed for
each rod was the same but the length different the range of fields across each rod was
different. Hence the data for undoped rods only spans approximately +1.2 V/um on
the chart. On the plot the forward current (positive voltages) corresponds to positive
Pt and negative Ag. I-V measurements could be taken only once for each rod as the
measurement was performed in the short period that the tip remained on the top of a
rod, and the same rod could not be re-contacted reliably.

In the undoped case the I-V curve shows no current in the reverse direction. The
forward current switches on at about 1 V/um, and grows exponentially. This behaviour
indicates the existence of Schottky diodes at the interfaces of the nanorod with each
metal contact, acting in opposite directions. The absence of any reverse current indi-
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Figure 5.10: a) Current-voltage measurements of ZnO nanorods undoped and with
1at.% Sb added. b) Close-up of +1.2 V/um region. ¢) Schematic of method for obtaining
measurements using tip of AFM. Sb added to reaction in EG solution. Applied voltage has
been converted to field by dividing by the length of the nanorod surveyed.

cates that the potential barrier for electrons is larger for the Pt contact, which can be
explained by its higher work function compared to Ag; when a voltage is applied in
the negative direction, the Ag contact is under forward bias for electrons, so current
can flow through it easily. However, the Pt contact is under reverse bias and current
cannot flow through it, so no overall current results. In the opposite situation (positive
field on the graph) the Pt contact is under forward bias, so current can flow through it
easily, but the Ag contact is under reverse bias. Because the barrier is small at the Ag
contact due to Ag having a lower work function, the diode breaks down easily, and
the overall current increases exponentially following reverse breakdown behaviour.
This behaviour is therefore consistent with the expected band configuration of n-type
nanorods where the current is due exclusively to electrons.

In the Sb-doped case, the forward current switches on around +2 V/um and grows
exponentially, but more slowly than for undoped rods. The reverse current switches
on around -1 V/pm and shows non-linear behaviour that does not fit a single model. A
model for the overall behaviour could not be produced, as it is likely that a combination
of forward and reverse breakdown currents for both barriers were contributing to the
behaviour in both directions of applied voltage. However, similar behaviour has been
observed previously when taking I-V measurements on acceptor doped ZnO [147],
suggesting that the overall behaviour in the Sb-doped case may be consistent with a
model based on p-type nanorods with a Fermi level near the valence band. However,
this behaviour could also be explained by electron currents assisted by defect states, or
mixed conduction. Further analysis is necessary for a more complete understanding,
such as the construction of field-effect transistors using the nanorods.
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5.4 Summary

It was shown that in-situ Sb-doping of ZnO nanorods could not be performed by
adding Sb acetate directly to the reaction. This produced ovoid structures that did
not have the hexagonal structure of ZnO nanorods, and very few rods nucleated on
the Ag-coated substrates. By dissolving the Sb acetate in ethylene glycol (EG) before
adding to the aqueous solution nanorods with the desired hexagonal morphology and
high density of nucleation were produced. These rods had a very similar morphology
to those without Sb-doping, although the more Sb that was added the smaller the rods
grew overall (Ilength and diameter) and the higher their aspect ratio (diameter reduced
more than length). This change was due solely to the Sb, as addition of EG alone did
not affect the morphology. It is possible that the addition of Sb slowed the growth of
Zn0O nanorods leading to the final formation of smaller, higher aspect ratio rods. The
successful growth of hexagonal rods in the presence of Sb may be due to the chelating
effect of EG: the supply of free Sb ions in the solution is slowed by the EG, which lim-
its the formation of secondary phases such as SboO3 which may disrupt the nanorod
growth. The inclusion of Sb into the ZnO lattice is therefore achieved with minimal
disruption.

The inclusion of Sb into the ZnO nanorods was confirmed using EDX. Both homo-
and heterogeneously nucleated rods had a lower measured Sb content than was added.
The Sb content of homogeneously nucleated rods appeared to be higher in EDX scans,
but this was attributed to the presence of Sb-rich phases in the precipitate. When in-
dividual homogeneously nucleated rods with 1 at.% Sb added were isolated and sur-
veyed they measured 0.66+£0.08 at.% Sb. This was very close to 0.75+0.07 at.% Sb,
which was measured for heterogeneously nucleated rods also with 1 at.% Sb added.
This indicated that the Sb content of homo- and heterogeneously nucleated rods was
most likely very similar when Sb-rich phases were not included. Heterogeneously
nucleated rods with 5at.% Sb added contained 1.06+£0.09 at.% Sb. Measurement of
the Sb content of rods with 0.1 at.% Sb added was difficult as this was close to the de-
tection limit of the EDX system. However, some Sb was detected in homogeneously
nucleated rods, although higher than the level added, suggesting there may have been
Sb in the rods. It was also shown that there were no significant changes in the crystal
structure of the rods when the Sb was added, as XRD scans showed standard peaks
for wurzite ZnO aligned along the c-axis, with no detectable shift due to Sb doping.

Optical absorption measurements of the doped nanorods showed a shift in the ab-
sorption peak to shorter wavelengths with increasing Sb content. This suggested that
the inclusion of Sb into the nanorods was causing a change in the band structure in
the ZnO so that the optical gap was increased as Sb was added. Photoluminesce mea-
surements also showed a significant change with Sb doping. There was a significantly
higher level of deep defect emissions from the doped nanorods, suggesting the addi-
tion of Sb had led to a higher level of structural defects in the nanorods. This defect
emission occurred in the same range of wavelengths as the undoped rods, but was
more intense, suggesting that Sb doping did not induce different deep defects, only
the same ones at higher levels. In the region of the exciton peak there were much
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more pronounced shoulders in the doped rods, which have been linked to zinc vacan-
cies. These zinc vacancies are present in the complex formed when Sb or As are doped
in ZnO, which has been used to explain the p-type behaviour of such materials. This
evidence suggests that the Sb may have been included in the ZnO lattice in structures
that lead to an increased acceptor concentration.

Electrical measurements performed on the nanorods could not conclusively show
that p-type nanorods had been produced with Sb-doping. However, it was confirmed
that undoped rods behaved as an n-type semiconductor. The doped nanorods did show
significantly different electrical behaviour, similar to that seen previously in p-type
Zn0O, but a model could not be fitted that definitively proved p-type behaviour.

It has been shown that Sb can be successfully incorporated into ZnO nanorods
during the chemical synthesis without significantly altering the morphology by adding
Sb acetate from a solution in EG to control the supply of Sb ions to the reaction.
Both optical and electrical measurements demonstrated changes that could be linked
with p-type behaviour. However, this could not be conclusively proven with the data
obtained thus far. These Sb-doped nanorods will therefore not be used in solar cells in
the way described in the introduction to this chapter, as it cannot be assumed that they
are p-type, and therefore a cell with the structure p-ZnO/CdTe-PDDA/n-type cannot
be produced. Further investigation of the electrical properties of the nanorods would
show whether p-type rods have been produced by this method.



Chapter 6

CdTe nanoparticle layer-by-layer films

The layer-by-layer (LbL) process used in this project had been developed previously
by Dr D. E. Gallardo for the deposition of CdTe-PDDA films for use in LEDs [5, 142].
The parameters for the deposition as described in section 3.3 were optimised to pro-
duce smooth films with a high volume fraction of nanoparticles (~30 %). The aim of
this chapter, rather than further altering the parameters to produce any further opti-
misation, was to ascertain whether the LbL process could be used to coat a structured
substrate such as the ZnO nanorods and to study the subsequent morphology and prop-
erties of the coating, as well as any interactions between the ZnO and CdTe. Later,
studies were also made into the effects of annealing the LbL films, both when de-
posited on planar substrates such as glass or ITO, and on ZnO nanorods. The results
of these studies are described in this chapter.

6.1 Morphology and composition

A high resolution transmission electron microscope (HR-TEM) image of a CdTe-
PDDA LbL film as used in this project is shown in figure 6.1. This LbL film had
5 CdTe-PDDA bilayers, and was deposited directly onto the TEM grid. The lattice
pattern of the CdTe can just be resolved, and the particles appear to be ~3 nm in di-
ameter, which is consistent with previous absorption measurements carried out by Dr
Gallardo, as mentioned in Ref. [5]. The random packing of the nanoparticles can also
been seen from the image, and the average inter-particle spacing of 2-3 A was found
to be consistent with packing models obtained from X-ray reflectivity data [5].

It can be seen from figure 6.2 that the CdTe-PDDA film coated the ZnO nanorods
conformally when using the LbL process. This conformal coating results from the
electrostatic bonding that allows the layers to build up in this process; each monolayer
bonds to the surface regardless of the shape, as long as the nanoparticles/molecules
can reach the surface, and the washing process ensures that an even coating is left
on the surface by removing excess, poorly-bonded material. The subsequent layers
then bond to the previous, leaving an even coating across the surface. The presence of
CdTe and PDDA in the coating was confirmed by EDX measurements. These showed
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Figure 6.1: HR-TEM image of a 5-layer CdTe-PDDA LbL film. Deposited directly onto a
TEM grid. Image obtained by Dr Gallardo, and taken from Ref. [5].

Figure 6.2: SEM images of ZnO nanorods uncoated (a) and coated with 30 layers of
CdTe-PDDA using the LbL process (b). Nanorods were grown in 0.025 M solutions of zinc
nitrate and HMT in a closed jar at 90 °C for a total of 15 hours.

Cd, Te and S from the thiol-capped CdTe, and C from the PDDA, as well as Zn and O
from the nanorods (figure 6.3).

It was noted that the success of the process relied on the solutions being refreshed
at reasonably regular intervals (after approximately every 100 layers coated), espe-
cially the nanoparticle solution. If the solution was not completely replaced but instead
topped-up with extra nanoparticles the film produced was much less even and pene-
trated poorly between the nanorods (figure 6.4 a). This poor coating likely resulted
from a degradation of the precursor solution(s) (PDDA and/or CdTe nanoparticles) af-
ter repeated dip cycles. This degradation caused an agglomeration of the nanoparticles
in solution: agglomerated lumps were observed at the bottom of the solution after the
run.
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Figure 6.3: EDX spectrum of ZnO nanorods coated with 30 layers of CdTe-PDDA using
the LbL process as seen in figure 6.2 b.Cd and Te are detected from the nanoparticles, C and
S from the capping molecules, C from the PDDA and Zn and O from the nanorods.

Figure 6.4: SEM images of ZnO nanorods coated with 30 (a) and 50 (b) layers of CdTe-
PDDA using a recycled nanoparticle solution. Nanorods were grown in 0.025 M solutions
of zinc nitrate and HMT in a closed jar at 90 °C for a total of 15 hours.

The degradation could be due to a transfer of PDDA into the nanoparticle solution
or a degradation of the capping molecule due to a change of pH in the nanoparticle
solution, both of which would cause the observed agglomeration. It is most likely
that a transfer of PDDA led to the agglomeration, as small quantities of PDDA could
detach from the previous layer when the substrate was dipped into the CdTe. The
degradation in capping molecule due to a change in solution condition such as pH is
less likely because any soluble ions likely to alter the pH in the CdTe solution would be
washed off by the washing step. If PDDA was transferred to the CdTe solution, despite
the washing, it would create clumps of nanoparticle-PDDA bonded together within the
solution. The larger clumps would drop to the bottom of the solution, as observed, but
smaller clusters could bond to the surface in subsequent dip steps, creating a less even
surface, and would not penetrate as deeply between the rods leading to the clumps
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at the tips. This uneven coating is not desired for the solar cells as it would lead to
a greater local thickness of CdTe-PDDA at the tips with little CdTe at the base of
the rods. This would degrade performance as electrical charge would be less likely
to reach the nanorods or hole-collector through this thicker layer at the tip, and the
enhanced surface area of the rods would not be fully utilised if the whole length of
the rods were not coated. The problem was even more pronounced with 50 layers of
CdTe-PDDA on the rods as the coating almost completely joined at the tips of the rods
(figure 6.4 b). This could cause even greater problems for the solar cells as it means
that the hole collecting layer may not penetrate between all of the rods, so some areas
of the cell will become inactive as the photogenerated holes are not extracted.

6.2 Optical properties

6.2.1 Absorption

The advantage of the LbL coating method for enhancing light absorption in nanopar-
ticles films for solar cells is demonstrated in figure 6.5 a. Absorption measurements
were performed on nanorods grown on seeded FTO substrates for 7.5 hours, which
were shorter than the nanorods shown in figures 6.2 and 6.4. The shorter nanorods
scatter less light and therefore produce clearer absorption measurements. It can be
seen that increasing the number of layers of CdTe from 10 to 30 increases the in-
tensity of absorption: at 590nm the absorption intensity of the 30 layer sample is
approximately four times larger than the 10 layer sample. The increased absorption is
a consequence of the higher optical density of the thicker CdTe-PDDA layers achieved
by coating a larger number of layers. To try and isolate the absorption of the CdTe
layers, the spectrum for the uncoated ZnO nanorods was subtracted from the spectra
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Figure 6.5: a) Absorption spectra of ZnO seed layer, ZnO nanorods and nanorods coated
with 10 and 30 layers of CdTe-PDDA. b) Absorption spectra of 10 and 30 layers of CdTe-
PDDA on ZnO nanorods with the spectrum for uncoated ZnO nanorods subtracted.
Nanorods were grown in 0.025 M solutions of zinc nitrate and HMT in a closed jar at 90 °C
for a total of 7.5 hours.
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for 10 and 30-layer coated rods, giving the spectra shown in figure 6.5 b. The effect of
the ZnO nanorods cannot be completely separated as demonstrated by the rapid drop
in absorption below around 390 nm, which corresponds to the saturation of the ab-
sorption in the ZnO sample being subtracted from the data. However, this does show
more clearly the absorption peaks for the CdTe nanoparticles around 590 nm for both
10 and 30 layers, which could not be resolved previously in the 10 layer sample.

In order to determine the actual level of light absorption in the nanorod-nanoparticle
composite absorption measurements were carried out using an integrating sphere at-
tachment, as described in section 3.7.4. This allows all transmitted light to be captured,
including that scattered by the nanorods. Scattering therefore did not have to be min-
imised, so ZnO nanorods grown for a total of 15 hours and coated with 50 layers of
CdTe nanoparticles by the LbL process were used. Absorption and transmission plots
from these measurements are shown in figures 6.6 a and b respectively. The nanopar-
ticles show a characteristic absorption peak at around 560-600 nm, corresponding to
absorption at an energy range of 2.21-2.01 eV. This is blue shifted from the bulk band
gap of CdTe of ~1.5eV due to quantum confinement. At the onset of absorption
(~650nm) the 50 layer-coated nanorods transmit ~30 % of the incident light, which
reduces to ~10 % at the onset of absorption by ZnO at around 400 nm (figure 6.6 b).

The light-harvesting efficiency (LHE) of the nanorod-nanoparticle composite at
590 nm is around 80 %. This is significantly higher than 30 % achieved at the absorp-
tion peak of approximately a monolayer of CdSe nanoparticles adsorbed onto ZnO
nanorods in a previous study [67] (discussed in section 2.2.5). This confirms the ad-
vantage of using the LbL process to achieve a higher LHE by allowing the deposition
of a much thicker coating of nanoparticles. However, it is noted that a monolayer
in the literature example absorbs around 30 % of the incident light at the absorption
peak, whereas 50 layers in the current work absorbs around 80 %. If the layers were
equivalent in the two situations it would be expected that 100 % of the light would
be absorbed after depositing around 3—4 layers. There are two main reasons for this
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Figure 6.6: Absorption (a) and transmission (b) spectra of ZnO nanorods coated with 50
layers of CdTe-PDDA. Nanorods were grown in 0.025 M solutions of zinc nitrate and HMT
in a closed jar at 90 °C for a total of 15 hours.
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disparity between the current work and the literature example. The first factor is the
length of the nanorods: the nanorods in the literature example were much longer than
the nanorods in the current work (up to 12 ym long [67] compared to ~3 ym in the
current work). Therefore a larger optical density of nanoparticles were deposited per
layer in the literature example because of the increased surface area enhancement of
the nanorods. The second factor is the density of nanoparticles per layer. Because
only a monolayer was used in the literature example efforts were made to maximise
the packing density of this layer by treating the surface of the rods and optimising the
deposition [67]. In the current work a single layer of the LbL process does not fully
cover the surface, and only after a few layers does the packing lead to complete cov-
erage of the surface, as shown by previous analysis of the LbL films [148]. Therefore
a single layer of the LbL process cannot be considered equivalent to the layer that
was coated in the literature example. It should also be considered that the absorption
per particle is unlikely to be equivalent between the literature example and the current
work, but without further data the difference cannot be quantified.

6.2.2 Photoluminescence

Photoluminescence (PL) measurements were performed on CdTe-PDDA LbL films
coated onto ZnO nanorods on both Ag and FTO substrates to study the change in
spectrum from both the rods and the CdTe when in direct contact with each other. The
results of the PL. measurements are presented in figures 6.7 and 6.8 for Ag and FTO
substrates respectively. The spectra obtained for the ZnO-CdTe composite are shown
as well as the spectra for uncoated ZnO (as discussed in section 4.2.2) and CdTe
deposited directly on the substrate for comparison. The spectra containing ZnO are
normalised to the exciton maximum, with the CdTe spectrum scaled by the same factor
as the composite for comparison. As in the ZnO-only spectra in section 4.2.2, the
532 nm harmonic of the 266 nm laser excitation is present in the LbL-coated nanorod
emission, and here overlaps exactly with the 532 nm peak in the ZnO only spectrum.
This peak is not present in the CdTe-only spectrum.

