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Chapter 1

ABSTRACT:
In recent years organic-inorganic halide perovskites have gained significant interest due
to their high power conversion efficiencies (PCEs). These high efficiencies can be
attributed to the perovskites’ tuneable optical bandgap and long carrier diffusion length,
with their low fabrication cost facilitating accelerated research. The first reported PCE
using an organic-inorganic halide perovskite was 3.8 %, achieved in 2009 in conjunction
with a liquid electrolyte. Since then, the perovskite field has been extensively studied and
efficiencies now reach over 24.2 %. Despite these advances, long term stability and
scalability have remained major challenges. Atomic layer deposition (ALD) is a low
processing temperature technique capable of providing unrivalled thin-film conformality
with uniform sub-nanometre thickness on large scale areas. Its use in depositing thin
charge selective contacts as well as passivation layers in upscaled perovskite devices
could further the field toward viable commercialisation.
The work carried out in this thesis is primarily concerned with the control and
modification of electron transport layers (ETLs) deposited by ALD for use in mesoporous
and planar perovskite solar cells (PSCs). ALD TiO2 was compared to TiO2 deposited by
the alternative methods of spin-coating and RF sputtering and incorporated into
mesoporous devices using both commercial and atmospheric pressure chemical vapour
deposited (APCVD) FTO coated glass. The ability of ALD to produce conformal and
pinhole free layers with high thickness uniformity at < 200◦C was demonstrated and the
optimisation of ALD TiO2 led to the fabrication of 1 cm2 mesoporous PSCs with
efficiencies of 16.45 %, matching the performance of cells incorporating RF sputtered
TiO2 and exceeding that of cells containing spin coated TiO2. Following on from this,
alternative growth chemistries and laminate doping of ALD TiO 2 were explored for use
in mesoporous PSCs. For planar perovskite devices, ALD TiO2 was problematic.
Impurities and non-stoichiometry, previously improved by an anneal step for mesoporous
devices, hampered performance. To counter this, rapid thermal annealing and in-situ
interface engineering were investigated. Improvements were observed but the
performance of TiO2 in the mesoporous structure was not matched in the planar
configuration. Attention was then turned to SnO2, a material with a superior conduction
band alignment with perovskites. In the planar n-i-p configuration 18.3 % PCE was
achieved on 0.09 cm2 and 15.9 % PCE was obtained on 0.7 cm2 demonstrating
considerable promise for commercial processes. Finally, the p-i-n configuration of planar
1
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cell architecture was considered, where the ETL is grown directly on to the perovskite by
ALD. Initial studies indicate that ALD chemistry can be tuned to prevent damage to either
the bulk perovskite or its interface. The work presented in this thesis has demonstrated
ALD to be an ETL deposition technique of great potential for efficient upscaled perovskite
devices particularly in the reverse p-i-n architecture.

2
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CHAPTER 1:
Outline of Thesis
The motivation of this thesis was to investigate metal oxide layers deposited by ALD
for use as electron transport layers in mesoporous and planar perovskite solar devices.
ALD was investigated due to its ability to produce high quality thin films at low
deposition temperatures. The precise control of film thickness at the angstrom level in
conjunction with the resulting conformal and uniform films allow the process to be
scalable over large areas. The ALD process also has the potential to aid tuning of
interfaces within the perovskite solar devices. Improving the charge carrier selective
contacts is crucial to increasing PCE on upscaled perovskite devices. Selective contacts
require a balance of thin layers to minimise resistive losses, and dense, uniform films to
prohibit shunt pathways. Surfaces, bulk defects and interfaces all contribute to the
admittance of recombination centres when scaling up in device area, which in turn leads to
non-radiative and interface losses lowering the performance of cells. Another objective
was to establish a full fabrication process for the synthesis and assembly of perovskite
solar devices at Tyndall National Institute.
All ALD layers were deposited by commercial ALD systems, a Picosun R200 or a
Cambridge Nanotech Fiji at Tyndall National Institute. An internship was arranged at
the Swiss Centre for Electronics and Microtechnology (CSEM) to study established
deposition and characterisation methods for PSCs. The results from Chapter 5 and part
of Chapter 6 were obtained by the author on this placement.
Following the author’s work depositing and characterising ALD SnO2 ETLs at Tyndall
National Institute, samples were sent to CSEM and the University of Oxford to be
fabricated into planar PSCs. The power conversion efficiencies of these devices are
discussed as part of Chapter 7. An internship was then arranged at the University of
Oxford to study established methods of depositing mixed cation perovskite materials.
Here, the author carried out a study comparing passivation layers on ALD SnO2 to the
same layers on spin-coated SnO2 as detailed in Chapter 7.
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Chapter 2 – This chapter provides an introduction to perovskite solar devices by first
giving a synopsis of their historic development. This is followed by a brief overview
of basic solar cell operation. The advantages and challenges of perovskite solar
devices are examined along with a review of their progression to high power
conversion efficiencies. Within this section various hybrid perovskite materials are
described, as are different perovskite device architectures and processing methods.
Chapter 3 – Chapter 3 addresses the technique of ALD. This chapter consists of an
overview of the development of ALD from its origin along with the key principles and
characteristics of the deposition technique. Thermal and plasma enhanced ALD
processes are described as well as the ALD growth of titanium dioxide and tin oxide.
The application of these two metal oxides for use in perovskite cells is detailed.
Chapter 4 – This chapter focuses on the fabrication of mesoporous perovskite devices
as part of a collaboration. The transparent conducting oxide, FTO, deposited by
APCVD is compared to commercial FTO coated glass. TiO2 blocking layers deposited
by ALD, spin coating and RF sputtering are also compared. ALD layers are thermally
deposited at 200°C in a range of thicknesses. The resulting mesoporous perovskite
devices are characterised electrically.
Chapter 5 – The aim of Chapter 5 is to optimise ALD TiO2 in an attempt to enhance
the power conversion efficiency in mesoporous perovskite devices. The deposition
temperature of films is reduced from 200°C to 185°C. This reduction is made in
consideration of later integrating ALD layers into perovskite/silicon heterojunction
tandem cells, one of the promising applications for PSCs. An ALD growth study is
performed comparing different titanium precursors and reactants, as well as a range of
metal dopants in a 19:1 and 99:1 TiO2:dopant pulse ratio. As well as this, the effects
of O2 plasma in situ in the ALD chamber prior to deposition is examined. These
depositions were carried out on two commercial reactors to determine if a difference
in film quality could be observed or, alternatively, if the growths would be
reproducible across both reactors. The ALD TiO2 films are characterised structurally
and electrically. The ALD thin films deposited at Tyndall National Institute are
transported to CSEM and fabricated into mesoporous cells by the author. These
resulting devices are then characterised electrically and compared to devices
incorporating RF sputtered TiO2.
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Chapter 6 – The aim of this chapter is the optimisation of undoped ALD TiO2 layers
in terms of thickness for use in planar perovskite solar devices. The removal of the
mesoporous TiO2 layer permits the thickness of the ALD TiO2 to be reduced as thin
ALD films are unlikely to withstand the high temperature anneal employed in the
mesoporous perovskite device fabrication method without cracking. In this section a
thickness series of between 5 nm and 25 nm ALD TiO2 is investigated along with the
use of ALD interface control layers between the ALD TiO2 and perovskite material.
The final planar perovskite devices are characterised and discussed. The behaviour of
low temperature ALD TiO2 when deposited on top of the sensitive perovskite material
is also explored.
Chapter 7 – In Chapter 7 the growth and characterisation of ALD SnO2 is reviewed.
The aim of this work is to investigate ALD SnO2 as an alternative to ALD TiO2 for
use in planar perovskite solar devices. The metal oxides are compared in terms of
morphology as well as optical and electrical properties. Surface passivation using C60,
PCBM as well as SnO2 deposited by chemical bath deposition on various thicknesses
of ALD SnO2 is detailed for planar n-i-p device architectures. Low temperature ALD
SnO2 deposited on top of the perovskite material is also investigated with and without
C60 passivation. The resulting planar perovskite devices are characterised electrically.
Chapter 8 – Finally, Chapter 8 presents conclusions arising from the research work
outlined in this thesis. Suggestions for future experimental work are detailed.
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CHAPTER 2:
Introduction to Perovskite Solar Cells

2.1 Origin of the Perovskite Semiconductor
The first identified perovskite material was CaTiO3 discovered in 1839 by Gustav
Rose and named after the Russian mineralogist, Perovski.1 This class of compounds
all produce the same crystal structure as CaTiO3 with the general formula ABOx in the
cubic structure. A is an alkaline earth or rare-earth element which forms the ions on
the corners of the lattice. B-site ions are found in the centre of the lattice and are either
3d, 4d, or 5d transition metal elements.2 The crystal structure was first described by
Victor Goldschmidt in 1926 during his work on tolerance factors.3 In traditional
perovskite oxides a large number of metallic elements are stable in the structure if the
tolerance factor (t) is in the range of 0.75 to 1.0. Goldschmidt’s work gained a
considerable amount of attention due to the substantial size of the chemical class as
well as the unique and benign properties they have produced.4 The crystal structure of
BaTiO3 was described by Forrester and Hinde in 1945 and demonstrated an
exceptional ferroelectric response as well as an extremely high dielectric constant in
energy storage applications.5 In 1988 high-temperature superconductivity was
identified in other materials of the perovskite class such as La2-xBaxCuO4 and
YBa2Cu3O7-δ.6

6
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Figure 2. 1: Crystal structure of cubic metal halide perovskite with the chemical
formula ABX3. The organic/inorganic cations occupy position A (green), the cation
occupies B (grey) and the halide occupies position X (purple).7

In addition to perovskite oxides, the perovskite structure also exists in perovskite
halides. These types of perovskite bear the general formula ABXx where B usually
represents Pb2+ or Sn2+, the anion X is a halogen (usually I-, Br- or Cl-), and the A
cation includes CH3NH3+, HC(NH2)2+ , Cs+, or Ru+. Ideally, these perovskite halides
have a cubic crystal structure consisting of a corner sharing BX6 octahedral network
with a large cation in the interstices. Müller first reported on semiconducting
perovskite halides in 1958 as he described the structure and photoconductivity in all
organic CsPbI3 and CsPbBr3 systems.8 Weber went on to discover that the
incorporation of organic cations had the ability to obtain the same crystal structure in
the organic-inorganic hybrid perovskite halide, CH3NH3PbX3.9
Present day interest in perovskite solar cells (PSCs) has been greatly assisted by the
work of Mitzi and colleagues10 in the early 1990s which reported on the synthesis of
a conducting organic based layered halide perovskite, (C4H9NH3)2(CH3NH3)n-1 SnnI3n1

(n = 1 to 5). This material demonstrated a transition from semiconducting to metallic

behaviour with increased dimensionality (n). The addition of an organic layer between
sheets of tin iodide allowed for the tuning of electrical properties without introducing
significant disorder. Mitzi et al.11 explored the structural properties of these organicinorganic perovskite materials and showed that the perovskite orientation could be
modified by the choice of organic cation used. In this case butylammonium which
formed <100> terminated perovskite sheets, was replaced with iodoformamidinium to
form perovskites which terminated on a <110> crystallographic plane. These
perovskites exhibited a similar trend toward metallic behaviour with increasing n. The
7
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optoelectronic properties of these organic-inorganic perovskite materials worked well
in transistors and light emitting diodes (LEDs), even exhibiting photovoltaic
properties. The use of organic-inorganic perovskite materials in solar cells was
predicted later by Mitzi12 but was not investigated at the time, presumably due to the
toxicity of Pb. This work conducted by Mitzi successfully incorporated organicinorganic perovskites into field-effect transistors (FETs) and demonstrated the
promising property of perovskites in electronic devices.

2.2 Operating principle of solar cells
Light is made up of pockets of energy known as photons. The energy and momentum
of a photon is dependent on its frequency (ν) or wavelength (λ), where the photon
moves at c, the speed of light, in an empty space.

𝐸 = ℎν =

ℎ𝑐
λ

2.1

Electrons can be optically excited by absorbing photons with an energy greater than
the bandgap of their material. In this way electrons which are bound to a solid are
freed from the valence band and injected into the conduction band where they can
move freely and are able to conduct electricity. This phenomenon is known as the
photoelectric effect.
The photovoltaic effect is the generation of voltage or electric current in a material
when exposed to light energy. This was first reported by Alexandre-Edmund
Becquerel in 1839 when he observed an electric current produced when a silver coated
platinum electrode immersed in electrolyte was subjected to light. Similar effects for
solid state devices were observed using selenium and two heated platinum contacts in
1876 by William Adams and Richard Day. It was not until the 1950’s when the first
solid state silicon solar cell was developed achieving an efficiency of 6 %.13, 14
A solar cell is composed of a light absorbing material connected to an external circuit
in an asymmetric manner. Photoexcited charge carriers are generated within the
material and separated allowing photovoltage and photocurrent to be produced.14
Photovoltaic devices depend on the generation of current and voltage under
illumination. The short-circuit current (Jsc) is the maximum current obtained from a
8
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solar cell. This is produced when the voltage between the two connected terminals of
a device is zero. Current is dependent on the light intensity and the area of the cell
therefore Jsc is expressed as current density. The voltage produced when the terminals
are isolated (no flow of current) is called the open circuit voltage (V oc). This is the
maximum voltage obtained from a solar cell. While the J sc is observed to decrease
with increasing band gap, the Voc increases with increasing band gap. For an
intermediate load resistance of R, the solar cell produces a voltage (V) between 0 and
Voc and a current (I) between 0 and Jsc such that V = IR. IV is established by the
current-voltage characteristics of the device under illumination.
The quantum efficiency (QE) of a solar cell expresses the probability of an incident
photon of energy (E) delivering one electron to the external circuit. The photocurrent
generated by a device at short-circuit is dependent on incident light, and so the total
Jsc can be derived from the following formula in equation 2.2:

𝐽𝑠𝑐 = 𝑞 ∫ 𝑏𝑠 (𝐸)𝑄𝐸(𝐸) 𝑑𝐸

2.2

Here, q represents the electronic charge and bs(E) represents the incident spectral
photon flux density. E to E+dE is the energy range of the number of photons which
are incident on a unit area in a unit time.14
When a solar cell is under a load, as well as photogenerated current, a voltage is
generated. The potential difference developed between the two terminals produces a
current which flows in the opposite direction to the photocurrent. For Voc this current
would equal that of the photocurrent flowing in the opposite direction producing a net
current of zero. This reverse current flows across the device under an applied voltage
without illumination and so is termed dark current. The dark current follows an ideal
diode formula as solar cells behave similarly to a diode in the dark due to the
asymmetry required to achieve charge separation. From equation 2.3, J0 represents a
constant, kB is Boltzmann’s constant and T is temperature in degrees Kelvin:

𝐽𝑑𝑎𝑟𝑘 = 𝐽0 (𝑒

9

𝑞𝑉
𝑘𝐵 𝑇

− 1)
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For an ideal diode, the overall current in a solar cell under illumination can then be
calculated by adding the photocurrent (forward direction) and the dark current (reverse
direction) as displayed in equation 2.4:

𝐽 = 𝐽𝑠𝑐 − 𝐽0 (𝑒

𝑞𝑉
𝑘𝐵 𝑇

− 1)

2.4

With regard Voc, the maximum voltage is produced when the terminals are isolated
and the photocurrent and the dark current cancel out. Equation 2.5 describes an ideal
diode:

𝑉𝑜𝑐 =

𝑘𝑇
𝑞

ln (

𝐽𝑠𝑐
𝐽0

+1)

2.5

In real cells, parasitic resistances effect the current-voltage characteristics. Series
resistance (Rs) results from the resistance of the cell material to current flow as well
as from the resistive contacts. This type of resistance is most prevalent at higher levels
of illumination and higher current densities. Shunt resistance (Rsh) is a parasitic
resistance in parallel with the solar cell. This results from the leakage of current in and
around the edges of the cell, as well as between contacts. This can be caused by
pinholes within the layers of a device and recombination in poorly rectifying cells. For
efficient photovoltaic devices, the Rs is required to be as small as possible and the Rsh
as large as possible. The overall current under illumination can then realistically be
calculated using an ideality factor, m, and area of the device, A, with equation 2.6:

𝐽 = 𝐽𝑆𝐶 − 𝐽0 (𝑒

𝑞(𝑉+𝐽𝐴𝑅𝑆 )
𝑚𝑘𝐵 𝑇

− 1) −

𝑉+𝐽𝐴𝑅𝑠
𝑅𝑠ℎ

2.6

The short circuit current and open circuit voltage describe the respective current and
voltage of the solar cell. The cells power density is given in equation 2.7:

𝑃 = 𝐽𝑉

10
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Figure 2. 2: Current-voltage curve for photovoltaic device under illumination and in
the dark

At the respective points of Voc and Jsc the power from the cell is zero. This is described
in Figure 2.2 where the short-circuit current can be observed where the light curve
intersects at V=0, and the open circuit voltage at an intersect where J=0. The power
density reaches a limit at a maximum power point (Pmpp) which occurs at a certain
voltage (Vmpp) and a corresponding current density (Jmpp). The fill factor (FF) is a
parameter which in conjunction with the Jsc and Voc determines the maximum power
of the device. It is defined as the ratio of the maximum power from the cell to the ideal
power of (Jsc x Voc). The FF describes the “squareness” of the J-V curve displaying
losses as given by equation 2.8.

𝐹𝐹 =

𝐽𝑚𝑝𝑝 𝑉𝑚𝑝𝑝
𝐽𝑠𝑐 𝑉𝑜𝑐

2.8

The power conversion efficiency (PCE) of a device can be represented by η and is
defined as the power density produced to the power density of the incident light (P1)
as shown in equation 2.9:
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PCE =

𝑃𝑚𝑝𝑝
𝑃𝑖𝑛

=

𝐽𝑚𝑝𝑝 𝑉𝑚𝑝𝑝
𝑃𝑖𝑛

=

𝑉𝑜𝑐 𝐽𝑠𝑐 𝐹𝐹
𝑃𝑖𝑛

2.9

The key performance characteristics of a solar cell are Voc, Jsc, FF and η. To allow
comparison to other photovoltaic devices they are usually measured under standard
test conditions of an incident power density of 100 mW cm-2, an Air Mass (AM) 1.5
illumination spectrum at 25°C. 14

2.2.1 Types of solar devices
As noted previously, a solar cell is composed of a light absorbing material connected
to an external circuit in an asymmetric manner. The light absorbing material employed
is usually a semiconductor while the asymmetry built into the system allows electrons
in the conduction band to be extracted from the cell in one preferential direction and
holes to be extracted in a different direction. Band gap, work function, spatial variation
in the electronic properties, and density of states can all be used to introduce
asymmetry. There are several types of solar cells which all depend upon creating
asymmetry to direct the flow of electrons and holes.
The p-n junction is the most commonly used photovoltaic device type for producing
the majority of silicon solar cells today. This junction is formed when a p-type
semiconductor and an n-type semiconductor are brought together. Excess electrons
from the n-type material diffuse across the junction to the p-type material and
recombine with holes. Likewise excess holes from the p-type material diffuse to the
n-type material and recombine with electrons. This recombination process leaves
behind positive ions from the dopant material on the n-type interface and negative ions
from the dopant material on the p-type interface. This is known as the depletion zone
as it is exhausted of free carriers. The recombination continues until a sufficient
electric field is built up at the interface preventing further diffusion across the junction.
The potential taken up in the semiconductor is represented by band bending. Upon
illumination electrons are attracted down in energy towards the n-type material, and
holes toward the p-type material as illustrated in Figure 2.3.
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Figure 2. 3: Schematic of a p-n junction solar cell under open circuit

A p-i-n junction consists of three alternatively doped regions. This is similar to a p-n
junction with an undoped or intrinsic layer sandwiched between the p-type and n-type
materials. As with a p-n junction a built in bias is established, however the electric
field extends over a wider region due to the intrinsic layer. This type of solar cell is
favoured when the photogenerated charge carriers in the n-type or p-type material are
unlikely to contribute to photocurrent or when the minority carrier diffusion lengths
are short. Photogenerated charge carriers in the intrinsic region are accelerated toward
their respective contacts by the large electric field and persist over a longer distance
than charges in the doped materials.14
By employing materials of different band gaps heterojunctions can be formed from pn junctions and p-i-n junctions. The change in band gap causes a potential step at the
interface due to the break in the conduction and valence band edges. Heterojunctions
may be required due to the doping of materials employed or may be selected to
improve carrier collection.
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Figure 2. 4: Schematic representation of the components and of the basic operating
principle of a DSSC15

Dye-sensitised devices allow charge generation and transportation to occur in separate
materials. A dye absorbs photons from sunlight forming electron hole pairs. The
excited electron is then injected into the conduction band of an n-type semiconductor,
usually TiO2, and diffuses to the anode. Following this, the electron passes through a
load and comes to the cathode where a redox reaction occurs. I3- is reduced to I- in the
electrolyte solution which then donates an electron to the hole remaining in the
electrolyte. This completes the circuit and regenerates an I3- as illustrated in Figure
2.4. Electrons are unable to transfer into the electrolyte and holes are restricted from
passing into the semiconductor. The energetic difference between the semiconductor
and the electrolyte forms the built in field.
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Figure 2. 5: Energy level diagram of materials used in perovskite solar cells

In perovskite devices, the light absorbed by the cell produces electron-hole pairs in
the perovskite material. The electron-hole pairs subsequently separate and are
transported through the material to their respective charge selective contacts (Figure
2.5). This charge separation can occur through two possible reactions. 1.
Photogenerated electrons are injected into the ETL first, followed by the injection of
holes into the hole transport layer (HTL), or 2. Photogenerated holes are injected into
the HTL first, followed by the injection of electrons into the ETL (Figure 2.6).
1a.

(e- - h+) [perovskite] → ecb- [TiO2] + h+ [perovskite]

2.10

1b.

h+ [perovskite] → h+ [HTL]

2.11

2a.

(e- - h+) [perovskite] → h+ [HTL] + e- [perovskite]

2.12

2b.

e- [perovskite] → ecb- [TiO2]

2.13

Exciton annihilation can also occur causing disadvantageous reactions like
photoluminescence and non-radiative recombination (3 and 4).
3.

(e- - h+) [perovskite] → hv’

15
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4.

(e- - h+) [perovskite] → ∇

2.15

Recombination of the charge carriers can occur at the ETL/perovskite interface, the
HTL/perovskite interface, or the ETL/HTL interface (5, 6 and 7).
5.

ecb- [TiO2] + h+ [perovskite] → ∇

2.16

6.

h+ [HTL] + e- [perovskite] → ∇

2.17

7.

ecb- [TiO2] + h+ [HTL] → ∇

2.18

The overall efficiency of the device depends on the kinetics of these reactions.16

Figure 2. 6: Schematic diagram of the electron transfer process in a perovskite cell

2.3 Noteworthy properties
2.3.1 Long Carrier Diffusion Length
Unlike organic semiconductors, perovskite materials have an exceptionally large
electron and hole diffusion length allowing them to reach high PCEs in solar cell
devices. In 2013 Xing et al. reported both electron and hole transport diffusion lengths
to be at least 100 nm in solution processed CH3NH3PbI3.17 In the same year Stranks
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and colleagues also affirmed CH3NH3PbI3 diffusion lengths of 100 nm, only an order
shorter than its absorption depth. The mixed halide perovskite, CH3NH3PbI3-xClx,
greatly surpassed these measurements with carrier diffusion lengths measuring > 1μm,
a factor of 5-10 times greater than its absorption depth. The dramatic increase in
electron-hole diffusion length by the addition of Cl- is thought to have arisen from the
inhibition of non-radiative recombination.18 In 2015 carrier diffusion lengths of > 175
μm in a single-crystal CH3NH3PbI3 were reported, by altering the deposition method.
SCLC and hall effect measurements acquired hole mobilities > 100 cm2 V-1 s-1 and an
electron mobility of ~24.0 cm2 V-1 s-1 as displayed in Figure 2.7.19 These long carrier
diffusion lengths along with the excellent light absorbing capabilities of perovskite
materials allow them to be adapted into planar structures for use in solar cells. Planar
heterojunction devices consist of the perovskite material sandwiched between an ntype and p-type interface forming either an n-i-p or p-i-n structure. Planar perovskite
solar devices are comparable to the efficiency achieved with mesoporous cells. The
omission of a mesoporous scaffold allows low-temperature processing of the entire
cell, increasing the prospect of a commercially viable device.

Figure 2. 7: Carrier mobility characterization of CH3NH3PbI3 single crystals. (a)
current-voltage curve for a hole-only CH3NH3PbI3 single crystal device, while (b) is
for an electron-only CH3NH3PbI3 single crystal device.19
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2.3.2 High absorption and tuneable bandgap
Perovskite semiconductors possess large absorption coefficients in the solar spectrum.
An absorption coefficient exceeding 104 cm-1 near the band edge has been determined
for CH3NH3PbI3.20 This measurement is on par with absorption measurements
obtained from GaAs thin films and exceeds that of c-Si as displayed in Figure 2.8.21

Figure 2. 8: Absorption spectra of commercial and emerging PV technologies.21

The direct bandgap of an organic-inorganic perovskite semiconductor can be
spectrally tuned through the substitution of cations (CH3NH3+, HC(NH2)2+ , Cs+, or
Ru+) and compositional control of halides

(I-, Br- or Cl-).22 The most studied

perovskite material, CH3NH3PbI3, has a red shifted electronic absorption of 800 nm.
By exchanging Pb for Sn an absorption of up to 1060 nm can be achieved.23 The
flexibility in composition allows organic-inorganic perovskites to encompass an
extensive range of band gap energies as seen below in Table II.I.
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Table II. I: Organic-inorganic perovskites comprise of a range of band gap energies

2.3.3 Low cost
Organic-inorganic perovskites can achieve a high quality crystalline structure by
precipitating out of solution before being annealed at a low-temperature (~100°C).
This low energetic barrier for crystal formation allows for cheap deposition processes
without compromising the performance of the device. Without the need for expensive
growth chambers or annealing equipment, the low cost fabrication process is also
beneficial for large scale commercialisation. Incorporating perovskite devices onto
flexible substrates is also achievable through the scale up method of roll-to-roll.24-26
Other photovoltaic devices in the field such as c-Si, CdTe and GaAs have not been as
fortunate as perovskite devices with regard to processing cost.

2.4 Challenges
2.4.1 Stability
Perovskite solar devices have become one of the most promising emerging
photovoltaic technologies due to their exceptional power conversion efficiencies.
Despite this, their practical applications are limited due to issues with stability.
Crystalline silicon solar cells, which are the market reference, have an average
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degradation of 0.5 % per year. It is necessary for PSCs to reach similar levels of
stability in order to compete in the market.
During fabrication and testing of perovskite solar cell devices the exposure to
humidity, oxygen, UV radiation, and high temperatures can affect stability. A
proposed mechanism for the degradation of CH3NH3PbI3 in the presence of moisture
is provided below: 27
1.

CH3NH3PbI3 (s) ↔ PbI2 (s) + CH3NH3I (aq)

2.19

2.

CH3NH3I (aq) ↔ CH3NH2 (aq) + HI (aq)

2.20

3.

4HI (aq) + O2 (g) ↔ 2I2 (s) + 2H2O (l)

2.21

4.

2HI (aq) ↔ H2 (g) + I2 (s)

2.22

CH3NH3PbI3 is first observed to hydrolyse in water before degrading. Step 3
demonstrates a redox reaction where hydrogen iodide degrades in the presence of
oxygen. Step 4 displays a photochemical reaction where hydrogen iodide decomposes
under UV radiation.28-30 Encapsulation of the perovskite can help address the moisture
sensitivity of these devices.31-33 CIGS solar cells have already shown that the
incorporation of encapsulation techniques are successful in preserving their efficiency,
and it is thought that the same techniques can be adapted to PSCs.27
Organic-inorganic perovskites are also sensitive to humidity. CH3NH3PbI3 has been
reported to start decomposing at a humidity of 55 %.34 This is clearly observed as the
perovskite film bleaches, changing colour from dark brown to yellow. The
incorporation or exchange of halide may offer a solution to this stability issue. The
perovskite, CH3NH3PbBr3, does not exhibit the same decomposition under the same
humidity conditions.
Temperature is another factor that decomposes perovskite devices. While annealing is
necessary to improve crystallinity and orientation of the perovskite film, increased
temperature can degrade the cell. Pistor et al.35 investigated a mixed halide perovskite
film which was deposited by co-evaporation in a vacuum. Afterwards the film was
annealed in the same vacuum environment where no reactive water or air was present.
In situ XRD showed that the perovskite film decomposed to PbI2 at temperatures of
20
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200°C and above. The same mixed halide perovskite, CH3NH3PbI3-xClx, decomposes
after 50 minutes of annealing at 100°C in a nitrogen atmosphere, and after 10 minutes
at 100°C in air.36 According to these results it is necessary to fabricate and deposit the
perovskite in a glove-box, and not in ambient air. Thermal stability could also be a
degrading factor when the solar cell is illuminated by sunlight. The thermal
conductivity of CH3NH3PbI3 has also been studied by Pisoni et al.37 Much of the solar
radiation in a perovskite device is converted into heat which the device is unable to be
disperse evenly. This can cause mechanical stress limiting the lifetime of the
perovskite device.
Perovskite solar devices are sensitive to UV degradation at the ETL/perovskite
interface when TiO2 is incorporated as the ETL. TiO2 is the most commonly used ETL
to date in PSCs, however it possesses photocatalytic properties which oxidise water
and organic matter under UV illumination.38
2I- ↔ I2 + 2e- (at the interface between TiO2 and CH3NH3PbI3)

2.23

3CH3NH3+ ↔ 3CH3NH3 ↑ + 3H+

2.24

I- + I2 + 3H+ + 2e- ↔ 3HI ↑

2.25

TiO2 first extracts electrons from the I- ions in the perovskite layer, deconstructing the
perovskite crystal. Ito and co-workers38 have demonstrated that the incorporation of
Sb2S3 layers between TiO2 and CH3NH3PbI3 improves stability under UV
illumination. The introduction of ETLs with wide band gaps, such as lanthanum doped
BaSnO3, can also offer photostability under UV radiation.39 Alternately, it has been
proposed that fluoropolymeric layers can be inserted as a coating into a perovskite
cell. These have the ability to prevent the UV portion of the incident solar spectrum
from degrading the perovskite solar cell. Instead the UV light is converted into visible
light by the fluorophores, enhancing the overall photocurrent of the cell.40
The organic based HTL, Spiro-OMeTAD, has received attention in recent years due
to its role in the instability of PSCs. Under thermal stress the compound can crystallise,
causing metal electrode diffusion into the perovskite material.41 It has also been
observed that the dopant, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),
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migrates from the HTL through to the perovskite material and ETL affecting overall
efficiency of the cell.42

2.4.2 Hysteresis
The presence of hysteresis in the J-V curve of PSCs presents a challenge when
determining the actual PCE of the cell. Hysteresis refers to a time dependant loss of
output in a given system. In PSCs this is identified by a higher PCE observed in the
reverse scan from Voc condition to short-circuit condition, and a lower PCE exhibited
from the forward scan from short-circuit condition to Voc. From where this hysteresis
originates is still under debate. However it is thought to depend on many parameters
such as scan direction, scan rate, the architecture of the solar cell, voltage range, and
preconditioning.43-45 Immense research efforts over the last number of years have
determined multiple possible causes for this hysteresis behaviour. These include slow
transient capacitive current, the dynamic trapping and detrapping process of charge
carriers, band bending due to ion migration, and band bending due to ferroelectric
polarisation as illustrated in Figure 2.9.46

Figure 2. 9: J-V curve showing hysteresis and difference in PCE along with cell
schematic illustrating the causes of hysteresis.46
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Hysteresis due to the capacitance of the solar cell can be reduced and even eliminated
when the scan rate is slowed sufficiently.47 However for planar heterojunction
perovskite solar devices, this hysteresis can persist at slow scan rates. Snaith and
colleagues48 found electron transfer to be weak when examining the interface between
c-TiO2 and a perovskite material in planar configurations. Modifying the c-TiO2 with
a self-assembled fullerene monolayer of C60-SAM, demonstrated increased electron
transfer, yielding a higher PCE with reduced hysteresis. Photothermal deflection
spectroscopy (PDS) measurements showed that the incorporation of C60-SAM
discouraged the formation of trap states at the ETL/perovskite interface, reducing nonradiative recombination.

Figure 2. 10: Schematic of planar perovskite device incorporating C60-SAM on the
TiO2 surface.48

Grätzel and co-workers found evidence that the slow process of ion migration resulted
in hysteresis in the J-V curve.44 A mesoporous scaffold perovskite device was
pretreated under illumination for 30 s at an open circuit. The device was then measured
with a reverse scan and directly afterward a forward scan at different voltage sweep
rates. J-V curve hysteresis was observed to be rate dependant (Figure 2.11 a). A device
was then kept under illumination at varying starting voltages (Vpresent) for 30 s before
a J-V curve was measured. After pre-treatment with Vpresent, it was observed that the
photocurrent was smaller at V > Vpresent and was larger at V < Vpresent (Figure 2.11 b).
It was determined that devices which were pre-treated with illumination at an applied
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voltage could compensate for the net built-in potential (Figure 2.11 c). Dark J-V
curves were measured for a device without a TiO2 hole blocking layer once the device
had equilibrated at Vpresent (Figure 2.11 d). The results demonstrated that the applied
bias which modified the net built-in electric field was independent of illumination.
The authors suggested that the electric field generated by the built-in potential and
applied bias caused mobile charge carriers to move toward their respective electrodes.
If the electric field is offset by a voltage larger than Vpresent applied in a fast scan then
charge extraction is weaker, causing the slow process of ion migration resulting in
hysteresis.

Figure 2. 11: (a) J-V curves with different scan rates from 1V to -1V and back to 1
V. Arrows denote sweep direction. (b) J-V curves of a cell once it was kept for 30 s
at different starting voltages (Vpresent = -0.5, 0, 0.5, 1V). Inset shows the shape of the
J-V curve for Vpresent = 0 V between -0.5 and 0.5 V. (c) Device simulations with builtin potential Vbi (d) Electronic J–V curves for device without TiO2 in the dark after
the device equilibrated at Vpresent, which is marked with a circle. Solid lines are
forward scans, and dashed lines denote backward scans.44
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The most widely used perovskite material for solar cells, CH3NH3PbI3, has an intrinsic
ferroelectric property. This ferroelectric behaviour can be enhanced when the material
is deposited as a thin film and sandwiched between a metal oxide ETL and an
insulating HTL. Wei et al. showed that the mixed halide perovskite, CH3NH3PbI3-xClx,
produced hysteresis in the J-V curve. This hysteresis was dependant on scan range and
velocity which were attributed to the ferroelectric effect of the perovskite material. 47
The interface band structure of a perovskite material can be engineered to manifest a
different polarisation character if the perovskite thin film contains ferroelectric
domains. This change can exhibit different PCEs for the device under forward and
reverse sweeping scans. Negative poling produces a polarisation within the perovskite
film which prevents charge separation and reduces the performance of the cell. The
perovskite material is especially sensitive to an external bias when incorporated into a
planar structure (Figure 2.12). This may account for the pronounced hysteresis
observed in planar heterojunction structures compared to mesoporous structures.49

Figure 2. 12: Schematic illustration of perovskite cells in the planar structure and
with a mesoporous TiO2 scaffold under applied electric field, and physical
mechanism of polarisation in the ferroelectric perovskite material.49

The use of C60/fullerene molecules such as polystyrene sulfonate (PEDOT:PSS),
phenyl-C61-butyric acid methyl ester (PCBM) and lithium fluoride (LiF) have been
reported to eliminate hysteresis when used as interlayers in planar PSCs using a
CH3NH3PbI3 perovskite. It has been proposed that these fullerene molecules passivate
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trap states by interacting with halide rich defective regions at grain boundaries of the
perovskite.50-52 Low-temperature studies on these hysteresis free perovskite devices
employing fullerene passivation have exhibited substantial hysteresis at sub-zero
conditions of 175 K. This indicates that the issue with J-V hysteresis is related to the
relaxation process of the CH3NH3PbI3 induced by applied voltages. The half-time for
the relaxation process underlying this hysteresis slowed from 0.6 seconds at 298 K to
15.5 seconds at 175 K. This study provides insight into device stability over time
yielding an activation energy of 0.12 eV.53

2.5 Ascension of Power Conversion Efficiency in
PSCs
2.5.1 Introduction of mixed-halide perovskites in
photovoltaics
The first photovoltaic results using organic-inorganic perovskites was reported in a
2006 poster abstract by Kojima et al.54 The perovskite compound, CH3NH3PbBr3,
appealed to the research group due to its self-organised semiconductor crystal
structure. The perovskite compound was spin-coated onto a nanoporous TiO2
electrode which had been deposited on fluorine doped tin oxide (FTO) coated glass.
Pt coated glass acted as a counter electrode while the electrolyte solution was
synthesised from LiI and I2 in a mixed acetonitrile/isobutyronitrile solvent. The
resulting liquid electrolyte based dye sensitised solar cell (DSSC) reached a maximum
power conversion efficiency (PCE) of 2.19 % under an irradiated condition of 100
mWcm-1. This result was improved by to 3.8 % PCE in 2009 by replacing bromine
with iodide in the perovskite compound.55 The stability of all of these devices was
extremely poor due to the immediate dissolution of the perovskite compound in the
liquid electrolyte and so did not gather much interest. Miyasaka and colleagues later
attempted to replace the liquid type electrolyte with a solid state hole transport material
(HTM).56 PPCB was used as a conductive polymer but proved unsuccessful at 0.37 %
PCE for CH3NH3PbI3 and 0.21 % PCE for CH3NH3PbBr3.
Park et al. achieved 6.5 % PCE by changing the electrolyte formation and the way in
which the perovskite was deposited.57 The perovskite material, CH3NH3PbI3, was
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deposited as quantum dot semi-spheres with an average diameter of 2.5 nm on the
surface of TiO2. The TiO2 surface itself was nanocrystalline and was deposited on
cleaned FTO coated glass which had been pre-treated with titanium (IV) bis(ethyl
acetoacetato)diisopropoxide. A Pt counter electrode was employed on FTO coated
glass. The report showed that CH3NH3PbI3 acted as an improved light harvester
compared to the conventional ruthenium-based organometallic N719 dye used at the
time, allowing a thin absorbing layer of perovskite nanoparticles to sufficiently absorb
and convert light. The dissolving of the perovskite in the electrolyte remained an issue
causing the performance of the cell to degrade almost instantly.

2.5.2 Replacement of liquid electrolyte
2.5.2.1 CsSnI3 perovskite as a p-type semiconductor
The significant obstacle posed by the electrolyte containing an iodide/tri iodide redox
couple required a fundamental advancement in the field. Chung et al. attempted
replacing the liquid electrolyte with the p-type semiconductor, CsSnI3, resulting in a
solid-state DSSC.58 This type of solar cell consisted of the commonly used molecular
N719 ruthenium sensitizer rather than an organic-inorganic perovskite material.
Doping of CsSnI3 with F and SnF2 was found to dramatically increase both shortcircuit voltage (Jsc) and final power conversion efficiency, achieving 10.2 % PCE.
CsSnI3 adopts a distorted three dimensional perovskite structure at room temperature
with a notably high hole mobility of 585 cm2 V-1 s-1. This study demonstrated that the
doped perovskite did not just act as a p-type semiconductor but also effectively
separated photogenerated holes and electrons. A solid state cell without ruthenium
based dye was fabricated and worked as a photovoltaic device producing very low
efficiencies of 0.2 % PCE. Charge separation was accelerated by the addition of the
ruthenium dye leading to the high 10.2 % efficiency.

2.5.3 Incorporation of Spiro-OMeTAD
The most influential alternative to the liquid electrolyte in perovskite devices came as
an amorphous organic compound called 2,2′7,7′-tetrakis-( N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD). This was first introduced by Bach et
al. in 1998 for use in a DSSCs which exhibited a poor PCE of 0.04 %.59 This value
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increased to 0.74 % efficiency with the addition of a Li+ salt as a dopant. In 2006 work
by Snaith and Grätzel showed that the charge carrier mobility of Spiro-OMeTAD
could be enhanced by an order of magnitude with the addition of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and chemical p dopants (antimony
salt).60 A 100 fold increase in conductivity could also be observed when this HTM
was incorporated within a TiO2 mesoporous network.

Figure 2. 13: Chemical structure of Spiro-OMeTAD, LiTFSI and antimony salt

Spiro-OMeTAD was not introduced into PSCs until 2012.61 The device comprised an
FTO coated glass substrate, a compact TiO2 blocking layer, a nanocrystalline
mesoporous sub-micron thick anatase layer, CH3NH3PbI3 nanoparticles as the
perovskite material, a Spiro-OMeTAD hole conductor, and a gold top contact. This
structure made PSCs almost identical to that of solid-state DSSCs. The device
exhibited a record PCE of 9.7% under simulated AM1.5G sun illumination. The
thickness of the mesoporous TiO2 (m-TiO2) layer was shown to influence the
photovoltaic performance of the device greatly. Voc and FF decreased by increasing
thickness from 0.6 – 1.4 μm. The adoption of Spiro-OMeTAD as a solid HTM notably
improved the stability and efficiency of the device compared to its liquid electrolyte
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counterpart. The cell was stored without encapsulation in air at room temperature for
over 500 hours. Ex-situ results showed that the Voc stayed stable, the FF improved and
then stabilised, and the Jsc exhibited a slight decrease and eventual plateau after 200
hours. Photovoltaic activity was present throughout this test.

Figure 2. 14: Schematic illustration of a mesoporous scaffold perovskite solar cell

Concurrently, Snaith and colleagues were also independently incorporating SpiroOMeTAD into perovskite solar devices.62 Contrary to Park however, the SpiroOMeTAD HTM was integrated into a device consisting of a mixed halide perovskite
material, CH3NH3PbI3-xClx. This organic-inorganic perovskite material exhibited
improved stability when processed in air as well as improved stability in extended
light exposure (1000 hours of continual illumination under simulated sunlight), when
compared to the more common CH3NH3PbI3. The perovskite layer was spin-coated
and annealed forming a markedly thin layer infiltrating the nanoporous m-TiO2. This
approach differed from work at the time involving nanoparticle perovskite structures,
instead forming an extremely thin absorber (ETA) device. This type of perovskite
solar cell exhibited a PCE of 7.6 %. The m-TiO2 layer was then replaced with an
insulating Al2O3 mesoporous scaffold, coining the term “meso-super-structured solar
cell”. This produced an enhanced PCE of 10.9% under simulated AM1.5G sun
illumination. Al2O3 has a wide bandgap (7 – 9 eV) compared to TiO2 and so is not
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able to aid in electron extraction. The report suggested that the perovskite material
itself was transporting electrons to the compact TiO2 (c-TiO2) layer. The improvement
in efficiency by replacing m-TiO2 with mesoporous Al2O3 demonstrated that the
mixed halide perovskite, CH3NH3PbI3-xClx, was faster at transporting electronic
charge than m-TiO2. These cells produced a Voc that was more than 200 mV greater
than those with an m-TiO2 layer, boosting the final performance. This report also
suggested toward a new simpler planar structure for PSCs in which no scaffolding was
needed.

2.5.4 HTM-free device
During the same year, 2012, Etgar et al.63 demonstrated that the organic-inorganic
perovskite material, CH3NH3PbI3, could also play the part of a hole conductor
allowing for HTM-free perovskite solar devices. This cell did employ a m-TiO2 layer
which was composed of anatase nanosheets with dominant (001) facets as the electron
collector and transporter. The nanosheets showed an enhanced photovoltaic
performance compared to the commonly used TiO2 nanoparticulate films. The authors
suggested that this was due to the higher ionic charge concentration found in exposed
(001) facets compared to (101) facets. A gold contact was evaporated on top of the
CH3NH3PbI3 perovskite layer and the entire cell reached a PCE of 5.5 %.

2.5.4.1 Ambipolar nature of perovskite
In 2013, Seok, Grätzel and colleagues further proved that CH3NH3PbI3 could be used
to transport both holes and electrons.64 In this study various polymeric mesoporous
scaffolds and HTMs, as well as the absence of a HTM or mesoporous layer, were
investigated alongside m-TiO2 and Spiro-OMeTAD. The polymeric hole conductor
poly-triarylamine (PTAA) worked the best and produced a record efficiency of 12 %
PCE when incorporated into a perovskite solar cell. The Spiro-OMeTAD counterpart
cell achieved a poorer 8 %. From EDS mapping and XPS depth profiling a clear
difference could be seen in the interaction of each of these HTMs with the perovskite
material. The Spiro-OMeTAD was observed to permeate the m-TiO2 pores easier than
the polymer PTAA due to its lower molecular weight. PTAA was mostly found at the
surface of the m-TiO2/ CH3NH3PbI3 composite layer. Perovskite solar cells with an
absent HTM, as well as cells without a mesoporous scaffold were both shown to
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exhibit power conversion efficiencies but were greatly improved by their presence.
This was further supported by constructing a thin film transistor (TFT) device which
showed CH3NH3PbI3 behaving as an ambipolar semiconductor able to transport both
electrons and holes. This confirmed results observed by Lee and Etgar previously.62,
63

The PTAA perovskite solar cell was improved from 12 % to 12.3 % PCE by

replacing CH3NH3PbI3 with a mixed halide perovskite, CH3NH3PbI3-xBrx.34 The band
gap of CH3NH3PbI3 is reported at 1.53 eV61 while that of CH3NH3PbBr3 is much
higher at 2.3 eV.55 By altering the amount of Br content, the light harvester perovskite
could easily be tuned. The most efficient device had a low Br content (<10 %)
incorporated in the mixed halide perovskite, however higher content also proved
useful by remaining stable at high humidity. The authors suggested that this may be
due to the smaller ionic radius of Br allowing for a more condensed and stable
perovskite structure. The lattice constant was reduced with the incorporation of a
higher Br content and the perovskite phase transitioned from tetragonal to pseudocubic.

Figure 2. 15: Graph showing the quadratic relationship of the band gaps of
CH3NH3Pb(I1-xBrx)3 as a function of Br composition (x).34
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2.5.5 Alterations in deposition process
2.5.5.1 Sequential deposition
Up until this point in time the perovskite precursors PbX2 and CH3NH3X (X = I, Cl or
Br) had been mixed in a common solvent and deposited in a single step. In 2013 a
sequential deposition procedure was established which allowed for improved
reproducibility and better control over perovskite morphology.65 Grätzel’s group first
dissolved PbI2 in N, N-Dimethylformamide (DMF) and spin-coated the solution,
which was kept at 70°C, onto a m-TiO2 layer. The m- TiO2/PbI2 composite layer was
then dipped in a solution of CH3NH3I in 2-propanol for 20 s. After drying, a standard
Spiro-OMeTAD HTL was spin-coated on top followed by an evaporated Au contact.
These solar cells yielded a reproducible efficiency with the highest achieving 12.9 %
PCE. Characterisation of the m-TiO2/PbI2 composite layer by Scanning Electron
Microscopy (SEM) showed no PbI2 crystals extruding from the m-TiO2 surface. This
indicated that the PbI2 layer was contained completely within the pores of the anatase
m-TiO2. During X-Ray Diffraction (XRD), additional peaks which did not arise from
the TiO2 layer could be observed from PbI2/m-TiO2/glass when compared to
PbI2/glass (Figure 2.16). This implied that the m-TiO2 scaffold caused PbI2 crystal
growth to differ in orientation. Without the TiO2 scaffold present, the perovskite
precursors converted at a much slower rate. The authors noted that when PbI2 was
deposited on the scaffold, its crystal size was limited to ~22 nm due to the scaffold
pores. When exposed to a solution of CH3NH3I the rate of conversion to perovskite
was dramatically increased. This two-step deposition technique caused the perovskite,
CH3NH3PbI3, to assume a restricted nanomorphology. This method was improved
further by slightly altering the deposition methods to yield a PCE of 15.0 %. The
modifications involved spin-coating the PbI2 solution at a shorter time of 5 s and an
additional pre-wetting step of the m- TiO2/PbI2 composite layer in 2-propanol before
being dipped in the CH3NH3I solution. The boosted efficiency obtained from these
small changes was generated by increased light-scattering from the pre-wetting step
and an added filling of the m-TiO2 pores with perovskite pigment. This was also the
first report of independent measurements for certification. The independent accredited
test centre confirmed a PCE of 14.1 % measured under AM1.5G standard reporting
conditions. The use of independent measurements for photovoltaic technology went
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on to become imperative as it controlled the quality of cells, preventing inflated results
from reaching the literature.66

Figure 2. 16: XRD spectra of PbI2 on glass and porous TiO2/glass before and after
the sequential deposition transformation.65

2.5.5.2 Vapour deposition
Snaith et al. achieved similar high efficiencies of 15.4 % PCE in 2013 with a simple
planar structure heterojunction cell.67 The mixed halide organic-inorganic perovskite,
CH3NH3PbI3-xClx, was deposited by dual source vapour deposition on a dense c-TiO2
layer. The standard Spiro-OMeTAD HTM was then spin-coated on top, followed by
an Ag evaporated contact. The vapour deposition allowed precursors PbCl2 and
CH3NH3I to simultaneously be evaporated on the c-TiO2/FTO substrate under high
vacuum. This vapour method allowed for extremely uniform perovskite films to be
deposited with an average thickness of 300 nm. Planar solar cells fabricated using a
solution-processed mixed halide were made up alongside these to compare in the
study. XRD characterisation exhibited the same diffraction peaks at identical positions
for both solution-processed and vapour-deposited perovskite films, indicating that the
same orthorhombic crystal structure was produced in the mixed halide perovskite with
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a strong degree of phase purity. SEM showed a vast contrast between solutionprocessed and vapour-deposited films in terms of morphology. The solution-processed
films did not have full coverage on the substrate with film thickness varying from 0 465 nm. Crystalline platelets could be observed on a scale of tens of micrometers
lengthways. In contrast, the vapour-deposited films were exceptionally uniform with
crystalline features measuring hundreds of nanometres on the length scale (Figure
2.17). This uniformity appeared to be what achieved such a high efficiency as the best
solution-processed cell only yielded 8.6 % PCE. The authors noted that it was
fundamental to optimise film thickness in the perovskite layer to reach highly efficient
solar cells. The device would be unable to absorb an adequate amount of sunlight if
the perovskite film was too thin. Adversely, it would be impossible to collect electrons
and holes at their respective heterojunctions if the perovskite film was too thick due
to exciton diffusion length being shorter than the film thickness. Results from this
study proposed an ideal film thickness of 330 nm, however it was acknowledged that
further investigation was required. The vapour deposition technique posed the benefit
of being effective on large area substrates for the manufacturing industry.

Figure 2. 17: SEM plan view images of perovskite and cross sectional images of full
sell from (a) vapour deposited perovskite film and (b) solution processed perovskite
film67
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2.5.5.3 Solvent engineering
In 2014, Seok et al.68 obtained an independently confirmed 16.2 % PCE using a mixed
halide perovskite, CH3NH3Pb(I1-xBrx)3 (x = 0.1 - 0.15), and a careful selection of
solvent mixtures. The polymer, PTAA, was again used as a HTM and evaporated Au
as contact. The use of γ-butyrolactone (GBL) and dimethylsulphoxide (DMSO)
together in suitable ratios as a mixed solvent for the perovskite precursors produced
extremely uniform and dense films when followed by a toluene drip during spincoating. This solvent engineering method also detected an intermediate phase in the
perovskite formation which could be isolated. Figure 2.18 outlines the procedure
involved in this solvent engineering method.
1. The perovskite precursors CH3NH3I, CH3NH3Br, PbI2 and PbBr2 are mixed
with GBL and DMSO in suitable ratios before being deposited by dropper,
fully coating the surface of the m-TiO2/c-TiO2/FTO coated glass substrate.
2. The spin-coater is turned on and solvent is evaporated.
3. Toluene, a solvent which can be mixed with GBL and DMSO but does not
dissolve the perovskite precursors, is dripped by dropper on the substrate
during spinning.
4. An immensely crystalline and self-organised intermediate phase (CH3NH3X –
PbX2 - DMSO) is formed.
5. Upon annealing, the intermediate phase transforms into an extremely uniform
and crystalline perovskite film.
This solvent engineering method significantly improved the morphology of the
perovskite layer. Without the addition of DMSO in the solvent mixture, coverage was
poor and uneven islands formed on the substrate surface. DMSO slowed the fast
reaction between CH3NH3X and PbX2 in the intermediate phase allowing the addition
of toluene to even out the perovskite, producing a dense and uniform film. In-situ hightemperature XRD of the intermediate phase as it transitioned into the perovskite phase
showed that complete conversion did not occur until 130°C. Both CH3NH3X - PbX2 DMSO and the perovskite existed in the film together at the standard perovskite
annealing temperature of 100°C. The authors also attempted to execute this solvent
engineering method in planar perovskite cells. A PCE of 14.4 % was achieved but
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significant hysteresis and distortion could be observed in the J-V curves when
measured under AM1.5G illumination. The resultant overestimation in the reverse
scan and underestimation in the forward scan could cause error when measuring cell
efficiency. When a 200 nm m-TiO2 layer was employed, a symmetrical efficiency was
observed in each scan direction. It was proposed that generated electrons may remain
for longer in the thick perovskite material without an m-TiO2 layer for fast charge
collection. This solvent engineering method of quenching the perovskite precursors in
a polar solvent with a non-polar solvent such as toluene (or chlorobenzene or diethyl
ether later on) during spin coating became the preferred method of deposition among
researchers and has achieved all subsequent efficiency records since then.

Figure 2. 18: Solvent engineering procedure for preparing uniform and dense
perovskite films 68

2.5.6 Alterations in compositional engineering
2.5.6.1 Incorporation of the formamidinium cation
In early 2015 Seok’s group69 went on to report a record 17.9 % PCE mixed-halide
perovskite cell using the same solvent engineering process described earlier (Figure
2.19). The mixed halide perovskite material used was (HC(NH2)2PbI3)1x(CH3NH3PbBr3)x

(x = 0.15). The HC(NH2)2+ ion (FA) is larger than the CH3NH3+ ion

(MA) and develops a cubic structure with a marginally larger lattice. Formamidinium
lead iodide (FAPbI3) exhibits a p-type character, is unstable on its own and has a
narrow bandgap of 1.4 eV.70 In contrast, methylammonium lead iodide (MAPbI3)
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exhibits an n-type character and has a bandgap of 1.5 - 1.6 eV. At this time there were
several reports on FaPbI3 based perovskite solar devices, many of which produced
lower efficiencies than MAPbI3 when incorporated into photovoltaic devices.70, 71 The
black FAPbI3 perovskite was only stable at temperatures above 160°C and became
inactive and yellow as it cooled down, transitioning from α-phase to δ-phase.
Gradually replacing MA+ with FA+ cations was reported to increase the stability of
the FAPbI3 perovskite phase and increase PCE. This was due to increased current
density as the absorption range shifted toward red.72 Alternatively, replacing MAPbI3
with FAPbI3 results in a larger lead iodide based crystal lattice which allows
favourable narrowing of the band gap.70, 72 When fabricated into semi-transparent
perovskite solar device FaPbI3 was found to outperform MaPbI3.73 In this report, Seok
et al. found that a stabilised perovskite phase of (FAPbI3)0.85(MAPbBr3)0.15 could be
formed by adding 15 % mol MA+ and Br- concurrently to FAPbI3. Its decreased
bandgap allowed the absorption of photons over a wider spectrum. Negligible
hysteresis was observed in the J-V curve for both forward and reverse scan sweeps.
The solvent engineering process allowed the perovskite layer to be highly crystalline
with a uniform and dense morphology on the m-TiO2/c-TiO2/FTO coated glass
substrate. This was topped with a PTAA HTM and an Au counter electrode forming
the highly efficient perovskite device.
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Figure 2. 19: PCE values for cells using (FAPbI3)1-x(MAPbBr3)x materials. x = 0.15
exhibited the best performance in terms of PCE. The red diamond indicates the PCE
value for the cell fabricated using pure FAPbI3 (x = 0) 69

That same year Seok and colleagues improved the efficiency even further to 20.1 %
certified PCE through use of an intramolecular exchange process (IEP).74 This
involved a two-step spin coating procedure before obtaining the final
(FAPbI3)0.95(MAPbBr3)0.05 (x = 5) perovskite film. The first solution to be spin coated
was prepared by dissolving PbI2 in DMSO at 60°C. The addition of toluene caused a
PbI2(DMSO)2 complex to precipitate out and PbI2(DMSO) was eventually obtained
by annealing in a vacuum for 24 hours. This complex was dissolved in DMF and was
spin coated on the m-TiO2/c-TiO2/FTO coated glass substrate forming a transparent
PbI2(DMSO) film. FAI and MABr were added in suitable ratios to 2-propanol and
spin coated on top as the second step. A direct intramolecular exchange occurred
between DMSO and FAI before DMSO was evaporated by spinning.
PbI2-DMSO + FAI → PbI2 - FAI + DMSO ↑

2.26

The volume of the perovskite layer was not expanded, unlike that in sequential
deposition, as the molecular size of DMSO and FAI are approximately equal. This IEP
method produced high quality, uniform FAPbI3 based films at low temperatures
during spin coating. The (FAPbI3)0.95(MAPbBr3)0.05 films produced had a preferred
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orientation of (111) unlike films that were solution-processed and annealed afterward.
The authors identified that the perovskite film thickness needed to be larger than that
of previous MAPbI3 films to ensure light absorption around the 800 nm wavelength
region. A 500 nm thick perovskite layer was used in record 20.1% certified PCE solar
cells with a high degree of reproducibility. It should be noted that the solvent
engineering method was not employed for this procedure as it had resulted in pinholes
and an uneven surface when used with FAPbI3.
The most studied perovskite composition for achieving photovoltaic efficiency to date
has been MAPbI3. Due to the large success of mixed perovskites by Seok et al. above,
Jacobsson et al.75 decided to further explore the alluring (FAPbI3)1-x(MAPbBr3)x
composition. A total of 49 different compositions were investigated by varying the
ratio of MA/FA and I/Br in the mixed perovskites. The deposition method was kept
the same for each mesoporous device with perovskite precursors dissolved in a mixed
solvent of DMF and DMSO in the ratio of 4:1 and a one-step antisolvent method
carried out for perovskite deposition using chlorobenzene. The band gap of each
independent cell composition was extracted. It was observed that an increased amount
of bromide increased the band gap, while an increased amount of FA decreased the
band gap, but to a much lesser extent. The authors noted that this ability to tune the
band gap would be beneficial for application in tandem cells matching two
photoabsorbers with a perovskite device as a top cell. Perovskite devices which
contained a high bromide content appeared to produce intense photoemission from the
sub band gap states causing detrimental results in the efficiency of the cell. A proposed
explanation for this was a phase separation occurring with the development of a
majority phase and a minority phase. This minority phase would be an iodide rich
perovskite phase at a lower band gap. Photo-excited charge carriers could then become
trapped in the minority phase as demonstrated in Figure 2.20. From this study it was
observed that a small change in composition could have a large impact on the
performance of the cell. Efficiencies varied from 2.3% PCE, for a mixed perovskite
that contained a high bromide content, to 20.7% PCE, for a composition of
FA4/6MA2/6PbBr1/2I5/2.
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Figure 2. 20 (a): Illustration of trap assisted recombination by an iodide rich
minority phase. The different processes are: (1) absorption, (2) band edge
recombination, (3) trapping of electrons by minority phase, (4) trapping of hole by
minority phase, (5) radiative recombination by the minority phase, de-trapping of
the electron. (b): Illustration of the increased importance of trapping as the band
gap difference between the minority and the majority phase increases.75

2.5.6.2 Incorporation of the caesium cation
Purely inorgainc perovskite devices have been investigated using caesium lead
trihalide perovskites. These exhibit a superior thermal stability when compared to
organic-inorganic perovskite materials. Kulbak et al.76 showed CsPbBr3 to exhibit a
photovoltaic performance of 5.95 % efficiency in the forward scan and 5.72 %
efficiency in the reverse scan in the J-V curve when incorporated into a mesoporous
cell with PTAA as the HTM used. Unfortunately with the band gap of CsPbBr3 being
2.97 eV it is unsuitable for use in perovskite cells. CsPbI3 has a more suitable band
gap of 1.73 eV and has also been investigated. It forms a photoactive perovskite with
an appropriate Goldschmidt tolerance factor. However, the black photoactive
perovskite α-phase of CsPbI3 is only stable at temperatures above 300°C and becomes
inactive and yellow as it cools down to its δ-phase.8
Jeon et al.69 had previously shown that by incorporating a limited amount of the
smaller cation MA, the black photoactive phase of FA could be stabilised. Complete
conversion of the FA from its yellow to black phase still proved difficult as even small
traces of the yellow phase could limit the performance of the device by inhibiting
charge collection. Cs has a much smaller ionic radius of 1.81 Å when compared to that
of MA (2.70 Å). Saliba et al. 77 incorporated the small inorganic Cs ion forming a triple
cation mixture of Cs/MA/FA. The resultant perovskite material, Csx(MA0.17FA0.83)(10040

Chapter 2
x)Pb(I0.83Br0.17)3

(x = 5 %), was incorporated into a mesoporous cell with the standard

Spiro-OMeTAD as HTM. XRD characterisation showed the yellow FA δ-phase to
completely disappear with the incorporation of Cs while absorption and
photoluminescence (PL) spectra exhibited a blue shift. This suggests that the Cs ion
was successfully incorporated into the perovskite lattice with a shift toward the cubic
structure. Improved stability could be observed when compared to the same perovskite
without Cs incorporation when the devices were kept at 130°C for 3 hours in dry air.
The cell without Cs had a decreased absorption spectrum and bleached rapidly. In
contrast the cell which included Cs retained its active black colour with slight
degradation. Cross-sectional SEM showed that the triple cation perovskite developed
highly uniform perovskite grains. The authors proposed that the Cs ions provided seed
layers for the nucleation of further uniform perovskite growth. These cells exhibited a
reproducible stabilised power output of 21.1 % PCE. Long-term stability was then
explored by keeping the device in a nitrogen atmosphere at room temperature under
constant illumination. Max power point (MPP) tracking showed the efficiency to
decrease after a few hours and then stabilise at 18 % PCE for over 250 hours (Figure
2.21). Jsc and Voc did not change significantly within this time with FF showing the
most significant drop. The authors suggested that replacement of the HTM could be a
suitable solution to this decrease in FF for future work.