In figure 6.7 a the spectrum of CdTe on Ag (dot-dashed line) shows an emis-
sion centred at 600+10 nm, corresponding to a band gap of ~2.0-2.1eV. This is in
agreement with the value of the band gap obtained from the absorption measurements
above. For ten layers of CdTe on ZnO nanorods (solid line), the spectrum is not merely
a superposition of the separate spectra of ZnO and CdTe. The emission around 600 nm
from the CdTe is largely suppressed in the composite (slight interference features be-
tween 550 nm and 650 nm are visible instead). This would not be expected if the CdTe
were emitting at the same intensity as when deposited directly onto the Ag substrate
as the same amount or more CdTe should be present in the 10 layer-coated ZnO. An-
other difference in the composite is that the shoulder of the ZnO exciton emission is
enhanced with contributions at ~400 nm and ~420 nm apparent, as indicated in fig-
ure 6.7 a. These shoulders were discussed in sections 2.3.2 and 4.2.2, and are often
linked to surface zinc vacancies in ZnO [106, 112].

The samples prepared on FTO show similar spectra to those on Ag, but with some
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Figure 6.7: Photoluminescence spectra of bare ZnO nanorods and 10 layer CdTe-PDDA
LbL films coated directly onto the substrate or on ZnO nanorods. a) PL spectra. b) SEM
image of coated nanorods that were measured. ¢) Schematic of CdTe coating on the nanorods.
On Ag-coated glass substrates.

differences. In the composite samples on FTO (figure 6.8 a, solid line), the 600 nm
CdTe emission is not suppressed to the same degree as the composite on the Ag sub-
strate. It can be seen by comparing figures 6.7 b and 6.8 b that the CdTe-PDDA LbL
film is much less homogeneous on the rods on FTO than the rods on Ag. The dif-
ference in LbL coating on rods grown on seeded FTO compared to rods grown on
Ag is due to the FTO rods being smaller, closer together and more randomly oriented
than those grown on Ag. This difference in morphology and alignment of the rods
is a result of the different seed size on the two substrates and the increased rough-
ness of the FTO surface, which was discussed in section 4.1. The closer spacing and
more random orientation has led to a large portion of the LbL film joining and fill-
ing between the ZnO nanorods grown on FTO, as represented in the schematic in
figure 6.8 c. The LbL film has coated the rods grown on Ag more intimately, as rep-
resented in figure 6.7 c. It is suggested that in the LbL coated rods grown on FTO it
is this ‘in-fill” of the LbL film that is responsible for the emission at around 600 nm:
the separation between the nanorods and the nanoparticles in this ‘in-fill” portion of
the film (shaded grey in figure 6.8 c) is greater than in any portion of the film coated
on the rods grown on Ag, and this separation is too large for the photoexcited carriers
to be transferred to the ZnO. Instead they recombine in the film radiatively, producing
the 600 nm emission that was observed. Another feature in the composite on FTO that
is different to that on Ag is that the shoulder at ~400 nm is enhanced so much that
it can be seen as a separate peak at 40041 nm. This may be due to the fact that the
400 and 420 nm shoulders are more pronounced even before the addition of CdTe due
to the higher surface-to-volume ratio of the rods on FTO, which increases the relative
intensity of emission from surface states, as discussed in section 4.2.2. The energy
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Figure 6.8: Photoluminescence spectra of bare ZnO nanorods and 10 layer CdTe-PDDA
LbL films coated directly onto the substrate or on ZnO nanorods. a) PL spectra. b)
SEM image of coated nanorods that were measured. ¢) Schematic of CdTe coating and filling
between the nanorods. On seeded FTO-coated glass substrates.

difference of 120+20 meV between the main exciton emission and the 400 nm peak
corresponds with the energy difference between the zinc vacancy (Vyz,) and the va-
lence band as calculated by Lin et al., although the absolute values of each emission
are shifted slightly [110].

The quenching of the CdTe luminescence combined with an enhancement of emis-
sion from surface states in the ZnO when CdTe is coated onto ZnO suggests a possible
photoexcited charge transfer process from the nanoparticles to the nanorods. The
process for this transfer and the energy levels of the states involved are shown in fig-
ure 6.9. The proposed process is as follows: electrons are first photo-excited in the
CdTe nanoparticles from the valence to the conduction band (figure 6.9, arrow A).
These are then transferred into the ZnO (figure 6.9, arrow B). For this to occur, the
rate of electron transfer from the CdTe to ZnO must be faster than the exciton recombi-
nation in the CdTe nanoparticles. Some of the electrons injected into the nanorods re-
combine in the surface trap states (figure 6.9, arrow C), leading to emission at 400 nm
from the ZnO. It is therefore the recombination of injected carriers in the surface states
of ZnO that leads to the observed increase in the 400 nm emission. Electrons excited
in the bulk of ZnO recombine to give the 385 nm exciton emission. This fast charge
transfer between nanoparticles and nanorods is exactly that required for the operation
of the ZnO-CdTe solar cells.
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Figure 6.9: Band alignment and charge transfer at the ZnO-CdTe interface. Alignment of
the conduction and valence bands of ZnO and CdTe based on electron affinities and expected
fermi levels of the two materials. The excitonic emission of 385 nm in ZnO and near band-
edge emission at 600 nm in CdTe when excited at 266 nm are shown. The process of excitation
and charge transfer between CdTe and ZnO is also show with: A. excitation of electron from
CdTe valence band by laser; B. transfer into surface of ZnO (shaded); C. trapping of electron
in surface zinc vacancy (Vz,) of ZnO, leading to emission at 400 nm.

6.3 Annealed films

As described, the LbL process deposits a films of CdTe nanoparticles embedded in
a PDDA matrix. It has been shown that this process is able to strongly enhance the
light absorption of the film of nanoparticles by allowing thicker layers to be deposited
than when not using the LbL process. However, it is only the CdTe component of the
LbL films that is desired for photovoltaic applications. PDDA is a dielectric polymer,
and therefore will inhibit charge transfer between the CdTe nanoparticles, essentially
introducing added series resistance to the solar cell. This section therefore describes
attempts to remove the PDDA component of the film by thermal annealing to leave
only the CdTe.

6.3.1 Compositional effects

To first ascertain which procedure was most appropriate for the annealing of CdTe LbL
films, annealing was performed both in air and under a vacuum of 10" mbar. When
heating films above 200 °C in air their appearance changed from red to brown. XPS
analysis performed by Dr D. E. Gallardo (figure 6.10) revealed large secondary peaks
shifted by +3.7eV from the Te-Cd peaks. The shifted peaks correspond to oxidised
tellurium (Te-O) [149], indicating that some of the original CdTe has been oxidised
during the annealing stage in air. This is consistent with reported spectra of complex
oxides of the form CdTeO, [149]. The XPS spectrum for vacuum-annealed samples
almost overlaps with that of the unannealed samples, indicating that oxidation had
not occurred in this case. It was therefore necessary to anneal the films in vacuum to
avoid any oxidation of the CdTe nanoparticles, and subsequent analysis was performed
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Figure 6.10: X-ray photoelectron spectrum of LbL films of CdTe nanoparticles on ITO-
coated glass. Films were either unannealed or annealed in air or vacuum for 1 hour.

on films annealed in vacuum. All of the annealing studies here were performed on
samples annealed for 1 hour. The time was kept constant in order to isolate the effect
of temperature on the films.

EDX measurements were performed on all of the LbL. CdTe films before and after
annealing. For more in-depth analysis of the composition EDX surveys were per-
formed on LbL films deposited on ZnO nanorods. This led to stronger signals being
detected from the CdTe films as a larger volume of CdTe-PDDA was in the path of the
beam. It also allowed the Cd and Te peaks to be resolved more clearly, as they over-
lapped with the In signal from the substrate when deposited directly onto ITO. For
annealing studies, the carbon content of the films was used as an indication of PDDA
content and degradation (although some carbon may be detected from the capping
molecule, the majority is present in the PDDA).

The trend of carbon content at different annealing temperatures is shown in fig-
ure 6.11. The 25 °C point refers to the unannealed sample. Up to 250 °C the carbon-
content remained almost unchanged within the error of the measurements. This im-
plies that there was no loss of PDDA at this temperature, consistent with previous
thermo-gravimetric analysis (TGA) of PDDA [150], i.e. the PDDA is thermally stable
up to this temperature. When annealed in the range 250-350 °C, the C-content was
reduced compared to unannealed films. No carbon was detected when annealing at
450 °C. These results are also consistent with TGA analysis of PDDA, which found
that around 30 % of the weight of PDDA was lost when annealed at 350 °C and the full
mass was lost around 450 °C [150]. The weight loss occurring around 350 °C in PDDA
was attributed to the loss of a methyl group from each monomer unit with the C1~ ion
in the form CH3Cl [150]. This would register as a loss in the C-content of the film,
as found in these EDX measurements. The TGA study suggested that above around
450°C the film decomposed into a number of smaller volatile molecules through a



6.3. ANNEALED FILMS 87

30

25%
205— {

15 F

10 F

5

Carbon content (at. %)

0 : 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500
Anneal T (°C)

>

Figure 6.11: Carbon content of 30 layer CdTe-PDDA films on ZnO nanorods annealed at
150-450 °C obtained from EDX spectra. Films were annealed in a vacuum of 10~" mbar
for 1 hour. Errors obtained by repeating EDX measurements in different areas of the sample.

variety of mechanisms. However, to identify these decomposition products they in-
dicated that further analysis such as mass spectroscopy or Fourier transform infra-red
spectroscopy would be required [150].

It should be noted that the TGA analysis in Ref. 150 was performed in an inert ni-
trogen atmosphere. This would prevent oxidation of the PDDA similarly to annealing
performed in vacuum. However, there may be a slight difference in the temperature
ranges at which the decomposition would occur due to a difference in pressure be-
tween the nitrogen atmosphere and vacuum. But because only a small number of
temperature points were used in the current study (5 for compositional studies, 6 for
optical studies) it could not be seen whether there was a slight shift in the decomposi-
tion temperatures. Further TGA studies of PDDA in vacuum, rather than nitrogen, or
annealing of LbL films in nitrogen would ascertain whether there was a large shift in
the decomposition temperatures between these two atmospheres. As long as the shift
is not large (>50 °C), then the behaviour established in the TGA study [150] can still
be applied to the observations of the annealed LbL films.

Quantitatively, the carbon content after annealing at 350 °C was 8016 % of the
carbon content before annealing, corresponding to a 14-26 % loss of carbon. This
equates to a loss of between one and two of the eight carbon atoms per monomer of
PDDA. This could be consistent with the loss of one or both of the methyl side groups
of PDDA, as suggested in Ref. 150. Further confirmation of this hypothesis would
be obtained from repeated EDX measurements so that statistically significant mea-
surements of the carbon content could be obtained, and spectroscopic analysis of the
resulting material such as mass or infra-red spectroscopy to ascertain the structure of
the materials present. The loss of the remainder of the PDDA mass, i.e. the remaining
component of the polymer, occurred completely in the TGA study at 467 °C [150].
Therefore it can be assumed that in the samples measured here the lack of carbon
detected when annealed at 450 °C indicates that all of the PDDA had been removed.
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6.3.2 Optical changes

Figure 6.12 shows the trend in the optical gap of 20 layer LbL films deposited onto
glass and annealed in vacuum at 150-450 °C. Factors that may have caused the change
in optical gap are discussed below, and are annotated on figure 6.12 for clarity. The
optical gap was calculated using a Tauc plot [144], which allowed comparison between
samples despite slightly different forms of the absorption peak. Films deposited onto
glass were used to study the change in optical gap of the nanoparticles because the
absorption peak was more clear than for films deposited onto ZnO nanorods.

In the film annealed at 150 °C there was a slight reduction in the optical gap com-
pared to the unannealed film. This small reduction in the optical gap of the nanopar-
ticles may result from increased interaction between the NPs as they rearrange and
come slightly closer within the PDDA matrix, possibly due to a loss of water from the
PDDA, which was found to occur over 100 °C in TGA analysis [150]. There was a
slight reduction in the oxygen content of the surveyed area (~2 at.%) when annealed
at 150 °C, which could be due to loss of water molecules from the film. This accounts
for the slight increase in C-content at 150 °C seen in figure 6.11 as with less oxygen
the carbon comprises a slightly larger percentage of the sample. A red-shift resulting
from closer packing has been observed previously in photoluminescence (PL) studies
of LbL films of CdTe [148]. PL was not studied for annealed films as the PL in-
tensity has been shown previously to drop dramatically with even moderate heating
(<100°C) [151].

Between 210 and 280 °C the optical gap of the NPs reduced slightly more (fig-
ure 6.12). This implies a greater interaction between the wavefunctions of the nanopar-
ticles, leading to a slight reduction in the strength of quantum confinement. This tem-
perature range is above the glass transition temperature (7},) of PDDA as determined
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Figure 6.12: Optical band gap of 20 layer CdTe-PDDA films deposited on glass substrates
annealed at 150-450 °C in vacuum for 1 hour. Optical gaps were calculated using a Tauc
plot [144] and error bars reflect the error in fitting to these plots. Suggested origin of observed
band gap changes and glass transition temperature (7}) of PDDA [150] are annotated.
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by the TGA study (7, =150-165°C [150]) but below the range where mass is lost
from the polymer (see below). At temperatures above 7}, stresses in the polymer re-
maining after drying at room temperature would relax. This could have allowed a
more ordered arrangement of the polymer chains, reducing the separation between the
nanoparticles. This reduced separation would lead to the observed increase in particle-
particle interaction. The higher the temperature was raised above 7}, (280 as apposed
to 210 °C) the greater the extent of the relaxation and therefore the greater the increase
in interaction.

At 350°C the band gap was reduced further, but quantum confinement was not
completely lost, as the optical gap was still above the bulk (band gap ~1.5eV [72]). It
is possible that the loss of CH5Cl from the PDDA discussed above would lead to the
PDDA shrinking slightly, reducing the separation between nanoparticles compared to
annealing at 280 °C. This would account for the further reduction in the optical gap of
the nanoparticles as the wavefunctions could interact more when in closer contact due
to the narrowing and possible lowering of the potential barrier between the nanoparti-
cles. This closer contact and narrower barrier would also be expected to increase the
probability of charge transfer between the nanoparticles, reducing the resistivity of
the film and allowing greater extraction of photogenerated charges in solar cells using
films annealed at this temperature. The optical gap of the film annealed at 450 °C was
close to the bulk band gap of CdTe, indicating that quantum confinement was lost. It
is possible that when all of the PDDA was removed, as indicated by the EDX mea-
surements and previous TGA studies [150], the nanoparticles could then easily sinter
together as there was no longer any material separating the neighbouring nanopar-
ticles and thermal energy would be sufficient to allow atomic migration. Sintering
would lead to loss of quantum confinement and the CdTe would act as a bulk material.

Annealing at 350 °C was the only temperature studied where some of the PDDA
was removed while some quantum confinement was also retained. Further study of
the absorption spectrum of samples annealed at 350 °C indicates that the absorption
peak has broadened compared to unannealed samples, with the centre of the peak red-
shifted by approximately 80 nm (figure 6.13). This broadening of the absorption peak
suggests a wider size distribution of nanoparticles, or a reduction in quantum confine-
ment in some of the particles more than others. The combination of a slight red-shift
and broadening of the absorption peak could be explained by a slight joining, or in-
timate contact of some of the nanoparticles, or possibly by an Ostwald ripening type
process whereby some particles grow at the expense of others. These processes are
illustrated in figure 6.14. In figure 6.14 a the particle-particle separation is reduced,
which leads to an increase in the interaction between the wavefunctions and therefore
a reduction in quantum confinement which would give the observed red-shift in ab-
sorption. If this occurred to some particles more than others, as expected if the film
randomly rearranged, then it would also lead to a broadening of the band gap range
as some particles would lose more quantum confinement than others. Alternatively,
as shown in figure 6.14 b, the broadening of the peak could occur due to an Ostwald
ripening type process. In the initial films the size distribution is narrow giving the
sharp absorption peak. If the slightly smaller particles on average transferred material
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Figure 6.13: Absorption plots of 20 layer CdTe-PDDA film deposited on glass before and
after annealing at 350 °C for 1 hour in vacuum.
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Figure 6.14: Schematic of two possible mechanisms for a shift in the absorption spectrum
of nanoparticles after annealing. a) Reduction in separation between nanoparticles leads to
increased interaction between the carrier wavefunctions and a reduction in quantum confine-

ment. b) Ostwald ripening-type process whereby slightly larger particles grow at the expense
of slightly smaller ones, increasing the size disparity between the particles.

to the larger particles then the size distribution, and therefore band gap distribution,
would be broadened giving the observed broadening in absorption peak. However, the
average particle size would remain unchanged, so the center of the absorption peak
would not move, rather than red-shifting as observed. Additionally, for such a process
to occur there would have to be mass transfer between the particles. It is likely that
this would only occur once quantum confinement had been completely lost, as the
polymer and capping molecule would hinder such a transfer.

Referring to other studies gives support for the first explanation of the red shift af-
ter annealing given above — that the particle separation decreased leading to increased
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particle-particle interaction; such a red shift has been observed previously in the LbL
films due to their close packing [148]. In this study it was shown that the packing
of the first few CdTe-PDDA layers in the LbL film led to a red-shift in the photolu-
minescence peak of the nanoparticles compared to nanoparticles in suspension due to
greater particle-particle interactions. Then, as more layers were added and some par-
ticle in-fill occurred, packing particles closer together, this red shift increased due to
even greater interaction, shifting by approximately 15-20 nm from one to ten CdTe-
PDDA layers [148]. It is therefore suggested that as the LbL film was annealed up
to 350 °C in the current work the particle separation reduced, leading to the observed
red shift of approximately 80 nm. Additionally, the TGA study discussed above [150]
also supports the first explanation for the observed changes in the absorption peak
(represented in figure 6.14 a). The TGA analysis suggested that at 350 °C some of the
side chains of the polymer were lost, but that the rest of the polymer was still present.
This would lead to a slight reduction in the inter-particle separation as the loss of side
chains would allow the polymer to pack more tightly, but the presence of polymer
would restrict mass exchange between particles.