Figure 2. 21: 250 hour aging of Csx(MA0.17FA0.83)(100−x)Pb(I0.83Br0.17)3 where x = 5
for Cs5M and x = 0 77
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2.5.6.3 Incorporation of the rubidium cation
MAPbI3, FAPbI3, and CsPbI3 all have a Goldschmidt tolerance factor between 0.8 and
1.0 allowing them to be established perovskite materials with a black α-phase. The
ionic radius (r) of Rb is very slightly smaller than that of Cs. Despite the small ionic
radius as well as its beneficial oxidation stability, RbPbI3 falls just under the 0.8
tolerance factor limit making it a photoinactive non-perovskite. This material remains
in the inactive yellow δ-phase even when heated until eventually melting at 460°C.41

𝐺𝑜𝑙𝑑𝑠𝑐ℎ𝑚𝑖𝑑𝑡 𝑡𝑜𝑙𝑒𝑟𝑒𝑛𝑐𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑇) =

𝑟𝐴 +𝑟1
√2(rB +𝑟1 )

2.27

Figure 2. 22 (a): Tolerance factor of the perovskites APbI3 where A = Li, Na, K, Rb,
Cs, MA and FA. (b): CsPbI3 [a to c] and RbPbI3 [d to f] at 28°, 380°, or 460°C.
Irreversible melting for both compounds occured at 460°C. RbPbI3 never shows a
black phase 41

Due to Rb existing so close to the tolerance factor margin, Saliba et al. incorporated it
into a quadruple cation perovskite to aid, in conjunction with MA, in stabilising the
black α-phase of FA.41 The perovskite material, RbxCsMAFA, was fabricated into a
mesoporous cell with Spiro-OMeTAD used as the HTM. The PL spectra from the
perovskite film showed a sharp peak at 770 nm in contrast to MAFA films which
displayed several peaks ranging from 670 to 790 nm. This narrow peak suggests
homogeneous crystallisation for the RbxCsMAFA film with an absence of the inactive
42

Chapter 2

yellow phase. XRD characterisation confirmed this absent yellow phase and exhibited
a higher intensity perovskite peak for RbxCsMAFA when compared to the MAFA
perovskite. A stabilised PCE of 21.6 % was yielded using this “cation cascade”
perovskite material. These devices displayed an exceptionally high Voc of up to 1240
mV. The difference between Voc and band gap (or loss in potential) was measured to
be ~0.39 V. In contrast, the most efficient photovoltaic commercial silicon devices
exhibit a loss in potential of ~0.4 V due to their indirect band gap and Auger
recombination.66 In theory, the loss in potential for defect-free materials that only
feature radiative combination are in the range of 0.23 V (for 1 eV band gap) to 0.3 V
(for 2 eV band gap). The high Voc displayed in these RbxCsMAFA cells is of
significant interest as achieving this is one of the major challenges preventing PSCs
from extending to their thermodynamic limit. The RbxCsMAFA perovskite was then
developed into a solar cell with PTAA as a buffer layer between the perovskite and
HTM for a stress test. This thin film of PTAA was used to prevent the Spiro-OMeTAD
HTM from becoming permeable, causing metal electrode diffusion into the perovskite
material at high temperatures. The device was kept in a nitrogen atmosphere under
constant illumination at 85°C for 500 hours. MPP tracking demonstrated that the
device retained 95 % of its initial performance confirming its stability and robustness.

Figure 2. 23: Thermal stability test for solar cell containing RbxCsMAFA 41

2.5.6.4 Excess of iodide ions
In mid-2017 Seok and colleagues reported a record certified PCE of 22.1 % with the
ability to preserve >93 % of its original PCE after 13 months in ambient conditions.78
A modified intramolecular exchange process (IEP) from their earlier work in 2015 74
was adapted to deposit the perovskite material. PbI2 and PbBr2 were first dissolved in
a 4:1 ratio of DMF and DMSO. This precursor solution was spin coated on the m-TiO2
scaffold forming a transparent PbI2(PbBr2)-DMSO intermediate film. An iodide (I3-)
solution was prepared by stirring iodine (I2) in IPA at 80°C for seven days. The
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oxidation of IPA formed iodide ions (I-) and eventually triiodide ions (I3-) from the
equation below.
𝛥

(CH3)2CHOH + I2 → (CH3)2C=O + HI + I-

2.28

I2 + I- ↔ I3FAI and MABr were then dissolved in IPA containing the I3- and subsequently spin
coated on the PbI2(PbBr2)-DMSO intermediate film. This solution was kept on the
surface to promote an IEP between DMSO and the FAI(+MABr) before being
annealed at 150°C. As with Seok’s previous work, PTAA was used as the HTM in the
cell. Power conversion efficiency was observed to increase with the introduction of
these additional iodide ions in the cation solution and the black active α-phase of FA
present was seen to increase. Grain boundaries in the perovskite layer are one of the
many causes of recombination centres. Chen et al. had previously shown the treatment
of MAPbI3 with surplus PbI2 to improve efficiency of the overall device. Excess PbI2
reduced charge separation from defect states by passivating under-coordinated Pb and
I ions.79 Seok et al. demonstrated that this also worked for mixed cation and halide
perovskites. The enhancement in Voc and FF demonstrated a reduced number of
trapping sites which cause non-radiative charge recombination of the perovskite. This
enhancement also achieved improved crystallinity. Cells were then produced on ~ 1
cm active areas and yielded a certified PCE of 19.7 %. The slight decrease from the
world record 22.1 % on smaller cells appeared to be due to sheet resistance of the FTO
coated glass substrate and not the perovskite itself. With this world record efficiency,
it is recognised that a careful control of deficient halide anions is required to achieve
high PCEs for perovskite solar devices.

44

Chapter 2

Figure 2. 24: Relation between the relative power conversion efficiency and the
concentration of iodide ions added into the dripping solution.78

2.5.6.5 Surface passivation
One of the primary causes of low performing perovskite solar devices is non-radiative
recombination of charge carriers in the perovskite layer. This is caused by trap states
at grain boundaries and surfaces as well as point defects such as interstitial defects or
vacancies in the perovskite lattice.19, 50 80-82 Surface passivation of the perovskite layer
has emerged as one of the most advantageous methods to combat interfacial
recombination in recent years. A diverse number of methods and materials have been
explored as passivation layers which successfully tune the Voc of a solar cell without
compromising Jsc and FF.83-87 The majority of this research has focused on improving
the interface between the ETL and the perovskite layer in planar cells once the
mesoporous TiO2 layer was removed.88-91
Recent work by Cho et al.92 has demonstrated surface passivation at the rear of the
perovskite material producing devices with negligible hysteresis reaching a maximum
PCE of 21.31 %. A second thin perovskite layer was introduced on top of the original
perovskite layer allowing a gradient in the conduction band. This was carried out by
spin coating a FABr solution which was dissolved in isopropanol (IPA) on top of an
(FAPbI3)0.85(MAPbBr3)0.15 thin film with the presence of excess PbI2. Upon annealing
at 100°C a second perovskite layer, FAPbBr3-xIx, was formed. The final device
architecture was FTO/ c-TiO2/ m-TiO2/ perovskite: [(FAPbI3)0.85(MAPbBr3)0.15] –
[FAPbBr3-xIx]/ Spiro-OMeTAD/ Au. The wider bandgap of the second thin perovskite
acted as a passivation layer preventing charge carrier recombination and improving
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charge collection. XRD analysis suggested that the FABr had successfully reacted
with the excess PbI2 present on the surface of the first perovskite layer without
inhibiting the original (FAPbI3)0.85(MAPbBr3)0.15. SEM imaging of the passivated
perovskite film exhibited a denser and more homogenous surface morphology
compared to the original perovskite film. From this work it was suggested that the
improvement in PCE and Voc of the final cell was due to upward band gap bending
from the passivation layer. This prevented the backflow of electrons from the
conduction band of the perovskite to the hole transport layer.
The field of perovskite photovoltaics has experienced a significant improvement from
3.8 % PCE in 2009 to 24.2 % PCE today.93 These research efforts have not only
improved efficiencies but also provided a deeper understanding on PSCs. Their
excellent electrical and optical properties such as largely-tunable band gaps, high
absorption coefficients, large carrier diffusion lengths and great carrier mobility have
been well established while various fabrication methods have also been demonstrated.
Many of the properties that are conducive to the high solar efficiency of perovskite
solar cells are also attractive to realise optoelectronic devices beyond solar devices
such as light-emitting devices (LEDs),94-100 lasers,101-107 and photodetectors.108-111
Despite these advancements, barriers such as the natural instability of the perovskite
material, lead toxicity and hysteresis of solar cells remain.
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CHAPTER 3:
Overview of Atomic Layer Deposition

3.1 Origin of Atomic Layer Deposition
Atomic layer deposition (ALD), originally referred to as atomic layer epitaxy (ALE),
is an adaption of the chemical vapour deposition (CVD) process. ALD allows the
deposition of highly conformal, ultra-thin layers of precise uniformity and thickness.
This deposition process consists of sequential self-limiting surface reactions which
allow monolayer control of film growth. Control at the atomic level makes ALD a
favourable technique for scaling down microelectronic devices, advancing Moore’s
Law. The uniformity of ALD has also made it an ideal method for the deposition of
uniform films on high aspect ratio structures.
ALD originated in the 1960s from the work of Professor Aleskovskii’s group in the
Soviet Union. In the proceedings of a conference in 1965, which was later published
in 1967, the growth of TiO2 and GeO2 were described on high surface area SiO2
substrates.1 These “molecular layer reactions” were soon deposited on single crystal
substrates and a plethora of papers on the subject were published around the time by
S. I. Kol’tsov and co-workers.2-8 ALD was separately developed, depositing ZnS for
thin-film electroluminescent (TFEL) flat panel displays, and patented by T. Suntola and

J. Antson in Finland in 1977.9 It was here that the term ALE was coined to explain the
process. A second patent presented in 1983 contained modifications to the flow-type
ALE equipment which provided enhanced precursor delivery.10 From 1985 the use of
ALE for the deposition of II-VI and III-V compounds gained some interest.11-14 The
deposition of III-V compounds was replaced by metal organic vapour phase epitaxy
(MOVPE) and molecular beam epitaxy (MBE) due to the unfavourable chemistry
between group III alkyl compounds and group V hydrides using ALE.15 In the late
1990s interest in the technique, now referred to as ALD, gained a strong momentum
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as it was applied to silicon based microelectronics. ALD was able to deposit conformal
and uniform layers on ever smaller device dimensions with increasing aspect ratios in
integrated circuits.16 ALD has become essential to deposit materials such as metal
oxides for high-k dielectrics. It is also useful in the production of precise
nanostructures such as nanowires and nanotubes.
There are some subtle but substantial differences which separate CVD and ALD. A
CVD process introduces all precursors into a reaction simultaneously. In contrast, for
ALD the reaction chamber is exposed to precursors separately allowing for the growth
of a thin film in a stepwise and digital manner. The self-limiting nature of ALD allows
for precise control of deposition down to an atomic scale which provides higher
conformality compared to CVD. A CVD process generally occurs at significantly
higher temperatures than ALD which allows for faster reaction rates and hence higher
deposition rates. A significant limitation of the ALD process is its low growth rate as
less than one monolayer is usually deposited in one cycle.

3.2 Principles and characterisation of ALD
3.2.1 ALD Principles
Film growth via ALD operates in a cyclic manner through a sequence of alternating
half cycles. Gas phase precursors are alternately pulsed into the reactor, separated by
an inert gas purge. This purge removes any surplus precursor and by-products from
the reaction chamber and flow lines which could cause superfluous reactions in the
gas phase. The ALD process itself is self-limiting so that under ideal conditions one
cycle achieves one monolayer of deposition. The thickness of the thin film created can
be precisely controlled due to the fixed growth rate per cycle. Chemical reactions that
cause film deposition occur solely on the substrate surface. This happens at
temperatures below the gas phase thermal decomposition temperature of the precursor
used. The step-coverage greatly exceeds that of traditional CVD and provides
improved conformity and uniformity. This self-limiting nature generally prohibits the
films from becoming rough, instead causing them to be smooth and uniform due to
the reactions from each cycle being driven to completion. No surface sites are left
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unreacted during the film growth of each layer, allowing them to be uninterrupted and
‘pinhole-free’.

Figure 3. 1: Schematic representation of ALD cycle, composed of two alternating
half cycles of precursors A and B.

Figure 3.1 illustrates an ALD cycle where precursor A reacts with hydroxyls or oxygen
groups. A substrate terminated with hydroxyl groups is first placed within the ALD
reactor. A single pulse of precursor A is introduced into the reaction chamber. This
precursor interacts with the heated surface of the substrate but not with itself,
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generating a chemisorbed surface species. The purge sequence of an inert gas removes
any unreacted precursor, physisorbed precursor as well as any gas phase by-product
species created. This purge prevents reactions from taking place in the gas phase of
the reaction chamber as well as the flow lines. The self-limiting behaviour of ALD is
maintained as the precursor only reacts with the available reactive surface sites on the
substrate. A pulse of the second precursor, B, is introduced as a reactant in Figure 3.1
which reacts with A forming a monolayer of oxygen containing reactive groups on
the surface. A second purge again removes any unreacted precursor or by-products,
completing the ALD cycle. This cycle is repeated until the desired thickness of film
growth is achieved.

3.2.2 Growth Per Cycle
The incremental increase in thickness of the film per deposition cycle is defined as a
growth per cycle (GPC) and can be measured in Angstrom per cycle or nanometre per
cycle. GPC is calculated by dividing the thickness of the deposited film by the total
number of cycles as shown in equation 3.1:

GPC =

thickness of film (Å or nm)
Total number of ALD cycles

3.1

GPC is determined by the partial pressure of the precursors used, the number of
reactive sites available, the exposure time of the precursors, the purge length, the ALD
processing temperature, and sometimes the substrate material itself.17
Steric hindrance caused by bulky precursor ligands can also limit growth. As a
precursor molecule bonds with an active site, large ligands can prevent adjacent sites
from reacting. The resultant number of chemisorbed species is often too low for the
formation of a complete monolayer of growth within one cycle.18 Steric hindrance has
been demonstrated with the ALD growth of TiO2 using various titanium precursors
with the chemical formula Ti(R)4 where R represents different chain length ligands.
TiO2 deposited using the titanium precursor TiCl4 has been reported to provide a
growth rate of 0.56 Å/cycle.19 Halide atoms such as Cl have low steric hindrance, can
be used in a wide temperature range and are extremely reactive. On the other hand,
halides tend to generate reactive by-products, such as HCl, which may cause backetching. The halide atoms can also unintentionally be incorporated into the deposited
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material producing doped films.20 TiO2 deposited using the sterically crowded
titanium precursor TiiOPr has been reported to provide a reduced growth rate of 0.30
Å/cycle in the same study.19 It is preferable if precursors are small in size to avoid
reduced surface coverage due to steric hindrance. While ideally the mechanism for
ALD growth occurs monolayer by monolayer, growth experiments have shown that a
chemisorbed monolayer is rarely achieved in one ALD cycle after ligands are
removed.
The ALD process requires adequate chemical species on the substrate surface for
precursors to effectively react with. If the initial substrate is inert then the ALD film
may not nucleate or only nucleate at defect sites. The agglomeration of adsorbed
molecules can form island growth. With multiple ALD cycles these islands may
connect forming a continuous film. For uniform ALD film growth the ALD precursors
are required to react with the substrate surface species on the first ALD cycle.21

3.2.3 Self-limiting nature
The cyclic manner and self-limiting feature of ALD enables the monolayer by
monolayer growth of a material. As previously mentioned, the incoming precursor
only reacts with the available reactive surface sites on the outermost layer of molecules
forming a chemisorbed surface species. Excess precursor may physisorb on top of this
chemisorbed species. With a sufficient purge the weak bonds of the physisorbed
species are detached and extracted along with unreacted precursor and any byproducts formed. Monolayer coverage in a single pulse is defined as the number of
atoms that remain on the substrate divided by the number of atoms needed for one
monolayer of coverage as provided in equation 3.2. Here θi represents the atomic
density for one monolayer of coverage (θ = 1). Ii is the number of atoms per second
impinging on the substrate of unit area. Ie is the number of atoms per second reevaporated from the substrate during deposition, and ti is the duration of the pulse.22

θ = (𝐼𝑖 − 𝐼𝑒 ) 𝑡𝑖 /θ𝑖

3.2

According to this equation, under ideal conditions only a monolayer of chemisorbed
precursor A will remain while the physisorbed species of A is re-evaporated. Likewise
once the surface is subjected to a pulse of precursor B, all possible A-B chemisorbed
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bonds form before the physisorbed species of B re-evaporate. As the number of
molecules of precursor equals the number of molecules being re-evaporated off the
substrate surface, no more deposition of material will take place. Two main types of
chemisorption can occur as part of the ALD mechanism: (1) Ligand exchange reaction
and (2) Dissociation or association. 17

3.2.3.1 Ligand exchange reaction
A precursor molecule, (MLn), is split and one of its ligands (L) is adsorbed onto a
surface group (-a) forming a volatile gas phase by-product in ligand exchange. The
symbol || represents the surface in the following equation:

|| − a + 𝑀𝐿𝑛 (𝑔) ↔ || − 𝑀𝐿𝑛−1 + 𝑎𝐿 (𝑔)

3.3

Ligand exchange can also occur between an adsorbed reactant complex (MLn-y) and a
surface group. 17
|| − 𝑀𝐿𝑛−𝑦−1 + || − a

↔ || − 𝑀𝐿𝑛−𝑦−1 − || + 𝑎𝐿 (𝑔)

3.4

3.2.3.2 Dissociation and association
(a) Dissociative mechanism
The dissociation method involves the incoming precursor molecule (MLn) being split
into reactive M’-Z sites on the surface. Two species are coordinated to the substrate
surface in this step and no gaseous by-products are produced. 17
′

′

||M − Z|| + 𝑀𝐿𝑛 (𝑔) ↔ ||M − L + ||𝑍 − 𝑀𝐿𝑛−1

3.5

(b) Associative mechanism
The association method involves the incoming precursor molecule (MLn) bonding to
an active site on the substrate surface. The precursor molecule is chemisorbed without
the release of a ligand. 17
|| + 𝑀𝐿𝑛 ↔ || … 𝑀𝐿𝑛
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Of these mechanisms, ligand exchange is preferred as the gaseous reaction products
can be removed by the ALD purge with the product chemisorbed to the substrate
surface.

3.2.4 ALD Temperature Window
ALD processes generally operate at temperatures below 350°C. These temperatures
are considerably lower than those required for corresponding film growth using
CVD.23, 24 The temperature range in which growth is saturated and deposition is selflimiting is referred to as the ALD temperature window. This is essential for ALD GPC
as deposition temperatures outside of this window generally result in poor growth
rates. Non-ALD type deposition also effects the quality of the material (Figure 3.2).
At temperatures lower than the defined ideal ALD window slow reaction kinetics may
occur. Incomplete reaction of ALD precursors result in a lower GPC. Alternatively, at
low ALD deposition temperatures the precursors may also condense leading to an
increase in the GPC with a greater level of impurities in the thin film. At increased
temperatures above the ideal ALD window, precursors may decompose leading to a
higher GPC with a greater level of impurities. In contrast, desorption may occur where
the precursors re-evaporate from the substrate surface reducing the GPC. These
processes are outlined in Figure 3.2.
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Figure 3. 2: Schematic of ideal ALD window illustrating areas below and above the
ALD temperature range

Non-ALD type deposition which takes place outside the ALD window may not
produce uniform and conformal films. To determine the ALD window of a particular
process, the thin film should be deposited across a range of temperatures as well as a
variation of precursor pulse lengths and purge lengths. Once the precursor pulse
saturates the surface there should be no increase in GPC with increased pulse length.
The self-limiting nature of ALD should be satisfied once the purge sequence is
increased to remove all physisorbed and unreacted precursors along with any byproducts produced. Form this, a temperature range in which the thin film deposits at
the same GPC while exhibiting the self-limiting nature of ALD should be displayed.
The thickness of the deposited material should also increase linearly with the number
of ALD cycles. This implies that there is no nucleation period and GPC is constant
from the first cycle.
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3.3 ALD Processes
3.3.1 Thermal ALD
A thermal ALD process is the most established and commonly employed ALD
method. Heating of the reaction chamber, and subsequently the substrate, provides the
energy required for surface reactions to take place. Thus, the surface chemistry is
driven solely by thermal energy.25 Thermal ALD processes usually rely on H2O as a
reactant for metal oxides or on NH3 as a reactant for metal nitrides. The use of the
strong oxidant O3 as a reactant has also become increasingly popular as it provides
additional reactivity compared to H2O. Many thermal ALD processes are based on
binary processes. The ALD growth of TiO2 and ZnO are based on binary CVD
reactions and their corresponding reaction enthalpies.26

𝑇𝑖𝐶𝑙4 + 2 𝐻2 𝑂 → 𝑇𝑖𝑂2 + 4𝐻𝐶𝑙
𝑍𝑛(𝐶𝐻2 𝐶𝐻3 )2 + 𝐻2 𝑂 → 𝑍𝑛𝑂 + 2𝐶2 𝐻6

∆H = -16 kcal

3.7

∆H = -70 kcal

3.8

Thermal ALD process can be carried out in both hot-wall and cold-wall reactors
depending on the material to be deposited. In cold-wall reactors only the substrate and
lines to prevent condensation are heated without any external heating of the reaction
chamber walls. In hot-wall reactors the walls, flow lines and substrate can all be heated
by external heating sources.26

3.3.2 Plasma Enhanced ALD
In some cases an ALD process can be used in combination with a RF plasma source.
This method is known as plasma enhanced atomic layer deposition (PEALD). At a
particular point during an ALD reaction cycle plasma energy is applied to the process.
This acts as a reactant precursor as it is able to dissociate gas and produce the required
radicals, electrons and ions. The use of these reactive species can eliminate the
incomplete reaction of precursors as faster chemical reactions can take place. The use
of plasma can also allow the ALD window to be broadened and materials deposited at
lower temperatures.27 This increased reaction rate by use of radicals allows for greater
precursor fragmentation, improved process efficiency, and improves the removal of
product molecules.28 By adopting plasma in the ALD process the range of materials
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that can be grown and precursors used is broadened.27 Another advantage of PEALD
is that the use of a H2O reactant can be avoided. This is beneficial to the growth as
water and hydrogen atoms can be difficult to completely purge from the system 26 and
can be useful for ALD deposition on substrates which are water sensitive.

3.4 ALD of Titanium Dioxide
TiO2 is a thermodynamically stable compound and is most commonly found in nature
as the minerals rutile, brookite and anatase. It is the most investigated of all transition
metal oxides due to its high use in industry for the production of white paint and other
substances which contain a high refractive index. It is also commonly used in physical
sunscreens due to its high refractive index and ability to absorb harmful UV rays. TiO2
has emerged as a key area of interest in DSSCs due to its stable form and high
electronic mobility for photogenerated electron collection. The suitable band gap of
TiO2 also allows for electron injection from most successful commercial dyes. TiO2
is also the most commonly used ETL in PCSs to date following on from its success
with DSSCs.

3.4.1 Titanium precursor TiCl4
The first reported ALD growth of TiO2 was Al2O3-TiO2 to form dielectric layers in
1985.29 No work was published on the growth mechanism of TiO2 until 1992 by
Lakomaa et al.30 and 1993 by Ritala et al.31 using TiCl4 and H2O as respective
precursor and reactant. In the later report 2000 cycles of TiO2 were deposited between
150°C and 600°C on soda lime glass and Corning 1773 glass substrates. Film growth
was found to take place over the wide temperature range with GPC varying from 0.35
Å/cycle at a deposition temperature of 200°C to 0.56 Å/cycle at a deposition
temperature of 400°C. The GPC was also found to be influenced by the substrate used
as observed in Figure 3.3.
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Figure 3. 3: The growth rates on soda lime () and Coming 1733 () glass
substrates as a function of temperature 31

The titanium precursor, TiCl4, is highly reactive toward water and hydroxyl groups
allowing for deposition over a wide temperature range. Due to such high reactivity the
growth mechanism of TiO2 was suggested to follow that of Al2O3 using the aluminium
precursor AlCl3. This idealised mechanism given in equations 3.9 and 3.10 requires
the precursor and reactant to be chemisorbed onto the surface through irreversible
exchange reactions with n = 1-3.31

n(OH) + TiCl4 (𝑔) → (−O −)n TiCl4−n + n HCl(𝑔)

(−O −)n TiCl4−n + (4 − n)𝐻2 𝑂(𝑔) →

3.9

3.10

(−O −)n Ti(OH)4−n + (4 − n) HCl(𝑔)
Equation 3.9 shows the TiCl4 precursor interacting with a hydroxyl terminated surface.
This bonds with an O on the surface releasing an HCl gaseous by-product. During a
reactant pulse in equation 3.10 the titanium intermediate reacts with water again
releasing HCl as a gaseous by-product resulting in a hydroxyl terminated surface.
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Realistically, the growth mechanism is more complicated as the species involved may
exist in different configurations and undergo alternative mechanisms during reaction.
Hydroxyl groups on the deposition surface are not always terminated and may be
bridged between two cations. The terminated hydroxyl groups themselves can be
either adjacent with hydrogen bond interaction or isolated.31, 32 The amphoteric nature
of TiO2 is caused by both terminal and bridging hydroxyl groups as their chemical
behaviour differs. Bridging hydroxyl groups are acidic due to the polarisation of
cations while terminated hydroxyl groups are more basic in nature.33 As well as
reacting with TiCl4, hydroxyl groups on the surface of the deposition material can
condensate with each other as outlined in reaction 3.11 and 3.12:31

Ti(OH) − O − Ti(OH) → Ti(−O −)2 Ti + H2 O(𝑔)

2 − Ti(OH) → −Ti − O + −Ti + H2 O(𝑔)

3.11

3.12

Equation 3.11 takes place at low temperatures when terminal hydroxyl groups are
adjacent with hydrogen bond interaction. This allows the oxygen to coordinate with
two cations. Separately when terminal hydroxyl groups are isolated, as in equation
3.12, the oxygen is coordinated to one cation allowing the other to be coordinately
unsaturated.32 As mentioned above, reaction 3.11 generally takes place at lower
temperatures than reaction 3.12. This is because hydrogen-bonded hydroxyls are more
favourable for dehydroxylation compared to isolated hydroxyls. For reaction 3.12 to
occur proton or hydroxyl migration is required, therefore dihydroxylation tends to take
place over a wide range of deposition temperatures. For that reason the reactivity of
the surface deposition material toward TiCl4 is temperature dependant as the density
and relative amounts of surface hydroxyls in the varying configurations differ with
temperature.
In the ideal reaction mechanism from equation 3.9 it was assumed that TiCl 4 only
reacted with terminated hydroxyl groups. Equation 3.13 below shows that it can also
react with bridging oxygen species:

Ti(−O−)2 Ti + TiCl4 (𝑔) ↔ Ti(Cl) − O − Ti(OTiCl3 )
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As observed above, this reaction does not produce a gaseous product and so is
entropically less favourable to occur compared to equation 3.9. Moreover, the reaction
is reversible due to the close proximity of the products formed.34
The complexity of the TiCl4 growth mechanism is escalated due to the possibility of
HCl adsorption on to the TiO2 surface.35 These are reversible reactions as displayed
below whose equilibria is temperature dependent:

Ti − OH + HCl(𝑔) ↔ Ti(H2 O) − Cl ↔ Ti − Cl + H2 O(𝑔)

𝑇𝑖(−𝑂−)2 Ti + HCl(𝑔) ↔ Ti(OH) − O − Ti − Cl

3.14

3.15

The equilibria of these reactions have been observed to take place on the right at low
deposition temperatures for rutile TiO2.35 Residuals of chlorine have been observed to
increase the amount of water adsorbed on the surface material at low temperatures,
whereas at higher temperatures they assist dihydroxylation.33
Due to the complexity of all these reactions the realistic growth mechanism consists
of competitive, simultaneous reactions. The hydroxyl groups at the surface of the
deposition material can either react with TiCl4 (equation 3.9) or with HCl (equation
3.14) when the reactor is pulsed with the TiCl4 precursor. Successful film growth can
only occur as per equations 3.9 and 3.13. The effects of equations 3.11 and 3.12 must
be taken into account for dehydroxylation.
The use of halide ligands such as chlorides, bromides and iodides are common in ALD
precursors. These halides are usually solids with low volatility but due to their high
reactivity are efficient as ALD precursors. As previously mentioned in section 3.2.2,
a distinct advantage of halide ligands is their small size which provide low steric
hindrance and do not block active surface sites. Conversely, the halide atoms can
unintentionally be incorporated into the deposited material producing doped films.20
These halide ligands also tend to produce reactive by-products such as HCl. The
corrosive nature of HCl formed from the reaction of TiCl4 and H2O is undesireable for
ALD reactors and often the grown materials, thus the investigation of other possible
titanium precursors was necessary.
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An alternative titanium halide precursor, TiI4, has been reported which has a lower
bond energy compared to TiCl4 with a larger ionic radius of iodine.36 This precursor
has been shown to release ligands more easily than TiCl4 in the ALD process.37-42
Titanium precursors with alkoxide ligands such as titanium methoxide, Ti(OMe)4,4345

titanium ethoxide, Ti(O(CH3)2)4,46-50 and titanium isopropoxide, Ti(OCH(CH3)2)4

(TTIP)51-57 have been used to deposit ALD TiO2 films along with titanium alkylamides
such as tetrakis (dimethylamido) titanium, Ti(N(CH3)2)4 (TDMAT)57-63 and tetrakis
(diethylamido) titanium, Ti(N(C2H5)2)4 (TDEAT).63-65 Several criteria need to be
considered before the selection of a titanium precursor such as chemistry with the
desired reactant, GPC, range and upper limit of the temperature window process, and
precursor volatility. Depending on the desired application electronic and optical
properties of the resulting thin film also need to be taken into account. The use of
titanium precursors TTIP and TDMAT will be discussed in further detail herein.

3.4.2 Titanium precursor TTIP
The titanium precursor TTIP is widely used in ALD processes due to the desirable
electrical properties produced in resultant TiO2 thin films. When applied with a H2O
reactant the process is self-limited at deposition temperatures in the approximate range
of 200°C to 250°C. When H2O2 is applied as a reactant the self-limited growth can be
obtained from 100°C to 250°C.52 The growth mechanism of TiO2 through use of the
TTIP precursor is given in the following equations where -OH indicates a surface
hydroxyl and n=1-3:66

n − OH + Ti(OCH(CH3 )2 )4 →

3.16

(−O −)n Ti(OCH(CH3 )2 )4−n + nCH3 CH2 OH

(−O −)n Ti(OCH(CH3 )2 )4−n + (4 − n)H2 O →

3.17

(−O −)n Ti(OH)4−n + (4 − n)CH3 CH2 OH
From equations 3.16 and 3.17 the ethanol (CH3CH2OH) may be dehydrated after its
formation. An alternative growth mechanism would be the chemisorption of TTIP
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followed by its hydrolysis once the surface of the deposition material has undergone
complete hydroxylation with the introduction of a H2O pulse. This is provided in
equations 3.18 and 3.19:

Ti(OCH(CH3 )2 )4 → Ti(OCH(CH3 )2 )4 [𝑐ℎ𝑒𝑚𝑖𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛]

3.18

Ti(OCH(CH3 )2 )4 [𝑐ℎ𝑒𝑚𝑖𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛] + 2H2 O → TiO2 + CH3 CH2 OH 3.19
It has been reported that between deposition temperatures range of 150°C to 200°C,
two ligands per TTIP molecule are released upon reaction with the hydroxylated
surface of the deposition material.53,67 In addition, TTIP is a large bulky molecule
which can cause high steric hindrance. For these reasons a lower amount of the TTIP
molecules are likely to saturate a hydroxylated surface leading to a low growth rate.

Figure 3. 4: GPC of TiO2 deposited using TTIP and H2O as a function of deposition
temperatures 60
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As observed in Figure 3.4 the GPC of TTIP with H2O is low at reduced temperatures
reaching 0.12 Å/cycle at a deposition temperature of 150°C.60 At low deposition
temperatures the reactant H2O2 has provided an improved TiO2 GPC compared to H2O
with use of TTIP. This is due to the H2O2 reactant being better able to eliminate
alkoxide ligands. At higher deposition temperatures, the growth rate was found to be
independent of oxygen reactants.52 PEALD of TiO2 with TTIP has also been reported
to improve GPC at low deposition temperatures. A growth rate of 0.45 Å/cycle was
reported by Jeong et al. when TiO2 was deposited on an Al bottom electrode patterned
on SiO2.68

3.4.3 Titanium precursor TDMAT
The titanium precursor TDMAT is also commonly used in ALD processes due to the
desirable electrical properties in resulting TiO2 films.60,63 The bond energy of metal
halide precursors such as TiCl4 are much stronger than those of metal-nitrogen bonds.
Metal amide compounds such as TDMAT have a much higher reactivity when used
in conjunction with H2O.69 This precursor is more reactive than TTIP allowing for
better coverage approaching ideal monolayer growth at low deposition temperatures.60
In contrast, at higher deposition temperatures above 250°C the TDMAT precursor has
been reported to begin decomposing.63 A wide ALD temperature window is observed
between 100°C and 250°C with a self-limiting saturated growth rate of 0.46 Å/cycle
when TDMAT is employed with either H2O or O3 as reactants.63, 69
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Figure 3. 5: GPC of TiO2 deposited using TDMAT and H2O as a function of
deposition temperatures 60

Figure 3.5 displays the GPC of TiO2 using TDMAT and H2O increasing with
decreasing deposition temperature. The ALD growth mechanism of TDMAT with
H2O is shown below in equations 3.20 and 3.21 where n = 1-3: 60

𝑇𝑖(𝑁(𝐶𝐻3 )2 )4 + n − OH →

3.20

𝑛𝑁𝐻(𝐶𝐻3 )2 + (−𝑂−)𝑛 𝑇𝑖(𝑁(𝐶𝐻3 )2 )4−𝑛

(−𝑂 −)𝑛 𝑇𝑖(𝑁(𝐶𝐻3 )2 )4−𝑛 + (4 − n)𝐻2 O →
(4 − n)𝑁𝐻(𝐶𝐻3 )2 + (−𝑂−)𝑛 𝑇𝑖(𝑂𝐻)4−𝑛
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3.5 ALD of Tin(IV) Oxide
Tin (IV) oxide, also referred to as tin dioxide, is a wide band-gap semiconductor
material. This metal oxide has gathered significant attention due to its high
conductivity, transparency and superior stability.70-71 As well as these desirable optical
and electrical properties, SnO2 also exhibits favourable magnetic and chemical
properties.72-74 As a consequence SnO2 is widely used in gas sensors,72-78 ion-sensitive
field effect transistors,79-81, catalysts,82-84 and transparent electrodes for flat panel
displays.85 SnO2 become a key area of interest for application in DSSCs86-89 due to its
fast electron conductivity and stability under UV radiation. However, these types of
solar cells exhibited poor device performance compared to their TiO2 counterparts.
The poor performance due to SnO2 has been attributed to its faster electron
recombination as well as a weaker adsorption of dyes with acidic carboxyl groups.90,
91

SnO2 has more recently been applied as an ETL in PSCs.92-97 As well as improved

stability over TiO2, 98,99 SnO2 has a deep conduction band which enables a barrier-free
band alignment between the perovskite light harvester and the ETL in planar PSCs.100

3.5.1 Tin precursor SnCl4
The first reported ALD growth of SnO2 was carried out in 1994 by H. Viirola and L.
Niinisto.101 Film growth was carried out between 300°C and 600°C using SnCl4 and
H2O as respective precursor and reactant. A narrow ALD window was found to be
within the deposition temperature range of 500°C and 550°C with a GPC of 0.35
Å/cycle. Further studies found the GPC to increase to 0.6 Å/cycle with an increased
H2O pulse.102 Films deposited above 500°C were found to be polycrystalline in nature
with a preferred orientation depending on thickness obtained and deposition
temperature.101
In the early 2000s Tarre and Rosental succeeded in depositing amorphous SnO2 films
at the low deposition temperature of 180°C, while amorphous with small amounts of
rutile SnO2 films were deposited at 300°C.103, 104 The GPC of these thin films was
found to be notably low with 0.04 Å/cycle and 0.17 Å/cycle achieved at 180°C and
300°C respectively. Significant contamination of chlorine was found at low deposition
temperatures effecting stoichiometry. 8-9% chlorine was found to be present in films
deposited at 180°C103 while the chlorine content was reduced to 3.6 % in films
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deposited at 500°C.102 The ALD growth mechanism for SnO2 using SnCl2 and H2O
resembles that outlined for TiCl4 in section 3.4.1.
The ALD process employing SnCl4 with O2 was found not to permit any SnO2 film
growth.102 In contrast, when O3 was used in conjunction with H2O as a reactant, an
increase in the SnO2 GPC to 0.74 Å/cycle could be observed at a deposition
temperature of 500°C.102 This is due to a high concentration of hydroxyl groups
forming on the surface of the deposition material through use of O3 assisted H2O
dissociation. Likewise, an improved GPC of 0.7 Å/cycle at 325°C was observed when
H2O2 was employed as a reactant.105, 106
Overall, the chlorine contamination and non-stoichiometry combined with the narrow
ALD window of SnO2 deposited using SnCl4 produces poor films. The HCl byproduct of the ALD process has also been shown to produce rough films due to
etching.107 Among inorganic precursors, SnI4 has a greater potential for obtaining
SnO2 films with a uniform thickness and a low defect density when employed with O2
or H2O2 reactants.107, 108 While the use of SnCl4 as a precursor has the advantage of
being a low cost material with high availability, SnI4 has proved itself to be a superior
choice precursor.

3.5.2 Tin precursor TDMASn
Both SnCl4 and SnI4 can form agglomerates when large exposure times are used to
infiltrate porous substrates such as powders or nanoporous membranes. This leads to
non-uniform coatings.109 The use of stable non-halogenated tin precursors is necessary
to achieve high growth rates without the requirement of high deposition temperatures.
TDMASn was first applied to the SnO2 ALD process in 2008 by Elam et al.110
TDMASn was used in conjunction with a H2O2 reactant to produce thin films in the
temperature range of 50 to 300°C with an average growth rate of 1.2 Å/cycle.
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Figure 3. 6: GPC of SnO2 deposited using TDMASn and H2O2 as a function of
deposition temperatures from 50°C to 400°C 110

From Figure 3.6 it can be observed that the SnO2 GPC decreases steadily with
increased deposition temperature. The authors suggested that the thermal
decomposition of TDMASn takes place at temperatures above 325°C leading to nonALD type growth.110 Separately however, the TDMASn thermal decomposition has
also been reported to be above 230°C which also leads to an increase in GPC.111 The
ALD temperature window for TDMASn with H2O2 is within the range of 100°C to
200°C.
While TDMASn with H2O2 provides a relatively high GPC of 1.2 Å/cycle, when the
same precursor is employed with H2O the GPC is reduced to 0.6 Å/cycle. The use of
H2O as a reactant allows the production of SnO2 films with a very high growth rate at
low deposition temperatures as displayed in Figure 3.7.112 At 30°C the GPC was a
significantly high 2.0 Å/cycle, while at 150°C the GPC was reduced to 0.7 Å/cycle.
This ALD process was found to be saturated even at low deposition temperatures.
Further studies into surface chemistry and growth characteristics of ALD SnO2
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through TDMASn and H2O were investigated by density functional theory and
second-order Møller−Plesset perturbation theory calculations.113 These suggested that
the increased growth rate for films deposited below 100°C was due to physisorbed
H2O as the energetics for the TDMASn reaction with surface OH groups is similar to
that with H2O molecules. Therefore, TDMASn can react with physisorbed water as
well as surface hydroxyl groups and the summary process can be considered “mixed
CVD/ALD” or “controlled CVD”. Using H2O as a reactant gives the possibility to
obtain SnO2 films at temperatures lower than 100°C. This is crucial for the production
of thermally sensitive materials such as photovoltaic cells.

Figure 3. 7: GPC of SnO2 deposited using TDMASn and H2O as a function of
deposition temperatures from 25°C to 200°C 112

Considering the surface reactions involved in ALD processes is important for
understanding film growth. A reaction mechanism for the growth of SnO2 using
TDMASn and H2O is shown in equations 3.22 and 3.23 where n =1-3: 112

𝑆𝑛(𝑁(𝐶𝐻3 )2 )4 + n − OH →
𝑛𝑁𝐻(𝐶𝐻3 )2 + (−𝑂−)𝑛 𝑆𝑛(𝑁(𝐶𝐻3 )2 )4−𝑛
80

3.22

Chapter 3

(−𝑂 −)𝑛 𝑆𝑛(𝑁(𝐶𝐻3 )2 )4−𝑛 + (4 − n)𝐻2 O →

3.23

(4 − n)𝑁𝐻(𝐶𝐻3 )2 + (−𝑂−)𝑛 𝑆𝑛(𝑂𝐻)4−𝑛
In-situ quartz crystal microbalance (QCM) analysis indicates that n = 2.5 with H2O as
the reactant, compared to a higher value of n = 3 when using H2O2. This reaction
stoichiometry is consistent with the lower growth rate observed with H2O at higher
temperatures and reflects a lower degree of surface hydroxylation.110

3.6 Electron Transport layers by ALD for use in
perovskite solar cells
In perovskite devices the ETL has a number of roles. It is required to selectively extract
electrons from the perovskite material whilst simultaneously blocking holes, to
transport electrons through the ETL to be collected by the electrode, to minimise
carrier recombination between the ETL and the perovskite interface as well as between
the electrode and ETL interface, and to be electrically continuous in order to prevent
shunt pathways. A successful ETL has a conduction band aligned with or slightly
lower than that of the perovskite material. TiO2,114-117 SnO2,92, 93, 118, 119 ZnO120-123, and
Zn2SnO4124,125 are all n-type metal oxides which demonstrate the desired conduction
band alignment along with deep valence bands to adequately extract electrons and
block holes from the perovskite material.
To reduce series resistance and optimise electron extraction an ETL is also required
to exhibit excellent electrical properties. Series resistance can be reduced by reducing
the thickness of the ETL on the condition that the layer remains continuous and
pinhole free. Deposition of these charge contacts are often carried out using techniques
such as spin coating126-128 and spray pyrolysis129,130. Reducing the ETL thickness
through these deposition processes generally results in films with poor uniformity and
pinholes. As a result the hole blocking ability is reduced and shunt pathways are
increased. This leads to a low Voc and FF in the final device. Cell performance is
further reduced by these deposition methods as the active area increases for large area
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processing. In contrast, the conformality of ALD allows for the deposition of very thin
blocking layers over large areas when compared to conventional techniques.

3.6.1 ALD TiO2 as electron transport layer
In 2014 Wu et al.131 compared TiO2 compact layers deposited by spin coating, spray
pyrolysis and ALD which were then fabricated into mesoporous perovskite devices.
50 nm of ALD TiO2 was deposited at 200°C using TDMAT and H2O as titanium
precursor and reactant, respectively. Surface morphology and film resistance studies
indicated that the ALD TiO2 compact layer was dense containing a much lower density
of pinholes than the TiO2 layers deposited by alternative methods. Final cell
performances achieved 12.56 % PCE for devices incorporating the ALD layer. This
was substantially higher than the 8.76 % PCE reached from devices using spray
pyrolysis and 6.52 % PCE with spin coating (Table IIII.I). In the same year a 30 nm
ALD TiO2 layer was deposited as a compact layer using TTIP and H2O and fabricated
into a mesoporous lead free cell.132 This was the first report of CH3NH3SnI3-xBrx being
used as a lead free light harvester. This perovskite material featured the ideal band gap
of 1.3 eV and final device performance reached 5.73 % PCE.
Table III. I: Photovoltaic performance of perovskite solar cells based on different
compact TiO2 blocking layers131

Thin ALD TiO2 overlayers have also been successfully deposited over mesoporous
TiO2. Chandiran et al.133 deposited various thicknesses of ALD TiO2 from 1 nm to 4
nm on top of a mesoporous TiO2 layer. The 2 nm film was found to provide the best
performance in final devices reaching a PCE of 11.5 % by effectively blocking
parasitic back reaction from the FTO and mesoporous TiO2 surface. When the ALD
passivation layer was increased to 4 nm the final cell dropped in PCE to 9.1 %. It was
concluded that this thicker ALD TiO2 overlayer reduced the pore diameter leading to
improper pore filling by the perovskite material. As displayed in Figure 3.8, the
mesoporous TiO2/ALD TiO2 film is infiltrated with the CH3NH3PbI3 perovskite.
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When the ALD TiO2 overlayer is too thick the pore diameter for perovskite infiltration
is reduced leading to improper pore filling. These ALD TiO2 layers were deposited at
the low temperature of 120°C using TDMAT and H2O. Approximately 15 cycles was
found to produce 1 nm of TiO2.

Figure 3. 8: Block diagrams of mesoscopic photoanodes with thinner (left) and
thicker (right) ALD TiO2 overlayer deposited on the mesoporous nanoparticle
TiO2.133

PEALD of TiO2 has also been well established for low temperature deposition of
compact TiO2 layers. Di Giacomo et al.134 deposited 11 nm TiO2 on flexible ITO
coated plastic substrates at 150°C using Ti(CpMe)(NMe2)3 and O2 plasma as the
respective titanium precursor and reactant. The plasma approach enables the
deposition of higher quality films in terms of low pinhole density in a low temperature
range which is compatible with conductive plastic substrates.135 The final mesoporous
perovskite devices achieved a PCE of 8.4 %. A screen-printable procedure for the
mesoporous layer was then developed producing large area flexible modules of 8 cm2
composed of four series connected cells. The PCE over the module was 3.1 % with
the best cell exhibiting 4.3 %. Di Giacomo et al.136 went on to develop mesoporous
perovskite cells which consisted of PEALD TiO2 on ITO coated PET. These devices
reached 15.9 % PCE under one sun and 24 % PCE under indoor lighting of 200 lux.
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A later study by the same group compared a thickness series of PEALD TiO 2 of
between 2.5 nm and 44 nm in mesoporous flexible PSCs.137 The resulting devices
were then compared in terms of J-V characteristics to identical mesoporous cells
incorporating a conventional sol-gel TiO2 ETL. The dense and conformal nature of
PEALD allowed TiO2 films as thin as 5.5 nm to successfully reduce charge
recombination. The ideal ALD thickness was found to be 11 nm deposited at 150°C
using Ti(CpMe)(NMe2)3 and RF O2 plasma as titanium precursor and reactant. When
fabricated into mesoporous devices these cells produced a maximum PCE of 9.2 %.
In contrast, an identical cell using sol gel TiO2 as the ETL achieved a max PCE of just
4.0 %. Electrochemical characterisation and XPS analysis confirmed the higher
quality of PEALD TiO2, which was shown to contain a lower defect density with a
low level of impurities compared to sol gel TiO2. A thickness series comparison of
thermal ALD TiO2 of between 10 nm and 400 nm was also conducted for use in
mesoporous PSCs with contrasting results.138 ALD TiO2 thin films were grown on
FTO coated glass at a high deposition temperature of 300°C using TiCl4 and H2O as
respective titanium precursor and reactant. The ALD TiO2 layer was found to be most
conductive at a thickness of 200 nm. Photoluminescence (PL) quenching
demonstrated that most efficient interfacial electron transfer occurred at this thickness
as the TiO2 film was rough, increasing surface area contact with the CH3NH3PbI3
perovskite. 200 nm was determined to be the superior thickness for use in PSCs as
well, reaching a maximum PCE of 15.41 %. While these results differ greatly from
those derived from the PEALD thickness series deposited by Zardetto et al.137, it
should be noted that the cell architectures employed were dissimilar. As well as this,
different titanium precursors and reactants were used and deposited at significantly
different temperatures. As previously discussed in section 3.4, individual titanium
precursors and reactants tend to undergo distinct and competing surface reactions with
diverse surface chemistry.
ALD of TiO2 compact layers in mesoporous PSCs have shown improvement in
performance compared to conventional deposition techniques. For planar PSCs
however the results have been more complicated. Flexible planar PSCs comprising of
PEALD compact TiO2 layers were fabricated by Kim et al.139 obtaining an impressive
PCE of 12.2 % with little hysteresis. In this case TTIP was employed as the titanium
precursor and O2 plasma as the reactant to deposit 20 nm TiO2 at 100°C. Identical
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planar devices were fabricated incorporating solution processed TiO2 ETLs which
produced poor efficiencies of 4.3 %. XPS analysis detected fewer Ti3+ in the ALD
film compared to the solution based TiO2, while FTIR displayed a lower carbon
content for the ALD TiO2. The higher quality of ALD TiO2 lead to faster charge
injection at the ETL/CH3NH3PbI3-xCl interface. In contrast to these results, ALD TiO2
deposited thermally100 and through plasma assistance132 have been reported to exhibit
low PCEs and high hysteresis when fabricated into planar PSCs. While these ETLs
have displayed excellent hole blocking properties due to the conformal nature of ALD,
poor electron injection at the ETL/perovskite interface has been attributed to the low
performance. Correa Baena et al.100 reported a conduction band misalignment between
the TiO2 ETL and the CH3NH3PbI3 perovskite layer of 80 meV. This extends to 300
meV with the mixed perovskite (FAPbI3)0.85(MAPbBr3)0.15 (Figure 3.9). Undesired
charge accumulation at the interface is caused by this band offset leading to poor
electron injection. The scan rate during J-V measurements was found to dictate this
electron extraction.

Figure 3. 9: Schematic energy level diagram of the perovskite films and the electron
selective layers, TiO2 and SnO2 for MAPbI3 and (FAPbI3)0.85(MAPbBr3)0.15 labelled
as mixed 100
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Zardetto et al.140 have recently proposed a solution to the conduction band
misalignment between the ALD TiO2 ETL and the CH3NH3PbI3 perovskite. A post
treatment of CF4 has been demonstrated to effectively modify the chemical surface
composition of PEALD TiO2 improving adhesion with the perovskite layer. In this
study 20 nm TiO2 thin films were deposited at 130 °C using TTIP and O2 plasma. A
post treatment of CF4 exposure lasting between 1 and 5 minutes was carried out using
a plasma etcher. In the resulting planar cells the effect of only 2 minutes CF4 exposure
was found to boost J-V characteristics and significantly reduce hysteresis compared
to devices which did not undergo the same ETL post treatment (Table III.II). The CF4
plasma treated device achieved a stable PCE of 14.8% after 5 minutes of steady state
tracking. This PCE was found to remain stable at 14.6% after 15 hours of light
exposure. In contrast, the reference device which did not undergo a CF4 treatment
produced a poor stabilised PCE of 4 % after 5 minutes of steady state tracking.
Table III. II: Photovoltaic parameters calculated according to the direction of the JV scan for the devices with and without CF4 plasma treatment 140

At an increased CF4 exposure time of 5 minutes, PEALD TiO2 layers were found to
be discoloured and inhomogeneous due to etching. As a result these devices performed
poorly when fabricated into planar PSCs. XPS analysis showed that the ideal post
treatment time of 2 minutes produced a fluorine-rich TiO2 surface. A third of the
oxygen atoms on the surface were replaced with fluorine when compared to the
reference PEALD TiO2. This fluorine content was only found to be present at the
surface of post treated samples as XPS analysis after sputtering produced no fluorine
signal. Ultraviolet photoelectron spectroscopy (UPS) also showed that the CF4
treatment modified the PEALD TiO2 energy levels allowing better alignment with the
conduction band of the perovskite.
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3.6.2 ALD SnO2 as electron transport layer
SnO2 has a deep conduction band which allows for barrier free alignment between the
ETL and the perovskite material. ALD SnO2 was first applied as an ETL to planar
PSCs by Correa Baen et al.100 which achieved a notably high 18.4 % PCE in the
reverse scan and voltages exceeding 1.19 V displayed in J-V characterisation.
Femtosecond transient absorption (TA) measurements showed that ALD SnO2 was
able to effectively extract electrons from the mixed perovskite material,
(FAPbI3)0.85(MAPbBr3)0.15. This was not observed with ALD TiO2. It was concluded
that the ALD SnO2/perovskite interface provided efficiently high and stable current
densities regardless of sweep rate. The ALD SnO2 layer was deposited at 120°C using
TDMASn and O3 while the TiO2 layer was deposited at the same temperature using
TDMAT and H2O2.
Following this, studies on PEALD SnO2 for planar PSCS were carried out by Wang
et al.141 15 nm thin films were deposited on both glass and flexible ITO/PET substrates
using the tin precursor TDMASn and the reactant O2 plasma at 100°C by. The average
GPC was found to be 1.7 Å/cycle as determined by spectroscopic ellipsometry.
Devices were fabricated with and without ETL passivation. A thin C60-SAM layer was
spin coated on top of the PEALD SnO2 layer as thin fullerenes have the ability to
passivate metal oxide surfaces promoting electron transfer. Once were fabricated into
planar cells an improvement in Voc, Jsc, FF and thus PCE could be observed for devices
incorporating the C60-SAM passivation layer compared to devices without a
passivation layer (Figure 3.10).
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Figure 3. 10: Statistical device performance results of 20 cells with and without C60SAM interlayers. Error bars represent the standard deviation calculated from 20
devices prepared at the same conditions (Supplementary Information) 141

A max PCE of 19.03 % was achieved by devices incorporating the C 60-SAM
passivation layer with PEALD SnO2 on glass substrates. A similarly high maximum
of 16.80 % PCE was reached using the same device architecture on ITO/PET flexible
substrates. This study demonstrated the potential of low temperature processing with
high efficiency suitable for large-scale manufacturing.
A comparative study was carried out on ALD SnO2 thin films deposited using various
reactants in 2017.142 The deposition temperature was maintained at 100°C for the
growth of ALD SnO2 films while the tin precursor employed was TDMASn. All films
were deposited at a thickness of 20 nm on ITO coated glass and fabricated into planar
PSCs. Their J-V characteristics were compared and the maximum values from a
sample set of 20 are outlined in Table III.III.
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Table III. III: Device characteristics of cells based on ozone-SnO2, plasma-SnO2
and H2O SnO2 in forward and reverse directions 142

The best J-V characteristics were achieved using ALD SnO2 deposited by an O3
reactant achieving a PCE of 15.3 % and a remarkably high Voc of 1.186. Photoelectron
spectroscopy showed the presence of a PbI2 layer between the ALD SnO2 and the
perovskite layer for all ALD variants. This layer was largest for SnO2 deposited using
TDMASn and H2O providing a barrier for electron extraction and reducing the
obtainable PCE. From these results an ITO-free perovskite device was assembled
employing SnO2/Ag/SnO2 as the bottom electrode. This semi-transparent ITO-free
cell obtained a high PCE of 11 %.
While the ALD process provided the most compact films compared to alternative
deposition processes, an issue with hysteresis was observed with ALD SnO2 in planar
perovskite devices.141,

143

As previously discussed, this was found to be slightly

reduced and performance enhance by deposition of a fullerene passivation layer on
top of the ETL.141 To identify the origin of this hysteresis Kelvin Probe Microscopy
(KPFM) characterisation and trap density of states (tDOS) measurements were carried
out by Wang et al.144 From this report it was suggested that the hysteresis observed
was attributed to an imbalance of charge transportation between the PEALD SnO2 and
the perovskite interface, and the HTL and perovskite interface. The poor electrical
conductivity of low temperature PEALD SnO2 was found to be the source of this
charge transport imbalance. To increase electrical conductivity a study on post
annealing the PEALD layers at 100°C, 150°C and 200°C was carried out. All thin
films were found to remain amorphous by XRD characterisation post annealing. These
layers were then fabricated into planar PSCs employing C60-SAM as a passivation
layer. The device incorporating PEALD SnO2 annealed at 100°C performed the best
reaching a maximum PCE of an impressive 20.41 % with hysteresis significantly
reduced compared to an identical device incorporating an unannealed ETL. This study
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outlined the importance of optimising electrical conductivity in ETLs to obtain
improved PCEs. Recent work by Lee et al145 demonstrated that surface passivation of
ALD SnO2 followed by post annealing could reduce interfacial recombination and
improve the electrical properties of the thin film. When used in conjunction with an
ALD TiO2 layer improved PCEs reaching 20.03 % were achieved with enhanced ETL
hole blocking properties. These thermal ALD SnO2 thin films were deposited at 100°C
using TDMASn and O3 as the tin precursor and reactant. The film was then postannealed at 180°C to improve crystallinity. The low temperature ALD SnO2 film was
found to be self-passivating by unreacted TDMASn within the film. This study shows
that low temperature ALD deposition followed by post-annealing can enhance PCEs
compared to high temperature ALD deposition.
ALD SnO2 has successfully been employed in p-i-n architecture PSCs as part of a
bilayered aluminium doped zinc oxide (AZO)/SnO2 ETL.146 In this report 20 nm ALD
SnO2 was deposited at the low temperature of 80°C using TDMASn and H2O as
respective precursor and reactant. The average GPC obtained was 1.1 Å/cycle. The
SnO2 was deposited on top of a nanoparticle dispersion spin coated AZO layer. This
AZO layer was porous and so the conformal nature of ALD SnO2 was able to
successfully infiltrate the pores. In this study ALD SnO2 was employed not only as an
ETL but more importantly as a moisture barrier layer which also suppressed outdiffusion of decomposition products at elevated temperatures. The decomposition of
the perovskite was significantly mitigated even after 41, 000 hours. ALD SnO2 has
also been deposited in conjunction with ALD zinc tin oxide (ZTO) on top of a
PCBM/perovskite layer for monolithic perovskite/silicon tandem solar cells (Figure
3.11).147 Both SnO2 and ZTO were deposited at 100°C using TDMASn and diethyl
zinc (DEZ) as the respective tin and zinc precursors, and deionised H2O as the reactant.
Both pulsed CVD and ALD were successfully tested for the deposition of the
SnO2/ZTO bilayer. This highly transparent bilayer was found to be conformal,
uniform and pinhole free on 1cm2 devices. The final monolithic perovskite/silicon
tandem solar device achieved a high PCE of 23.6 % with no hysteresis while the steady
state tracking of PCE was stable for over 30 minutes under illumination. This report
presented ALD SnO2/ZTO as a promising method toward achieving industry-standard
operational lifetimes due to its thermal and ambient stability.
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Figure 3. 11: Schematic of the perovskite/silicon tandem solar cell consisting of a
ALD SnO2/ZTO bilayer147

Recently spatial ALD at atmospheric pressure has been employed for the deposition
of SnO2 in p-i-n PSCs.148 Thin film deposition carried out by this method overcomes
the vacuum limitation from classical thermal and plasma enhanced ALD (Figure 3.12).
ALD SnO2 was deposited at various temperatures between 80°C and 150°C using
TDMASn and H2O as the precursor and reactant. The substrate velocity was also
varied between 0.3 m min-1 and 9.6 m min-1. From this study it was concluded that
spatial ALD (S-ALD) could deposit SnO2 layers in a continuous fashion at the low
temperature of 80°C at a web speed of up to 2.4 m min-1. S-ALD was used to deposit
20 nm SnO2 on top of a AZO/ PCBM/ CH3NH3PbI3/ PEDOT:PSS/ ITO coated glass
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architecture. An 11.2 % PCE was achieved in the final device matching the
performance of an identical cell containing SnO2 deposited by classical ALD. SnO2
was found to act as an excellent permeation barrier which limited the ingress of
moisture into the photovoltaic device. The 11.2 % PCE achieved showed stable
characteristics beyond 1,000 hours in ambient air and over 3,000 hours when held at
60°C in an inert atmosphere. The use of S-ALD shows promise for PSC
commercialisation in roll-to-roll manufacturing.

Figure 3. 12: Schematic of spatial ALD assembly 148

A recent report investigated the effect of PEALD SnO2 deposition temperature when
fabricated into planar PSCs.149 Films were deposited between 50°C and 200°C using
TDMASn and RF O2 plasma as the tin precursor and reactant. The as deposited films
were found to be resistive at a deposition temperature of 50°C and electrically
conductive when deposited at 200°C. Moreover, UPS indicated a notable 0.69 eV
conduction band minimum mismatch at the interface between SnO2 deposited at 50°C
and the perovskite, Cs0.05(MA0.17FA0.83)0.95Pb(I2.7Br0.3). In contrast, an excellent
conduction band minimum alignment was exhibited for the SnO2 deposited at 200°C
and the same perovskite. This finding is displayed below in Figure 3.13.
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Figure 3. 13: Energy levels (in eV) of the applied layers in a
Cs0.05(MA0.17FA0.83)0.95Pb(I2.7Br0.3) perovskite solar cell using PEALD SnO2 ETLs
deposited at 50°C (left) and 200°C (right) 149

15 nm of these PEALD SnO2 thin films were then fabricated into planar PSCs and the
J-V characteristics compared. Comparable PCEs of 17.5 % and 17.8 % were
demonstrated for cells containing SnO2 deposited at 50°C and SnO2 deposited at
200°C respectively. Despite these similar initial performances the device containing
SnO2 deposited at 50°C was shown to dramatically drop in PCE by 50 % over 16 hours
with one sun illumination in an inert atmosphere. In contrast the device containing
SnO2 deposited at 200°C retained its initial performance under the same test. By
employing PCBM as a passivation layer the decrease in PCE for the device containing
SnO2 deposited at 50°C was significantly reduced under the same 16 hour illumination
test. This result could be due to the PCBM layer providing a more favourable band
alignment at the ETL/perovskite interface compared to the 0.69 eV conduction band
mismatch with SnO2 deposited at 50°C.
ALD has been well established as a versatile technique for the deposition of inorganic
thin films. The self-limiting nature of this process allows continuous, dense and
virtually pinhole-free layers to be grown. The low deposition temperatures employed
by ALD combined with its unrivalled film conformality have allowed the process to
be adopted by the photovoltaics field. Both ALD TiO2 and ALD SnO2 have been
employed as successful ETLs for PSCs. With further studies on alignment and
passivation at the ALD ETL/perovskite interface their performance in perovskite
devices can be optimised.
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The objective of this thesis is to investigate metal oxide ETLs deposited using the
conformal ALD technique for use in both planar and mesoporous perovskite solar
devices.
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CHAPTER 4:
Investigation into effects of FTO electrodes and
TiO2 BLs in mesoporous PSCs

4.1 Introduction
The majority of literature published on the subject of PSCs concentrates on the
perovskite layer itself, with studies on its deposition,1–3 composition, structure,4
stability,5 and how they affect cell characteristics.6,7 However, there is much less
discussion on the influence of other layers. In this chapter, the effects of F-doped SnO2
(FTO) electrodes and TiO2 blocking layers (BLs) are investigated in a mesoporous
perovskite solar device through collaborations with the University of Salford, CSEM
and EPFL.8

Figure 4. 1: Schematic illustration of a mesoporous perovskite solar device

The mesoscopic form of a PSC as depicted in Figure 4.1 shows the metal halide
perovskite absorber permeating a charge-conducting mesoporous scaffold, often TiO2.
The photogenerated electrons from the perovskite layer are transferred to the
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mesoporous sensitised layer through which they are transported to the electrode and
extracted into the circuit. This active perovskite layer is contacted with an n-type
material for electron extraction (ETL) and a p-type material for hole extraction (HTL).
The ETL layer also acts as a BL to block recombination between the electrons in the
front electrode and the holes in the perovskite. Usually a transparent conducting oxide
(TCO), often F-doped tin oxide or indium tin oxide, is used for the front electrode
contact and gold is used for the back contact.
A good BL not only blocks recombination between the TCO electrons and perovskite
holes, but also needs to provide efficient electron extraction from the perovskite to
TCO. A thicker BL decreases the charge recombination between the perovskite holes
and TCO electrons, but also reduces the electron flow to the TCO due to a higher
series resistance in the cell. Thus a balance of conditions is required. A detailed study
by Choi et al.9 investigated the deposition methods and resulting properties of BLs in
the production of planar solar cells, emphasising the importance of well-defined,
defect free morphologies and uniform thickness. Most cells reported use TiO2,
although alternatives materials have been tested such as SnO2,10 composite
graphene/TiO211 and ZnO.12
The role of TCO characteristics has had very limited discussion, with researchers
commonly using a commercially supplied standard material. The most utilised TCO
is FTO such as TEC-7, TEC-8 (NSG), or TCO22-15 (Solaronix). Previous work by
the University of Salford13 concentrated on FTOs optimised for use in thin film silicon
(Si) PV cells, which require high optical transparency, low resistivity and high surface
roughness. High surface roughness is critical to increase internal light trapping and
improve the efficiency of light use by the absorbing layers because Si (especially aSi) has a low absorption efficiency. In the case of perovskite solar devices, high optical
transparency and low resistivity are considerations, but as the perovskite absorber
already has excellent absorption coefficients14 the main goal is to achieve a suitable
uniform surface to enable good adhesion and no pinholes through the BL and hence
direct perovskite contact. The FTO morphology directs that of the BL and hence that
of the perovskite, so it is an important factor affecting cell efficiency. Too rough a
surface tends to lead to FTO spikes or pinholes in the perovskite and hence fast
electron/hole recombination. A non-uniform, rough surface can also lead to lower
adhesion between the various layers, resulting in poorer films and much lower cell
113

Chapter 4

efficiencies. Another important factor is the wettability of the TiO2-x surface to the
perovskite precursor solution, and hence the solid surface coverage and crystallinity
of the perovskite. A rougher TiO2-x surface has previously been shown to result in
increased wettability and hence a lower energy barrier to heterogeneous nucleation on
the liquid/solid interface.15 An improvement in the perovskite layer (coverage,
adhesion and crystallinity) in turn leads to improved cell properties. Hence, it may be
advantageous to start with a relatively rough TCO surface which can lead to the
formation of a similar BL morphology.
In this chapter a collaborative study on cell performance and how it relates to the
deposition methods was made for the FTO electrode and the TiO2-x blocking layer.
FTO was grown by atmospheric pressure chemical vapour deposition (APCVD) at the
University of Salford and compared to commercially available FTO (Solaronix
TCO22-15). This was carried out to establish if the TCO could be improved upon and
optimised in terms of optical transparency, resistivity and morphology compared to
what was accessible on the market. Bocking layers were deposited by ALD at Tyndall
National Institute and RF sputtering or spin coating at CSEM. In addition, some
changes to the perovskite precursor composition were considered by CSEM, and their
effects on the overall properties of the PV cell were investigated. The optimised layers
from each group were combined and fabricated into mesoporous PSCs leading to
improved cell efficiencies.
For FTO films, the effects of roughness, dopant level and resistivity on cell
characteristics were considered. The combination of FTO properties required to give
low resistivity, high optical transparency and uniform surfaces were found to improve
cell efficiency. The effects of different deposition methods for BL films, namely ALD,
spin coating and sputter coating, were studied to show the importance of technique
chosen, layer thickness and the production of dense, pinhole free, conformal films. In
addition, optimisation of the spin coating method for the perovskite layer via
precursor/solvent changes was also considered.
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4.2 Experimental
4.2.1 CVD FTO
Thin films were deposited by APCVD at a deposition temperature of 600°C using
monobutyl tin trichloride (MBTC) with 0.2, 0.6 or 1.0 M aqueous trifluoroacetic acid
(TFAA), delivered with a Sn precursor to H2O molar ratio of 1:5 or 1:30. Precursors
were vapourised using either a bubbler (MBTC at 125°C, 0.7 L min-1 carrier gas) or
flash evaporation (TFAA/water mix, 0.6 L min-1 carrier gas). N2 was used as the
carrier gas. The process flow was set to 7 L min-1 with oxygen (1.5 L min-1) giving a
total flow of ~9.8 L min-1. Deposition was on 1 mm thick borosilicate (Corning Eagle
2000) glass. The heated substrate is translated, on an automated stage, beneath a static,
non-contact CVD head (i.e. gas distributor) in an extracted, open atmosphere,
enclosure.16 This allows the deposition of extended area films with high uniformity
over 100 mm width (± 2%) and the length is only limited by the translation table size.
For these experiments, samples of 100 mm x 100 mm were provided for cell
fabrication. The film thickness was varied by changing the number of passes under
the coating head. For each type of deposition parameter several samples were
prepared. This then enabled the fabrication of a greater number of cells and hence
increased confidence in the resulting data.