The observed broadening of the absorption peak is useful for photovoltaic appli-
cations, as it allows a larger portion of the solar spectrum to be absorbed by such a
coating. If the increased interaction between particles also leads to enhanced charge
transfer, this should also lead to improved photovoltaic performance. The final ob-
servation of the difference between the spectra before and after annealing is that after
annealing the magnitude of the absorption is slightly increased. The absorption could
have increased if annealing created more scattering centers in the film: more scatter-
ing would lead to a higher optical path through the CdTe, leading to more absorption.
Higher scattering in the film could be caused by increased disorder as the particles
rearrange, or by the changes in the molecular structure of the polymer. A less ordered
film also correlates with the increased interaction suggested above for the annealed
film: in a less ordered film particles would occupy any spaces in the structure thus
packing more tightly. TEM studies of the LbL films after annealing would help to
clarify whether the suggested changes in inter-particle separation and disorder are re-
sponsible for the observed shifts in band gap and scattering. This would also help to
identify the point at which sintering does occur in the film.

When 30 layers of CdTe-PDDA were deposited onto ZnO nanorods and then an-
nealed in vacuum at 150-350°C a similar shift and broadening of the nanoparticle
absorption peaks was observed. It can be seen from figure 6.15 a that as the anneal-
ing temperature was increased the absorption peak shifted from around 590 nm to
~670 nm, and broadened slightly as in the LbL films deposited on glass. Overall the
absorption also increased with annealing across the whole range shown, but especially
above 600 nm, which is also useful for photovoltaic applications.

The spectra of the bare ZnO nanorod samples before CdTe-PDDA LbL coating
were subtracted from those taken after coating (figure 6.15 a) to give the spectra shown
in figure 6.15b. Although the absorption amplitude from the samples is more scat-
tered, rather than the clear trend in figure 6.15 a, the shifting absorption peaks can be
see more clearly. The absorption peaks lie at approximately 595, 600, 620 and 645 nm
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Figure 6.15: Absorption spectra of 30 layer CdTe-PDDA film deposited on ZnO nanorods
unannealed, and annealed at 150-350 °C for 1 hour in vacuum showing the region of the
CdTe absorption peak. a) Recorded spectra. b) Spectra with uncoated ZnO nanorod spectra
subtracted. Nanorods were grown in 0.025 M solutions of zinc nitrate and HMT in a closed jar
at 90 °C for a total of 15 hours.

for unannealed and 150, 280 and 350 °C annealed samples respectively. These wave-
lengths correspond to band gaps of 2.09, 2.07, 2.01 and 1.93eV respectively. For
comparison these peak positions and the visible peak position for LbL films annealed
on glass are plotted in figure 6.16. The visible peak positions were used rather than
Tauc gaps because the Tauc plots for LbL films on ZnO nanorods were unreliable due
to scattering from the nanorods. The visible peaks for annealed 20 layer films on glass
follows the same trend to the optical gaps (figure 6.12), but with all points shifted to
higher energies. The trend in films annealed up to 280 °C is almost identical for films
deposited on glass and ZnO nanorods, but when annealed at 350 ° the absorption peak
of the film deposited on ZnO nanorods does not drop as much as the equivalent film on
glass (figure 6.16). The difference in trend could imply that the presence of the ZnO
nanorods reduces the effect of the annealing at higher temperatures. It is possible that
the presence of the nanorods restricts the long-range order of the LbL film, reducing
the ability of the film to relax above the glass transition temperature. The main in-
consistency between films deposited on glass and on ZnO nanorods is observed when
annealed at 350 °C. At this temperature the change in optical gap was attributed to
the loss of the CH3Cl side-group (section 6.3.2). The mass loss observed in the LbL
films was measured in those deposited on ZnO nanorods and was consistent with the
loss of the CH3Cl side-groups. Therefore it is possible that these side-groups were
lost both in films deposited on glass and on ZnO nanorods annealed at 350 °C, but
in films deposited on ZnO nanorods the resulting film relaxation was limited by the
lack of long-range order. More in-depth comparison of both the optical and compo-
sitional properties of LbL films deposited on glass and ZnO nanorods would help to
clarify whether rearrangement of the films with annealing does differ between the two
situations.
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Figure 6.16: Observed absorption peak of 20 layer CdTe-PDDA films deposited on
glass substrates (solid line) and 30 layer CdTe-PDDA films deposited on ZnO nanorods
(dashed line) annealed at 150-450 °C in vacuum for 1 hour. Colour of points of LbL films
on ZnO nanorods corresponds to line colour in figure 6.15. Error bars derived from uncertainty
in judging the peak positions.

6.4 Summary

It has been shown that the LbL process can successfully be used to coat ZnO nanorods
with conformal films of CdTe nanoparticles in a PDDA matrix, with 10, 30 or 50
layers coated onto the rods. The presence of both CdTe and PDDA were confirmed
in the coating by EDX measurements. Although the rods were coated with a very
uniform thickness in some cases, the uniformity of this coating did vary. It was shown
that the coating was slightly thicker on the tips than the base of longer rods, possibly
due to the layer components not penetrating to the base of these longer rods. This
clustering at the tip of the rods was very extreme when re-using CdTe nanoparticle
solutions for more than ~100 layers, even for shorter rods, indicating that fresh CdTe
should always be used where possible.

Absorption measurements of CdTe-PDDA-coated rods demonstrated a distinctive
absorption peak of the quantum-confined nanoparticles centred at around 2.11eV,
which is blue-shifted from the bulk band gap of CdTe of ~1.5 eV. It was shown that us-
ing the LbL process to increase the thickness of CdTe-PDDA coating clearly increased
the optical absorption by the nanoparticles, with 30 layers on ZnO nanorods absorb-
ing approximately four times as much light at the CdTe absorption peak (590 nm)
as 10 layers on the same rods. Quantitative measurements of the absorption using
an integrating sphere to capture all of the transmitted light showed that 50 layers of
CdTe-PDDA on ZnO nanorods absorbs ~80 % of the incident light at the nanopar-
ticle absorption peak. This is more than 2.5 times higher absorption than previous
nanoparticle-coated ZnO nanorods which did not use the LbL process. This there-
fore confirms that the LbL process allows a much greater level of light absorption
by nanoparticles on ZnO nanorods than soaking the rods in a nanoparticle solution
to adsorb the nanoparticles onto the surface. When coated onto ZnO nanorods by the



94 CHAPTER 6. CDTE NANOPARTICLE LAYER-BY-LAYER FILMS

LbL process, CdTe nanoparticles and the nanorods demonstrated a photoluminescence
(PL) spectrum that implied a photoexcited charge transfer from the nanoparticles to
the nanorods. This was suggested by the quenching of the CdTe exciton emission
when coated onto the nanorods coupled with enhanced surface emissions from the
nanorods. Such a carrier transfer is desirable for the use of this CdTe-ZnO system in
solar cells.

Annealing of the CdTe-PDDA-coated ZnO nanorods was performed to try and re-
move the PDDA component from the CdTe-PDDA film. Initially it was shown that
annealing must be performed in vacuum to avoid oxidation of the nanoparticles, which
occurred when annealing in air above 200 °C. Annealing in vacuum up to 450 °C was
performed, which displayed behaviour that agreed with previous thermo-gravimetric
analysis (TGA) studies of PDDA; analysis of the carbon content of the films sug-
gested a partial decomposition of the PDDA at 350 °C (loss of methyl side-group(s)),
and full loss of PDDA at 450 °C. This behaviour was coupled with a gradual decrease
in optical gap of the nanoparticles annealed up to 280 °C — likely due to a slightly in-
creased inter-particle interaction as the particles re-arrange in the film — with greater
reduction in the optical gap of 350 °C-annealed particles due to even greater interac-
tion between particles resulting from the partial PDDA decomposition. At 450 °C the
quantum confinement appeared to have been completely destroyed as the optical gap
was close to the bulk band gap of CdTe. This indicated that the nanoparticles had most
likely sintered to some extent once the PDDA had been fully removed.

These results show that the LbL process does have potential for depositing CdTe
nanoparticle films onto ZnO nanorods to act as absorber layers in eta-style solar cells.
The conformal coating of the nanorods is desirable both for optimum charge transfer
into the nanorods, and for penetration of a hole-collecting material between the coated
nanorods. Existence of the required charge interaction was suggested by PL. measure-
ments. The absorption measurements show that absorption of incident light can be
enhanced by increasing the thickness of the CdTe coating on the nanorods so that lev-
els approaching 100 % of the incident light can be absorbed. Attempts to remove the
PDDA component of the films have also been successful, although for quantum con-
finement to be retained only partial decomposition of the PDDA can be preformed.
Measurement of the performance of completed solar cells with a variety of these LbL
coating will show whether the increased light absorption of the LbL films can be cou-
pled with charge extraction of the resulting photoexcited carriers, and which of the
adaptations of absorber thickness and annealing treatments produce the best results.
These investigations are explored in the following chapter.



Chapter 7

Solar cells

Chapters 4 and 6 described the development of the methods for growing ZnO nanorods
and coating them with layer-by-layer (LbL) films of CdTe nanoparticles. The prop-
erties of these components were studied and explored with reference to a variety of
characterisation techniques. This chapter focuses on these materials as components
of solar cells and the additional materials that are required to complete the solar cells.
In this project, three sets of solar cells were made, which shall be referred to as SCI,
SC2 and SC3. The cells in each set share certain synthesis methods that reflect the
stage of the project at which they were produced, hence the labelling of the cells in
this way. In this chapter, the ZnO nanorods and CdTe coating that were used in the
solar cells are first described so that they can be easily compared to the photovoltaic
performance of the final devices. Details of the p-type materials copper thiocyanate
(CuSCN) and poly(styrenesulfonate)-doped poly(3,4- ethylenedioxythiophene) (PE-
DOT:PSS) are given, including both the development of these materials early in the
project and the details of the specific films used in the solar cells. The main focus
of the chapter is how the components of the solar cells influence their photovoltaic
performance; differences in the ZnO nanorods, CdTe films, and p-type layers are all
related to the photovoltaic performance of the solar cells. The analysis attempts to gain
understanding of how the properties of the components influence the cell performance
and use this understanding to improve the efficiency of the solar cells.

7.1 7ZnO nanorods for solar cells

Nanorods for solar cells were always grown on FTO-coated glass substrates with a
seed layer derived from a solution of zinc acetate in ethanol by the method described
in section 3.1.1. Nanorods were grown in a sealed jar, with reactants mixed and sub-
strates added while cold and placed in an oven for 2.5 hours at 90 °C. The concentra-
tion of zinc nitrate and HMT in the reaction was always 0.025 M. For devices SCI,
the solution also contained ~6 mM PEI, and the reaction was repeated 20 times using
fresh solutions each time. Nanorods grown in this way are shown in figure 7.1 a. These
rods grew quite large in the repeated syntheses: up to 5 um of the largest nanorods

95
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Figure 7.1: SEM images of ZnO nanorods grown on seeded FTO substrates in aqueous
0.025 M solution of zinc nitrate and HMT for devices SC1 (a) and SC2 and SC3 (b).
a) Rods grown with ~6 mM PEI added to reaction in a closed jar at 90 °C for a total of 50
hours. b) Nanorods grown without PEI in a closed jar at 90 °C for a total of 15 hours. In both
reactions substrates were placed in consecutive syntheses of 2.5 hours in a sealed vessel with
fresh solutions each time. Images taken at 45°.

were visible above the array, which were 500 nm in diameter. However, this size was
not consistent across all nanorods. Many rods were only 100nm in diameter, and
around 1-2 um could be seen above the array. The large rods can be seen extending
above the majority of smaller rods in figure 7.1 a. The enhanced growth of a minority
of rods compared to the rest was not expected, but could be due to inhomogeneities in
the seed layer. If some of the ZnO seeds were slightly larger the rods that grew from
them would both be wider and start taller than the surrounding rods. By being taller
than the surrounding rods these few rods would have access to a region of solution
that was less depleted of reactants than that immediately above the rest of the rods.
These rods that started taller would then grow at a greater rate, accentuating the size
disparity and producing the extra-large rods that were observed. This uneven mor-
phology should not adversely affect the performance of the solar cells, as long as the
hole-conducting layer fully covers all of the rods.

Later, for devices SC2 and SC3 PEI was no longer used, and the reaction was
repeated only 6 times in fresh solutions. Nanorods grown in this way are shown in
figure 7.1 b. These nanorods are much more consistent in size than those grown over
20 syntheses with PEI, although some slightly larger rods are also visible. It is pos-
sible that with further syntheses these size differences could become more marked,
as discussed above. Around 1 um of these rods is visible above the array, and they
are ~90nm wide. The aspect ratio therefore differs little from nanorods grown using
PEI, as discussed above. The majority of the rods were also only slightly smaller than
those grown in more than three times as many syntheses using PEI. This indicates that
using PEI slows the growth of the nanorods, suggesting that it is more efficient not to
use PEI in the reaction.
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7.2 LbL-coated nanorods for solar cells

The CdTe-PDDA films used in the solar cells were produced by the same layer-by-
layer process as discussed in chapter 6. This section briefly details the morphology
of the specific LbL films used in the solar cells so that the properties of the complete
cells can be related to these morphologies.

In the first two sets of devices, SC1 and SC2, fresh solutions of nanoparticles
were used in the LbL process and 30 bi-layers of CdTe-PDDA were deposited on the
nanorods. In the final set of devices, SC3, recycled solutions of nanoparticles were
used, as the detrimental effect of this was not known (see section 6.1), and there was
insufficient time and remaining nanoparticles to re-grow the nanorods and coat them
with fresh solution. In devices SC3 either 30 or 50 bi-layers of CdTe-PDDA were
coated onto the nanorods. Some devices were also made without CdTe-PDDA coat-
ings to compare the behaviour. Full discussion of the devices is made in section 7.5.
Figure 7.2 shows 30 layer CdTe-PDDA-coated nanorods used in devices SC1, and
coated nanorods from SC2 and SC3 are shown in figures 7.3 and 7.4 respectively.

The coating on cells SC2 (figure 7.3) was the most uniform of the three sets of de-
vices, with a similar thickness of coating along the visible length of the rods, although
the film is possibly slightly less thick below around 500 nm from the tip. Devices
SC3 had the least uniform coating (figure 7.4), which was attributed to the use of
recycled CdTe nanoparticle solutions. Devices SC1 (figure 7.2) have a slightly less
uniform coating than SC2, with some clustering of CdTe around the tips of the rods.
It is possible that this was a results of the slightly greater length of these rods, the
presence of the especially long rods discussed in section 7.1 (seen in figure 7.2 a),
or slight differences in spacing between the rods resulting from the different growth
times. The longer rods may make it more difficult for the aqueous solutions of either

Figure 7.2: SEM images of ZnO nanorods coated with 30 layers of CdTe-PDDA using
the LbL process for solar cells SC1. a) Wide view. b) Close-up. Nanorods were grown in
0.025 M solutions of zinc nitrate and HMT with 6 mM PEI in a closed jar at 90 °C for a total
of 50 hours. Images taken at 45°.
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Figure 7.3: SEM images of ZnO nanorods coated with 30 layers of CdTe-PDDA using
the LbL process for solar cells SC2. a) Wide view. b) Close-up. Nanorods were grown in
0.025 M solutions of zinc nitrate and HMT in a closed jar at 90 °C for a total of 15 hours.
Images taken at 45°.

Figure 7.4: SEM images of ZnO nanorods coated with 30 (a) and 50 (b) layers of CdTe-
PDDA using the LbL process with a recycled nanoparticle solution for devices SC3.
Nanorods were grown in 0.025 M solutions of zinc nitrate and HMT in a closed jar at 90 °C
for a total of 15 hours. Images taken at 45°.

CdTe, PDDA or both to penetrate between the rods, leading to the preferential depo-
sition of CdTe-PDDA films on the tips of the rods. Alternatively, either narrower or
wider spacing between the rods may lead to poorer penetration of the CdTe or PDDA
solutions: if the surface tension of the solutions limited the penetration a wider spac-
ing would improve penetration, but if the penetration was aided by capillary action a
narrower spacing may draw the solutions to the base of the rods more effectively. The
optimum spacing for LbL penetration could be investigated by producing a number of
nanorod samples of the same length but with different aspect ratios and measuring the
extent of LbL coating along the rods.
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Because of the tendency for preferential deposition of the LbL films at the tip of
the rods, the majority of the CdTe-PDDA was deposited on approximately the top
600 nm of the rods in all devices, the only exception being the extra-long rods in SCI,
which were coated approximately 2 yum down from the tip. As there were not many
of these extra-long rods, and the rest of the rods are only coated by approximately the
same amount of CdTe as the other devices, the longer growth time used for cells SC1
may not have led to a significantly greater quantity of CdTe being present in cells SC1
compared to the shorter rods in SC2 and SC3. This suggests that the LbL process
may need to be adjusted for future work so that longer nanorods can be coated to the
bottom of the rods without agglomeration at the tips.

7.3 Copper thiocyanate

7.3.1 Spin-coating trials with ethyl sulphide

Attempts to deposit films of CuSCN by spin-coating were made using solutions of
CuSCN in ethyl sulphide. Ethyl sulphide was used because the CuSCN dissolved eas-
ily in the solvent, and it was not known at that time that CuSCN forms complexes
with ethyl sulphide that make the solvent difficult to fully remove, as mentioned in
section 3.4. CuSCN solutions were spun onto ITO-coated, FTO-coated and uncoated
glass and nanorod-coated substrates at speeds of 1000-2000 rpm for up to one minute.
Methods were also trialled where the substrate was first spun for 20 seconds at 250 rpm
to gently spread to solution over the substrate allowing the solvent to evaporate slightly
and viscosity increase, before spinning briefly at 1000 rpm to remove any excess so-
lution. Coatings were repeated between 10 and 50 times.

On planar substrates (ITO, FTO, glass) almost no material was deposited; on SEM
analysis, the majority of areas consisted only of the bare substrate, with some small
islands that may have been isolated patches of CuSCN or a CuSCN-solvent complex,
but were too thin to register on EDX analysis. On ZnO nanorod-coated substrates ma-
terial was deposited, almost completely covering the nanorods (figure 7.5). However,
it was not possible to reliably coat a film of CuSCN over the top of the nanorods to
form a micron-thick layer, however many layers were spun on. The coating shown
in figure 7.5 was achieved by coating 10 layers using a 0.1 M solution of CuSCN in
ethyl sulphide, followed by 15 layers using a 0.4 M solution. The spinning was per-
formed for 20 seconds at 250 rpm, then 30 seconds at 1000 rpm. The roughness of the
nanorods may cause a larger volume of solution to be left after the spinning, leading
to deposition of sufficient CuSCN to build up between the rods. However, once the
rods were filled the surface was essentially planar and, as with the planar substrates
discussed above, no more CuSCN was deposited. It is possible that because of the
high solubility of CuSCN in ethyl sulphide, subsequent coatings re-dissolved as much
CuSCN as was deposited, leading to a steady-state of film thickness.

It may be possible to deposit a CuSCN film above the nanorods or on planar sub-
strates by using CuSCN solutions in propyl sulphide: CuSCN is less soluble in propyl
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Figure 7.5: SEM images of ZnO nanorods filled with CuSCN by spin-coating ethyl sul-
phide solution. a) Cross-section showing CuSCN filled between rods almost to the tips. Rods
~1.25 ym long. b) Image of surface showing ZnO tips just protruding through CuSCN film.
This was the highest above the rods that the CuSCN could be coated. Images taken at 45°.

sulphide than ethyl sulphide [30], and therefore it would be less likely for the solution
to re-dissolve previous layers. This process may also be aided by heating the substrate
to ~80°C using a heat lamp during the spin-coating process to speed up the evap-
oration of the solvent and deposit more material per layer. Further trials using such
methods would ascertain whether CuSCN could be deposited by spin-coating. These
trials were not performed during this project, and subsequent deposition of CuSCN
was performed by methods similar to those in the literature, where CuSCN was drib-
bled from a solution in propyl sulphide onto the substrate surface and allowed to dry
(see section 3.4) [14, 30].

7.3.2 Early trials using propyl sulphide

In early trials of depositing CuSCN onto ZnO nanorods by spreading on the surface
as in the literature (section 3.4) [14, 30], 0.1 M solutions of CuSCN in propyl sulphide
were used. This solution was slowly delivered from a narrow glass pipette and spread
across the surface as in figure 3.5 a. As little as possible of the solution was delivered
at a time so that only a very thin layer of solution was left on the surface. If too much
solution was released the CuSCN left a thick white deposit at the edge of the drop on
drying, which was very cracked and easily peeled off. In the early trials the solution
was spread onto the substrate at room temperature and the substrate was then placed
onto a hotplate at 70 °C once the surface was covered. The solvent visibly dried after
a few seconds and the substrate was then taken off and the coating repeated. This was
repeated 20-50 times to build up a thicker film. After every 10 layers the substrate
was left on the hotplate for 15 minutes to allow more of the solvent to evaporate. Even
when attempting to deposit the solution very evenly inhomogeneities in the thickness
on the surface still occurred, leading to an uneven coating across the substrate.
Figure 7.6 shows four images of CuSCN coating produced by this method. Fig-
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Figure 7.6: SEM images of ZnO nanorods filled with CuSCN by repeated spreading
of propyl sulphide solution over surface. Progression of filling of rods is shown as more
CuSCN was deposited from a)-d). Images taken at 45°.

ures a)—d) represent the different stages of the build-up of CuSCN between and on the
ZnO nanorods. This approximately equates to the build-up as more layers were added.
However, due to the irregular thickness of CuSCN deposited across the substrate, dif-
ferent regions of one substrate could display multiple examples of the coatings shown
in a)—d) after the same number of layers had been deposited. In figure 7.6a it can
be seen that the CuSCN initially forms small clumps between the nanorods. These
then join as more CuSCN solution is added, almost completely filling between the
nanorods (figure 7.6 b). The film then covers the nanorods, with a number of small,
regular cracks that appear to follow larger gaps between nanorods, and a textured sur-
face that conforms to the surface of the nanorods (figure 7.6c¢). As more CuSCN
solution was added a more planar film built up above the nanorods, which displayed
a regular ‘mud-cracking’ effect, with cracks as wide as 500 nm (figure 7.6d). This
method can therefore be used to fill between ZnO nanorods with CuSCN and form a
continuous layer on top. However, depositing the CuSCN by this method led to a large
number of very large cracks in the CuSCN film which could lead to short-circuits in
the photovoltaic devices.

7.3.3 SC1 and SC2 devices

Following the above trials of CuSCN deposition by spreading a solution in propyl
sulphide over the substrate surface slight modifications were made to the method to
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produce the CuSCN films that were used in solar cells SC1 and SC2. These modifica-
tions were made in an attempt to reduce the mud-cracking that occurred when using
the method above. The main differences in the process to previous trials was that the
substrates were kept at 70 °C while the solution was spread on the surface, and even
more effort was made to deposit the minimum quantity of solution possible at any one
time. Depositing at 70 °C made it easier to spread the solution out across the surface,
possibly because of reduced viscosity at this temperature. In order to produce an even
base CuSCN layer any excess solution that did not immediately dry was wicked away
by brushing the surface with a cleanroom wipe for the first 10 layers. It was found
that creating this even base helped to allow further layers to be coated smoothly. As
previously, each layer was allowed to visibly dry before depositing the next and the
substrate was left for longer after every 10 layers. However, for these devices the
substrates were left for 1-2 hours on the hotplate every 10 layers, rather than 15 min-
utes. This was an attempt to prevent excess solvent being left in the CuSCN layer as
subsequent layers were deposited.

For SC1 devices, 60 layers were deposited in total. Images of the surface after
45 and 60 layers can be seen in figure 7.7. It can be seen that after 45 layers were
deposited the nanorods were almost completely covered, but some of the tips of the
particularly long rods in these devices (figure 7.1 a) still protruded. The clustering
of the CuSCN appears particularly marked here, and when the full 60 layers were
deposited the surface appears less flat than in figure 7.6 d. There are still cracks present
in the CuSCN film, but smaller than when using the earlier method: the cracks were
up to ~250 nm across.

Cross sections of the CuSCN-coated nanorods used in cells SC1 are shown in
figure 7.8. These films were separated from the substrate for imaging by scratching
along the surface so that the ZnO seed layer came away from the FTO surface. The
nanorods can be seen growing from the seed layer, which was around 400-500 nm
thick. The longest nanorods, identified in section 7.1, were up to 6 um long from
the base to the tip, but the majority of rods were 3—4 um long. These correspond to

ﬁ-—

Figure 7.7: SEM images of 30 layer CdTe-PDDA -coated ZnO nanorods filled with CaSCN
from device SC1-E. a) After 45 layers. b) After 60 layers. Images taken at 45°.
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Figure 7.8: Cross-section SEM images of 30 layer CdTe-PDDA-coated ZnO nanorods
filled with CuSCN from device SC1-E. a) Wide view showing filled nanorods and full coating
of CuSCN on top. b) Close-up of nanorods. Tips of longest nanorods (~6 pum) can be seen at
the top of the picture.

the larger and shorter rods seen in the 45° images where around 5 and 1-2 um were
visible, respectively. The rods were intimately filled with CuSCN, and the CuSCN
also formed a continuous films around 4-5 um thick above the longest rods. The
textured nature of the CuSCN surface can also be seen.

For SC2 devices the final surface of the CuSCN film was much flatter, but the
cracks were larger than in SC1 — generally around 100-500 nm wide (figure 7.9).
Although not consistently as large as the cracks in the preliminary films of CuSCN,
these cracks could still produce short-circuits through the devices. EDX measure-
ments of the CuSCN films were also performed, which detected only Cu, S, C and N
when scanned on the surface (figure 7.10 a), indicating that the film was CuSCN, and
was thick enough that the beam did not generate x-rays from the underlying CdTe-
coated ZnO nanorods. XRD results of CuSCN deposited on ZnO nanorods are shown
in figure 7.10b. Reflections from the (003) plane and multiples thereof for 5-CuSCN
(ICDD 29-0581) can be seen, indicating that this phase of CuSCN was present as ex-
pected [16, 152]. The absence of peaks from other planes that are seen in the powder
pattern such as the (101), (104) and (110) peaks indicate that the CuSCN in this device
was oriented with the (003) plane parallel to the substrate surface. The (002) peak for
wurzite ZnO (ICDD 36-1451) as discussed previously (section 5.1) can also be seen,
indicating the presence of the ZnO nanorods beneath the CuSCN layer, aligned along
the c-axis.

Example cross-sections of the CuSCN-filled ZnO nanorods film from device SC2-
C are shown in figure 7.11. It can be seen again that the seed layer was 400-500 nm
thick. The nanorods were 2-3 ym long, where 1 yum was visibly protruding in im-
ages taken of the array at 45° (section 7.1). In figure 7.11 a the CuSCN can be seen
intimately filling between the rods and partially obscuring the top 1 um of the rods.
However, little CuSCN can be seen above the rods: it was found that when these films
were separated from the substrate, the top section of the CuSCN separated from the
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Figure 7.9: SEM images of 30 layer CdTe-PDDA-coated ZnO nanorods filled and covered
with CuSCN from device SC2-C. a) Wide view. b) Close-up. 60 layers of CuSCN deposited.
Images taken at 45°.
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Figure 7.10: EDX (a) and XRD (b) plots for ZnO nanorods filled and covered with CaSCN
by repeated spreading of propyl sulphide solution over surface. Only Cu, S, C and N from
CuSCN are detected in EDX measurement. XRD shows the (003), (006) and (009) peaks for
CuSCN, and (002) peak for ZnO.

Figure 7.11: Cross-section SEM images of 30 layer CdTe-PDDA-coated ZnO nanorods
from device SC2-C. a) Section containing ZnO nanorods filled with CuSCN. b) Separate
section of CuSCN that had broken from above the nanorods, slightly tilted from the imaging
angle. Cracks in surface of CuSCN can be seen.
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nanorod array, and was observed as isolated pieces. Such a piece of the CuSCN film
is shown in figure 7.11b. The planar top of the CuSCN film can be seen, including the
cracks and the jagged bottom where it separated from above the ZnO nanorods. The
crack can be seen propagating right the way through the film, which has implications
for the operation of the solar cells and are discussed in section 7.5. These separate
CuSCN pieces were between 6 and 8 ym thick, indicating that the CuSCN film cov-
ered the nanorods by up to 8 ym — much thicker than the covering over the nanorods
in cells SC1. This implies that a similar overall thickness of CuSCN was deposited
onto cells SC1 and SC2: the rods in SC1 were filled up to a height of 6 ym (though
most rods were around 3 pm), and a further 4 ym of CuSCN was coated over the top.
In devices SC2 the 2 ym long rods were filled by CuSCN, and up to a further 8 ym
was coated on top. Therefore, in both cases the total thickness of the CuSCN-filled
Zn0O nanorods and CuSCN film was 10 ym. This is consistent with the same method
and the same number of layers of CuSCN being used in each case, assuming that the
volume of the ZnO nanorods does not alter the thickness of the film greatly (i.e. make
a difference of >1 pm). Comparison of the cross-sectional images from devices SC1
and SC2 also confirms that the extra long synthesis and use of PEI did not produce a
great benefit: the longest rods in SC1 were no more than twice as long as those in SC2
despite over three times the growth time, and most were almost the same length with
almost identical aspect ratios.

A thin layer of CuSCN deposited in the same way as for devices SC1 and SC2 was
also deposited onto a glass substrate for optical analysis. The absorption spectrum and
corresponding Tauc plot are shown in figure 7.12. The absorption increases rapidly
below ~330nm, corresponding to an optical band gap of 3.664-0.02 eV as calculated
using the Tauc plot [144].
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Figure 7.12: Absorption spectrum and Tauc plot (inset) of CuSCN deposited onto glass
from a propyl sulphide solution. Tangent is taken on Tauc plot at the absorption onset, shown
by a dashed line. Intercept gives the optical band gap of CuSCN as 3.66+0.02eV.
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7.3.4 SC3 devices

For CuSCN layers used in solar cells SC3 the deposition process was further modi-
fied to try and reduce the inhomogeneities and cracking of the film. The method for
spreading the CuSCN in propyl sulphide solution on the surface was adapted slightly,
as described in section 3.4: instead of delivering a drop of solution from the end of
the pipette and spreading this drop across the surface the drop was run down the side
of the pipette which was then placed above the substrate so that the drop formed a
meniscus between the side of the pipette and the surface. This had two advantages: it
reduced the risk of scratching the surface with the tip of the pipette and it reduced the
quantity of solution deposited on the surface, as when the pipette was passed across
the surface only a very small quantity of the solution was left in its wake. The other
modifications to the method were in the temperatures used: the deposition temperature
was increased slightly to 80 °C, and every ten layers the substrates were heated for 5
minutes at 150 °C, rather than left at 80 °C, with the aim of removing all of the residual
solvent (see section 3.4). This extra heating was used because even after the surface
had visibly dried and the sample had been left at 70 °C overnight a residual smell of the
solvent could still be detected on the substrate, suggesting that some was still present.
After heating at 150 °C no smell could be detected. The removal of this excess solvent
every 10 layers was believed to help in reducing the likelihood of cracking in the film;
if the solvent was removed at regular intervals the film would fully dry and solidify at
these stages and the strains in the film would stabilise. However, if some of the solvent
remained as the layers were built up and then gradually dried over time as suggested
in the literature [14], the entire thickness of the film (1-8 ym) would dry in one go,
which will increase the likelihood of cracks as the film contracts upon drying.

These modifications to the deposition method appeared to be successful, as no

cracks were visible in the film upon SEM analysis (figure 7.13 a). Additionally, the
macroscopic evenness of the film was improved using this method, as no pools with

Figure 7.13: SEM images of CuSCN film coated on top of 30 layer CdTe-PDDA-coated
ZnO nanorods from device SC3-A. a) Surface of film. b) Cross-section of film. CuSCN can
be seen filling between rods and covering them by approximately 2 pm.
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greater quantities of CuSCN solution formed when depositing the layers due to the
quantity of solution being equal along the side of the pipette. Microscopically, the
SEM images show that the surface of the film is granular with some pores, although
the majority of the grains appear well joined. Cross-sections of the film show that
the rods were 2-3 ym long, as with the rods in SC2 cells, which is consistent with
the same growth method and time being used. They also show that the film is quite
compact and that the pores were only visible on the surface. Also, in SC3 cells the
CuSCN film above the rods was only ~2 pm thick (figure 7.13 b). This is much thinner
than the film over the rods in SC2 cells. This implies that using the modified method
for depositing CuSCN deposits much less material per layer — approximately half as
much as the total thickness of the CuSCN from the base of the rods was ~5 yum in
SC3 cells compared to 10 ym in SC2 cells.

74 PEDOT:PSS

Initial trials to spin-coat PEDOT:PSS between ZnO nanorods followed the literature
method, which stated that the as-supplied solution (1.3 wt.% in water) was used for
spin-coating [153]. Two layers were deposited at 2000 rpm by the method described
in section 3.5. Using the PEDOT:PSS solution undiluted in this way led to poor pene-
tration between the nanorods: figure 7.14 shows a section of the PEDOT:PSS coating
that had been lifted off the nanorods by scratching the surface. It can be seen that the
PEDOT:PSS layer was mostly deposited above the nanorods, penetrating only 100—
200 nm below the tips. After the coating of two layers at this concentration the film
was approximately 1.5 um thick.

To improve the penetration of the solution between the nanorods to provide more
intimate contact between the ZnO and PEDOT:PSS, the solution was diluted to 25 %
of the supplied concentration by adding three parts absolute ethanol to one part PE-
DOT:PSS solution. Absolute ethanol was used as it has a lower surface tension than

Figure 7.14: SEM images of PEDOT:PSS film coated on top of ZnO nanorods by spin-
coating undiluted PEDOT:PSS solution in water. a) Wide-view showing ~1.5 pm-thick
PEDQOT:PSS film covering nanorods. b) Close-up showing that PEDOT:PSS film only pene-
trates ~100 nm below tips of nanorods. Images taken at 45°.



108 CHAPTER 7. SOLAR CELLS

T

Figure 7.15: Cross-section SEM images of PEDOT:PSS film coated on top of ZnO
nanorods by spin-coating two layers of PEDOT:PSS solution diluted to 25 % in ethanol.
a) Wide-view showing ~1.5 um nanorods coated with PEDOT:PSS. b) Close-up showing PE-
DOT:PSS penetrating ~500 nm below tips of rods.

water, so was hoped would penetrate further between the rods. This was successful,
leading to approximately half the exposed length of the nanorods (~500 nm) being
coated with PEDOT:PSS (figure 7.15). Although the solution did not coat all the way
to the bottom of the nanorods, the deeper coating allows at least some of the surface
area enhancement of the ZnO nanorods to be utilised.