4.2.2 TiO2-x blocking layers
Spin coated blocking layers of 10 to 15 nm were prepared by using a precursor solution
of 0.15 M titanium diisopropoxide bis(acetylacetonate) (Sigma-Aldrich, 75 wt% in
isopropanol) in 1-butanol (Sigma-Aldrich, 99.8%). The precursor solution was spincoated on a FTO glass substrate at 1000 rpm for 10 seconds and then 2000 rpm for 20
seconds. This was followed by sintering at 450°C for 30 minutes.
Thin films of TiO2-x of 23 nm in thickness were deposited by RF sputtering at 60°C
on FTO coated glass substrates. These substrates were first patterned with 0.6 mm
kapton tape prior to deposition as described in Appendix I, Figure 1. The stoichiometry
of the thin films could be controlled by adjusting the Ar and Ar:O2 flows in the
sputtering chamber. Thus the electrical conductivity and transparency of the TiO2-x
films could be tuned in order to achieve optimal optoelectronic properties in the solar
cells.
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Nominally undoped TiO2 thin ﬁlms of a range of thicknesses (10 nm, 20 nm, 30 nm)
were deposited on kapton tape patterned FTO coated glass by employing a Cambridge
Nanotech Fiji ALD system. The titanium precursor and reactant used for these
depositions were tetrakis dimethylamido titanium (TDMAT) and H2O respectively.
The precursor vessel for TDMAT was maintained at 75°C while the H2O vessel was
not directly heated but maintained at 35°C due to its proximity to nearby heated
components on the system. Adequate vapour pressures to give saturated coverage
were achieved at these precursor temperatures. The deposition temperature employed
was 200°C. The nominal growth rate of TiO2 was assumed to be 0.05 nm per cycle on
FTO coated glass. An example pulse/purge sequence for a nominally undoped 20 nm
thin film is outlined in Table IV.I.
Table IV. I: Experimental parameters for deposition of thermal 20 nm TiO2 ALD by
Cambridge Nanotech Fiji

In steps (0) and (1), the precursor manifold carrier flow and plasma source purge flow
rates are set to values in standard cubic centimetres per minute (sccm) at atmospheric
pressure and temperature. Step (2) involves waiting a total of 20 seconds for the Ar
flow rates to stabilize. At (3) the loop begins as the precursor, TDMAT, is pulsed for
0.3 seconds. A wait of 10 seconds in (4) allows for a purge of the TDMAT and reaction
by-products. At step (5) the reactant, H2O, is introduced and pulsed for 0.1 seconds.
A waiting period of 10 seconds in step (6) allows for a purge of any remaining H2O
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and by-products. Step (7) stands for “go to” next cycle, where the recipe returns to
step 3 and repeats for a total of 400 cycles. In step (8) and (9) the precursor manifold
carrier and plasma source purge flow rates are set to stand-by conditions in sccm.

Table IV. II: Cambridge Nanotech Fiji system temperatures

4.2.3 Cell Fabrication
Following the deposition of TiO2-x blocking layers on FTO coated glass substrates, the
remainder of the stack was fabricated into devices by collaborators at CSEM and
EPFL. The mesoporous TiO2 (m-TiO2) layer was deposited on top of the TiO2-x
blocking layers/FTO coated substrates outside of the glovebox by spin coating TiO2
paste (Dyesol 18NRT) diluted in isopropanol (1 g in 10 ml) at 2000 rpm for 30 seconds
before annealing at 500°C for 30 minutes. This sintering step at 500°C was found to
affect the underlying ALD TiO2 layer by increasing resistivity as discussed later in
section 6.3.3.2.
Three different perovskite recipes were used for the optimisation of the perovskite
layer. The same CH3NH3PbI3 (MAPbI3) precursor solution was used for recipes one
and two but the amount of solvent quenching toluene was increased from 60 µl to 1
ml in recipe two. 1.2 M PbI2 (TCI) and CH3NH3I (Dyesol) were dissolved in a mixture
of γ-butyrolactone (GBL) and dimethyl sulfoxide (DMSO) (7:3 volume ratios) at
70°C. A MAPbI3 precursor solution was then spin coated on the m-TiO2 substrate at
1000 rpm and 5000 rpm for 10 seconds and 30 seconds, respectively outside of the
glovebox. During the second step of spin coating, toluene was dripped on to the
substrate and the perovskite layer was dried at 100°C for 10 minutes. In recipe three,
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461 mg of PbI2, 159 mg of CH3NH3I, and 78 mg of DMSO (molar ratio 1:1:1) were
mixed in 600 mg of dimethylformamide (DMF) at room temperature and stirred for 1
hour in a N2 glovebox in order to prepare the CH3NH3PbI3 precursor solution. The
precursor solution was then spin coated outside of the glovebox on to the m-TiO2
substrate in a two-stage sequence (1000 rpm for 10 seconds followed by 5000 rpm for
45 seconds) and 0.75 ml of diethyl ether was employed as a solvent quenching
technique 12 seconds before the end of the procedure. The substrate was then heated
at 50°C for 2 minutes and 100°C for 10 minutes.17
For the hole transport layer, Spiro-OMeTAD solution was prepared by dissolving 72.3
mg spiro-OMeTAD (Merck), 28.8 µl 4-tert-butylpyridine (Sigma-Aldrich), 17.5 ml of
a stock solution of 520 mg ml-1 lithium bis(trifluoromethylsulfonyl)imide (SigmaAldrich) in 1 ml chlorobenzene and this was spin coated on top of the perovskite layer
at 4000 rpm for 30 seconds inside of the N2 glovebox. The cells were then left for 3
hours in a desiccator cabinet in an attempt to promote oxidation of the Spiro-OMeTAD
layer prior to pumping down in an evaporation chamber overnight. The devices were
then finished with the evaporation of a 100 nm thick gold electrode. It is common
practice to expose both DSSCs and perovskite devices which employ doped SpiroOMeTAD as the HTL to air for several hours prior to the deposition of the electrode.
An enhancement in electrical conductivity, FF and PCEs can be observed in final
devices after oxidation. Abate et al. proposed a two-step mechanism to describe the
oxidation of Spiro-OMeTAD as outlined below:[18]

𝑆𝑝𝑖𝑟𝑜 − 𝑂𝑀𝑒𝑇𝐴𝐷 + 𝑂2 ↔ 𝑆𝑝𝑖𝑟𝑜 − 𝑂𝑀𝑒𝑇𝐴𝐷 · + 𝑂2· −

4.1

𝑆𝑝𝑖𝑟𝑜 − 𝑂𝑀𝑒𝑇𝐴𝐷 · + 𝑂2· − + 𝐿𝑖𝑇𝐹𝑆𝐼 →
𝑆𝑝𝑖𝑟𝑜 − 𝑂𝑀𝑒𝑇𝐴𝐷 · + 𝑇𝐹𝑆𝐼 − + 𝐿𝑖𝑥 𝑂𝑦

4. 2

Equation 4.1 illustrates an equilibrium between Spiro-OMeTAD and oxidised SpiroOMeTAD while equation 4.2 shows the equilibrium to move forward in the presence
of the LiTFSI dopant as Li+ reacts with the superoxide O2- to form Li2O and Li2O2.
This produces a stabilised Spiro-OMeTAD·+TFSI– which along with Spiro-
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OMeTAD·+O2·- is associated with high conductivities.[19]

4.3 Results and Discussion
4.3.1 FTO sets A, B and C
Thin films of FTO were deposited by APCVD at the University of Salford. Changes
to the F dopant level, tin precursor to H2O molar ratio, and thickness via the number
of coater head passes were investigated. FTO film thickness was determined by
etching the films with a mixture of zinc and HCl to provide a step edge. This was
followed by surface profiling on a Dektak 3ST. Resistivity of films was measured
using a Jandel Universal four point probe. Hall Effect measurements were also
performed on the TCO films to determine the carrier concentration and electron
mobility. This was carried out with a lab built system using an electromagnet with a
probe separation of 12.5 mm and a current of 1.1 A to produce a magnetic flux density
of 0.66 T. The results of these measurements are given in Table IV.III where d
represents average film thickness (determined by SEM), root mean square (RMS)
roughness (AFM), Rs sheet resistance, p resistivity, µ mobility, and N carrier
concentration.
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Table IV. III: Deposition conditions and electrical properties for FTO sets A, B and
C

Sets A and B are two types of deposited FTO which contained similar sheet resistance
(~20 Ω sq-1) but differing surface roughness (RMS 33 nm, 22nm). The roughness of
films was obtained by atomic force microscopy (AFM) using a Nanoscope IIIa, Digital
Inst. Ltd. The reduction in thickness from film A to B while maintaining sheet
resistance was achieved by reducing film thickness and increasing the H2O:MBTC
precursor ratio. Set C is evaluated later in section 4.3.4.
Batch A of FTO thin films were produced using a 5:1 H2O:MBTC precursor ratio
which had a thickness of 1042 nm. In contrast, batch B of FTO thin films were
produced using a 30:1 H2O:MBTC ratio which had a thickness of 550 nm. A third
sample was deposited at the higher H2O:MBTC precursor ratio, but had a similar
thickness to set A. This had a similar roughness to set A but a much lower sheet
resistance. For the three FTO films discussed in this section it can be seen that if only
the film thickness is increased (H2O:MBTC fixed), then roughness increases.
However, if only the precursor ratio is increased (thickness fixed), then the roughness
does not change. Therefore the roughness of the film depends on the film thickness
not the precursor ratio. However, at the higher ratio the slightly increased doping level
(as the TFAA is transported with the water) kept the resistance down.
These APCVD FTO samples were fabricated into mesoporous PSCs and compared to
a high quality commercially available FTO thin film (Solaronix TCO22-15). This was
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found to have a 400 nm thick FTO layer with an RMS roughness of 14 nm. The
electrical properties, as measured on Salford instrumentation, gave a sheet resistance
of 13 Ω sq-1, a carrier concentration of 4.2 x 1020 cm3, and a mobility of 28 cm2 V-1
s-1. The commercial FTO was thinner with a much lower roughness than the APCVD
deposited FTO, with lower sheet resistance and higher mobility. The electrical
properties of this commercial product are in line with its much higher carrier
concentration. A lab built spectrometer consisting of a 75 W xenon lamp and a series
of filters allowing measurement at 800 nm, 650 nm, 531 nm, and 450 nm was used to
determine optical properties. Optical scattering measurements confirmed the variation
in sample roughness showing an increase in haze with surface roughness. The devices
containing APCVD FTOs were made simultaneously to the devices containing the
reference Solaronix TCO22-15 FTO coated glass to avoid variations in the preparation
method and hence allow the TCOs to be directly compared.
The solar cell devices were composed of a conductive APCVD FTO (set A and B) or
a TCO22-15 FTO (reference) coated glass, a spin coated TiO2 blocking layer, a
mesoporous TiO2 scaffold, a MAPbI3 perovskite layer, a Spiro-OMeTAD hole
transport layer and an Au counter electrode. 16 devices for each variation of FTO were
fabricated using spin coated TiO2 as the blocking layer. Interestingly, both A and B
batches of APCVD FTO derived cells performed well, exceeding the efficiency
achieved with use of the commercial TCO, used as a reference, by over 1% abs. in
each case (Table IV.IV), representing an improvement in the order of 10%. This is
particularly noticeable as the commercial TCO reference despite the lower sheet
resistance and higher carrier mobility, which would be expected to give the cell a
higher efficiency in removing the generated current, does not perform as well overall.
However, it does have higher carrier concentration (N) than the other FTO samples.
This will decrease the optical transmission via free carrier absorption and hence reduce
the amount of light reaching the absorber parts of the cell. The relationship between
carrier concentration and transmission has been seen previously for TCO ZnO
electrodes in thin film silicon solar cells.20 In addition the reference cell has a lower
short circuit current density ( Jsc), which in previous cell literature has been related to
lower internal light scattering due to the TCO increased smoothness.21, 22 The higher
PCE values for set A and B cells suggested that while using a mesoporous scaffold
layer the level of FTO roughness is not an issue. Previously it has been shown that
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addition of a scaffold layer tends to reduce series resistance (Roc) and hence increase
the fill factor (FF), along with the open circuit voltage (Voc) and shunt resistance
(Rsc).23
Table IV. IV: Cell data for APCVD FTO set A and B compared to reference
Solaronix TCO22-15 when incorporated into mesoporous PSCs

4.3.2 BL deposition method – spin coating versus ALD
Following on from the promising results obtained from APCVD FTO above, studies
on a blocking layer deposition method were carried out. ALD was utilised to deposit
nominally undoped TiO2 in a range of thicknesses (10 nm, 20 nm, 30 nm) at 200°C on
a batch of A1 APCVD FTO coated glass substrates. 16 devices for each variation of
blocking layer were fabricated for this study. Both 10 nm and 20 nm ALD TiO2 as the
BL ETLs were found to boost the PCE of a mesoporous cell when compared to spin
coated TiO2 on the same APCVD FTO coated glass substrate. The optimal thickness
of 20 nm ALD TiO2 achieved 10.37 % PCE when incorporated into a mesoporous
PSC on a 0.43 cm2 active area. 30 nm ALD TiO2 proved to be too thick a coating when
incorporated into a device reducing the obtained Rsc as shown in Table IV. V.
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Table IV. V: Cell data comparing spin coated TiO2 and ALD TiO2 (10 nm, 20 nm,
30 nm) deposited on APCVD FTO set A when incorporated into mesoporous PSCs

A comparison of the methods used to deposit the BL showed an advantage in using
ALD opposed to spin coating with better Voc, Jsc and hence device efficiency. This
improvement relates to the increased film density generally found with the ALD
process, conformal behaviour and better control of thickness uniformity (10.00 nm ±
0.86 nm, 20.00 nm ± 1.05 nm) which for the spin coated samples was between 10 nm
and 15 nm. ALD is a surface controlled, chemically self-limiting technique for
depositing thin films. It is well documented for its ability to produce conformal and
pinhole free layers with high thickness uniformity.24 Using the same ALD process as
described here, Chen et al.25 demonstrated pinhole free, conformal deposition of only
2 nm TiO2 over Si layers. Other studies26 on the effect of the BL deposition method,
this time ALD, spray pyrolysis and sol–gel also concluded that the improved cell
efficiency was due to the ALD dense, pinhole free TiO2. Despite this, a lower FF for
the ALD opposed to spin coated samples was observed in these mesoporous PSCs as
depicted in Table IV. V. This result may be due to increased series resistance from the
FTO contact.

4.3.3 Perovskite deposition method – increased solvent
quenching
The MAPbI3 absorber layer was investigated by increasing the solvent quenching
treatment with toluene from 60 µl to 1 ml. Mesoporous devices were then fabricated
using various FTO coated glass substrates as the TCO (reference TCO22-15, set A2
and set B2) and spin coated TiO2 as the BL.
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Increasing the amount of solvent quenching toluene for the perovskite layer deposition
led to an increase in the overall cell efficiency for mesoporous devices containing both
reference FTO and set A2 APCVD FTO, as observed in Table IV. VI. Batch B2 of
APCVD FTO was a smoother and thinner FTO coated glass substrate and the final
mesoporous device showed a reduced Voc and FF with no improvement in overall
PCE, despite a much larger Rsc. Use of a greater amount of toluene led to improved
perovskite coverage, a denser structure with a more controllable grain structure and
higher reproducibility. Solvent engineering for PSCs using toluene was first reported
by Jeon et al., who used it to produce uniform and dense perovskite layers with low
surface roughness. This quenching causes the formation of an intermediate phase of
MAI-PbI2-DMSO by washing the precursor solvent, DMF, away. Upon heating, the
residual DMSO is then removed and the perovskite film is formed. Without this
solvent quenching treatment, an inhomogeneous perovskite layer is formed which
does not fully cover the substrate.27 Since the initial report, toluene has been
extensively investigated for its use as a solvent quenching method in the fabrication
of PSCs. The optimal volume of toluene has been observed to vary from 20 µl to 800
µl depending on perovskite composition and researchers’ own preferences.28, 29 While
toluene, chlorobenzene, ethyl acetate and diethyl ether have all been reported to
enhance perovskite film quality as anti-solvent treatments, ethyl acetate’s higher
affinity for scavenging moisture does not produce poor films at higher processing
humidities. This presents the possibility of processing perovskite films outside the
glovebox for commercial scale.30
Table IV. VI: Cell data for APCVD FTO set A and B compared to reference
Solaronix TCO22-15 when incorporated into mesoporous PSCs with an increased
toluene dripping on MAPbI3
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4.3.4 FTO set C with improved perovskite comparing ALD to
spin coated BLs
Batch C of FTO APCVD samples were deposited and through AFM were found to be
slightly smoother than set B deposited previously. Set C was also found to be thinner
in FTO thickness which increases percentage transmission, and of a much lower
resistivity than both sets A and B (Table IV. III). Set C was fabricated into mesoporous
PSCs using the improved perovskite recipe (Section 4.3.3) as well as two different
blocking layers, 20 nm nominally undoped TiO2 by ALD and 10 nm – 15 nm TiO2 by
spin coating, for comparison.
Table IV. VII: Cell data comparing 20 nm ALD TiO2 deposited on reference
Solaronix TCO22-15 and APCVD FTO set C and incorporated into mesoporous
PSCs

ALD TiO2-x coated FTO samples showed improved PCEs when compared to spin
coated BLs. ALD coated APCVD FTO samples exhibited greater efficiencies than
similarly coated commercial TCOs even when re-characterised three days later as
depicted in Table IV. VII and IV. VIII. Samples with a spin coated blocking layer
generally shunted or yielded low PCE values. This was likely due to post growth
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particles and debris on the FTO surfaces, as observed by SEM (not given), which were
not fully covered by the thin spin coated BL. The resulting direct contact between the
FTO and perovskite absorber layer may account for the poor efficiency of the
complete devices. This may also explain the lower efficiencies previously obtained
from set B FTO which was spin coated with a TiO2-x BL followed by the improved
perovskite recipe. Furthermore, those samples in set C which showed enhanced cell
efficiency were subjected to an additional cleaning step whereby the FTO coated glass
substrates were annealed for 1 hour at 500°C to help remove organic debris. This high
temperature anneal did not prove detrimental to the optical or electrical properties of
the FTO films. The higher conformality achieved by ALD over the spin coating
method reduces the number of pinholes resulting from large FTO particles or debris.
Moreover, the less conformal spin coating process described elsewhere9 can lead to a
smoother top surface and hence a smaller contact area between BL and perovskite.
These shortcomings of the spin coating method resulted in increased shunting
pathways within the devices and thus lower device performance.
Table IV. VIII: Cell data comparing 20 nm ALD TiO2 deposited on reference
Solaronix TCO22-15 and APCVD FTO set C and incorporated into mesoporous
PSCs re-measured after 3 days

A comparison of the cell data from set C (Table IV. III) showed that a higher film
thickness in the APCVD FTO produced lower sheet resistance and, thus, marginally
improved cell efficiencies when the same doping level was present. Increasing the
doping level from 0.6 M to 1 M of TFAA made no conclusive improvement in the cell
properties of these samples.
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4.3.5 FTO set D
Based on the previous results, a new batch of APCVD FTO was deposited, taking
additional care to ensure no particles or debris were incorporated into the films. For
this batch, set D, all deposition parameters were fixed (H2O:MBTC 5:1, 1 M TFAA)
except for the number of passes of the coating head over the substrate. The result was
a set of FTO samples with three separate thicknesses, thereby altering the sheet
resistance and roughness for each (Table IV. IX). As expected the sheet resistance
decreases and roughness increases as the film thickness increases.16
Table IV. IX: Physical and electrical properties of Set D

The carrier mobility of set D is seen to be fractionally greater than that of the reference
TCO sample (Table IV.III), while the carrier concentration is lower. The greater
optical scatter with increased film thickness confirms the increased surface roughness,
as shown in Figure 4.2 (a). The reference FTO gave haze values comparable to its
thickness and surface roughness i.e. between the APCVD samples with thicknesses of
350 nm and 523 nm. As can be seen in Figure 4.2 (b) and (c) there is a general decrease
in percentage transmission and an increase in percentage absorption as the films
increase in thickness, particularly at the higher wavelengths. The reference FTO
generally lies within the band of optical values, except for a much increased
reflectance at wavelengths > 1500 nm.
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Figure 4. 2: (a) Optical haze for set D at 4 different wavelengths, (b) Percentage
transmittance (solid line) and reflectance (dotted line), (c) percentage absorption
comparing set D to reference FTO

In all cases the improved quality of the FTO gave cell efficiencies comparable to or
better than the cells fabricated from the commercial FTO (Table IV. X). This must
have arisen from a combination of properties as although samples in set D all had a
lower carrier concentration and higher mobility than the reference, they only had lower
sheet resistance in two out of three samples. An important factor in the efficiency of
the cells containing APCVD FTO was their higher optical transmittance.
Interestingly, as the FTO increased in thickness there was a corresponding increase in
cell FF and a decrease in Roc leading to increased efficiency. This was despite
decreased transmission, particularly in wavelengths above 1200 nm, and a possible
issue with increased roughness from D1 (13 nm) to D3 (25 nm). This again suggests
that FTO roughness does not negatively impact cell efficiency as long as the BL is
both conformal and pinhole free, preventing shunt pathways. This set of results
establishes that the pivotal FTO property which contributes to cell efficiency is sheet
resistance.
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4.3.6 BL deposition method – sputtering versus ALD
As previously discussed in this chapter, deposition of the ETL BL via ALD improved
the overall PCE of mesoporous perovskite devices when compared to those containing
an ETL BL deposited by spin coating. A third TiO2-x BL deposition method of
magnetron sputtering was investigated with FTO set D and compared to ALD. For
both deposition methods, sputtering and ALD, the TiO2-x layers deposited were 20 nm
in thickness.
Sigma dark measurements from sputtered TiO2-x on glass substrates exhibited semiconducting behaviour for all films with conductivity increasing as temperature
increased in Figure 4.3 (a). This indicates that oxygen vacancies act as a dopant in
TiO2-x as smaller activation energies are found for deposited TiO2-x films with
increased reducing conditions, Figure 4.3 (b). Such behaviour is ascribed to electrical
conduction through mid-gap defect states induced by Ti3+ sites. The dark conductivity
was also shown to depend on the degree of reduction within the sputtered TiO2-x films,
with a larger electrical conductivity measured for films deposited without the
introduction of O2 during the sputtering process.

Figure 4. 3: (a) Arrhenius plot of the surface conductivity of sputtered TiO2-x and
ALD TiO2, (b) Activation energy (Ea) as a function of the partial O2 pressure (pO2)
with the blue line corresponding to 7 meV of ALD TiO2

In contrast, 20 nm ALD TiO2 on glass was found to exhibit a low Ea of 7 meV when
measured using sigma dark characterisation. This measurement is consistent with a
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degenerately doped semiconductor. TiO2 films deposited by ALD at 200°C were
found to be amorphous as grown by XRD characterisation.

Figure 4. 4: XPS showing binding energy of as grown 20 nm ALD TiO2

XPS analysis of the ALD film on the reference FTO substrate exhibited significant
Ti3+ content, indicating non-stoichiometric TiO2. Ti 2p3/2 and Ti 2p1/2 peaks
correspond to Ti4+ states and can be found at ~ 458.6 eV and ~ 464 eV respectively.
A shoulder associated with Ti3+ species is found at 456.9 eV indicating the presence
of a defect density of states. A common source of Ti3+ states in TiO2 is oxygen
vacancies. The variation in the chemical state of elements ‘O’ and ‘Ti’ can be analysed
by comparing the intensities of the O 1s (~539.3 ev) and Ti 2p peaks. As well as being
non-stoichiometric, measurable quantities of both nitrogen and carbon from unreacted
precursors were present in ALD TiO2 as displayed in Figure 4.4. This film was found
to have improved resistivity over stoichiometric TiO2 which may be attributed to the
higher density in ALD deposited films. Despite this, the impurities caused by carbon
and nitrogen lead to a reduction in film conductivity.
Sputtered TiO2-x was also found to be non-stoichiometric from Figure 4.3 and Figure
4.4, producing a higher conductivity and larger optical absorption than ALD TiO2.
This suggests that sputtered TiO2 contains a greater number of oxygen vacancies
which can be controlled by adjusting the Ar and Ar:O flow on deposition.
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Figure 4. 5: Optical absorption of TiO2-x thin films with different pO2

Optical absorption of sputtered TiO2 films was found to increase with increased degree
of reduction. A broad peak centred around the 900 nm wavelength was related to midgap optical losses. Following this result, sputtered TiO2 thin films with pO2 = 7.5 x
10-6 mbar were selected to be fabricated into mesoporous perovskite devices using set
D FTO due to their optimal conductivity-transparency trade-off.
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Table IV. X: Cell data for set D comparing sputtered TiO2-x to ALD TiO2 on a 1.04
cm2 active cell area

Data comparing BLs of sputtered TiO2-x to ALD TiO2 in mesoporous cells using
reference FTO is presented at the top of Table IV. X. From this data it is clear that
despite the lower transparency of sputtered TiO2-x, these films contributed to a higher
Jsc and lower Roc, which lead to an improved PCE compared to the same cells
incorporating ALD TiO2. This result is consistent with the observed electrical
conductivities achieved through the BL deposition methods.
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When comparing the BL deposition methods of sputtering and ALD on APCVD FTO,
the ALD TiO2 was seen to outperform sputtered TiO2-x on the thinner FTO set, D1. A
higher Jsc and lower Roc for the cells containing ALD TiO2 lead to an improved PCE
of 13.96 %. For the intermediate FTO thickness, D2, efficiencies from both types of
BL depositions were found to be poor. Devices containing sputtered TiO2-x reached a
PCE of 12.80 %, while the devices containing ALD TiO2 were even lower, only
reaching 10.54 % PCE. This lower PCE in devices containing ALD was due to the
perovskite layer being less compact due to evaporation of the solvent taking place too
quickly and leaving voids and/or a higher resistance in the ALD layer hindering the
extraction of electrons. The increased resistance could be a product of the high scaffold
annealing temperature of 500°C changing the TiO2 structure more negatively for ALD
than sputtering. It is possible that on annealing the thin, amorphous TiO2 deposited by
ALD undergoes partial crystallisation and hence the formation of poor grain
boundaries due to the higher level of impurities as compared to the sputtered film. In
addition the annealing could have induced cracking of the thin 20 nm film.
The BL deposition methods of sputtering and ALD both provided improved
uniformity on the FTO coated glass compared to spin coating, aiding in the formation
of a more uniform and well adhered perovskite absorber layer. This enhanced
uniformity allowed an increase in cell dimension from a 0.43 cm2 active area to a 1.04
cm2 active area in set D. As observed in Table IV. X, the PCEs obtained on the larger
active areas are as high if not higher than the PCEs achieved by earlier batches on the
smaller 0.43 cm2 active areas.
Table IV. X shows that with increased FTO thickness from D1 to D3 there is a
corresponding improvement in FF and efficiency, with a decrease in R oc. This is
attributed to the decrease in FTO sheet resistance, as demonstrated in Figure 4.6.
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Figure 4. 6: Plot showing the trend in mesoporous cell parameters which
incorporated set D FTO with a sputtered TiO2-x BL.

The best cell result was obtained from the thickest and hence lowest resistance
APCVD FTO layer (7 Ω sq-1), with a sputtered 20 nm BL, a mesoporous scaffold, and
a 300 nm perovskite absorber layer, resulting in an overall PCE value of 16.66 %. This
PCE was only slightly higher than that obtained by the same cell incorporating ALD
TiO2, 16.45 %. This result implies that ALD TiO2 is comparable to that of RF sputtered
TiO2-x.
These results compare well with literature values for similar cells. Lee et al. 7 obtained
a similar 16.6 % efficiency with a much smaller cell active area of 0.16 cm2, while
Japan’s National Institute for Materials Science achieved a certified value of 15 % on
a similar cell size of 1.017 cm2.31 Higher values have also been reported by Yang et
al.32 at 20 % for a 0.096 cm2 cell and Li et al.33 at 19.6 %, however these efficiencies
are not directly comparable as Yang et al. utilised a formamidinium lead triiodide
perovskite while Li et al. incorporated a mixed anion as well as mixed halide
perovskite.