For the final method, as used in solar cells SC3, two layers of 25 % PEDOT:PSS in
ethanol were coated first, followed by two layers of undiluted PEDOT:PSS solution,
as the diluted solution was not needed once the film had coated above the nanorods.
This led to a coating that protruded 3.5 um above the nanorods in these solar cells
(figure 7.16 a). Figure 7.16 b shows clearly the cross-section of the nanorods and the
PEDOT:PSS coating. The 30 layer CdTe-PDDA LbL film can be seen coating approx-
imately 1 ym down the length of the 2-3 ym-long nanorods, i.e. approximately half
to a third of the length of the rods was coated in absorber. The CdTe-PDDA coating
on these nanorods was annealed for 1 hour at 350 °C, hence the uneven morphology.
Unfortunately, only about the top 200 nm of the nanorods are in contact with the PE-
DOT:PSS — similar to the original trials without ethanol dilution. The PEDOT:PSS
solution may not have penetrated as well between the rods because the CdTe LbL
coating left smaller pores between the rods. This will have been exacerbated in these
cells by the agglomerated lumps of CdTe-PDDA at the tips of the rods, leaving very
small pores for PEDOT:PSS penetration (see figure 7.4). These ‘lumps’ are not vis-
ible, as they are likely covered by the PEDOT:PSS. Further trials with PEDOT:PSS
spin-coating on CdTe-PDDA LbL-coated nanorods are necessary to ascertain the best
conditions for filling between these rods. The failure of the PEDOT:PSS film to pene-
trate between the rods means that although the CdTe-PDDA film coated around 1 pm
down the length of the rods, it is unlikely that holes generated along the full extent of
the CdTe-PDDA film will be extracted to the external circuit, unless they are able to
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Figure 7.16: SEM images of PEDOT:PSS film coated on top of 30 layer CdTe-PDDA-
coated ZnO nanorods by spin-coating two layers of PEDOT:PSS solution diluted to 25 %
in ethanol, followed by two layers of undiluted PEDOT:PSS. a) Wide view showing full
cross-section of PEDOT:PSS coating on ZnO nanorods. b) Close-up showing the CdTe-PDDA
LbL coating approximately half way down the length of the nanorods, as indicated.
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Figure 7.17: Absorption spectrum of PEDOT:PSS film coated onto glass by spin-coating
an undiluted PEDOT:PSS solution at 2000 rpm.

travel up to 1 pum through the LbL film to reach the PEDOT:PSS layer.

Absorption measurements were performed on a PEDOT:PSS films deposited on
glass by spin coating one layer of undiluted solution at 2000 rpm. The spectrum is
shown in figure 7.17. There is a small absorption peak around 380 nm, indicating a
band gap of around 3.3 eV. Slightly below around 350 nm the absorption increases
rapidly. There is also a gradual increase in absorption from ~450 nm to the end of the
scanned range at 900 nm to around three times the level at the small peak at ~380 nm.
This increased absorption at the red end of the spectrum is responsible for the blue
colour of the PEDOT:PSS films. A Tauc plot could not be used to ascertain the optical
gap of PEDOT:PSS due to this increasing absorption at higher wavelengths.
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7.5 Photovoltaic properties

Before looking in detail at the results of the photovoltaic characterisation of the solar
cells produced in the project the effect of using an AM 1.5 filter when illuminating the
cell should be considered briefly. It was stated in section 3.7.6 that unfiltered 1 sun
illumination and 1 sun illumination with an AM 1.5 filter were both used. To ascertain
how large an effect the use of the filter had on the results the same cell was illumi-
nated with 1 sun both with and without the filter. The results of this test can be seen
in figure 7.18. It can be seen that the J-V characteristics are very similar in the range
shown, with slightly higher short-circuit current density (J.) (AJ,. = 0.02 mAcm~2)
and lower open-circuit voltage (V,.) (AV,. = 5mV) when using the filter. The un-
filtered light source available at Cranfield was therefore used for collection of all PV
data, rather than the AM 1.5 source available at another laboratory. The disparity in
results between filtered and unfiltered light were small enough that comparison can be
made between the data reported in this chapter and data from the literature obtained
using either filtered or unfiltered light. All PV results in this section were obtained
using unfiltered light from a Xe arc lamp, calibrated using a Newport reference cell
to give 1 sun (100mWcm™2) output. The results from these tests are discussed in
this section and the components of each cell are shown in table 7.1 and the charac-
teristic parameters of the cells resulting from the tests are shown in table 7.2 for easy
comparison.

Figure 7.18 also shows the J-V characteristics of the same device in the dark. It
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Figure 7.18: Current density-voltage characteristics of solar cell SC3-C in the dark and
illuminated by a Xe lamp at 1 sun illumination with and without an AM 1.5 filter. Full
details of cell components and treatment are in table 7.1.
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Table 7.1: Solar cell components and treatments for all devices produced in the project.
Full details of synthesis methods are given in chapter 3.

Name |ZnO* Anneal *| CdTe¢ | Anneal ¢ P-type © Anneal /
SC1-A | Seed only None CuSCN, 70°C | 70°C
SCI1-B | Seed only 30 CuSCN, 70°C | 70°C
SC1-C | Seed only 30 350°C, air | CuSCN, 70°C | 70°C
SC1-D | 50h, PEI None CuSCN, 70°C | 70°C
SCI1-E | 50h, PEI 30 CuSCN, 70°C | 70°C
SC1-F | 50h, PEI 30 350°C, air | CuSCN, 70°C | 70°C
SC2-A | 15h None CuSCN, 70°C | 70°C
SC2-B | 15h 30 CuSCN, 70°C | 70°C
SC2-C | 15h 400°C | 30 CuSCN, 70°C | 70°C
SC2-D | 15h 400°C | 30 150°C, air | CuSCN, 70°C | 70°C
SC2-E | 15h 400°C | 30 280°C, vac | CuSCN, 70°C | 70°C
SC2-F | 15h 400°C | 30 350°C, vac | CuSCN, 70°C | 70°C
SC3-A | 15h 400°C | 30 450°C, vac | CuSCN, 80°C | 150°C
SC3-B | 15h 400°C | 50 CuSCN, 80°C | 150°C
SC3-C | 15h 400°C | 50 350°C, vac | CuSCN, 80°C | 150°C
SC3-D | 15h 400°C | 30 350°C, vac | PEDOT:PSS 120°C
SC3-E | 15h 400°C | 50 PEDOT:PSS 120°C
SC3-F | 15h 400°C | 50 350°C, vac | PEDOT:PSS 120°C

¢ Details of ZnO nanorods used in device. ‘Seed only’ indicates the seed layer was deposited
on the substrate but no nanorods were grown. Time, e.g. 15h, indicates that the nanorods
were synthesised for a total of 15 hours in 0.025 M zinc nitrate and HMT solution at 90 °C,
replacing the solution every 2.5 hours. ‘PEI’ indicates that ~6 mM PEI was also added to the
reaction.

b Details of the annealing of the ZnO nanorods. Annealing temperature is given, which was
held for 1 hour and performed in air.

¢ Number of layers of CdTe-PDDA LbL film, if any, that were deposited onto the ZnO.

4 Temperature and atmosphere of the annealing of the LbL film. All annealing was performed
for 1 hour.

¢ Type of hole-collecting film used in the solar cell. For CuSCN 60 layers were deposited, and
the temperature at which they were deposited is given. All PEDOT:PSS films were deposited
by spin-coating a 25 % dilution of as supplied PEDOT:PSS in ethanol two times at 2000 rpm,
followed by undiluted PEDOT:PSS two times also at 2000 rpm.

f This is the temperature that the substrates were held at for 1-2 hours after every 10 layers
for CuSCN, and 2 minutes after every layer for PEDOT:PSS.
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Table 7.2: Solar cell parameters for all devices produced in the project when tested under
1 sun illumination (100 mAcm2).

Name Jse (mAcm—2) Voe (mV) | FF Efficiency (%)
SC1-A 0.0056+£0.0005 | 0.1+0.1 n/a ~0

SC1-B (5.0+£0.4)x107° | 2.240.1 0.2740.02 | (2.9+0.3)x1078
SC1-C 0.0044+0.0001 | 8.840.1 0.26+0.01 | (1.00£0.03)x10~°
SC1-D 0.073£0.002 7.4+0.1 0.26+0.01 | (1.38+0.04)x 1074
SC1-E 0.024040.0005 | 2740.1 0.28+0.01 | (1.80+0.04)x 104
SCI1-F 0.20840.001 4.84+0.1 0.254+0.01 | (2.48+0.05)x10*
SC2-A 0.013£0.002 6.0+0.5 0.25+0.04 | (2.0+0.3)x107°
SC2-B 0.01540.002 7.0+0.5 0.244+0.04 | (2.5+£0.4)x107°
SC2-C 0.011+£0.001 15+0.5 0.26+0.02 | (4.1+£0.4)x107°
SC2-D 0.0150£0.0005 | 2940.5 0.2740.01 | (1.18+0.04)x 104
SC2-E 0.04440.001 334+0.5 0.28+0.01 | (4.1£0.1)x10~*
SC2-F 0.147+0.002 514+0.5 0.28+0.01 | (2.12+0.04)x 1073
SC3-A 0.053+0.005 13+1 0.254+0.03 | (1.7+0.2)x10~*
SC3-B 0.0011+£0.0002 | 13+1 0.244+0.05 | (3.24+0.6)x 1076
SC3-C 0.16840.002 12041 0.31+0.01 | (6.17£0.09)x 1073
SC3-D 0.067+0.005 28+1 0.2740.02 | (4.9+0.4)x107*
SC3-E 0.010+0.001 18+1 0.2740.03 | (4.5+0.5)x107°
SC3-F 0.13140.003 80+1 0.26+0.01 | (2.73£0.07)x1073

can be seen that the line intersects zero, as expected, and that the current density
increases at a slower rate than when illuminated so that the dark and light lines cross
over just above Js.. All of the devices discussed in this section display similar dark
J-V characteristics that cross the light curves at some point shortly above Js.. These
curves are not displayed on the graphs so that the light curves of a number of devices
can be compared more easily without confusion.

7.5.1 Role of ZnO in the solar cells

Figures 7.19 and 7.20 show the PV characteristics of SC1 cells without and with ZnO
nanorods respectively, and the characteristic parameters are shown in table 7.2. Each
graph shows the data for cells with only ZnO and CuSCN, with ZnO, CuSCN and a
LbL film, and with that film annealed in air at 350 °C for 1 hour. Excluding annealed
cells, these devices can also be compared to cells SC2-A (ZnO nanorods and CuSCN,
no CdTe) and SC2-B (ZnO and CuSCN, 30 layers CdTe-PDDA) (figure 7.21). There
was a non-zero photocurrent in all cells that did not contain a LbL film (SCI1-A, SCI-
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Figure 7.19: Current density-voltage characteristics of solar cells SC1-A, B and C under
illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between the
cells for comparison. Full details of cell components and treatment are in table 7.1.
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Figure 7.20: Current density-voltage characteristics of solar cells SC1-D, E and F under
illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between the
cells for comparison. Full details of cell components and treatments are in table 7.1.
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Figure 7.21: Current density-voltage characteristics of solar cells SC2-A, B and C under
illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between the
cells for comparison. Full details of cell components and treatment are in table 7.1.

D and SC2-A). The photocurrent here must either have been generated by the ZnO
or the CuSCN, as these were the only components present. In all three devices the
CuSCN was deposited in exactly the same way, and therefore should be approximately
the same optical density (OD). However, SC1-A, SC1-D and SC2-A all had differ-
ent values of J,., with SC1-D having the largest and SC1-A the smallest (table 7.2).
SC1-D contained ZnO nanorods grown for 50 hours with PEI, SC2-A contained ZnO
nanorods grown for 15 hours without PEI, and SC1-A contained no nanorods, only a
seed layer. It is therefore expected that SC1-D had the largest OD of ZnO, followed
by SC2-A, with the OD of SCI-A being the lowest: figure 6.5 a in chapter 6 showed
that the OD of the seed layer was considerably lower than nanorods grown for 7.5
hours. Therefore, it is proposed that in the cells without CdTe-PDDA LbL films it was
the ZnO that generated the photocurrent, as the trend in J,. between SC1-A, SC1-D
and SC2-A correlates with the trend in OD of ZnO in these cells. However, further
experiments would be required to prove more strongly that the ZnO was the source
of the photocurrent in these cells. Construction of a number of ZnO-CuSCN only
devices with varying quantities of ZnO, followed by quantitative measurement of the
OD of the ZnO in each device and comparison to the photocurrent would determine
whether J,. is correlated with the OD of ZnO. The absorption measurements would
have to be performed using an integrating sphere to remove the effect of scattering by
the nanorods.

The suggestion that ZnO was the source of the photocurrent in ZnO-CuSCN only
devices is supported when comparing the band gaps of ZnO and CuSCN with the
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Figure 7.22: Spectrum of Xe lamp used to test solar cells. Band gap of CuSCN and band gap
range of ZnO are indicated. Spectrum recorded using an Ocean Optics SD2000 spectrometer.

spectrum of the lamp used for testing; the reported band gap of ZnO (3.2-3.4eV [73-
75]) is slightly lower than that of CuSCN (3.6eV [16]). The band gap of CuSCN
is slightly outside of the range of wavelengths emitted by the Xe lamp used to test
the solar cells, whereas all of the reported range of band gaps for ZnO are within
the wavelengths emitted by the lamp (figure 7.22). The absorption measurements of
CuSCN and ZnO in this thesis also agree with this explanation: the absorption onset
of CuSCN is around 330 nm (figure 7.12) — outside of the emitted range of the lamps
— whereas the absorption onset of ZnO is around 385 nm (figure 6.5), which is well
within the range emitted by the lamp. This explanation supports the hypothesis that
the ZnO generates the majority of the photocurrent in the cells without a CdTe-PDDA
LbL film, as CuSCN would be able to absorb almost no light emitted by the lamp, but
Zn0O would be able to absorb some of the light.

Considering V., in SC1-A (Seed layer and CuSCN only) V,. was almost zero,
and the gradient of the J-V plot is very high, demonstrating a very low resistance
in the cell. In SC1-D (long ZnO nanorods and CuSCN only) V,. was much higher,
and the resistance of the cell was also higher. V,. for SC2-A (short ZnO nanorods
and CuSCN only) was slightly smaller than SC1-D, and still much larger than SCI-
A (table 7.2). This suggests that the thin ZnO seed layer in SC1-A allowed a large
number of short-circuits from the top Au contact to the bottom FTO contact, reducing
V,c. These short-circuits probably also passed through the CuSCN film due to the
large cracks, as discussed in section 7.3.3. The use of nanorods in SC2-A blocked
some of these short-circuits, increasing the resistance of the cell and increasing V..
The longer nanorods in SC1-D did not block any more of these short circuits than the
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shorter nanorods in SC2-A, as V,. was only slightly larger in SC1-D than SC2-A.

7.5.2 Role of LbL CdTe-PDDA films in the solar cells

In cells SC1-B (no nanorods) and SC1-E (long nanorods) with 30 layers of CdTe-
PDDA J,. was lower and V. higher than the equivalent cells without LbL films (SC1-
A and SCI1-C respectively, see figures 7.19 and 7.20 and table 7.2). In cell SC1-B
(no nanorods) Js. was almost zero indicating almost no current reached the external
circuit in this cell. In device SC2-B (short ZnO nanorods) the use of the 30 layer CdTe-
PDDA LbL film led to only a slight difference in cell performance compared to the
cell without CdTe-PDDA (SC2-A) (figure 7.21), unlike devices SC1-B (no nanorods)
and SC1-E (long nanorods). In this case there was a very slight increase in both J,.
and V,. when using the 30 layer LbL film with the ZnO nanorod-CuSCN structure.
If the LbL was generating a photocurrent in these cells, adding to that generated by
Zn0, it would be expected that all devices with LbL films would have values of J,.
higher than equivalent cells without LbL films. As this was not the case with the cells
mentioned above, an alternative explanation is necessary.

To explain these results, it is suggested that the 30 layer CdTe-PDDA LbL film
generates a photocurrent itself when coated onto ZnO nanorods and simultaneously
blocks the photocurrent that is generated by the ZnO. If this is the case, then J,.
in cells SC1-B (no nanorods), SC1-E (long nanorods) and SC2-B (short nanorods)
should be related to the OD of the CdTe only, and not the ZnO. However, the OD of
the CdTe is not independent of the morphology of the ZnO: a larger surface area of
Zn0 leads to a larger quantity, and therefore OD, of CdTe. This explains why J,. of
cells SC1-E (long nanorods) and SC2-B (short nanorods) are much more similar after
LbL coating than before (table 7.2): despite the ZnO nanorods being longer in SCI
cells than SC2 cells the CdTe-PDDA coating only covers a similar length of the rods
(section 7.2), therefore there will be a similar OD of CdTe in the two devices. Hence
J,. for cell SCI1-E (0.0240+0.0005 mAcm~2) was only slightly higher than SC2-B
(0.0154:0.002 mAcm—2), as the OD of CdTe was itself only slightly higher. In cell
SC1-B, however, the OD of CdTe was much lower as there were no nanorods at all,
leading to a J;, of only 5x 107> mAcm™2. If this explanation is correct, it implies that
the nanorods do provide the benefit of increasing the surface area available for CdTe-
PDDA coating, but making the nanorods longer only helps if the LbL coating covers
further down the rods. To test this hypothesis it would be necessary to construct a
series of cells in which the OD of the ZnO and the CdTe were varied independently,
with some cells containing only ZnO. It is suggested that in ZnO/CuSCN cells only
ZnO contributes to the photocurrent and in ZnO/CdTe-PDDA/CuSCN cells only the
CdTe contributes to the photocurrent. This would be proven if .J;. depended only on
the OD of ZnO in ZnO/CuSCN cells, and only on the OD of CdTe in the ZnO/CdTe-
PDDA/CuSCN cells.

An explanation of why photocurrent from ZnO may be blocked in the cell when the
LbL film is present can be proposed with reference to the PL results of CdTe-PDDA
films coated onto ZnO nanorods discussed in section 6.2.2. Those results suggested
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that 10 layers of CdTe-PDDA intimately coated onto ZnO nanorods could transfer
the majority of photogenerated carriers before they recombined. However, when the
films were thicker, e.g. where they had filled between rods, the carriers could not
reach the interface with ZnO before radiatively recombining in the film. Therefore,
in the solar cells discussed here with 30 layers of CdTe-PDDA the excited carriers
in approximately the first 10 layers are able to travel to the interface where they are
transferred into ZnO (a slight difference in collection depth of carriers may occur
due to the presence of the in-built field in the device). This may also occur with
the layers nearest the CuSCN interface, but further PL studies of LbL films coated
onto CuSCN would be needed to ascertain whether charge transfer occurred at this
interface. The carriers that are generated in the CdTe and travel to the interface are
collected in the external circuit and contribute to the photocurrent. However, once the
30 layer LbL film is coated onto the ZnO nanorods, the carriers generated in the ZnO
cannot pass through the film to the interface with CuSCN before recombining, as they
must travel through the full thickness of the film. Thus, once the LbL film is coated
on the nanorods, carriers generated in ZnO do not contribute to the photocurrent, and
the OD of ZnO has no effect on J...

Based on this explanation a band model of the system is proposed, which is shown
in figure 7.23. The model is based on the photoexcitation of excitons in the nanoparti-
cles and the transfer of those excitons through the LbL film. It has been predicted that
nanoparticle/quantum dot solar cells would be excitonic in nature [154] as quantum
dots (QDs) contain very stable excitons due to the quantum confinement increasing
their binding energy. The transfer of a photoexcited electron from a QD to the ZnO
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Figure 7.23: Schematic of a simplified band model of the ZnO/CdTe-PDDA/CuSCN sys-
tem. A: Excited electron transfer from CdTe nanoparticle to ZnO. B: Forster resonant energy
transfer (FRET) of exciton between adjacent nanparticles. C: Excited hole transfer from CdTe
nanoparticle to CuSCN. z: PDDA thickness, approximately equivalent to nanoparticle sepa-
ration.
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is represented by arrow A. Although the mechanism for this transfer is not known the
PL results discussed in section 6.2.2 suggest that such a transfer does take place. The
equivalent process whereby a hole is transferred into the valence band of CuSCN is
represented by arrow C. There is no direct evidence that this process does occur in
the solar cells. A possible mechanism for charge transfer between QDs is represented
by the process circled and labelled B. This process represents Forster resonant energy
transfer (FRET) [155]. In this process the excitation is transferred from one particle
to a neighbouring particle through non-radiative dipole-dipole coupling. For this to
occur the particles must be separated by less than around 10 nm [156]. The QDs in the
LbL film have been shown in a previous study to have a mean interparticle distance
(approximately equivalent to PDDA thickness: x in figure 7.23) of 2-3 A, showing
that they are well within the range for FRET to occur. The absorption and emission
spectra of the interacting particles must also overlap strongly, which is the case for
the CdTe QDs (section 6.2). Additionally, FRET has been shown previously to occur
between TGA-capped CdTe nanoparticles with a mean separation of 5 A [156]. As the
requirements for FRET are met in the LbL film and it has been observed previously
in a similar if not identical situation it is quite possible that excitons travel between
QDs in the LbL film through FRET, although there is no direct evidence for this. This
would require no transfer of carriers between particles, only the transfer of the excited
state. Essentially no carrier would have to physically cross the PDDA barrier between
nanoparticles.

A potential issue in the cell arising from this model is that at the interfaces exciton
separation would lead to transfer of only one carrier out of the LbL film (A or C),
leaving the other in the film. This isolated carrier would either recombine with carriers
at the interface or have to travel through the whole LbL film to be transferred into the
layer where they are majority carriers (ZnO for electrons and CuSCN for holes) to
be extracted from the cell. Unlike excitons, which can be transferred without the
carriers having to physically travel between QDs, these isolated carriers would have
to be transferred across a number of PDDA barriers. This makes it very likely that the
carrier would recombine at interfaces or in trap states and not be able to travel through
the LbL film, as discussed above for carriers generated by the ZnO. This could partly
account for the low efficiencies of the cells, as this process would almost guarentee a
large portion of the photoexcited carriers in the LbL film would not reach the external
circuit and contribute to the photocurrent.

The ability of the PDDA component of the LbL film to block free carriers would
also account for the higher V. in cells using a LbL film than in ZnO/CuSCN only
cells; as discussed above the low V. in the ZnO/CuSCN cells probably results from
short-circuits leading to a lower shunt resistance (24, see section 2.1.1), lowering the
photovoltage generated by the cell. As well as blocking the photocurrent generated by
Zn0O, the PDDA in the LbL films would also block short-circuit currents, increasing
Rp,. The use of the LbL film may also reduce recombination at the interface, which
has been reduced previously by adding insulating blocking layers [13] (section 2.2.2)
and would also lead to an increase in V..

It 1s therefore proposed that in the ZnO/CdTe-PDDA/CuSCN solar cell excitons
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are generated in the CdTe nanoparticles upon light absorption. At least at the CdTe-
ZnO interface (A), and possibly also at the CdTe-CuSCN interface (C) these excitons
are separated and excited carriers are transferred. At least some of the nanoparticles
would be in direct contact with the ZnO or CuSCN surface without an intermediate
PDDA layer, allowing this process to occur more readily. This would create a con-
centration gradient of excitons, with less at the interface(s). The excitons from within
the LbL film would then be transferred along this concentration gradient, possibly by
FRET, until they reached the interface, and were themselves separated. The further
from the interface the excitons are generated the more likely that they will decay or
be separated by trap states before they reach the interface with the ZnO or CuSCN.
This explains why only the excitons from the first ~10 layers appeared to be trans-
ferred into the ZnO before decaying in the PL study (section 6.2.2), although excitons
decaying by non-radiative means would not be detected in PL measurements.

There is no direct evidence to support the proposed model of excitonic charge
transfer in the LbL film. The nature of the charge transport properties of the film would
have to be studied in order to elucidate the charge transfer mechanisms and try and
test the proposed model. However, as stated, nanoparticles are known to have stable
excitons due to quantum-confinement induced increase in binding energy, therefore
it is quite possible that stable excitons exist in the CdTe nanoparticles. Analysis of
the particles to establish whether FRET does occur would be highly interesting, and
would shed light on the mechanisms occurring in the film.

Regardless of the mechanism of charge transfer in the LbL film, if .J,. is no higher
and sometimes lower in cells with the LbL film than cells without the LbL film was
therefore not effective as a sensitiser in the solar cells — it would be simpler to make
a device with longer ZnO nanorods and no LbL film which would give a higher J,..
For this reason strategies to improve the performance of the device and alter the LbL
film were sought for the LbL. method to be useful in the construction of a photovoltaic
device. The performance of resulting solar cells are details below.

7.5.3 Annealing LbL films in air

Figures 7.19 and 7.20 show cells that had 30 layers of CdTe-PDDA added to the
Zn0O which were then annealed at 350 °C in air. Both without and with ZnO nanorods
there was a large increase in J,. after annealing in air (SC1-C and SC1-F respectively).
With the nanorods, the annealed cell (SC1-F) also had a lower V. than the unannealed
(SC1-E). Without ZnO nanorods, the photocurrent was so low in the unannealed cell
(SC1-B) that it was hard to tell how V,. changed with annealing. If the annealing
removes or oxidises the PDDA component of the LbL film the increase in J,. and
decrease in V. could both be explained by a reduction of the resistance of the layer
due to the annealing. The lower resistance of the film would significantly reduce
the series resistance (R,), which would lead to the observed increase in J.. If the
annealing in air also created conductive channels or pinholes through the film it may
allow more short-circuit pathways than with the unannealed film. This would reduce
Ry, decreasing V. as observed. This may also allow some of the photocurrent from
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ZnO to be collected, further increasing J,.. This implies that the annealing in air of
the LbL film reduces the detrimental effect of the PDDA component of the film by
reducing Ry, but also increases the number of pinholes in the film, thus decreasing
Rgp,. It would be advantageous to find a method to alter or anneal the LbL film that
produced the benefit of reducing R, but without inducing pinholes or conductive
pathways in the film that reduced Rgj.

7.5.4 Annealing of ZnO

Another route explored to improve the devices was to anneal the ZnO before adding
the LbL film (see section 3.1.3). The effect of annealing the ZnO nanorods in the
devices can be seen by comparing SC2-B and SC2-C in figure 7.24. When the ZnO
was annealed, the cell produced a V,. approximately twice as high as without ZnO
annealing. When ZnO is annealed in air, oxygen is lost and defects are induced due
to increasing non-stoichiometry, which has been linked to the n-type nature of ZnO
[77]. Therefore after the annealing the Fermi level will be nearer to the conduction
band in the ZnO and the built-in bias in the cell higher. This leads to a lower re-
verse saturation current (.Jy), which reduces the leakage current across the junction
and increases V., as observed (see equation 2.6: V,. o In(1/.Jy)). The significant
reduction in Jy after annealing of the ZnO nanorods can be seen when comparing the
dark J-V characteristics, which can be seen in figure 7.24. The much lower current
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Figure 7.24: Current density (J)-voltage (V) characteristics of solar cells SC2-B and C
in the dark. Polarity of current density is reversed compared to other J-V graphs. Plots are
labelled with the differences between the cells for comparison. Full details of cell components
and treatment are in table 7.1.
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in the negative voltage region indicates a much lower J,. There was also a slightly
lower J. in the cell that contained annealed ZnO nanorods. This can be explained
by considering equation 2.5, which shows that J,. o< Jy. However, with such a large
decrease in Jy, it would be expected that the decrease in .J,. when using annealed ZnO
would be much greater. This can be explained by the fact that increasing the density
of intrinsic defects in ZnO through annealing would increase the conductivity as well
as shift the Fermi level (in fact these two effects are intrinsically linked by the increase
in carrier density). Therefore the ZnO nanorods, which are the main route for extract-
ing photogenerated electrons from the cell, would be more conductive and the series
resistance (1) of the cell would decrease. This would increase J. (for a large change
in Ry), counteracting the decrease caused by the decrease of .Jy. Therefore, overall,
annealing the ZnO nanorods in the cell improves the performance (almost doubling
the efficiency) by increasing V,,. and was therefore performed for all subsequent cells.

7.5.5 Annealing LbL films in vacuum

Further annealing of the LbL films in the solar cells was performed in vacuum as de-
tailed studies showed that this was necessary to retain the composition of the nanopar-
ticles (section 6.3.1). In section 6.3 it was stated that annealing of the film up to
280 °C led to a reduction in the nanoparticle separation, indicated by increased inter-
action lowering the band gap. At 350 °C a portion of the PDDA was lost, possibly in
the form of methyl side groups, leading to further increased interaction. All of these
factors suggest that annealing the LbL films in vacuum would lead to a lower R in
the cells due to the reduction in the barrier between particles caused by the PDDA.
If the nanoparticles do come into closer contact with heating it may also mean that
R, may not be reduced by an increase in pinholes or conductive channels through
the film as occurred when annealing in air. A decrease in 2, without associated in-
crease in R, would be expected to increase J,. in the cells without also decreasing
V,c. Relating this explanation to the model proposed above of charge transfer through
the LbL film (represented in figure 7.23) the annealing of the film can be thought of as
reducing the mean inter-particle distance, =, by rearrangement of the film and partial
decomposition of the PDDA. If charge transfer in the film does occur through FRET,
then reducing the particle separation would increase the efficiency of excited trans-
fer [155]. Alternatively, if charge transfer occurred through tunneling of free carriers
through the insulating barrier a reduction in the thickness of the barrier would increase
the probability that the charge would tunnel through the barrier. For either mechanism,
a greater number of carriers would reach the interface with both ZnO and CuSCN and
these carriers would come from a greater thickness of the film. This would increase
the IQE of the cell increasing J,. based on equations 2.2 and 2.3.

The PV characteristics of solar cells containing 30 layer films annealed at 150—
350°C are shown in figure 7.25. Additionally, graphs comparing cells with unan-
nealed 50 layer films to equivalent cells with annealed films are shown in figures 7.26
and 7.27 for cells with improved CuSCN films and PEDOT:PSS films respectively. It
can be seen from figure 7.25 that annealing the LbL films in vacuum up to 350 °C did
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Figure 7.25: Current density-voltage characteristics of solar cells SC2-C, D, E and F un-
der illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between
the cells for comparison. Full details of cell components and treatments are in table 7.1.

lead to a significant increase in J,.. Annealing in vacuum also led to a slight increase
in V. rather than a decrease as seen when films were annealed in air. Also, table 7.2
shows that the fill factor (FF) also increased slightly when annealing the cells. Cells
with 350 °C annealed 50 layer CdTe-PDDA films and both improved CuSCN and PE-
DOT:PSS (SC3-C and SC3-F respectively) also demonstrated a similar increase in
Jse and V. compared to equivalent unannealed cells (SC3-B and SC3-E). In the cells
annealed at 350 °C V. was much higher with 50 layers CdTe-PDDA and improved
CuSCN (SC3-C) than with 30 layers and the earlier CuSCN (SC2-F), which is dis-
cussed below when considering the CuSCN layers.

Annealing at 150 °C mainly led to an increase in V,,. with little change in .J,. com-
pared to the unannealed cell, whereas annealing at higher temperatures increased both
Jse and V,.. 150°C annealing was performed in air because it was found that the
oxidation only occurred when annealing above ~200 °C. The improvement in V,,. at
this temperature was most likely related to the loss of water from the LbL film, which
was discussed in section 6.3. The loss of water could have increased the resistance of
the short-circuit routes thorough the cell, which would have increased V,.. At higher
annealing temperatures changes in the LbL films were observed that are consistent
with a decrease in separation between the nanoparticles in the LbL film and there-
fore an increase in interaction between those particles (section 6.3). A reduction in
separation between nanoparticles would lead to greater efficiency of charge transfer
through the LbL film which would produce the observed increase in J,.. Such a sig-
nificant change in J,. (over 10 times greater in SC2-F (annealed 350 °C) compared to
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Figure 7.26: Current density-voltage characteristics of solar cells SC3-B and C under
illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between the
cells for comparison. Full details of cell components and treatment are in table 7.1.
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Figure 7.27: Current density-voltage characteristics of solar cells SC3-E and F under
illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between the
cells for comparison. Full details of cell components and treatment are in table 7.1.
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SC2-C (unannealed)) implies a large change in R, and/or large change in IQE in the
cell. Current-voltage measurements of the LbL films before and after annealing, such
as 4-point probe measurements, would ascertain the change in film conductivity with
annealing. However, if the charge transfer does occur through FRET such measure-
ments may not fully reflect the change in carrier collection efficiency. Additionally,
although V,,. is largely independent of R, for low values of R, for such large change
in Ry and Jy., V,. will increase slightly in the cell as observed, since V,. o In(J,.)
as stated above and shown in equation 2.6. The slight increase in FF in the cells after
annealing is also consistent with a decrease in R,; a series resistance in the cell will
reduce the current flow in the active region, J,. < J < V., ‘smoothing’ the turn-on,
and decreasing FF.

Cell SC3-A contained 30 layers of CdTe-PDDA that were annealed at 450 °C for 1
hour in vacuum and an improved CuSCN layer. The J-V curve for this device has not
been plotted, but the parameters are shown in table 7.2. Despite having an improved
CuSCN layer, this device had lower J,. than device SC2-F (30 layers annealed at
350 °C, original CuSCN), and lower V.. than devices SC2-C, -D, -E and -F (30 layers,
unannealed, and annealed at 150, 280 and 350 °C respectively, original CuSCN). It is
possible that annealing at 450 °C led to not only the loss of the PDDA component of
the LbL film but some of the CdTe as well so that little photocurrent was generated
and short-circuits or interfacial recombination also occurred in the device. It is clear
that annealing the LbL film at temperatures as high as 450 °C is not beneficial for the
performance of the solar cells.

Overall, it can be seen that annealing the LbL films up to 350 °C in vacuum gives
a large benefit to the performance of the solar cells: annealing at 350 °C led to an in-
crease in efficiency of cells with 30 layers of CdTe-PDDA and CuSCN hole collectors
(SC2-F) by a factor of 50 compared to the equivalent unannealed cell (SC2-C). The
use of vacuum annealing of the LbL films may allow the LbL process to be success-
fully used to coat nanoparticle sensitisers onto ZnO nanorods. This is a significant
improvement on unannealed LbL films which, as stated above, gave no greater pho-
tocurrent than uncoated nanorods. Although the largest efficiency of all cells produced
was only (6.1740.09) x 10~ %, vacuum annealed LbL films do show the potential as
sensitisers for ZnO nanorods, and with further improvements of the cell components
higher efficiencies may be obtainable.

7.5.6 Comparison of solar cells containing CuSCN and PEDOT:PSS

In cells SC3-D, E and F PEDOT:PSS was investigated as an alternative to CuSCN
as a hole collecting layer. Figures 7.28 and 7.29 compare cells using CuSCN and
PEDOT:PSS containing 50 layers of CdTe-PDDA unannealed, and annealed at 350 °C
in vacuum respectively. As explained above, J. and V,. were much lower for the cells
containing unannealed LbL films (figure 7.28) than in cells containing annealed LbL
films (figure 7.29). For cells containing unannealed films J,. and V. were both lower
in the cell using CuSCN than the cell using PEDOT:PSS, whereas when annealed
LbL films were used the situation was reversed, with J,. and V. both higher for cells
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Figure 7.28: Current density-voltage characteristics of solar cells SC3-B and E under
illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between the
cells for comparison. Full details of cell components and treatment are in table 7.1.
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Figure 7.29: Current density-voltage characteristics of solar cells SC3-C and F under
illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between the
cells for comparison. Full details of cell components and treatment are in table 7.1.
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using CuSCN. This situation can be explained in a similar way to the explanation
proposed above when comparing cells without LbL films to those with LbL films, in
that the source of the photocurrent must be considered in each case. It is proposed that
although CuSCN does not generate a photocurrent in the cells, as discussed above,
the PEDOT:PSS does generate a photocurrent; CuSCN absorbs almost no light in the
range emitted by the lamp, but the PEDOT:PSS absorbtion does increase at the red
end of the spectrum (figure 7.17). If the PEDOT:PSS did generate a photocurrent of
a similar magnitude to the photocurrent generated by the unannealed LbL film and
these photocurrents added together it would be sufficient to increase Js. and V. in
cell SC3-E (PEDOT:PSS) over those in cell SC3-B (CuSCN). However, in cells SC3-
C and SC3-F the annealed LbL films generated a photocurrent that was much larger
than that generated by the PEDOT:PSS. In this case J,. and V. in the cell with CuSCN
(SC3-C) were larger than in the cell with PEDOT:PSS (SC3-F) because there was a
much more intimate contact between the CuSCN and the LbL film. Therefore more
of the photocurrent from the LbL film was collected in the cell.