4.4 Summary
A number of sets of the TCO, FTO, varying in thickness, roughness, sheet resistance,
resistivity, mobility and the H2O:MBTC precursor ratio were successfully deposited
by APCVD. These APCVD FTO samples were fabricated into mesoporous PSCs and
compared to a high quality commercially available FTO thin film (Solaronix TCO2215). It was observed that uniform thin films of FTO with low sheet resistance are
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necessary to aid in the formation of uniform, pinhole free blocking layers and hence
well adhered perovskite absorber layers.
Blocking layer deposition methods of spin-coating, ALD, and sputtering were also
investigated and synthesised into mesoporous PSCs on both APCVD FTO and
reference FTO. In addition some changes to the perovskite precursor composition
were considered, and their effects on the overall properties of the PV cell were
investigated. The optimised layers were then combined and fabricated into
mesoporous PSCs leading to improved cell efficiencies.
ALD was utilised to deposit nominally undoped TiO2 in a range of thicknesses (10
nm, 20 nm, 30 nm) at 200°C on a batch of A1 APCVD FTO coated glass substrates.
Both 10 nm and 20 nm ALD TiO2 were found to boost the PCE of a mesoporous cell
when compared to spin coated TiO2 on the same APCVD FTO coated glass substrate
due to an increase in both Voc and Jsc. 30 nm ALD TiO2 proved to be too thick reducing
the obtained Rsc. The optimal thickness of 20 nm ALD TiO2 achieved 10.37 % PCE
when incorporated into a mesoporous PSC. This improvement related to the increased
film density, conformal behaviour and better control of thickness uniformity, which
for the spin coated samples was between 10 nm and 15 nm. ALD is a surface
controlled, chemically self-limiting technique for depositing thin films. From this
result, 20 nm ALD was chosen to be used for the remainder of the study.
20 nm thermal TiO2 was deposited by ALD at 200°C on set C APCVD deposited FTO
and reference FTO. This APCVD FTO set was smoother with a reduced thickness than
previous set B. These samples were then fabricated into mesoporous PSCs using a
modified MAPbI3 deposition process which had increased the amount of dripped
toluene. Similarly to results from cells using set A, ALD outperformed spin coating as
a BL deposition method. For devices using the reference FTO with ALD, high
efficiencies of 15.00 % PCE were obtained which increased to 15.18 % PCE when remeasured three days later. The ALD TiO2 thin films achieved similarly high results on
APCVD FTO with set C3 reaching 14.68 % PCE when fabricated into a mesoporous
PSC which was found to increase to 15.4 % PCE after three days.
The ALD method was then compared to RF sputtering. Nominally undoped 20 nm
TiO2 was deposited by ALD on set D APCVD FTO and reference FTO. 20 nm
sputtered TiO2-x with 7.5 x 10-6 mbar of O2 introduced to the sputtering process was
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selected for fabrication into mesoporous devices as this amount of partial O2 provided
the optimal conductivity-transparency trade-off. The best cell result was obtained from
the thickest and hence lowest resistance APCVD FTO layer (7 Ω sq-1), with a sputtered
20 nm BL, a mesoporous scaffold, and a 300 nm perovskite absorber layer, resulting
in an overall PCE value of 16.66 %. This PCE was only slightly higher than that
obtained by the same cell incorporating ALD TiO2, 16.45 %. This result implies that
ALD TiO2 is comparable to that of RF sputtered TiO2-x and may be improved on for
use in mesoporous PSCs.
This study demonstrates that both ALD and sputtering are viable techniques for scaled
up systems. While the application of ALD has predominantly been associated with the
microelectronic and the nanotechnology industries, ALD shows great potential for the
fabrication of photovoltaic devices. Its unrivalled conformality combined with its
mild, low-temperature deposition technique could make it an ideal candidate for
tandem cells. These factors may also aid in minimising sputter damage to the
perovskite during the sputtering process. Overall, these two vacuum techniques show
great promise for scalable devices.
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CHAPTER 5:
A study into deposition optimisation of ALD TiO2
thin films for mesoporous PSCs

5.1 Introduction
As discussed previously in Chapter 4, ALD was compared to alternative TiO2 BL
deposition methods, spin coating and RF sputtering, for use in mesoporous PSCs.
ALD TiO2 exhibited promising results on both commercially available FTO thin films
(Solaronix TCO22-15) and APCVD deposited FTO. The conformal and uniform
nature of ALD lead to the production of dense, pinhole free BLs which outperformed
those produced by the spin coating method when fabricated into devices. RF sputtered
TiO2 produced a notably high PCE of 16.66 % on the D3 set of APCVD FTO, while
ALD reached a similarly high PCE of 16.45 % on the same FTO in a mesoporous
device.
In this chapter, an attempt to improve overall cell efficiency by altering the deposition
of ALD TiO2 BLs was investigated. The deposition temperature of all thin films
deposited was further reduced from 200°C as utilised in Chapter 4 to 185°C. The effort
to employ even lower deposition temperatures was motivated by the possibility of later
integrating ALD layers into perovskite/silicon heterojunction tandem cells. Lowtemperature processing conditions make it possible to monolithically integrate
perovskite solar devices as the top component of tandem cells without damaging the
bottom cell. Temperatures exceeding 200°C on the top cell can lead to severe junction
deterioration in tandem structures employing a silicon heterojunction bottom cell. The
growth of ALD TiO2 was carried out on two commercial reactors, a Cambridge
Nanotech Fiji F200 and a Picosun R200 system, to determine if a difference in film
quality could be observed in films created by the two reactors or, alternatively, if the
growths would be reproducible.
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Two titanium precursors, titanium (IV) isopropoxide (TTIP) and tetrakis
(diemthylamido) titanium (TDMAT), were investigated along with reactants of either
H2O or Ar/O2 plasma for growth of TiO2 films. Prior to growth, a 5 minute O2 plasma
treatment in situ to the ALD chamber was applied to all substrates, to which Ar/O2
plasma would not be administered as a reactant, unless stated otherwise. This O2
plasma clean prior to growth was carried out in order to provide more nucleation sites
for the titanium precursor through an increased density of surface OH species, and to
remove adventitious carbon species.

Figure 5. 1: Schematic showing a typical ALD supercycle for TiO2 doped with Al2O3
in (a) 19:1 ratio and (b) 99:1 ratio

The influence of doping ALD TiO2 was also investigated. Nanolaminate layers
comprised of various metal oxides which could affect the electrical properties of the
TiO2 ETLs were introduced by ALD. The laminate doping was applied by introducing
the secondary metal precursors in a 19:1 and 99:1 ratio of TiO2:dopant pulses (Figure
5.1 where secondary metal precursor is trimethylaluminum). This was performed to
establish whether there was a difference in electrical properties between the thin films
depending on titanium precursor, reactant, dopant and ratio of applied dopant, any of
which could enhance performance when incorporated into a mesoporous PSC.
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5.2 Experimental
5.2.1 Substrate Cleaning and preparation
All perovskite solar devices were prepared on high temperature resistant aluminoboroscilicate glass coated with fluorine-doped tin oxide (FTO) which served as a
transparent electrode (50 mm2 TEC-15, 15 Ω cm-1 or TEC-7, 7 Ω cm-1 from
Solaronix).
At Tyndall National Institute the FTO coated glass was diced into 25 mm2 substrates
prior to cleaning. The substrates were cleaned by successive ultra-sonication in Decon
90 (5 % in deionised water) for 30 minutes, followed by acetone and 2-propanol for
15 minute each. A N2 gun was used to thoroughly dry samples between each step.
Other substrates used for characterisation such as glass and quartz were also cleaned
in this way. n-type Si(100) wafers, which were used as substrates to determine ALD
film thickness, were treated with an initial surface clean using a Semitool Spray Acid.
O3, hot deionised water, NH4OH and HF were used to remove organic contaminants
and particles from the wafer surface prior to oxidation. This treatment produced a
chemical passivation oxide of approximately 1.45 nm on the wafer surface.
Prior to ALD deposition, The FTO glass substrates were first etched with a laser to
form two detached electrode patterns. This isolation of the FTO is commonly referred
to as a P1 line and was scribed using a UV ArF excimer laser (193 nm Lasertechnik
ATLEX 300i) 5 mm from the edge of each 25 mm2 FTO coated glass substrate. The
excimer laser focused on the front face of the FTO coated glass, isolating the FTO
(Figure 5.2). FTO coated glass substrates were then patterned using 0.6 mm kapton
tape as described in Appendix I, Figure 1 before ALD deposition.
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Figure 5. 2: Interconnection schematic showing P1 line scribed from front face of
FTO coated glass using ArF excimer laser

At CSEM, large FTO coated glass sheets were cut into 100 mm2 segments and cleaned
using a dishwasher designated only for substrate cleaning. This cleaning procedure
comprised of a basic solution, Deconex NS-X (Borer Chemie), followed by an acidic
solution, Deconex Organacid (Borer Chemie), to suitably clean the Solaronix FTO
coated glass. Subsequently, these segments were patterned using 0.6 mm kapton tape
and then deposited with 20 nm TiO2-x by RF sputtering to form the front electrode/hole
blocking layer stack. A frequency tripled Nd:YAG laser (Newport BLS, 355 nm)
was employed to scribe a P1 isolation line at 5 mm from the edge of each 25 mm2 cell
which would later be cut from a 100 mm2 TiO2-x/FTO coated glass segment. The P1
line was 20 µm in width.1,2 The UV laser focused on the glass side of the FTO coated
glass segments successfully isolating the transparent conductive oxide, FTO (Figure
5.3). The TiO2-x/FTO coated glass segments were then diced into 25 mm2 substrates
and cleaned using a N2 gun. For mesoporous PSCs incorporating ALD, 50 mm2 FTO
coated glass substrates were cleaned and deposited on at Tyndall National Institute
before being P1 scribed, diced and fabricated at CSEM by the author.

Figure 5. 3: Interconnection schematic showing P1 line scribed from back face of
FTO coated glass using Newport BLS, 355 nm, nanosecond pulse UV laser
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5.2.2 Deposition of nominally undoped and doped ALD TiO2
Deposition of TiO2 thin film ETLs was carried out on two commercial ALD reactors
at Tyndall National Institute, a Cambridge Nanotech Fiji F200 and a Picosun R200
system. The growth methodologies employed in the Picosun and Cambridge Nanotech
reactors differ due to their design characteristics. Both reactors feature different flow
rates and chamber sizes which can affect growth. The heating of the precursors also
varies from reactor to reactor causing reproducibility of literature experiments to
become difficult as described in sections 5.2.2.1 and 5.2.2.2 respectively.
All metal oxides were deposited at 185°C to meet the thermal restrictions of
perovskite/silicon heterojunction tandem cells, one of the promising applications for
PSCs3. The Cambridge NanoTech Fiji F200 was employed for the growth of TiO2
using titanium (IV) isopropoxide (TTIP) or tetrakis (diemthylamido) titanium
(TDMAT) and H2O or Ar/O2 plasma in an argon carrier flow as the metal precursors
and oxygen sources respectively, leading to a deposition rate of 0.2 Å per cycle with
TTIP and 0.5 Å per cycle with TDMAT. The Picosun R200 grew TiO2 using a N2
carrier flow. TDMAT and H2O or Ar/O2 plasma were used as the Ti precursor and coreactants. A study into the precursor TTIP was first carried out using the Cambridge
NanoTech reactor. From the results consequently obtained and due to cost of precursor
it was decided not to pursue TTIP as a titanium precursor on the Picosun reactor. The
growth rate per cycle at 185°C for TDMAT was 0.5 Å using the Picosun R200 system.
All growth rates were in agreement with literature values.4-8
Doping the ALD TiO2 thin films in a nanolaminate mode was investigated using
different metal oxides which could influence the electrical properties of the thin film.
Hafnium was incorporated using the precursor, tetrakis (ethylmethylamino) hafnium
(TEMAH).9,10 The silver precursor, 2,2,6,6-tetramethyl-3,5-heptanedionate silver
(Ag(fod)(PEt3)), was also adopted for doping TiO2.11-13 The atomic masses of both
hafnium and silver would likely cause stress because of their larger atom sizes when
compared to titanium.14 The tin precursor, tetrakis(dimethylamido)tin (TDMASn),
was integrated as a dopant because of the similar atomic size of tin to titanium and
bonds in the Sn4+ state similar to Ti4+.15-17 The vanadium precursor,
tetrakis(dimethylamido)vanadium (TDMAV), was used to dope TiO2. The vanadium
ion is similar to that of titanium and should be easily incorporated into the thin film.18145
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The smaller atom, aluminium (Al3+), was included as a dopant using the precursor,

trimethylaluminium (TMA). This was expected to fit into the structure without much
distortion due to aluminium’s smaller atomic size when compared to titanium.21-23
These secondary oxides incorporated as dopants span a range of band gaps from the
wide band gap Al2O3 (7-8 eV), to semiconducting oxides such as SnO2, and the midrange band gap of HfO2 (~5.9 eV).

5.2.2.1 Cambridge Nanotech Fiji System
5.2.2.1 (i) Undoped thermal TiO2
A nominally undoped TiO2 thin ﬁlm was first deposited on glass, quartz, n-Si(100)
wafers, and FTO coated glass by ALD. To avoid run-by-run variation in growth
experiments all substrate types were loaded together for each TiO2 variation. Undoped
thermal TiO2 ﬁlms were deposited at 185°C in a Cambridge Nanotech Fiji system
using a thermal reaction. The titanium precursor and reactant used for this deposition
were TDMAT and H2O. The precursor vessel for TDMAT was maintained at 75°C
while the H2O vessel, as previously mentioned in Chapter 4, was not directly heated
but maintained at 35°C due to its proximity to nearby heated components on the
system. The nominal growth rate of TiO2 is assumed to be 0.05 nm per cycle. An
example pulse/purge sequence, for a nominally 20 nm film, is outlined in Chapter 4,
Table IV.I.
Note that samples that included a plasma pre clean were subjected to a 5 minute 300
W Ar/O2 plasma treatment in situ in the ALD chamber prior to deposition, as described
in Table V.I.
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Table V. I: Cambridge Nanotech Fiji ramp to 20 sccm O2 plasma at 300 W for 5
minutes prior to thermal growth

As shown in Table V.I above, the O2 plasma required gentle ramping to stabilise from
5 sccm to 20 sccm and avoid plasma collapse.
5.2.2.1 (ii) Undoped plasma enhanced TiO2
O2 plasma was employed as a reactant for undoped plasma enhanced TiO 2 for both
TDMAT and TTIP precursors. All depositions were performed at 185°C. For growth
with TDMAT a 0.3 second pulse was employed for each cycle (Table V.II).
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Table V. II: Experimental parameters for deposition of TiO2 by plasma enhanced
ALD using TDMAT on Cambridge Nanotech Fiji

In step (0) the stop valve isolating the mass flow (MFC) is opened. In step (1) and (2)
the precursor manifold carrier and plasma source purge flow rates are set. Step (3)
involves waiting a total of 20 seconds for the Ar MFCs to stabilize. At (4) the loop
begins as the precursor TDMAT is pulsed for 0.3 seconds. A wait of 10 seconds at (5)
allows for a purge of the TDMAT and reaction by-products. At step (6) the plasma is
turned on at 300 Watts. A wait of 5 seconds is allowed in step (7) before the O2 flow
stabilises at 10 sccm at (8) for 5 seconds. This is increased to 15 sccm in step (10). A
wait of 10 seconds is allowed before the O2 flow is turned off. At step (14) the plasma
source is turned off and a waiting period of 10 seconds is allowed to purge any
remaining O2 and reaction by-products. Step (16) stands for “go to” next cycle where
it returns to step 4 and repeats for a total of 400 cycles. In step (17) and (18) the
precursor manifold carrier and plasma source purge flow rates are set to stand-by rates.
Figure 5.4 illustrates pressure versus time trace observed for the PEALD recipe in
Table V.II.
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Figure 5. 4: Graph of pressure versus time representing steps of ALD recipe for
PEALD

Note in this study TiO2 grown by the precursor TTIP was only observed through use
of PEALD as no growth was apparent when H2O was used as a reactant. The
precursor, TTIP, was gradually heated from 50°C in 5°C increments and tested until a
pulse of precursor was obtained. The TTIP vessel was maintained at 110°C while four
0.6 second pulses were employed in quick succession between each pulse of an O2
plasma reactant (Table V.III). The growth rate was found to be 0.02 nm per cycle,
requiring 1000 cycles to reach 20 nm.
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Table V. III: Experimental parameters for deposition of TiO2 by plasma enhanced
ALD using TTIP on Cambridge Nanotech Fiji

5.2.2.1 (iii) Doped TiO2
All doped films in this study were grown in a nanolaminate mode and, to satisfy the
thermal budget restrictions of perovskite/silicon heterojunction tandem cells,3 at
185°C. Nanolamination in ALD refers to cycles of a secondary metal precursor and a
reactant incorporated into the matrix of a thin film consisting of a separate material.
This dopant laminate layer is nanoscale in thickness and may influence the electrical
properties of the entire thin film structure. Doping was restricted to ratios of 19:1 and
99:1 of TiO2:dopant pulses. Doping by ALD is unlike traditional doping as it forms
laminate layers. This can dictate the crystallinity of the TiO2 thin films and influence
their resulting properties.24,

25

Previous work by Wu et al. has shown that the

conductivity of ZnO doped with Al atoms using ALD was improved by varying the
doping level.26 This improvement in conductivity can be limited by inhomogeneous
distribution of the Al atoms within a supercycle growth.26, 27 Too high a doping level
will produce small spacing between the layers of dopant in the thin film matrix. This
has been shown to produce overlaps of dopant profiles, which can affect conductivity
and doping efficiency, by Atom Probe Tomography (APT) characterisation. 28 Too low
150

Chapter 5

a doping level will not impact the conductivity of thin films. Low doping efficiency
can be influenced by the dopant’s solubility in the matrix material and suppression of
ionisation of the dopant by adjacent dopant atoms. The 19:1 doping ratio was decided
upon for this study due to its successful application in depositing conductive ZnO:Al
in the literature.27,29-31 Similarly, a 99:1 doping ratio has recently been reported for
doping ZnO with aluminium-hydroquinine.32 These ratios were chosen for use in a
preliminary study to establish if any notable differences could be observed in the
electrical properties of TiO2 layers doped with a wide variety of dopants.

Figure 5. 5: Schematic showing a typical ALD supercycle for TiO2 doped with Al2O3
in a 19:1 ratio ensuring that the interfaces were not dominated by the dopant

Prior to growth all substrates were subjected to a 5 minute O2 plasma treatment in situ
in the ALD chamber. In order to assess the bulk material the laminate method was
adapted so as to not terminate on a doping cycle, for example, for the 19:1 ratio
samples 10 cycles of TiO2 were introduced through use of TDMAT or TTIP as the
titanium precursor and H2O or O2 plasma as the reactant, this was followed by a cycle
of the dopant and co-reagent and a further 19 cycles of TiO2 (Figure 5.5).
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Figure 5. 6: Schematic showing a typical ALD supercycle for TiO2 doped with Al2O3
in a 99:1 ratio ensuring that the interfaces were not dominated by the dopant

For the addition of dopants in the 99:1 ratio, 50 cycles of TiO2 were introduced before
a cycle of the dopant second precursor and reactant (Figure 5.6). These respective 10
and 50 cycles allowed nucleation of the TiO2 and ensured that the dopant metal
precursor was not at the interface of the material and would be contributing to the bulk
growth regime and not the nucleation regime of the thin film. The supercycles
continued until 400 cycles were deposited. Table V.IV below outlines the reaction
conditions used for each variation of dopant and ratio incorporated into the TiO2 films
using the Cambridge Nanotech Fiji system.
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Table V. IV: Table showing titanium precursors, reactants, dopants and ratios used

5.2.2.2 Picosun R200 System
5.2.2.2 (i) Undoped thermal TiO2
A nominally undoped TiO2 thin ﬁlm was first deposited on glass, quartz, n-Si(100)
wafers, and FTO coated glass by ALD. To avoid run-by-run variation in growth
experiments all substrate types were loaded together for each TiO2 variation. Undoped
thermal TiO2 ﬁlms were deposited at 185°C in a Picosun R200 system using a thermal
or plasma enhanced reaction. The titanium precursor and reactant used for the
depositions were TDMAT and either an O2 plasma at 2.95 kW or H2O. The precursor
vessel for the TDMAT was maintained at 65°C, while the vessel neck was held at
80°C. The H2O reactant was maintained at a room temperature of approximately 27°C
where an adequate vapour pressure was achieved. The nominal growth rate was
assumed to be 0.05 nm per cycle. A pulse/purge sequence was adopted as outlined in
Table V.V with a 1.6 second TDMAT pulse duration.
Due to the indirect heating of the substrate in the Picosun system, samples were given
a 40 minute stabilisation time within the reaction chamber prior to processing. The
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length of temperature stabilisation period was determined by the thermal-optical
response of silicon as measured by in situ ellipsometry.
The Picosun R200 ALD system has a boost function which can be used for solid
precursors with lower than ideal vapour pressures. The precursor vessel is equipped
with a second precursor valve which allows the carrier gas (N2) to flow through the
precursor bottle when pulsing valves are active. This allows better transportation of
the precursor chemical to the reactor. The carrier gas maintains a constant pressure for
each pulse and allows the same sized pulse to be dosed consistently.
Table V. V: Experimental parameters for deposition of thermal TiO2 subjected to a 5
minute O2 plasma treatment prior to deposition using TDMAT on Picosun R200

Table V.V outlines the recipe used for the growth of thermal TiO2 which was subjected
to an in-situ O2 plasma treatment prior to ALD growth at 185°C. The O2 plasma (2.97
kW) was pulsed for 152 seconds before a break of 8 seconds to limit thermal effects.
This was followed by a further 152 second pulse of plasma. This, when added to 4
seconds stabilisation time for each plasma pulse, gave a total of a 5 minute O2 plasma
clean. Following the plasma clean, a 10 second purge time was allowed before the first
precursor, TDMAT, was introduced for 1.6 seconds using the boost function. After an
8 second purge a 0.1 second pulse of H2O was introduced with another 8 second purge
to complete the cycle. The cycle of TDMAT and H2O was repeated for a total of 400
cycles. The nominal thickness of the thin film grown was 20 nm assuming a growth
rate of 0.05 nm per cycle.
Similarly, nominally undoped TiO2 thin films were deposited using PEALD. Here the
H2O was replaced with O2 plasma, a 5 minute O2 plasma treatment prior to ALD
growth was not employed.
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5.2.2.2 (ii) Doped TiO2
As with the Cambridge Nanotech reactor all nanolaminate films were deposited at
185°C in a 19:1 ratio and a 99:1 ratio of TiO2:dopant pulses.
Table V. VI: Experimental parameters for deposition of TiO2 with dopant in 19:1
ratio on Picosun R200 system

For example, the recipe for a 19:1 dopant ratio can be observed in Table V.VI. After
a 40 minute stabilisation time in the reaction chamber, samples are subjected to the
plasma clean. Following the plasma clean, as with the undoped samples a 10 second
purge time was allowed before the first precursor, TDMAT, was introduced for 1.6
seconds using the boost function. After an 8 second purge a 0.1 second pulse of H2O
was introduced with another 8 second purge directly after to complete the cycle. As
with the Cambridge Nanotech system, the supercycles were modified to ensure that
the interfaces were not dominated by the dopant (Figure 5.5, 5.6).
A similar scheme was adopted for the 99:1 ratio, 50 cycles of TiO2 were first
introduced after 5 minutes of an O2 plasma clean. A pulse of the second metal
precursor was added followed by a purge and a pulse of H2O reactant. This step was
followed by 49 cycles of TiO2 to complete the supercycle. The supercycles continued
until a total of 400 cycles were deposited. The nominal thickness of all ALD TiO2
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films grown was 20 nm assuming a 0.05 nm per cycle growth rate. The growth
parameters are outlined below in Table V.VII.
Table V. VII: Table showing growth parameters with variations in reactants,
dopants and ratios used on Picosun R200 system

For doped samples grown by the laminate method ALD the doping process could be
monitored by in situ spectroscopic ellipsometry (SE) using a Woollam M2000D
system (193 - 998.9 nm). Although dopant levels could not be quantified, the growth
mode could be verified in real time by sampling and analysing in dynamic capture
mode the using CompleteEASE software (Woollam) coupled with a Cauchy model to
describe the TiO2 ﬁlm deposited. In situ ellipsometry is a useful technique that is
available to many commercial ALD systems on the market. Despite this, there are
some drawbacks present with the system used in this study. The models used are based
on room temperature fits for these measurements while the thin film in reality was
deposited at 185°C. The refractive index is also assumed to be constant with increasing
thickness which practically is unlikely.
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Figure 5. 7: In situ SE of TiO2 doped with Al2O3 in 24:1 supercycle

For example, Figure 5.7 displays the fitted thickness with time plot from a real time
observation of TiO2:Al2O3 growth in the ratio 24:1. The measurement time was set to
capture data at 1.6 second intervals, which allowed resolution of the cyclic nature of
the precursor pulsing and purging. The step-wise nature of ALD TiO2 film growth can
be observed with the thickness increasing with increased number of cycles. The
second precursor, TMA, is introduced every 24 cycles which is indicated by its smaller
peak as displayed in the expanded view. The Al2O3 peak is notably smaller than that
of TiO2 due to its lower refractive index of 1.770 compared to 2.493 for TiO2.

5.2.3 Fabrication of mesoporous PSCs
25 mm2 TEC 15 FTO coated glass substrates (Solaronix TCO22-15) were cleaned and
the metal oxide blocking/electron transport layer deposited via ALD as described in
section 5.2.1 and 5.2.2.
The perovskite solution was prepared in the glove box, 225.05 mg of MAI (Dyesol)
was added to 652.52 mg PbI2 (TCI) in a 4 ml vial. A magnetic stirrer was added to the
vial, followed by 1,000 µl of a 1:9 volume ratio of DMSO:DMF (Sigma Aldrich). This
1.4 M perovskite solution was allowed to stir overnight in the glove box.
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Fifteen hours later, mesoporous TiO2 (m-TiO2) paste (Sharechem) was stirred into a
dilution of IPA at a ratio of 1:5. A magnetic stir bar was placed in the m-TiO2 paste
and allowed to stir on a hot plate at 27°C for 15 minutes. Prior to spin coating, the
ALD TiO2 blocking layer/FTO coated glass substrates were blown with a N2 gun to
ensure any contaminants such as dust or loose particles could be removed. 4 drops of
the m-TiO2 solution were deposited from a dropper onto the centre of the substrate
and spin coated at 4,500 rpm for 30 seconds to form the scaffold layer. The samples
were immediately dried on a hot plate at 125°C for 5 minutes before being sintered.
The sintering of the scaffold required the temperature to be ramped up from 125°C to
500°C in stages, Table V.VIII, and then allowed to cool for 1 hour before further
processing. It should be noted that in Chapter 4 Dyesol 18NRT was utilised as the
mesoporous TiO2 paste while the brand Sharechem was processed for this study in
Chapter 5. Collaborators were found to have their own preferences in terms of brands
and the author adhered to their use for each chapter. This allowed like to be compared
with like in each investigation with the sole variation being the ETL.
Table V. VIII: Sintering process for mesoporous scaffold layer

After stirring overnight, the perovskite solution was filtered into a clean vial using a
0.45 µm PTFE filter. This was then removed from the glove box and spin coated on
the cooled m-TiO2/ ALD TiO2/ FTO coated glass substrates. The samples were again
blown with a N2 gun directly prior to spin coating to remove any contaminants from
the environmental surroundings. 65 µl MAPbI3 solution was micro-pipetted on the
centre of the substrates before they were spun at 1,000 rpm for 10 seconds, followed
by 5,000 rpm for 45 seconds. 0.75 ml of diethyl ether (Sigma Aldrich) was carefully
used as an anti-solvent treatment 35 seconds before the end of the spin coating process.
Samples were then dried for 2 minutes at 50°C and annealed for 10 minutes at 100°C.
The HTL was prepared by dissolving 43.4 mg 2,2’,7,7’-tetrakis- (N,N-di-4methoxyphenylamino) -9,9’spirobi-fluorenes (Spiro-OMeTAD) (Merck) in 17.3
μl/ml 4-tert-butylpyridine (tBP) (TCI), 10.5 μl/ml stock solution of 520 mg/ml lithium
bis (trifluoromethylsulfonyl) imide (LiTFSI) (Sigma-Aldrich) in acetonitrile, in 600
158

Chapter 5

μl chlorobenzene. This was spin coated on top of the perovskite layer at 4,000 rpm for
30 seconds. The devices were completed with the evaporation of a 100 nm gold
electrode using a Lesker mini-spectros system, with substrate temperature of 80°C and
a base pressure of 1.5 × 10−6 Torr. The spin coating steps carried out for the
fabrication of mesoporous PSCs are outlined in Table V.IX.
Table V. IX: Spin coating programmes for mesoporous PSC

All mesoporous device fabrication for both ALD and sputtered TiO2-x ETLs in this
chapter was carried out by the author while performing an internship at CSEM.

5.3 Results and Discussion
TiO2 thin films were successfully deposited on a range of substrates using both thermal
and plasma enhanced ALD by two different ALD systems, a Cambridge Nanotech Fiji
system and a Picosun R200 system, at 185°C. Titanium precursors TDMAT and TTIP
were studied with co-reactants water and oxygen plasma. A nanolaminate doping
method was applied by introducing a range of second precursors in a 19:1 and 99:1
ratio of TiO2:dopant. This was performed to establish whether there was a difference
in electrical properties between the thin films depending on titanium precursor,
reactant, dopant and ratio of applied dopant, any of which could enhance performance
when incorporated into a mesoporous PSC. Mesoporous PSCs were then fabricated
and their J-V characteristics were analysed in relation to the ALD ETLs.

5.3.1 Sigma Dark
Dark conductivity measurements of the 20 nm based ALD TiO2 samples on glass were
performed under a 1 mbar N2 atmosphere. Evaporation of 200 nm thick Ag contacts,
using a 1 mm x 8 mm mask, was performed prior to measurement. Samples were
subjected to a temperature ramp from room temperature to 180°C at a rate of 10°C
min-1 and then cooled at a rate of 1°C min-1. Conductivity of the samples was measured
during the cooling phase.
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Table V. X: Sample ID for Sigma Dark characterisation

In this section, the ALD thin films which underwent characterisation were provided
with sample ID labels for ease of illustration. The corresponding composition is
outlined in Table V.X.
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Figure 5. 8: (a) Bar chart showing activation energy and (b) Arrhenius plot of the
surface conductivity of ALD TiO2 thin films comparing titanium precursor and
reactant. TiO2 deposited using TDMAT and H2O with a 5 minute plasma clean prior
to growth is observed to be the most conductive

A bar chart comparing Ea, as well as an Arrhenius plot of the surface conductivity for
undoped ALD TiO2 thin films deposited by the Cambridge Nanotech Fiji system on
glass are illustrated in Figure 5.8, demonstrating semi-conducting behaviour for all
films with conductivity increasing as temperature increases. In addition, it can be seen
that the bulk conductivity of the thin films is precursor dependent. The titanium
precursor, TTIP, was found to be a less reactive precursor at the low deposition
temperature of 185°C, requiring O2 plasma as a reactant for growth (sample ID TT_a).
The growth rate was quite low at 0.2 Å per cycle, implying either sub monolayer
growth from a non-limiting reaction, or stearic hindrance by the ligands.

Figure 5. 9: Illustration of chemical structures for (a) TDMAT and (b) TTIP
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It can be observed in Figure 5.9 that TTIP is a notably larger molecule than TDMAT.
Reaction mechanism studies indicate that between deposition temperatures of 150°C
to 200°C, two ligands per TTIP molecule are released during the exchange reaction
with a hydroxylated surface.33, 34 Combined with steric hindrance, a lower amount of
TTIP molecules are likely to saturate the surface compared to TDMAT. This could
lead to a difference in density between TiO2 films deposited by TDMAT and TTIP.
There are discrepancies in the literature regarding the growth rate of TiO2 thin films
using the precursor, TTIP, underlining the complexity of ALD and its dependence on
reactor design. A growth rate as high as 0.15 nm per cycle by pulsed beam CVD at a
deposition temperature of 150°C has been reported by Döring et al.35 Adversely, at the
same deposition temperature, a growth rate of 0.015 nm per cycle was obtained using
ALD by Ritala et al.36 while a temperature-independent growth rate of 0.03 nm per
cycle was exhibited between 250°C and 350°C. TiO2 using TTIP and H2O2 below
reaction temperatures of 150°C have been shown to have a higher growth rate than
TiO2 films deposited using TTIP and H2O. This is due to the H2O2 reactant being better
able to eliminate alkoxide ligands. At higher deposition temperatures, the growth rate
was found to be independent of oxygen reactants.37 Previous work by Jeong et al.
found PEALD of TTIP to have a growth rate of 0.045 nm per cycle when deposited at
180°C on an Al bottom electrode of 60 nm patterned on SiO2 substrates.38 Stearic
hindrance and kinetic limitation have been suggested as the main reasons for low
growth rate using the precursor TTIP.34
The titanium precursor, TDMAT, was found to be more reactive as it only required
H2O as a reactant and provided the higher growth rate of 0.5 Å per cycle at 185°C.
TDMAT allows for better coverage approaching ideal monolayer growth, resulting in
a more uniform microstructure. It is expected that this is the reason for better resultant
electrical properties. As described by Xie et al., TDMAT is more reactive at this lower
temperature and would be the superior choice for ALD growth.5 It is of significance
that samples subjected to an O2 plasma treatment prior to being deposited using
TDMAT and H2O demonstrate a marked improvement in conductivity over all other
methods of depositing TiO2 by ALD (sample ID TD_b). This plasma clean
immediately preceding the deposition is likely to provide more nucleation sites for
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ALD. With the introduction of TDMAT, these reactive sites form an increased number
of chemisorbed species upon surface reaction, enhancing the ALD deposition. The use
of an O2 plasma is also known to remove adventitious carbon, which would result in
a non-uniform growth, from the surface of the substrate.39

Figure 5. 10: (a) Bar chart showing activation energy and (b) Arrhenius plot of the
surface conductivity of ALD TiO2 thin films comparing TDMAT to TTIP with doping
of Al2O3 in a 19:1 and 99:1 ratio

Figure 5.10 displays a comparison of TDMAT and TTIP growths. PEALD of TiO2
using TDMAT (sample ID TD_c) shows an improved conductivity when compared to
the same growth using TTIP (sample ID TT_a). Although TDMAT appears to
outperform TTIP when doped with Al2O3 in a 19:1 and 99:1 ratio, it should be noted
that this is not solely due to the TDMAT precursor. TDMAT was used in conjunction
with a H2O reactant for deposition of TD_e1 and TD_e2 thin films. TTIP was used in
conjunction with an O2 plasma reactant for deposition of TT_b1 and TT_b2 thin films.
The O2 plasma reactant has previously been shown to contribute to a less conductive
thin film than H2O when employed for TiO2 films deposited using TDMAT. The TTIP
precursor was only found to deposit TiO2 through use of an O2 plasma reactant in this
study. TiO2 doped with Al2O3 in a 19:1 ratio demonstrates improved conductivity
when compared to the 99:1 doped thin films. Despite the 99:1 ratio TiO2:Al films
containing less dopant material, their semi-conducting behaviour was severely
inhibited compared to the undoped and 19:1 doped versions.
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Figure 5. 11: Bar chart showing electrical conductivity for all nanolaminate doped
films on the Cambridge Nanocech Fiji system

In Figure 5.11 a difference in electrical conductivity can be observed for all
nanolaminate doped TiO2 thin films deposited on the Cambridge Nanotech Fiji
system. The secondary precursor dopants, the ratio in which they were injected, as
well as the titanium precursor used have a significant effect on the semi-conducting
behaviour. TiO2 deposited by TTIP and O2 plasma as precursor and reactant
respectively which was doped in a 99:1 ratio with Al (TT_b2) is shown to be the most
resistive film. This is due to the less reactive TTIP precursor, the O2 plasma reactant
which has proved to reduce semiconducting behaviour, and the 99:1 dopant ratio for
the large band gap Al2O3.
TiO2 deposited using TDMAT and H2O as titanium precursor and reactant, which was
doped in a 99:1 ratio with Ag (TD_h2), demonstrated the most conductive electrical
behaviour out of all TiO2 films doped by the Cambridge Nanotech Fiji system. Silver
is known to enhance the photocatalytic properties and photo-electrochemical response
of TiO2. Silver particles can act as electron reservoirs by supressing e- - h+
recombination.40, 41 Silver doped ZnO has been explored by solution emersion where
0 %, 1 %, 3 %, 5 % and 7 % concentrations of Ag doping were investigated. 1 % Ag
produced the highest electrical conductivity by IV characterisation. The highly
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orientated crystal growth and good morphology of the 1 % Ag doped ZnO films were
found to be a good influence on the electrical properties.42 Despite the initial results
of improved conductivity with TiO2:Ag in a 99:1 ratio, no evidence of Ag(fod)(PEt3)
was observed as a pressure pulse during ALD growth. Several attempts to grow an
Ag2O thin film using the Cambridge Nanotech Fiji were made but evidence of growth
was difficult to determine. All XRD measurements showed films to be amorphous due
to the thinness of any film that could be deposited and ellipsometry was deemed
impractical due to the reflectivity of the samples. The TiO2:Ag film in a 99:1 dopant
ratio was found to be only marginally better than undoped TiO2 with a 5 minute O2
plasma pre clean using sigma dark characterisation (Figure 5.14). Further
characterisation of the TiO2:Ag film through XPS was necessary to ensure that silver
was incorporated into the thin film and that this resulted in the improved electrical
characteristics observed.

Figure 5. 12: (a) Bar chart showing activation energy and (b) Arrhenius plot of the
surface conductivity of ALD TiO2 laminate doping from two different ALD systems

When comparing the same TiO2 depositions in different reactors using sigma dark, the
Cambridge Nanotch Fiji system was observed to produce more conducting films than
the Picosun R200 system (Figure 5.12). While both reactors produced thin films that
had improved semi-conducting behaviour when doped with SnO2 in a 19:1 ratio, the
thin film produced by the Cambridge Nanotech Fiji (TD_i1) was an order of
magnitude higher in terms of dark conductivity (Ω-1 cm-1) when compared to the same
film produced by the Picosun R200 (PTD_j). For TiO2:Hf in a 19:1 ratio the film
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deposited by the Nanotech system (TD_g1) was almost three orders of magnitude
higher than the same film deposited by the Picosun (PTD_k). This is an interesting
observation as it implies that films cannot be reproduced using different ALD systems.
The reasoning behind this is that despite the same precursors and dopants being used
in the same ratio, the reactors themselves adopt different pumps and vary in pressure.
Both reactors utilise different flow rates and chamber sizes which can affect growth.
The heating of the precursors also varies between reactors as TDMAT is set to 75°C
for the Cambridge Nanotech Fiji system, while TDMAT was found to grow best when
heated to 65°C with the accompaniment of a boost function on the Picosun R200
system. ALD reactors are reactor dependant and behave differently to one another
making reproducibility extremely difficult using different reactors.

Figure 5. 13: Bar chart showing electrical conductivity for all doped and undoped
TiO2 films measured for both ALD reactors

When comparing all nominally doped and undoped TiO2 films, TiO2 doped with Ag
in a 99:1 laminate ratio (TD_h2) and undoped TiO2 which was subjected to an O2
plasma treatment prior to ALD deposition (TD_b) performed the best in terms of dark
conductivity. The plots of these two films’ dark conductivity and corresponding
activation energy are displayed in Figure 5.14. These two films demonstrated promise
for fabrication into mesoporous PSCs, but as mentioned previously further
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characterisation is required to clarify that silver was incorporated, and remained, in
the TiO2:Ag thin film.

Figure 5. 14: Plot of dark conductivity for best electrically conductive films (a)
TiO2:Ag2O 99:1, (b) O2 plasma pre clean, thermal TiO2

5.3.2 UV-visible spectrometry
The optical transmittance of the ALD TiO2 thin films was measured with a PerkinElmer Lambda 900 spectrophotometer with a step size of 1 nm wavelength.
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Figure 5. 15: % Transmission spectra of the same 20 nm films on (a) FTO coated
glass substrates and (b) glass substrates

Optical transmittance on FTO coated glass and glass substrates is illustrated in Figure
5.15. In both of these cases TiO2 doped with aluminium in a 19:1 ratio retains higher
transmittance in the 300 nm – 800 nm range of the spectrum compared to undoped
TiO2 with a 5 minute O2 plasma clean prior to growth. Transmittance values above 50
% are retained in all films deposited on FTO coated glass, and above 65 % in films
deposited on glass in the 400 – 800 nm range of the spectrum.
UV-Vis is a useful technique to determine percentage transmission. However, the
ALD method with its ability to coat high aspect ratios does not lend itself well to such
measurements. Unless masked, “overlap” can be found on many ALD substrates,
which involves deposits growing on the underside of the substrate. As a consequence,
additional absorption can lead to a lower percentage transmission observed. For this
reason these measurements on test samples, where masking is not essential, are for
guidance only.

5.3.3 XPS
X-ray photoelectron spectroscopy (XPS) analysis was performed in order to obtain the
elemental composition of the nominally undoped and doped TiO2 ﬁlms. The samples
were first sputtered with an Argon Gas Cluster source (10 keV, Ar1000+ clusters) for
3 seconds in order to remove the carbon over layer. Then high-resolution X-ray
photoelectron spectra were recorded using a Kratos AXIS instrument with a
monochromatic Al Kα radiation of 1486.6 eV energy as the excitation source (10 mA,
15 kV). All the spectra were acquired with analyser pass energy of 20 eV and 100 ms
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dwell time per step. Binding energy values were calibrated by employing the C 1s
284.80 eV. Construction and peak fitting of synthetic peaks in narrow region spectra
used a Shirely type background and the synthetic peaks were of a mixed GaussianLorenzian type. Relative sensitivity factors used were from CasaXPS library
containing Scofield cross-sections.
Table V. XI: XPS results detailing the percentage concentration of the Ti3+, the Ti4+,
the nitrogen and the carbon contents in undoped and doped 20 nm TiO2 films on
FTO coated glass

Table V.XI displays the percentage concentration of Ti3+ and Ti4+ present in 20 nm
ALD thin films deposited on FTO coated glass. The stoichiometry was estimated from
the peak areas, Ti 2p peaks at 457.3 and 458.9 eV. XPS of the 20 nm thermal TiO2
film deposited by the Cambridge Nanotech and pre-treated with a 5 minute O2 plasma
produced a Ti3+:Ti4+ ratio of 0.257:1. This sample along with TiO2 doped with
aluminium in a 19:1 ratio deposited by the Picosun system contained the lowest ratio
of Ti3+:Ti4+ of all films measured. In general, the existence of Ti3+ in TiO2 indicates
that oxygen vacancies are generated to maintain an electrostatic balance. As discussed
in Chapter 4, ALD TiO2 from the TDMAT process at 200 °C was found to contain
measurable quantities of N and C from unreacted precursors. This was also observed
with as deposited TiO2 from the TDMAT ALD process at 185°C which had been pretreated with an O2 plasma clean.

169

Chapter 5

TiO2 doped with silver in a 99:1 ratio has previously proved interesting due to its
marginally improved electrical conductivity when compared to undoped TiO2. XPS
was carried out on the 19:1 version of this thin film to establish if any silver could be
detected. The 19:1 TiO2:Ag film would contain more silver than the 99:1 TiO2:Ag film
and so it would be easier to detect any incorporation through means of XPS. No
evidence of silver was identified through XPS, however the increased carbon
concentration for this film suggests that the carbon ligands from the silver precursor,
Ag(fod)(PEt3), may have been incorporated into the film. It is possible that
conductivity of the film may have been improved by an increase in the carbon content.
Under these low temperature growth conditions it appears that the precursor did not
react as intended with residual ligands refusing to decompose and be purged through
the extract. It has been reported in the literature that silver particles tend to diffuse into
thin films and agglomerate forming large clusters upon heat treatments of 200°C.43, 44
It is possible that if silver was incorporated, it may have diffused through the TiO 2
film and migrated to the FTO coated glass substrate. It was decided not to investigate
the 99:1 ratio of TiO2:Ag in mesoporous PSCs any further as incorporation of silver
could not be verified.
No XPS signal was detected from the underlying FTO for any of the thin films
characterised, supporting the claim of conformal and pinhole free ALD coverage.
Morphological and electrical comparisons between doped and undoped ALD TiO2
thin films are displayed in Appendix I, Figures 10 to 14. XPS spectra of a 19:1 TiO2:Al
film on FTO coated glass is presented in Figures 15 and 16. A tauc plot of the same
19:1 TiO2:Al film is also shown in Figure 17.

5.3.4 Mesoporous solar cell performance
Following the author’s work depositing and characterising ALD ETLs at Tyndall
National Institute, an internship was arranged at CSEM to study established methods
with which to deposit the remaining PSC layers. Here the author fabricated
mesoporous perovskite devices using the ALD ETLs and reference sputtered ETLs.
Their performances are compared and discussed herein.
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5.3.4.2 ALD plasma pre-clean, thermal TiO2

Figure 5. 18: (a) J–V characteristics of mesoporous perovskite solar cell containing
plasma pre clean, 20 nm thermal ALD TiO2 (b) External quantum efficiency of same
perovskite solar cell containing plasma pre clean, 20 nm thermal ALD TiO2 ETL

Table V. XII: Device performance parameters for a cell containing plasma pre
clean, 20 nm thermal ALD TiO2 ETL

The J-V characteristics of the best PSC based on undoped ALD TiO2 (TD_b) is shown
in Figure 5.18 (a) and the corresponding external quantum efficiency is displayed in
Figure 5.18 (b). This device contained a 20 nm thermal ALD TiO2 compact layer
grown on an O2 plasma cleaned substrate and reached a Voc, Jsc, and FF of 1097 mV,
19.80 mA cm−2, and 70.61 %, respectively, leading to a PCE of 15.33 %. EQE
displayed a current density of 12.26 mA cm-2 without a light bias, which is not in
agreement with J-V results. When a white light bias is applied the current density
reaches 16.54 mA cm-2 which is still below the value predicted by J-V. There is a clear
photo-doping effect observed in the ALD layer. This effect was exhibited in all ALD
ETLs incorporated into mesoporous cells except that which was given a 5 minute O2
plasma treatment after ALD deposition (Figure 5.19). It is speculated that the O2
plasma treatment after ALD growth allowed for an improved interface between the
compact ALD TiO2 and the m-TiO2 layers by improving wettability.45 Fewer defects
and charge traps from the interface suggests increased adhesion of the underlying
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compact TiO2 to the m-TiO2 layer, resulting in a more ideal cell. While this procedure
has not yet been optimised due to the low efficiency of the device (8.5 % PCE) as
observed in Table V.XIV, it is thought to be the reason for removing the observed
photo-doping effect.

Figure 5. 19: External quantum efficiency of perovskite solar cell containing 20 nm
thermal ALD TiO2 followed by a 5 minute O2 plasma treatment ETL

Table V.XIV summarises the IV parameters of mesoporous PSCs comprised of
various undoped and laminate doped 20 nm ALD TiO2 ETLs and compares them to a
reference ETL of sputtered TiO2-x. The ALD layer consisting of a 20 nm thermal ALD
TiO2 compact layer on an O2 plasma cleaned substrate exhibits the best performance
of all ALD TiO2 layers tested in mesoporous devices. This is in accordance with the
sigma dark characterisation of the ALD film on glass and the UV-Vis spectrometry of
the ALD film on quartz. The resulting 15.33 % PCE is comparable to that of the
reference cell containing sputtered TiO2-x reaching 16.19 % PCE. The thermal TiO2
ALD film reaches a slightly lower PCE of 14.42 % when incorporated into a cell. This
indicates that the O2 plasma clean prior to ALD growth is necessary to enhance overall
device performance by removing adventitious carbon from the FTO coated glass
substrate and enhancing ALD deposition by providing more –OH reactive sites on the
surface. The cell fabricated from the thermal TiO2 ALD film followed by a 5 minute
O2 plasma clean after deposition does not perform well attaining a low PCE of 8.5 %
on a 1.04 cm2 active area. However, the use of O2 plasma after growth does correct
the photo-doping effect observed in the remainder of cells utilising ALD TiO2.
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Figure 5. 20: (a) J–V characteristics of mesoporous perovskite solar cell containing
plasma pre clean, 20 nm thermal ALD TiO2 doped with hafnium in 19:1 ratio. (b)
External quantum efficiency of same perovskite solar cell containing plasma pre
clean, 20 nm thermal ALD TiO2 doped with hafnium in 19:1 ratio ETL.
With regard to nanolaminate doped ALD TiO2 thin films incorporated into
mesoporous PSCs, TiO2 doped with hafnium in a 19:1 ratio surprisingly performed
the best out of all ALD films achieving 15.52 % PCE on a 1.04 cm2 active area (Figure
5.20). This ALD film was deposited using the Picosun R200 ALD system and
produced the worst semi-conducting behaviour out of all deposited films when
characterised by sigma dark. However, the high efficiency of the cell was not
maintained through steady-state max power point tracking over 300 seconds and
quickly dropped to a stabilised 13.3 %. ALD TiO2 doped with aluminium in a 19:1
ratio produced a slightly lower PCE of 15.41 % but managed to maintain a higher
stabilised efficiency of 14.0 % over 300 seconds of tracking when compared to the
hafnium dopant. Finally, none of the mesoporous cells comprising of ALD TiO2 doped
with tin in a 19:1 ratio performed well. The highest PCE reached was 2.07 % which is
far below all other cells. It is likely that there may be a fault with the ALD growth
itself or with the deposition of one of the remaining layers in the cell as all TiO 2:Sn
films in a 19:1 ratio were made up together. To verify if the low PCE obtained was
due to the ALD thin film or contamination of one of the other layers this experiment
should be repeated.
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Table V. XIII: Summary of IV parameters comparing different compositions of 20
nm ALD TiO2 ETLs to 20 nm sputtered TiO2-x ETLs in mesoporous perovskite solar
cells

In this study ALD doping of the alternative ETL, SnO2, was also investigated for
mesoporous PSCs. J-V characteristics and EQE measurements of a mesoporous cell
consisting of 20 nm thermal ALD SnO2:Ti doped in 19:1 dopant:pulse ratio is
presented in Appendix I, Figure 18. Max power point steady state tracking over 600
seconds for this device is also displayed in Figure 19 as it stabilises at 12.2 % PCE.

5.3.4.1 Reference sputtered TiO2 as compact ETL
Mesoporous perovskite solar cell devices were assembled using ALD undoped and
doped TiO2, as well as RF sputtered TiO2-x as the ETLs. RF sputtered TiO2-x was
chosen to act as a reference ETL because its use has been well established and
optimised by those at CSEM. The solar cell devices were composed of a conductive
FTO coated glass substrate, a compact 20 nm ALD TiO2 thin film or a 20 nm sputtered
TiO2-x thin film, a mesoporous TiO2 layer, a MAPbI3 perovskite layer, a SpiroOMeTAD hole transport layer and a gold counter electrode. The devices containing
ALD ETLs were made up alongside RF sputtered ETLs to avoid variations in the other
layers mentioned above allowing ETLs to be directly compared.
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Figure 5. 16: TEM image of a 20 nm RF sputtered TiO2-x thin film deposited on TEC
7 FTO coated glass

The TEM image of 20 nm sputtered TiO2-x at 60°C on FTO coated glass in Figure 5.16
is observed to be conformal following the curves of the rough FTO underneath. The
film is shown to be crystalline due to the high energy process involved in RF
magnetron sputtering unlike that of ALD TiO2 deposited at 185°C.
Perovskite cells with undoped and doped TiO2 ETLs were measured under a two-lamp
class AAA WACOM sun simulator with an AM 1.5 G irradiance spectrum at 100
Watts cm-2. The cell area was 1.04 cm2 and defined using a metal mask. The J–V
characteristics of the cells were obtained under both reverse (from Voc to Jsc) and
forward (from Jsc to Voc) bias. Maximum power point (MPP) tracking was performed
to extract the stabilised power output. External quantum efficiency (EQE) spectra were
acquired on a custom-made spectral response setup equipped with a xenon lamp, a
grating monochromator and lock-in amplifiers.1
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Figure 5. 17: (a) J–V characteristics of mesoporous perovskite solar cell containing
sputtered 20 nm TiO2-x (b) External quantum efficiency of same perovskite solar cell
containing sputtered 20 nm TiO2-x ETL

Table V. XIV: Device performance parameters for a cell containing 20 nm sputtered
TiO2-x ETL

The J-V characteristics of the best PSC based on the reference, sputtered TiO2-x ETL,
is shown in Figure 5.17 (a) and the corresponding external quantum efficiency is
displayed in Figure 5.17 (b). This device achieved a Voc, Jsc, and FF of 1086 mV,
20.03 mA cm−2, and 74.42 %, respectively, leading to a PCE of 16.19 %. EQE
displayed a current density of 20.25 mA cm-2 which is in agreement with J-V results.

5.4 Summary
Deposition of TiO2 thin film ETLs was carried out on two commercial ALD reactors
at Tyndall National Institute, a Cambridge Nanotech Fiji F200 and a Picosun R200
system. All metal oxides were deposited at 185°C to meet the thermal restrictions of
perovskite/silicon heterojunction tandem cells3. The Cambridge NanoTech Fiji F200
was employed for the growth of TiO2 using titanium (IV) isopropoxide (TTIP) or
tetrakis (diemthylamido) titanium (TDMAT) and H2O or Ar/O2 plasma in an argon
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carrier flow as the metal precursors and oxygen sources respectively, leading to a
deposition rate of 0.2 Å per cycle with TTIP and 0.5 Å per cycle with TDMAT. The
Picosun R200 grew TiO2 using a N2 carrier flow. TDMAT and H2O or Ar/O2 plasma
were used as the Ti precursor and co-reactants. The growth rate per cycle at 185°C for
TDMAT was 0.5 Å using the Picosun R200 system.
Doping the ALD TiO2 thin films with nanolaminate layers was investigated using
different metal oxides which could influence the electrical properties of the thin film.
TMA, TEMAH, Ag(fod)(PEt3), TDMASn, TDMAV were all employed as secondary
metal dopant precursors and used with either O2 plasma or H2O as the reactant. These
secondary oxides incorporated as laminate dopants span a range of band gaps from the
wide band gap Al2O3 (7-8 eV), to semiconducting oxides such as SnO2, and the midrange band gap of HfO2 (~5.9 eV). The laminate doping was applied by introducing
the secondary metal precursors in a 19:1 and 99:1 ratio of TiO2 to dopant. This was
performed to establish whether there was a difference in electrical properties between
the thin films depending on titanium precursor, reactant, dopant and ratio of applied
dopant, any of which could enhance performance when incorporated into a
mesoporous PSC.
Dark conductivity measurements of the nominally undoped and doped ALD TiO2 thin
films on glass were performed under a 1 mbar N2 atmosphere. During the
measurement, the temperature was ramped from room temperature to 180°C at a rate
of 10°C min-1. The samples were then cooled at a rate of 1°C min-1. Their conductivity
was measured during the cooling phase. Arrhenius plots of the surface conductivity
demonstrated semi-conducting behaviour for all undoped and doped ALD thin films
with conductivity increasing as temperature increases. The bulk conductivity of the
thin films was observed to be precursor dependent. The titanium precursor, TDMAT,
was found to be more reactive than TTIP as it only required H2O as a reactant and
provided the higher growth rate of 0.5 Å per cycle at 185°C. TDMAT allows for better
coverage approaching ideal monolayer growth, resulting in a more uniform
microstructure. It is expected that this is the reason for better resultant electrical
properties. TiO2 deposited using TDMAT and H2O as titanium precursor and reactant,
which was doped in a 99:1 ratio with Ag2O, demonstrated marginally more conductive
electrical behaviour than undoped thermal TiO2. Despite the improved sigma dark
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characterisation for TiO2:Ag in a 99:1 ratio, the silver ALD growth did not behave as
expected. Further characterisation by XPS gave no evidence of silver incorporation
but did show an increased carbon concentration for TiO2:Ag in a 19:1 ratio ,
suggesting that the carbon ligands from the silver precursor, Ag(fod)(PEt3), were
incorporated into the film. Due to the absence of evidence of Ag, the propensity of
this element to diffuse in thin films, and the marginal electrical property gains
achieved it was decided not to further investigate the 99:1 ratio of TiO2:Ag in
mesoporous PSCs.
Mesoporous perovskite solar devices were fabricated and composed of a conductive
FTO coated glass substrate, a compact 20 nm ALD TiO2 thin film or a 20 nm sputtered
TiO2-x thin film, a mesoporous TiO2 layer, a MAPbI3 perovskite layer, a SpiroOMeTAD hole transport layer and a gold counter electrode with an active cell area of
1.04 cm2. RF sputtered TiO2-x was chosen to act as a reference ETL because its use
had been well established and optimised. This reference cell achieved a stabilised PCE
of 15.0 % after 300 seconds of MPP steady state tracking. This was a comparable
result to the stabilised efficiency of the mesoporous cell comprising of the thermal
TiO2 ALD ETL on O2 plasma treated substrates. This particular cell reached a
stabilised efficiency of 14.3% PCE after 300 seconds of steady state MPP tracking.
With regard the doped laminate ALD ETLs, TiO2 doped with aluminium in a 19:1
ratio reached the highest stabilised efficiency when incorporated into a mesoporous
PSC reaching 14.0 % stabilised PCE after 300 seconds of steady state MPP tracking.
This was slightly lower than the undoped TiO2 ALD ETL. TiO2 doped with tin in a
19:1 ratio did not perform well when incorporated into a mesoporous PSC. The
stabilised efficiency was found to be substantially lower than that obtained by all other
cells.
While the thermal ALD TiO2 is comparable to that of the sputtered TiO2-x ETL when
incorporated into a mesoporous cell, further study into optimisation of the ALD ETL
would be beneficial. The sputtered film has been optimised with regard to composition
and thickness, whereas the ALD TiO2 film was maintained at 20 nm as a baseline test
so that it could be directly compared to the sputtered ETL of the same thickness. In
addition, it was thought that reducing the thickness of the compact ALD TiO 2 layer
below 20 nm could lead to cracking during the 500°C sintering of the mesoporous
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TiO2 layer above. It would be interesting to implement a thickness series for the ALD
undoped TiO2 film in an effort to optimise efficiency. Removal of the mesoporous
layer could also allow for higher efficiency in the overall cell containing ALD TiO 2
by reducing resistivity caused by the high temperature mesoporous scaffold. This is
investigated in the next chapter.
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CHAPTER 6:
A study of planar PSCs incorporating ALD TiO2 ETLs
with passivation through ALD and RTA

6.1 Introduction
In addition to the mesoporous perovskite devices discussed previously, it is essential
to understand how ALD TiO2 ETLs perform in planar perovskite solar devices. In this
chapter the optimisation of the undoped ALD TiO2 layer in terms of thickness and
passivation is detailed. The deposition temperature of all thin films deposited was
maintained at 185°C as in Chapter 5 to meet the thermal restrictions of
perovskite/silicon heterojunction tandem cells. The fabrication of the resulting thin
films into planar architecture perovskite devices is then discussed.
The progression to a planar architecture, as depicted in Figure 6.1 (a), would require
removal of the high temperature sintered mesoporous TiO2 layer. The entire cell
structure, excluding FTO coated glass, could then be feasibly processed through low
temperature means permitting it to monolithically integrate as the top component of a
tandem configuration without damaging the bottom cell.
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Figure 6. 1: Schematic illustration of (a) planar perovskite structure and (b) tandem
cell comprising of a silicon heterojunction bottom cell and a planar perovskite top
cell

Tandem devices (Figure 6.1 (b)) are composed of two or more cells whose
composition allow absorption of a much larger range of the solar spectrum. Through
design, the top sub-cell would have a large band gap absorbing higher energy photons,
while lower energy photons are permitted to pass through and be absorbed by the
narrow band gap bottom sub-cell. This allows the total obtainable PCE of the tandem
cell to increase beyond the theoretical limits of single junction cells.1, 2 The tandem
concept is a promising route to commercialisation for perovskite solar devices, not
only due to its higher attainable efficiencies but also due to its low temperature
fabrication process. Maintaining low temperatures (< 200°C) for the processing of all
layers would allow compatibility with large scale industry commercialisation using
ALD and printing techniques on glass or even flexible substrates.3, 4
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Figure 6. 2: Schematic illustration of a p-i-n perovskite solar cell architecture

In this chapter the concept of p-i-n or reverse architecture perovskite devices (Figure
6.2) is also introduced. The p-i-n structure is based on ITO or FTO transparent
conductive oxide/ HTL/ perovskite absorber/ ETL/ and a back electrode such as gold
or silver, as depicted in Figure 6.2. For this architecture the current flow is reversed as
the polarity of the electrodes are changed. Depositing TiO2 by use of ALD on top of
the temperature sensitive perovskite layer itself is investigated in this chapter.

6.2 Experimental
All perovskite cells were prepared on high temperature resistant alumino-boroscilicate
glass coated with fluorine-doped tin oxide (FTO) which served as a transparent
electrode (TEC-15, 15 Ω cm-1 or TEC-7, 7 Ω cm-1 from Solaronix).
FTO coated glass, glass and quartz samples were all cleaned by sequentially ultrasonicating in 5 % Decon 90, acetone, and then IPA. The FTO coated glass substrates
were diced and then scribed with a P1 line using a UV ArF excimer laser (193 nm
Lasertechnik ATLEX 300i) 5 mm from the edge of each 25 mm2 substrate as outlined
previously in Chapter 5 section 5.2.1.

6.2.1 ALD of undoped thermal TiO2 for n-i-p PSCs
Nominally undoped TiO2 thin ﬁlms were deposited on glass, quartz, n-Si(100) wafers,
and FTO coated glass by ALD using the Picosun R200 system. Despite sigma dark
characterisation in Chapter 5 demonstrating an improved conductivity with the
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Cambridge Nanotech ALD system, the Picosun system was selected as it allowed for
less underlapping growth and therefore more transparent thin films. To avoid run-byrun variation in growth experiments all substrate types were loaded together for each
TiO2 thickness. The titanium precursor and reactant used for the depositions were
TDMAT and H2O. The TDMAT precursor vessel was maintained at 65°C, while the
vessel neck was held at 80°C. The H2O reactant was maintained at a room temperature
of approximately 27°C. All samples were given a 40 minute stabilisation time within
the reaction chamber prior to a 5 minute in situ O2 plasma treatment followed by ALD
growth. A pulse/purge sequence was adopted as outlined in Chapter 5 section 5.2.2.2
(i). A thickness series of 2 nm, 5 nm, 10 nm, 20 nm, 25 nm, and 100 nm TiO2 at 185°C
was investigated assuming a 0.05 nm per cycle growth rate.