For the above explanation to be valid the photocurrent generated by the PEDOT:PSS
film would have to be able to travel through the unannealed LbL film in order to con-
tribute to .J,.. This would require different behaviour than for the photocurrent gener-
ated by the ZnO, which it was suggested was blocked by the LbL film. Alternatively,
it is possible that the PEDOT:PSS film could contribute to the photocurrent by the
generation of excitons in the cell; polymer solar cells are known to operate via exciton
transfer [154] and excitons may be generated in PEDOT:PSS and separate at the Au
contact, which would contribute to the photocurrent. However, it must be confirmed
that the PEDOT:PSS could contribute to the photocurrent. This could be achieved sim-
ilarly to the test for ZnO, by constructing a series of ZnO/PEDOT:PSS only cells and
Zn0O/CdTe-PDDA/PEDOT:PSS films where the OD of CdTe and PEDOT:PSS were
independently varied. Alternatively, PEDOT:PSS-only devices could be constructed
using a FTO/PEDOT:PSS/Au structure. Such single-layer polymer devices have been
shown to produce a photocurrent through exciton generation [154], and the polarity of
the device would show at which interface the excitons were being separated.

7.5.7 Improvement in CuSCN

It is also useful to consider the impact the improvements of the CuSCN film in SC3
cells had compared to SC1 and SC2 cells which had more cracked and thicker CuSCN
films (see section 7.3). Figure 7.30 shows the PV characteristics of two devices to
explore the impact of the changes in the CuSCN film. These two devices have been
chosen because they contained nanorods grown in the same way and both had CdTe-
PDDA LbL films annealed at 350 °C. Unfortunately device SC2-F had 30 layers CdTe-
PDDA and device SC3-C had 50 layers; devices with the same number of layers CdTe-
PDDA but different CuSCN films were not produced. J,. for the two devices is quite
similar, with the 50 layer device with improved CuSCN (SC3-C) having J,. 14 %
higher than the device with 30 layers and cracked CuSCN (SC2-F). The difference in
V.. between the cells is much more marked: V. for SC3-C is 2.5 times that for SC2-F.



7.5. PHOTOVOLTAIC PROPERTIES 127

0.20
- All annealed 350 °C in vacuum ——SC2-F
< |~ - --sc3C
<LE() 0.15 |- RN
£ S 50 layers CdTe,
> S S Jmproved CuSCN
% 0101 ~
S S
(@] L ~
4 L N
g 005 SN
5 I 30 layers CdTe N
@) L AN
[ N
0.00
L N
L N
L N
_0.05 N T | N Lovaay \ “““““ | N Lo vauan | N

-20 0 20 40 60 80 100 120 140
Voltage (mV)

Figure 7.30: Current density-voltage characteristics of solar cells SC2-F and SC3-C un-
der illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between
the cells for comparison. Full details of cell components and treatment are in table 7.1.

The increase in V. could result from an increase in R,;, due to reduction in cracks
in the CuSCN layer in SC3-C. However, the increase in thickness of the LbL film in
SC3-C could also lead to a reduction in R,j. Further tests are required to ascertain the
benefit of the improved CuSCN method. These would require cells to be constructed
with identical nanorods and LbL films, but where CuSCN was deposited to the same
thickness by the old and new methods. The effect of changing the thickness of the
CuSCN film could also be studied by using identical nanorods, LbL film and CuSCN
deposition method, but depositing a different number of layers of CuSCN.

7.5.8 Increasing layers in cells with annealed LbL films

Finally, it is possible to compare the effect of increasing the number of layers in an-
nealed cells. It was shown above that cells containing 30 layers of unannealed CdTe-
PDDA did not generate a higher photocurrent than equivalent ZnO/CuSCN-only cells,
but with an annealed 30-layer film the photocurrent did improve. In figure 7.31 two
cells with 30 and 50 CdTe-PDDA layers that were annealed at 350 °C in vacuum and
use PEDOT:PSS are compared. It can be seen that using 50 rather than 30 layers of
annealed CdTe-PDDA produces approximately double both J,. and V. and increases
the efficiency by a factor of 5.5. This increase indicates that when using annealed
LbL films increasing the number of layers of CdTe-PDDA from 30 to 50 does in-
crease the external quantum efficiency (EQE) of the cell (leading to the increase in
Js. observed — equation 2.2 — which also increases V. due to equation 2.6). As
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Figure 7.31: Current density-voltage characteristics of solar cells SC3-D and F under
illumination with a Xe arc lamp at 1 sun. Plots are labelled with the differences between the
cells for comparison. Full details of cell components and treatment are in table 7.1.

more light is being absorbed, the increase in EQE is most likely due to an increased
light-harvesting efficiency (LHE). The fact that .J,. and V. do increase with increased
LHE indicates that the thicker LbL film does not reduce IQE (by introducing added
series resistance) by a factor greater than the increase in LHE. Referring to the exciton
model above this suggests that in the annealed LbL films the excitons generated in the
CdTe nanoparticles must be collected through at least 15 layers, otherwise increasing
the number of layers beyond 30 would give no benefit. Therefore, when annealing at
350 °C, increasing the number of layers of CdTe-PDDA improves the performance, at
least up to 50 layers, due to increased generation and collection of carriers. This again
confirms the benefit of using the LbL process with post-deposition annealing to coat
Zn0 nanorods with a film of CdTe nanoparticles as a light-absorbing layer in a solar
cell. Further experiments with even more layers would ascertain whether there would
be a point where increased recombination in the LbL film would outweigh the benefit
of increased light absorption.

7.6 Summary

In this chapter the components that make up the solar cells have been described and
compared, i.e. the ZnO nanorods, CdTe-PDDA LbL films and CuSCN or PEDOT:PSS
layers. The photovoltaic performance of the complete devices has been presented and
analysed based on the properties of these components and their annealing treatments.
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The effect on the solar cell parameters such as J,., V,. and F'F' have been related
to these components and their properties and a model has been proposed based on
the photo-generation and transfer of excitons in the LbL film. The solar cells were
produced in three different batches, labelled SC1, SC2 and SC3. Within each of these
batches the ZnO nanorods, if used, were grown in the same way, and the CuSCN or
PEDOT:PSS films were also deposited in the same way. However, within each batch
the LbL films and annealing treatments of ZnO nanorods of LbL films were varied so
that their properties could be compared.

The main characteristics of the components of the cells cells in each batch were
as follows. In SC1 cells some cells did not use any ZnO nanorods and where used
the nanorods were grown for 50 hours using PEI. These were therefore larger than the
nanorods used in SC2 and SC3 cells, which were grown for 15 hours without PEI.
The majority of nanorods in SC1 cells were 3—4 ym long and 100 nm wide, with a
few extra-long rods ~6 um long and 500 nm across. In SC2 and SC3 cells the rods
were 2-3 um long and ~90 nm wide. For all devices the same method for Lbl coating
was used, which was described in section 3.2. However, for devices SC3 recycled
solutions of CdTe nanoparticles were used, which led to an agglomeration of the LbL.
films at the tips of the ZnO nanorods. On all rods the majority of CdTe-PDDA coated
approximately the top 500 nm of the rods, with some of the coating visible up to 1 ym
from the tip, but none below that. It was suggested that the surface tension of the
CdTe and/or PDDA solutions prevented the film from coating further down the rods.
The LbL films for some devices were annealed at 150—450 °C in air or vacuum after
coating onto the nanorods.

In devices SC1 and SC2 the common literature method was used to deposit CuSCN
using a solution of CuSCN in propyl sulphide, which is spread on the surface of the
substrate and allowed to dry at 70—80 °C. This method was adapted by leaving the
substrates at this temperature for 1-2 hours every 10 layers to allow more of the solvent
to evaporate. There were some cracks in the films, but these were smaller than when
not adding the extra drying stages. 60 layers were deposited on both devices SCI
and SC2, which led to an overall film thickness from the bottom of the nanorods of
~10 pum. For devices SC3 the method for depositing the CuSCN was altered slightly.
The heat was increased to 150 °C every 10 layers to try and remove more of the solvent
and the method for spreading the solution was also altered: the side of the pipette
rather than the tip was used to spread the solution. This allowed much smaller and
more controlled quantities of solution to be deposited. Films were deposited with
no cracks that covered the nanorods by ~2 um, giving an overall thickness of ~5 pm.
The altered method was therefore successful in removing the cracks and also deposited
less material. Some SC3 cells used PEDOT:PSS as a hole-collecting layer instead of
CuSCN. These films were deposited by spin-coating at 2000 rpm two layers of a 25 %
dilution of the supplied solution in ethanol followed by two undiluted layers. However,
probably due to the large ‘blobs’ of CdTe on the tips of the rods, the film penetrated
no more than 200 nm below the tips of the rods. This meant that a large amount of the
CdTe-PDDA film was not in contact with the PEDOT:PSS layer.

XRD and EDX measurments were performed on the CuSCN films in the devices.
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These showed peaks corresponding to the 3-CuSCN crystal phase oriented with the
(003) plane parallel to the surface and the elements C, N, Cu and S were detected in
the film. Additionally, absorption measurements were performed on a CuSCN film
deposited onto glass, which showed a sharp absorption onset below ~330nm, and
a Tauc plot gave the optical gap as 3.66+£0.02eV. Absorption measurements were
performed on a PEDOT:PSS film on glass, which showed a small peak at ~380 nm,
sharp increase in absorption below ~350 nm and a gradual increase in absorption from
~450nm to the end of the measurements at 900 nm. Trials were also performed to
spin-coat CuSCN solutions in ethyl sulphide. However, no material could be deposited
on planar substrates or to cover above ZnO nanorods, though it did successfully fill
between the nanorods.

In the complete solar cells a number of components were varied to understand
their role in the cell and how the cells could be improved. In ZnO/CuSCN-only cells
it was suggested that ZnO produced a photocurrent, as the absorption of ZnO overlaps
with the emission of the lamp whereas the absorption of CuSCN did not. Additionally
the photocurrent was higher in ZnO/CuSCN-only cells with a higher optical density
(OD) of ZnO. When LbLL CdTe-PDDA films were used it was shown that the nanorods
did provide a benefit; cells with ZnO nanorods produced J,. at least 10 times higher
than cells without nanorods, and V,. was generally higher in cells with nanorods as
well. This was attributed to the higher surface area of the nanorods allowing more
CdTe to be deposited in the cell, thus having a higher OD. However, it was noted
that the presence of the LbL film appeared to block the photocurrent generated by the
Zn0O nanorods. This could have been because free photoexcited carriers generated in
the ZnO could not travel through the LbL film, whereas excitons generated within the
film could, as explained below when discussing a model of charge transfer in the LbL
film. The photocurrent generated by the as-deposited LbL film was not as large as that
generated by the ZnO/CuSCN cells with higher OD of ZnO, therefore improvements
were sought to increase the efficiency of the cells.

The improvements that were attempted in the solar cells were: annealing of the
Zn0O before LbL deposition; annealing the LbL film in air; annealing the LbL film in
vacuum; using PEDOT:PSS as a hole collector; improving the CuSCN layer; and in-
creasing the number of CdTe-PDDA layers used in the device. Annealing the ZnO in
air at 400 °C improved the performance of the cells by almost doubling V,,.: annealing
the ZnO significantly reduced the reverse saturation current in the device (Jy) which
implies a reduced leakage current. Annealing the LbL films in air gave an increase in
Jse, but also a decrease in V.. It is possible that the annealing led to an increase in
the conductivity in the film, increasing the current collected, but also increasing the
short-circuits. Annealing the LbL films up to 350 °C in vacuum did produce improve-
ments in the devices: devices with a 30-layer LbL film annealed at 350 °C had an
efficiency 50 times greater than an equivalent cell with an unannealed film. The cell
with PEDOT:PSS and unannealed LbL films had higher J,. and V.. than the equiv-
alent cell with CuSCN, possibly due to the PEDOT:PSS generating a photocurrent.
However, in the cells containing an annealed LbL film the CuSCN-containing device
had higher J,. and V., probably due to the better penetration of the CuSCN. Using
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the altered method for depositing CuSCN led to much higher V. in the cells due to
a reduction in cracks in the film. Increasing the number of layers in cells annealed
at 350 °C improved the performance by increasing both J,. and V., which implies
that in the annealed LbL film photogenerated carriers were collected from at least 15
layers.

A model of the charge generation and collection in the device was suggested to
explain the above behaviour. In this model, excitons are generated in the nanoparticles
on the absorption of incident photons. These excitons are transferred through the film
by Forster resonant energy transfer (FRET). In this process an exciton is excited in a
particle by the relaxation of an exciton in a neighbouring particle, thereby transferring
the exciton without the physical transfer of a particle. This process has been known
to occur in nanoparticles, which have a stable exciton. It is therefore possible that it
is taking place in the particles in the LbL film, although there is no direct evidence
for this. Charge transfer by this process explains many changes in performance of
the solar cells described above by either blocking or increasing the charge transfer
of excitons through the LbL film. For example the LbL film may block transfer of
photogenerated free carriers from ZnO to CuSCN, and annealing of the LbL film may
increase the efficiency of FRET in the film by reducing the nanoparticle separation.
Much more in-depth analysis of the behaviour of the solar cells and the LbL films
would have to be undertaken to provide more evidence of the charge generation and
transfer mechanisms.

Overall, it has been shown that a solar cell can be produced from ZnO nanorods
coated with CdTe nanoparticles using the LbL process, and completed with a layer
of either CuSCN or PEDOT:PSS. It was shown that the as-deposited LbL films do
not make very good sensitisers for the ZnO nanorods as insufficient photocurrent was
generated by the film. It may be possible to modify the device by using much longer
nanorods and thinner LbL films — perhaps under 10 layers — but this would require
improvements in the penetration of the solutions during the LbL process between the
Zn0O nanorods. However, a number of modifications were made to the components of
the cells to increase the efficiency. The most effective of these was the annealing of
the LbL film in vacuum, with 350 °C being found to be the most effective annealing
temperature. This annealing increased the charge transfer efficiency between nanopar-
ticles, possibly by increasing the efficiency of FRET. Although the efficiency of the
best device still remained below 0.01 %, the devices have a large potential for optimi-
sation to improve this figure. Some optimisation by improvement of the components
was achieved, such as annealing the ZnO nanorods, and reducing the cracks in the
CuSCN films. However, the potential future work to further improve and understand
these cells is discussed in the next chapter.



Chapter 8

Conclusions and Future Work

8.1 Conclusions

8.1.1 Background and aims

Prior to the research reported in this thesis nanostructured TiO, and ZnO had both
been widely used in research into solar cell designs. The high surface area of nanos-
tructured TiO, electrodes had allowed dye-sensitised solar cells (DSSCs) to achieve
efficiencies of around 10 %, where they were limited to less than a tenth of that amount
previously. However, the stability of such cells was poorer than inorganic cells due
to degradation of both the dye layer and the liquid electrolyte (section 2.2.1). It is for
this reason that researchers have investigated ways to replace these components with
solid-state semiconductor alternatives. CuSCN is the most common material used to
replace the liquid electrolyte as a hole collecting layer (section 2.2.2), though some or-
ganic hole-collectors have also been used. To date the highest efficiency all-solid-state
nanostrucured cells (known as extra-thin absorber, or eta solar cells — section 2.2)
have used CuSCN hole collectors. To replace the dye-based absorbers inorganic semi-
conductor thin films are generally used, and efficiencies of up to 3.4 % have been
achieved in both ZnO and TiO»-based cells. More recently nanoparticles, or quantum
dots (QDs), have been used as absorber layers. These often use liquid electrolytes as
in DSSCs, but some cells have been produced with both inorganic and organic solid-
state hole collectors. The advantage of using QDs in solar cells is that their absorption
range can be tuned by varying the size of the particles without changing their com-
position. This gives a greater choice of materials when selecting an absorber, as the
absorption maximum is no longer fixed by the bulk band gap of the material. In TiO,
cells reasonable success has been achieved with QD absorbers. For example, in 2009
a TiO9/PbS QD/spiro-OMeTAD solar cell was reported with an efficiency of 1.46 %
[20]. This efficiency was achievable because the very high surface area of the TiO,
film (up to 1000 times greater than the equivalent planar area) allowed a large quantity
of QDs to be adsorbed onto the surface and thus absorbed a large quantity of incident
light — the same advantage that allowed DSSCs to absorb sufficient light with only a
monolayer of dye.

132
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ZnO nanorods/wires are attractive as alternatives to porous TiOs electrodes as they
have a superior charge-collection efficiency due to the direct current path to the con-
tact. Hence attempts have been made to replace TiOs in nanostructured cells with
ZnO. This has led to success in some areas, such as eta cells, which have achieved
the same efficiency as TiO»-based eta cells. This is possible because the inorganic
absorber layers used in eta cells can be deposited to any thickness as long as the
photogenerated carriers can travel though this film. This allows sufficient light to be
absorbed even in ZnO nanorod cells where the surface area enhancement may only be
a factor of 10. However, using ZnO in either DSSCs or QD-sensitised cells has not
been as successful since the monolayer of absorber materials that are used in these
types of cell cannot absorb sufficient light due to the low surface area enhancement
provided by ZnO nanorods.

Thus, the aim of the research reported in this thesis was to use the layer-by-layer
(LbL) process to coat thicker layers of CdTe QDs onto ZnO nanorods to enhance the
light-harvesting efficiency (LHE) of the device. It was hoped that increasing the LHE
would increase the cell efficiency compared to devices that use only a monolayer of
QDs. CdTe QDs were used here to test this process as they were readily available.
Although CdTe does not require quantum confinement to have an optimum band gap
for a photovoltaic cell, it was thought that if the LbL process is proven successful using
CdTe then QDs of other materials could be investigated. CuSCN was chosen as a hole
collector as it is the most common and most successful, though PEDOT:PSS was also
used for comparative purposes (section 7.4). Solid-state hole collectors were used
rather than a liquid electrolyte because of the stability issues mentioned above. The
design of this solar cell aimed to combine the stability and enhanced light absorption
achieved in eta solar cells with the tunability of QD absorbers by using all solid-state
components and thickness controlled QD absorber layers. ZnO nanorod were used as
a basis for the cell because of their superior charge-collecting capabilities and because
their more open morphology compared to TiO, was more likely to be successful with
the LbL process. For such a cell to be successful the following objectives had to be
achieved:

e Enhance LHE through the LbL process.

e Create working devices from the ZnO nanorod/CdTe LbL film/CuSCN struc-
ture.

e Develop and improve the devices to compete with the efficiency of other QD-
sensitised ZnO nanorod solar cells.

8.1.2 Stages of work

For the device to be produced, a number of stages of processing had to be achieved.
These were:

e Grow ZnO nanorods on transparent substrates with a surface area enhancement
of at least 10.
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e Demonstrate that the LbL process could coat ZnO nanorods with a conformal
coating of CdTe QDs.

e Fill this structure with CuSCN.

e Complete the devices and demonstrate a photovoltaic effect.

Growth of ZnO nanorods

For solar cells nanorods must be grown on transparent conducting glass such as I'TO or
FTO-coated glass. This was achieved by depositing a seed layer onto the coated glass
to assist nucleation on the substrate during the chemical synthesis of ZnO nanorods.
The seed layer did not adhere to the ITO-coated glass substrates, but did adhere to
FTO-coated glass, possibly because the surface of the FTO was much more textured
than the ITO. A reproducible synthesis method was found by varying a number of
factors that affected the rod growth such as whether the vessel was covered, when the
reactants were added and whether they were pre-heated. This demonstrated that care-
ful control of the reaction conditions and substrates used was required to reproducibly
grow ZnO nanorods suitable for solar cells.

Sb-doping of ZnO nanorods

Sb doping was attempted in a one-step process whereby Sb acetate was added to
the synthesis of ZnO nanorods with the aim of producing p-type nanorods. These
nanorods could then be used in a solar cell so that an n-type top layer could be used
instead of CuSCN or PEDOT:PSS. When the Sb acetate was added directly to the
reaction it had an adverse effect on the nanorod morphology, but when it was first
dissolved in ethylene glycol (EG) the nanorod morphology was not strongly affected,
possibly due to the chelating effect of EG. Sb was detected in the ZnO nanorods after
the growth, and both the optical and electrical properties were affected by Sb-doping.
However, p-type behaviour could not be proved conclusively and therefore the doped
nanorods were not used in solar cells.

LbL coating of nanorods

The LbL processing parameters had been developed previously by Dr Gallardo and
these produced a conformal coating of CdTe QDs on ZnO nanorods without variation
(chapter 6). It was found that re-using the nanoparticle solutions too many times led
to agglomeration of the LbL film at the nanorod tips (section 7.2). It was therefore
established that the LbL process could be used to coat ZnO nanorods with layers of
CdTe QDs for use in solar cells providing the QD solution was replaced regularly.

CuSCN filling

The method described in the literature for CuSCN deposition was used, where CuSCN
is dissolved in propyl sulphide and repeatedly spread on the surface and allowed to dry.
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This method was very hard to control and easily led to large quantities of CuSCN solu-
tion being deposited at one time that caused cracking and delamination (section 7.3.2).
A spin-coating method was investigated as an alternative to the literature method aim-
ing to control the deposited quantity of solution more carefully, but it was found that
this was not suitable for depositing CuSCN for use in this solar cell without further
modification (section 7.3.1) as too much of the deposited CuSCN re-dissolved when
subsequent layers were spin-coated. Many of the problems with the literature method
were overcome by changing the deposition method to use the side of the pipette rather
than the end to spread the solution, slightly increasing the deposition temperature
and increasing the temperature above the solvent boiling point every 10 layers (sec-
tion 7.3.4). It was therefore found that this method was suitable for producing largely
crack-free CuSCN films for use in these solar cells, but only with careful control of
the quantity of solution deposited (by using the side of the pipette) and the extent of
evaporation of the solvent (by increasing the temperature).

Completion of devices

Devices were completed by evaporating gold contacts onto the surface. However,
many devices displayed behaviour consistent with short-circuits. These could have
occurred through the cracks in the CuSCN films, indicating that these cracks had to be
completely eliminated to improve the solar cell operation, or at the edge of the device
areas. Therefore improved CuSCN layers and device layout or wider use of insulting
barriers around the edges of the cells made with e.g. epoxy or PMMA may help to
reduce these problems in future devices.

8.1.3 Completion of objectives

The extent to which the objectives of the project (listed in section 8.1.1) were met are
discussed below.

Enhancement of LHE

As would be expected, increasing the number of layer of QDs deposited on the ZnO
nanorods using the LbL process did enhance the LHE of the structure, as a greater
quantity of CdTe was present in the light path; increasing the number of layers of
CdTe up to 50 led to around 80 % of the incident light being absorbed at the QD
absorption peak (section 6.2.1). Therefore the use of the LbL process for depositing
QDs was a successful method for enhancing the LHE of a QD-sensitised solar cell.
As the LbL films were close to joining between the nanorods after 50 layers, it was
deemed that this would be the extent of film thickness used in cells in this research.
For cells with more layers to be produced nanorods would have to be grown with
greater spacing between them.
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Creation of working devices

It was shown that the ZnO nanorod/CdTe LbL film/CuSCN structure did act as a solar
cell in that it generated a current upon illumination. The analysis of the solar cell
properties implied that the LbL QD films did act as sensitisers for the ZnO nanorods,
in that photoexcited carriers were produced in the QD, some of which were transferred
to the ZnO and/or CuSCN to contribute to the photocurrent.

Produce cells with competitive efficiency

Despite operating successfully as a solar cell, early devices had very low short-circuit
current density (J.), open-circuit voltage (V,.) and fill factor (FF), leading to an ef-
ficiency that was many orders of magnitude less than other reported devices. It was
apparent that there were a number of issues with the devices that had to be rectified
to improve their light-to-energy conversion performance in order to meet the final
objective of the project. Some of these improvements were made by addressing the
structural issues that were described above: the CuSCN layer was significantly im-
proved and the device construction was performed with greater control to reduce the
number of short-circuits.

The other main area for improvement was the LbL film itself. It was believed that
the dielectric polymer component of the LbL film acted as a barrier for charge col-
lection, restricting the devices’ ability to collect the photogenerated charges. As such,
the LbL films were annealed at a temperature that broke down this polymer to some
extent, but still retained the quantum confinement of the nanoparticles (section 6.3).
This did lead to improvement in the cells’ performance (section 7.5): annealing the
LbL film at 350 °C led to an efficiency improvement of a factor of 50 in 30 layer de-
vices, and a factor of 2000 in 50 layer devices. This confirmed that a large amount
of losses in the cells were caused by the polymer component of the LbL film, and the
inefficiency of charge collection from the LbL film.

The best efficiency of all of the cells that were produced was (6.1740.09) x 1073 %.
This is still well below the efficiency of QD-sensitised ZnO nanorod solar cells in the
literature, and therefore this objective was not met in the project. For the devices to
compete with those in the literature V. must be improved by up to a factor of 5, and
Js by a factor of 10-50. As well as QD-sensitised solar cells, the cell structure pro-
duced in this work can also be compared to ZnO/In,S3/CuSCN cells with In, S5 layers
produced by ILGAR, which have the highest efficiency of eta solar cells (~3.4 %)
along with TiO/InyS3/SbyO3/CuSCN cells with absorber layers produced by SILAR
(section 2.2). Both these cells use thin-film absorber layers are produced by either
gas-phase (ILGAR) or solution-phase (SILAR) LbL processes whereby precursors,
rather than QDs, are deposited in the LbL process, and both use solution-deposited
CuSCN films. These cells produce efficiencies over 500 times greater than the best
cell in this project. The main difference between the ZnO/In,S3/CuSCN cell and the
Zn0O/CdTe-PDDA/CuSCN cells produced in this project is the absorber layer, as well
as potentially having an improved CuSCN layer (fewer cracks and optimised thick-
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ness) and device construction (less short-circuits). The thin-films produced by SILAR
and ILGAR are expected to have better charge transfer properties than a QD film as
they are formed from well-connected grains without capping molecules and polymer
binders between particles. Although this may suggest that the LbL-QD film would
be better replaced by SILAR or ILGAR thin-films, it is still desirable to incorporate
QDs into the solar cell structure for reasons outlined at the beginning of this chapter.
Compared to SILAR or ILGAR thin-films QD absorbers have the potential to utilise
a much wider range of materials (SILAR and ILGAR films have thus far been largely
confined to metal-sulphides), including those with smaller than optimum bulk band
gaps. As demonstrated, the LbL process allows the thickness of QD films to be in-
creased to increase the light absorption. Therefore it would be of interest to investigate
further possible improvements of the charge transport of the LbL-QD film as well as
those of the other cell components. Studies that could be undertaken to achieve these
improvements as well as a number of areas of investigation that have been suggested
throughout this thesis are detailed in the section below.

8.2 Future Work

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 by the different components of the solar cells (ZnO nanorods,
CdTe LbL film, hole-collecting layer) in addition to variations that can be made to the
complete cells.

7ZnO nanorods

As well as variations to the size and aspect ratio of the rods (explained in terms of
the complete solar cell below) there is also the possibility of investigating different
methods for growing ZnO nanorods. These include minor changes such as changing
the growth temperature, time or reactant concentrations. The concentrations could
be varied together, or separately as in Ref. 67 so that the reactants are no longer
equimolar. Nanorod growth using zinc nitrate and ammonia could be investigated,
as in section 2.3.1 and Refs. 101-103. The aims of investigating variations of the
growth of the ZnO nanorods would be to try and grow more elongated nanorods with
greater spacing between them. This could allow the LbL process to coat further down
the nanorods, which would likely be beneficial to solar cell performance (section 7.5).
Additionally it would be advantageous to grow the nanorods to the required size more
rapidly or using a smaller number of reactions as this would reduce the time required
to produce the solar cells, allowing a greater number of cells to be made.

QDs and LbL

The quantum dots (QDs) used in the solar cells could themselves be varied. The size
of the CdTe QDs could be varied and the resulting change in interactions between the
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QDs and the ZnO nanorods could be studied using photoluminescence (section 6.2.2)
to better understand the interaction between the materials and the impact of quantum
confinement on this. The photovoltaic performance of cells produced using a variety
of QD sizes could also be investigated. This would help to understand how the band
alignments between the QDs and ZnO influence the cell performance. Additionally,
QDs of materials other than CdTe could also be used in the solar cells, as discussed in
section 1.2. These could include commonly used QDs such as CdSe, PbS or PbSe as
well as less commonly used narrow or medium band gap materials such as a number
of sulphides or oxides of common metals such as FeS,, CuFeS,, Fe,O3 etc. which are
normally not suitable for solar cells due to their band gaps being too small or having
poor transport characteristics, but which may function well as QD sensitisers. If these
materials could be found to function well as QD sensitisers it would be very useful
as they would be much less expensive or toxic than commonly used materials such as
CdTe, GaAs and CulnSe,.

There may also be a number of areas of investigation related to the LbL process.
An important improvement would be to increase the penetration of the LbL film be-
tween the nanorods so that more of the surface area enhancement is utilised. This
may be achieved by varying the concentration of the QDs or polymer in the process
or by using a different polymer to reduce the viscosity of the solutions and improve
penetration.

The other areas of investigation are related to methods for reducing the resistance
of the LbL film and increasing the efficiency of charge extraction from the QDs in
the film. It is possible that a different polymer could be used in the LbL process with
properties that could: lower the resistance of the film itself (i.e. reduce the insulating
barrier between QDs); reduce the separation between the QDs, possibly by using a
shorter chain polymer; be more easily removed by annealing; or possibly be able to be
removed chemically while leaving the QDs in-situ. Alternately it may be possible to
use a conducting polymer in the LbL process that would enable carriers to be extracted
more efficiently. For example, PEDOT:PSS films have been produced previously by a
LbL process [157] and it may be possible to incorporate QDs into this method.

Another area of investigation would be to try and use alternate layers of oppositely
charged QDs, instead of QDs and a polymer. The QDs would adhere to each other,
and without a polymer the resistance of the film should be much lower. This has
been investigated previously for CdTe QDs [139] and more than a single bilayer could
not be deposited as the oppositely charged QDs did not adhere to each other strongly
enough and the charges in the film did not balance. It is possible that by investigating
different QDs with a range of sizes and capping molecules a combination could be
found that led to strongly bound multi-layer QD-only LbL films.

Finally, the annealing of the LbL films has a great deal of scope for more in-depth
investigation. It would be useful to investigate the effect of temperature on the LbL
films with a greater precision, i.e. investigate more temperatures in the range 150-
450°C. This would be supplemented by investigating the effect of annealing time on
the LbL films including very rapid annealing and cooling at higher temperatures. Also
the use of a gas flow, such as argon, in the annealing process may help to remove the
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polymer from the LbL film. By varying these parameters a set of conditions may be
found that lead to a more efficient solar cell.

Hole collector

As mentioned in the above section the CuSCN film in the solar cells still requires op-
timisation. The complete removal of cracks from the CuSCN film would most likely
increase V. in the devices. Also, investigation into the optimum thickness of the
CuSCN film is required: the film must be as thin as possible to minimise the series
resistance, while being thick enough for there to be no short-circuits through the film.
The resistance of the CuSCN film could possibly be reduced further by treatment with
KSCN or LiSCN as in Refs. 9, 17, 18 and 29 (sections 2.2.2 and 2.2.4), which would
potentially increase J,. in the devices. Construction of a series of ZnO-CuSCN diodes
with varied CuSCN layers would be able to find the CuSCN type with the optimum
properties. Additionally, alternative methods for producing CuSCN could be further
attempted that are more reproducable than the solution-spreading method, and more
likely to produce smooth, crack-free films. Such improvements may be achieved if
spin-coating could be used to produce films, possibly by using CuSCN in propyl sul-
phide instead of ethyl sulphide to reduce the re-dissolving rate, or by heating using a
heat lamp to increase the evaporation rate of the solvent. PEDOT:PSS would also ben-
efit from further variation in the deposition method. It would be useful to find a way
to fill it effectively between the pores of the LbL-coated ZnO nanorods. Additionally,
alternative hole-conducting polymers such as MEH:PPV and spiro-OMeTAD could
be investigated, as used in previous extra-thin absorber solar cells (section 2.2) as they
may penetrate better between the nanorods, or produce more efficient devices.

Solar cell designs and variations

The final aspect of the project that could be further investigated is the solar cells them-
selves. A number of suggestions for further investigation were mentioned in sec-
tion 7.5 and these are brought together and summarised here. In order to better under-
stand the roles of the different components in the solar cells and test the hypotheses of
the charge transport processes and limitations of the solar cells it would be beneficial
to construct a number of cells that systematically study variations in each component.
Testing more ZnO nanorod/CuSCN cells would allow the optical density (OD) of the
ZnO to be varied and correlated with the cell performance. This would also allow the
CuSCN layer to be varied as above and the impact on the photovoltaic performance to
be studied. In the ZnO nanorod/CdTe LbL film/CuSCN devices it would be useful to
vary the number of layers of CdTe-PDDA (e.g. 10, 30 and 50) both with unannealed
and annealed LbL films to determine if there is a maximum thickness through which
photogenerated carriers can be extracted, and whether this varies depending on an-
nealing temperature. It would also be useful to vary the length of the ZnO nanorods in
these cells while keeping the OD of CdTe constant if the penetration of the LbL films
could be improved. This could potentially improve the efficiency of the devices by
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reducing the thickness of the LbL films while keeping the light-harvesting efficiency
constant. It would also be useful to construct a number of devices to study the role
of PEDOT:PSS in the solar cells. PEDOT:PSS-only cells, i.e. FTO/PEDOT:PSS/Au,
could be studied to find if a photovoltage is generated, and the polarity of the devices
would help to clarify where the excitons are being separated [154]. It would also be
useful to construct ZnO nanorod/PEDOT:PSS cells to discover whether they generate
a photocurrent. These could be compared to ZnO nanorod/LbL. CdTe/PEDOT:PSS
cells with varying thicknesses of CdTe to see whether the presence of CdTe LbL films
increases or decreases the photocurrent compared to ZnO nanorod/PEDOT:PSS-only
devices. For all of the cells produced it would be useful to measure incident photon-
to-electron conversion efficiency (IPCE) spectra, which can be compared to LHE to
ascertain at what wavelengths the photocurrent is being generated. This would help to
elucidate the source of the photocurrent in various cells.

The further investigation suggested above should lead to improved understanding
of ZnO nanorod/LbL CdTe QD solar cells, building on that developed in this thesis.
It is hoped that with this understanding this new type of solar cell could be developed
and improved so that it may operate at efficiencies that are competitive with other
nanostructured solar cells under investigation at this time.
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