6.2.2 ALD of undoped thermal TiO2 on top of perovskite
absorber
Nominally undoped TiO2 thin ﬁlms were deposited by the Picosun R200 system on to
the perovskite layer of a thermal ALD TiO2 coated, O2 plasma cleaned FTO/glass
substrate. This test structure was fabricated to determine how the temperature sensitive
perovskite material reacted to the process of depositing an ALD thin film directly on
top. This is an important consideration if the process is to be developed for the
fabrication of p-i-n architecture devices. As with section 6.2.1, the titanium precursor
and reactant used for the deposition were TDMAT and H2O. The stack was provided
with a short 5 minute thermal stabilisation time within the reaction chamber prior to
growth at 100°C. This brief time was selected in an attempt to help provide some
thermal stabilisation without causing degradation to the thermally sensitive perovskite
absorber layer. The chamber was purposely set at 100°C as this was the same
temperature used for annealing the perovskite layer after spin coating. Despite this
precaution, prolonged time at this temperature could cause deterioration of the
perovskite stack as total thermal budget and maximum temperature exposure are both
significant. O2 plasma was not utilised as a reactant or to clean the stack prior to ALD
growth as it was thought likely to negatively impact the perovskite absorber layer
underneath.
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Table VI. I: Experimental parameters for deposition of thermal TiO2 at 100°C on
top of the perovskite material using a Picosun R200

Table VI. I summarises the recipe used for the growth of thermal TiO 2 at 100°C
directly on to a perovskite absorber. After 5 minutes of a stabilisation, the first
precursor, TDMAT, was introduced for 1.6 seconds using a boost function. Following
a 6 second purge a 0.1 second pulse of H2O was introduced with another 6 second
purge directly after to complete the cycle. The cycle of TDMAT and H2O was repeated
for a total of 400 cycles. The nominal thickness of the thin film grown was 20 nm
assuming a growth rate of 0.05 nm per cycle. The shorter purge time of 6 seconds was
used to minimise the thermal budget exposure of the sensitive perovskite absorber
material whilst maintaining ALD behaviour through a purge time sufficient to allow
extraction of unreacted precursor and by-products.

6.2.3 Fabrication of planar n-i-p PSCs
For the synthesis of the perovskite solution, 225.05 mg of MAI (Dyesol) was added
to 652.52 mg PbI2 (TCI) in a 4 ml vial in the glovebox. A magnetic stirrer was added
to the vial, followed by 1,000 µl of a 1:9 volume ratio of DMSO:DMF (Sigma
Aldrich). The 1.4 M perovskite solution was allowed to stir overnight in the glove box
before being filtered into a clean vial using a 0.45 µm PTFE filter. The filtered
perovskite solution was then removed from the glove box and spin coated on to the
ALD TiO2 or RF sputtered TiO2-x/ FTO coated glass substrates. Immediately prior to
spin coating the samples were subjected to a 15 minute UV O3 treatment and blown
with a N2 gun to remove any contaminants from the environment. 65 µl MAPbI3
solution was micro-pipetted on to the centre of the substrates before they were spun at
1,000 rpm for 10 seconds, then 5,000 rpm for 45 seconds. 0.75 ml of diethyl ether
(Sigma Aldrich) was carefully used as an anti-solvent treatment 35 seconds before the
end of the spin coating process. Samples were then dried for 2 minutes at 50°C and
annealed for 10 minutes at 100°C.
The HTL was prepared by dissolving 43.4 mg 2,2’,7,7’-tetrakis- (N,N-di-4189
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methoxyphenylamino) -9,9’spirobi-fluorenes (Spiro-OMeTAD) (Merck) in 17.3
μl/ml 4-tert-butylpyridine (tBP) (TCI), 10.5 μl/ml stock solution of 520 mg/ml lithium
bis (trifluoromethylsulfonyl) imide (LiTFSI) (Sigma-Aldrich) in acetonitrile, in 600
μl chlorobenzene. This was spin coated on top of the perovskite layer at 4,000 rpm for
30 seconds. The devices were completed with the evaporation of a 100 nm gold
electrode.
Table VI. II: Spin coating programmes for planar PSC

Figure 6. 3: (a) Reaction of methylamine and ethanol with hydroiodic acid slowly
added, and (b) rotary evaporator set up for MAPbI3-xClx crystallisation

For initial exploration of the topic of p-i-n PSCs and how ALD would affect the
perovskite layer, two methods of perovskite absorber layer fabrication were
investigated. The first method employed was the synthesis of a mixed halide
perovskite solution, MAPbI3-xClx, as previously reported by Lee et al.5 33 wt %
CH3NH3 in absolute ethanol was first reacted with 57 wt % hydroiodic acid in water
and crystallised using a rotary evaporator (Figure 6.3). The resultant crystals were
washed three times with diethyl ether to reveal white CH3NH3I crystals which were
then dried overnight in an oven at 50°C. CH3NH3I and PbCl2 were then dissolved in
anhydrous N,N-Dimethylformamide (DMF) at a 3:1 molar ratio. The perovskite
material was deposited at different spin coating speeds to determine which produced
the best homogenous perovskite layer, then dried at 100°C for 30 minutes. The second
method for fabrication of planar PSCs was that acquired from time spent at CSEM and
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outlined above. MAI crystals were purchased directly from Dyesol and not
synthesised in the lab. This provided less batch to batch variation and higher purity
MAI crystals. This second method of depositing the perovskite layer was observed to
be the superior procedure due to the homogenous nature of the thin films deposited,
and so was selected as the exclusive method of perovskite deposition moving forward
in Tyndall National Institute.
ALD TiO2 was first deposited on FTO coated glass. The MAPbI3-xClx or MAPbI3
perovskite solution was prepared as described above and spin coated on the samples.
The MAPbI3 employed solvent quenching using diethyl ether 35 seconds before the
end of the spin coating process. Afterward, samples were dried and annealed before
low temperature ALD of the TiO2 ETL was deposited and the stack investigated.
Unless stated otherwise in this Chapter, all perovskite solutions were composed of
MAPbI3-xClx or MAPbI3.

6.3 Results and Discussion
A thickness series of 2 nm, 5 nm, 10 nm, 20 nm, and 25 nm ALD TiO2 which were
pre-treated with 5 minutes of an O2 plasma prior to deposition was successfully grown
on a range of substrates by a Picosun R200 ALD system at 185°C. The thickness series
was grown in an attempt to optimise the ETL and enhance performance once
incorporated into planar PSCs. Planar PSCs were then fabricated and their J-V
characteristics were analysed in relation to the ALD ETLs.
ALD of 20 nm thermal TiO2 grown at 100°C on a stack of perovskite absorber/ 20 nm
thermal TiO2 on a O2 plasma pre-treated FTO coated glass stack was fabricated and
examined. This was carried out to establish if good contact was made between the top
ALD layer and the perovskite material and to investigate if the perovskite material
was damaged in the process.

6.3.1 Morphology
The morphologies of the deposited ALD films and FTO coated glass were examined
using scanning electron microscopy (SEM, FEI Quanta FEG 650) and transmission
electron microscopy (TEM, Jeol ARM 200F). For TEM characterisation, specimens
for cross section analysis (XTEM) were prepared using the conventional method of
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gluing face to face small sections cut from an area of interest using M-bond. This was
followed by mechanical polishing and ion milling in a Gatan PIPS model 691
apparatus before imaging. Plan view SEM, depicted in Figure 6.4 (a) and (b), shows
that the surface morphology of 20 nm ALD TiO2 on plasma pre-treated FTO coated
glass is indistinguishable from that of blank FTO coated glass.

Figure 6. 4: Plan view SEM showing surface morphology of (a) blank FTO coated
glass and (b) 20 nm thermal ALD TiO2 pre-treated with O2 plasma on FTO coated
glass. Figure 6. 4 (c): Cross sectional TEM of 20 nm thermal ALD TiO2 pre-treated
with O2 plasma on FTO coated glass.

The TEM image exhibited in Figure 6.4 (c) supports the claim of ALD conformality
as it shows the TiO2 growth following the curves of the rough FTO coated glass
underlayer. Ellipsometry was used to measure the thickness of the nominally 20 nm
ALD TiO2 film on a n-Si(100) wafer, while TEM was used to measure the thickness
of the same film on FTO coated glass. A slight difference in thickness can be observed.
SE using a Woollam M2000D system measured a thickness of 21.25 nm for a growth
of thermal ALD TiO2 on a n-Si(100) wafer which was subjected to a pre-growth 5
minute O2 plasma treatment. This thickness did not include the native oxide of 1.45
nm on the wafer surface before ALD growth. A Cauchy TiO2 model was used and the
mean square error (MSE) obtained was 10.455. Through TEM of the same ALD
growth run but on FTO coated glass a lower TiO2 thickness was observed. The highest
thickness obtained was 18.95 nm as observed in Figure 6.4 (c). After consideration of
growth variability and errors in the different measurement techniques, this suggests
that the TiO2 has a slightly lower growth rate on FTO coated glass as compared to the
silicon wafer. However, a TEM should also be obtained of the ALD growth on n-
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Si(100) from the same growth to confirm, as using two different methods to measure
ALD thickness on two separate substrates does not allow a direct comparison.

Figure 6. 5: Contact angle measurement of 1 µl water on ALD thermal TiO2 pretreated with 5 minutes of O2 plasma on FTO coated glass

Contact angle measurements were performed at room temperature using a Dataphysics
OCA 20 wetting angle system. These were carried out on the ETL to determine how
well the perovskite layer would wet the surface when spin-coated. For mesoporous
PSCs, the mesoporous TiO2 layer was sandwiched between the compact ALD TiO2
layer and the perovskite absorber material. However, for a planar cell, the ALD ETL
would be in direct contact with the perovskite material and thus any changes in wetting
behaviour, due to the ALD process, would be significant. The measured contact angle
of 76.1 °, using 1 µl water, indicates that the ALD TiO2 exhibits good wetting as
displayed in Figure 6.5.
XRD was performed using a Philips X’pert PM3719 powder x-ray diffractometer with
Cu Kα radiation (λ = 1.540598 Å). As would be expected at a deposition temperature
of 185°C, all ALD films in this study were found to be amorphous as grown.

6.3.2 UV-visible spectrometry
UV-Vis was performed with a Perkin-Elmer Lambda 900 spectrophotometer (Chapter
5 section 5.3.2) to obtain optical transmittance from the thickness series of the ALD
thermal TiO2 on quartz pre-treated with 5 minutes of O2 plasma.
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Figure 6. 6: Graph illustrating % transmission spectrum for 20 nm nominally
undoped and doped ALD TiO2 films on quartz substrates

As expected, optical transmittance of ALD on quartz, Figure 6.6, was found to scale
with thickness. Values above 65 % were retained in the 400 nm – 1400 nm range of
the spectrum even in the thickest film of 25 nm.
The bandgap of 20 nm ALD thermal TiO2 pre-treated with a 5 minute O2 plasma clean
was calculated via UV-Vis spectrometry. The reflection percentage was determined
and a tauc plot graphed plotting (αhν)^(1/n) versus photon energy (hν). Here “α” is the
optical absorption coefficient, which can be calculated from absorbance “A”, and
thickness of the ALD layer “t” using the formula from equation 6.1:

α=

2.303 𝐴
𝑡

6.1

Energy (hν) is then calculated from the wavelength using the formula:

ℎ𝑣 =

1240
𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ (𝑛𝑚)

6.2

The power factor, “n”, takes the values of 0.5, 2, 1.5, and 3 for allowed direct, allowed
indirect, forbidden direct and forbidden indirect transitions respectively. Extrapolating
the straight line portion of the curve to the zero absorption coefficient value gives the
energy band gap value.
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Figure 6. 7: Tauc plot of ALD thermal TiO2 pre-treated with a 5 minute O2 plasma
clean

The calculated tauc plot (Figure 6.7) exhibits a bandgap of 3.54 ± 0.053 eV for ALD
thermal TiO2 pre-treated with a 5 minute O2 plasma clean. This bandgap value
obtained for the indirect transition is quite high compared to bandgap values obtained
in the literature for crystalline versions of TiO2. Rutile TiO2 is expected to have a
bandgap of ~ 3.0 eV 6,7, while that of anatase is calculated to be ~ 3.4 eV8, and that of
brookite is calculated to be ~3.3 eV9. While the shift to a higher value in this tauc plot
for amorphous TiO2 is inconclusive due to the large margin of error, there is evidence
that suggests the morphology of TiO2 materials can be determined by optical
absorption techniques. Welte et al.10 used a sol-gel method at various temperatures to
synthesise amorphous, amorphous-crystalline, and crystalline TiO2 films. The thin
films heated to room temperature and 200°C were found to be amorphous by XRD
and Raman characterisation. The extrapolated bandgap values of these films were
found to lie in the 3.5 eV range, much higher than the crystallised films. This higher
bandgap exhibited by amorphous TiO2 films was likewise observed by Valencia and
co-workers11 in the case of TiO2 synthesised through a sol-gel and hydrothermal
treatment method which exhibited a bandgap of 3.4 eV for indirect transitions. A shift
in band gap has also been observed in non-stoichiometric TiO2 in the literature. Cation
doping using transition metal ions of V, Cr, Mn, Fe, and Ni has been shown to cause
TiO2 to exhibit a large shift in the absorption band towards the visible region,
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achieving a narrow band gap.12 Undoped TiO2 can also be modified by non-metals
such as N, S, or C to form non-stoichiometric films.13-15 TiOxNy deposited by PEALD,
using TTIP or TDMAT and NH3 or N2 as the respective titanium precursors and coreactants, achieved a narrow band gap compared to stoichiometric ALD TiO2. This
band gap narrowing was tuned by altering the ALD processing and parameters.16

6.3.3 Complete planar solar cell
Following the author’s work depositing and characterising ALD ETLs at Tyndall
National Institute, an internship was arranged at CSEM to study established deposition
methods with which to deposit the remaining PSC layers. Here the author fabricated
planar perovskite devices using 20nm ALD TiO2 and reference 20 nm sputtered TiO2x

as ETLs. The remainder of the ALD ETL thickness series was sent to CSEM along

with ALD passivated ETLs for fabrication into planar devices. The study of structures
containing low temperature ALD thin films on top of the perovskite absorber material
was carried out at Tyndall National Institute. The performance of these devices are
compared and discussed herein.

6.3.3.1 Reference sputtered TiO2 as compact ETL
To evaluate planar n-i-p perovskite solar cell devices assembled using ALD thermal
TiO2, RF sputtered TiO2-x was chosen to act as a reference ETL because its use in a
mesoporous structure has been well established and optimised at CSEM.17 These
reference solar cell devices were composed of a conductive FTO coated glass
substrate, a 20 nm sputtered TiO2-x thin film, a MAPbI3 perovskite layer, a SpiroOMeTAD hole transport layer and a gold or a MoOx/ITO/Ag counter electrode. The
devices containing ALD ETLs were fabricated alongside the RF sputtered ETLs to
minimise process variability and allow the ETLs to be directly compared.
These planar perovskite devices were measured under a two-lamp class AAA
WACOM sun simulator with an AM 1.5 G irradiance spectrum at 100 W cm-2. The
cell area was 1.04 cm2 and defined using a metal mask. The J–V characteristics of the
cells were obtained under both reverse (from Voc to Jsc) and forward (from Jsc to Voc)
bias. Maximum power point (MPP) tracking was performed to extract the stabilised
power output. External quantum efficiency (EQE) spectra were acquired on a custommade spectral response setup equipped with a xenon lamp, a grating monochromator
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and lock-in amplifiers.

Figure 6. 8: (a) J–V characteristics of planar perovskite solar cell containing
sputtered 20 nm TiO2-x. (b) External quantum efficiency of same perovskite solar cell
containing sputtered 20 nm TiO2-x ETL

Table VI. III: Device performance parameters for a planar cell containing 20 nm
sputtered TiO2-x ETL

The J-V characteristics of the best PSC based on the reference ETL, sputtered TiO2-x,
is shown in Figure 6.8a and the corresponding external quantum efficiency is
displayed in Figure 6.8b. This device achieved a Voc, Jsc, and FF of 1103 mV, 21.39
mA cm−2, and 73.044 %, respectively, leading to a remarkably high PCE of 16.96 %.
However, pronounced hysteresis could be observed in the J-V curve of the PSC. EQE
displayed a current density of 21.74 mA cm-2 which is slightly higher than that
provided by the J-V results. These results were unexpectedly higher than the
mesoporous PSC containing the same ETL which had reached a PCE of 16.19 %. Both
Voc and Jsc measurements were notably higher in the planar configuration leading to a
higher overall efficiency. This result had not previously been observed at CSEM. The
same fabrication process had been performed on ITO coated glass previously, yielding
results expectedly lower than the mesoporous PSC. It is thought that the rough FTO
coated glass substrate provided more surface area for the perovskite absorber allowing
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a higher efficiency to be achieved compared to the same stack on ITO coated glass.
This and the use of a MoOx/ITO/Ag evaporated contact contributed to the overall
higher PCE obtained.

Figure 6. 9: EQE of all reference planar cells fabricated. All cells exhibited an EQE
>21 mA cm-2 with cell “reference 4” reaching 21.74 mA cm-2

All reference planar cells obtained similarly high PCEs with the best PSC based on
the reference sputtered TiO2-x displayed above in Figure 6.8. Similarly, all EQE
measurements of each of the four reference cells exhibited currents > 21 mA cm 2,
confirming the reproducibility of the cell fabrication method (Figure 6.9).
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Figure 6. 10: Max power point steady state tracking over 800 seconds of planar
PSC containing sputtered TiO2-x as ETL

MPP steady state tracking for each of the reference cells was shown to approach 16 %
PCE with one cell reaching 16.05 % PCE over 800 seconds of tracking as depicted in
Figure 6.10. After the internship this experiment was repeated by collaborators at
CSEM and a MPP steady state tracking as high as 17 % PCE was achieved, though
pronounced hysteresis in the J-V characterisation was still observed.

6.3.3.2 ALD plasma pre clean, thermal TiO2 as ETL
It was expected that the thermal ALD TiO2 ETL which was treated with 5 minutes of
O2 plasma prior to ALD growth would perform similarly well in a planar configuration
to the sputtered TiO2-x reference cell. The results from the mesoporous PSCs showed
a comparable result between both ETLs, with the cell incorporating sputtered TiO2-x
exhibiting a slightly higher PCE of 16.19 % compared to 15.33 % obtained from the
cell fabricated using a plasma pre clean, 20 nm thermal ALD TiO2 ETL.
In the fabrication of a mesoporous PSC, the mesoporous TiO2 layer, and subsequently
each layer underneath, undergoes a sintering process to 500°C. This high temperature
anneal could influence the resistance characteristics of the underlying compact ALD
TiO2 film. To investigate this 20 nm TiO2 was thermally grown on FTO coated glass
substrates treated with a 5 minute O2 plasma clean. Half of these samples were then
subjected to the same sintering process to 500°C that the mesoporous TiO2 scaffold
requires. All samples were then evaporated with a 5 nm Ti adhesion layer followed by
a 150 nm Katya mask. Electrical conductivity was then measured on 100 nm2 pads in
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different areas across the 25 mm2 sample by applying a voltage sweep from 0 to ± 1
V, in 0.015 V steps. J-V characteristics of the as grown ALD film was compared to a
film sintered at 500°C is shown in Figure 6.11.

Figure 6. 11: J-V sweep comparing 20 nm thermally grown TiO2 on FTO coated
glass treated with 5 minutes of O2 plasma prior to ALD growth to the same film
sintered at 500°C

From electrical conductivity measurements, it is clear that the sintering applied to
ALD films when fabricating the mesoporous PSCs increased their resistance
characteristics by several orders of magnitude. This increase in resistivity with
increased temperature is likely due to impurities migrating to the interfaces or grain
boundaries of the thin film. Removal of the mesoporous layer would allow the ALD
TiO2 to maintain its conductivity which could contribute to a higher overall PCE,
while also lowering the thermal budget of the entire cell enabling tandem cell
fabrication.
In the previous chapter 20 nm ALD TiO2 films were chosen as compact hole blocking
layers in mesoporous PSCs. Despite the belief that ALD could enable a thinner
blocking layer, a thickness of 20 nm TiO2 was chosen to allow direct comparison with
the equivalent thickness of CSEMs RF sputtered TiO2-x. Furthermore, it was believed
that thinner amorphous ALD films would not be able to stand the high temperature
anneal (500°C) employed in the mesoporous PSC fabrication method without cracking
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and hence forming shunt pathways. Removal of the mesoporous layer allowed
exploration into thinner ALD TiO2 films. A thickness series of 5 nm, 10 nm, 15 nm,
20 nm, and 25 nm thermal ALD TiO2 pre-treated with a 5 minute O2 plasma clean was
deposited on TEC-15 FTO coated glass using the Picosun R200 system. The 20 nm
film was examined by the author while at CSEM and the remaining thicknesses grown
at Tyndall, were sent to CSEM for investigation and comparison to reference cells
deposited on TEC-7 FTO coated glass.

Figure 6. 12: J–V characteristics of planar perovskite solar cell containing
sputtered 20 nm TiO2-x as the reference ETL and 5 nm, 10 nm, 15 nm, 20 nm, 25 nm
thermal TiO2 pre-treated with a 5 minute O2 plasma as the ALD thickness series
ETLs.
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Figure 6. 13: Best J-V curves obtained for planar PSCs containing (a) reference
sputtered TiO2-x, (b) 5 nm, (c) 10 nm, (d) 15 nm, (e) 20 nm, and (f) 25 nm thermal
ALD TiO2 pre-treated with a 5 minute O2 plasma before growth
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From the J-V characteristics and curves shown in Figures 6.12 and 6.13 it can be
observed that the ALD TiO2 ETLs did not perform as well as expected when fabricated
into planar PSCs. The Voc obtained was shown to be high in all cells containing ALD
TiO2 regardless of ETL thickness and was comparable to that achieved by the
reference planar cells containing 20 nm sputtered TiO2. The Jsc was found to increase
with increased ALD ETL thickness, however results were still lower than the J sc
obtained from the reference cells. The current for the planar cell containing the 20 nm
ALD ETL film was also significantly lower than the mesoporous cells fabricated in
Chapter 5 which incorporated the same 20 nm thermal ALD TiO2 on FTO coated glass
as an ETL. The FF obtained from the planar cells was also quite low when compared
to the reference cells and found to increase slightly with ALD thickness. Again, the
FF in the cell containing 20 nm ALD TiO2 was much lower than the 70.61 %
previously achieved in the mesoporous version in Chapter 5. A max PCE of 8 % was
achieved for the planar cells containing 20 nm thermal ALD TiO2 as an ETL. Overall,
the PCE of the planar cells containing the thickness series of ALD TiO2 was
significantly reduced, being limited by the poor Jsc and FF.

Figure 6. 14: XPS spectra of as grown 20 nm ALD TiO2 pre-treated with an O2
plasma clean

Removal of the mesoporous TiO2 layer to form planar PSCs did not give the expected
boost in performance anticipated by the use of an ALD TiO2 ETL. While the sintering
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process required for the TiO2 mesoporous layer increased resistivity of the ALD
compact TiO2 this was clearly not the dominant property. Examination of the XPS Ti
2p signatures of the as grown and mesoporous process annealed ALD TiO2 show that
the significantly sub-stoichiometric nature of this low temperature ALD material
(Figure 6.14) was improved by the anneal, with the ratio of Ti3+ to Ti4+ being reduced
from 1:3.9 to 1:4.1. As deposited TiO2 from the TDMAT ALD process at 185°C was
found, in addition to being non-stoichiometric, to contain measurable quantities of N
and C from unreacted precursors as previously described. When annealed to 500°C
the nitrogen content was reduced from 0.6 % to 0.3 % concentration. Similarly the
carbon content was reduced from 8.9 % to 5.2 % concentration. This suggests that the
levels of unreacted precursor ligands were reduced by the high temperature anneal.
The stoichiometry of the films along with N and C content were obtained after 10
seconds of sputtering with an Ar cluster beam to remove the top layers of the thin
films. The highly defective nature of the as grown material could give rise to
significant charge trapping in both the bulk and the interface.

6.3.3.3 Passivation and Rapid Thermal Annealing
In an attempt to improve the performance of planar cells using ALD TiO2 as the ETL,
interface passivation was explored using ALD Al2O3. Two 50 mm2 cleaned TEC-7
FTO coated glass substrates were patterned with 0.6 mm kapton tape and placed in the
Picosun R200 reactor (Appendix I, Figure 1). The substrates were allowed to thermally
stabilise for 40 minutes before being subjected to a 5 minute O2 plasma clean and a
routine 20 nm thermal TiO2 growth using TDMAT and H2O as precursor and reactant
respectively. Afterward, one of the 50 mm2 substrates received an additional growth
of 7 cycles Al2O3 using a pulse/purge sequence of 0.1 second TMA pulse, 6 second
purge, and 0.1 second H2O pulse. An identical deposition of 20 nm thermal TiO2 pretreated with 5 minutes of O2 plasma and capped with Al2O3 using the Cambridge
Nanotech reactor was carried out. Table VI. IV details the XPS data gathered on these
samples and shows that the carbon content increased due to Al2O3 passivation. This
suggests that the 185°C deposition temperature of the Al2O3 capping is not sufficient
for complete decomposition of the TMA ligands, leading to increased carbon
impurities. The presence of Al2O3 was observed in both samples.
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Table VI. IV: XPS results detailing the percentage concentration of the Ti3+, the
Ti4+, the nitrogen, the carbon, the oxygen and the aluminium contents in standard
and passivated 20 nm TiO2 films on FTO coated glass

TEM images of samples before and after Al2O3 treatment were captured to determine
how well the ALD Al2O3 nucleated on ALD TiO2. If the Al2O3 layer was above the
expected growth rate of 0.1 nm per cycle then it may have blocked extraction of charge
when fabricated into a planar PSC. If the TiO2 under layer inhibited the growth of
Al2O3 then the Al2O3 may have not nucleated with the 7 cycles and failed to passivate
the TiO2 surface when fabricated into a planar PSC. During TEM imaging there was
a charging issue with the sample capped with Al2O3. The images were sharpened and
due to this the scale bar size differs between samples (a) and (b) in Figure 6.15. An
increase in thickness between 0.14 – 0.68 nm can be observed when 7 cycles of Al2O3
are deposited on the TiO2 thin film. These thickness measurements along with the
charging issue observed suggest that the Al2O3 was successfully deposited without
inhibited nucleation on ALD TiO2.
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Figure 6. 15: TEM images and thickness measurements of (a) 20 nm thermal ALD
TiO2 on FTO coated glass treated with 5 minutes of O2 plasma prior to ALD growth
and (b) the same film capped with 7 cycles of Al2O3 by ALD

Another avenue investigated was rapid thermal annealing (RTA) of the ALD film in
an effort to improve the quality of the TiO2. However the increased thermal budget of
this method could make it unsuitable for use in tandem cells. Again, 20 nm thermal
TiO2 which was pre-treated with 5 minutes of O2 plasma was grown by ALD using
the Picosun R200 system on two cleaned and patterned 50 mm2 TEC-7 FTO coated
glass substrates. One of the 50 mm2 substrates then underwent rapid thermal annealing
(RTA) in O2 to 500°C using a Jipelec JetFirst 200 system. After placing the substrate
in the RTA chamber, the chamber was vacuumed for 30 seconds and then purged with
O2 gas for 30 seconds. This process was repeated for a total of three times. The
chamber was vacuumed again before 1,000 sccm of O2 gas was introduced for 30
seconds. The O2 was then reduced to a constant flow of 100 sccm as the temperature
began a ramp to 200°C at a rate of 10°C per second. A stabilisation period of 30
seconds followed before the temperature was again ramped to 500°C at a rate of 10°C
per second. The substrate was maintained at a temperature of 500°C for 2 minutes
before RTA ended and the chamber was purged with N2 for 240 seconds. Once the
chamber reached 80°C after approximately 15 minutes, the chamber was opened and
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the substrate was removed.
All passivated and annealed samples, were diced and scribed with a P1 line before
being sent to CSEM for fabrication into planar PSCs. The perovskite absorber material
for

these

planar

cells

was

a

triple

cation

mixed

halide

perovskite,

Cs0.05(FA0.83MA0.17)99.5Pb(Br0.17I0.83)3. Immediately prior to addition of the absorbing
layer at CSEM, the TiO2/FTO coated glass samples were treated with a 15 minute UVO3 treatment. The perovskite solution was spin coated in the glovebox using
chlorobenzene in a solvent quenching technique. The final planar cell architecture
comprised of FTO coated glass/ ALD TiO2 or RF sputtered TiO2/ CsFAMAPb(BrI)3
perovskite/ Spiro-OMeTAD HTL/ Au contact. All cells had an active area of 1.04 cm2.
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Figure 6. 16: J–V characteristics of planar perovskite solar cells containing ETLs of
sputtered 20 nm TiO2-x as the reference, 20 nm thermal ALD TiO2 pre-treated with 5
minutes of O2 plasma as the standard ETL, the standard ETL rapid thermal
annealed to 500°C, and the standard ETL with 7 cycles of Al2O3 as passivation.

Figure 6.16 outlines the J-V characteristics of planar cells containing a “reference” RF
sputtered 20 nm TiO2-x ETL, a “standard” ALD growth of 20 nm thermal TiO2 pretreated with 5 minutes of O2 plasma, a standard ALD growth which was rapid thermal
annealed to 500°C in O2, and a standard ALD growth which had been capped with 7
cycles of ALD Al2O3. The Voc obtained was shown to be high in all cells containing
ALD TiO2 and comparable to the sputtered reference ETL. The Jsc was high in the
planar cell containing the standard ALD TiO2 corresponding to the reference cell.
Current was observed to be strongly suppressed in both cells containing ALD ETLs
which had undergone rapid thermal annealing and Al2O3 capping. Voc and FF
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exhibited in all cells containing ALD TiO2 was far below that of the reference leading
to a lower PCE.

Figure 6.17: J-V curves obtained for planar PSCs containing a 20 nm thermal ALD
TiO2 ETL pre-treated with 5 minutes O2 plasma which had (a) undergone RTA to
500°C, and (b) been passivated with 7 cycles of Al2O3

From the J-V curves obtained from the planar cell measurements in Figure 6.17, a
disappearance in the s-shape can be observed for the ALD TiO2 sample which
underwent RTA to 500°C in O2. This s-shape had been present for standard ALD J-V
curves obtained previously as described in Figure 6.13. Despite this, the current was
strongly reduced by the RTA process. The J-V curve of 20 nm thermal ALD TiO2 pretreated with 5 minutes of O2 plasma and capped with 7 cycles of Al2O3 suggests that
the thin Al2O3 film was too thick and completely blocks the extraction of charges.
In an effort to resolve this passivation issue, 1 cycle of Al2O3 was deposited on 20 nm
thermal ALD TiO2 pre-treated with 5 minutes of O2 plasma/ FTO coated glass by both
the Picosun and Cambridge Nanotech reactors. Deposition was carried out using both
ALD systems to establish if a difference in Al2O3 resistivity could be observed once
thin films had been fabricated into planar devices. The two reactors have different
chamber sizes and utilise different flow rates, both of which can affect growth.
Previous work in Chapter 5 demonstrated that doped TiO2 thin films were reactor
dependant, producing more resistive films when grown using the Picosun R200
system despite the same precursor and reactants being utilised. To help clean the
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interface, a 5 minute O2 plasma treatment was also employed after TiO2 growth and
directly prior to deposition of the Al2O3. It is difficult to determine if a single pulse of
Al2O3 is sufficient to produce a saturated monolayer of growth. To combat this, the
TMA pulse was increased from 0.1 seconds to 0.2 seconds to ensure saturation of the
TiO2 surface. Five 0.2 second pulses of TMA were introduced into the reaction
chamber separated by a 0.5 second purge between each pulse. A long 15 second purge
was allowed following the 5 consecutive TMA pulses before a single 0.1 second pulse
of the reactant, H2O, was introduced (Figure 6.18).

Figure 6.18: Pressure pulses on Picosun R200 reactor showing five rapid 0.2
second pulses of TMA followed by a long 15 second purge and one 0.1 second pulse
of H2O used for the 1 cycle Al2O3 passivation layer.

These 20 nm thermal TiO2 thin films pre-treated and post-treated with 5 minutes of
O2 plasma prior to capping with 1 cycle of Al2O3 were fabricated into planar cells and
compared to a reference cell containing 20 nm sputtered TiO2. Unlike the comparison
between a 7 cycle capping of Al2O3 and RTA TiO2 ETLs, these planar cells were
composed of a regular architecture of FTO coated glass/ ALD TiO2 capped with 1
cycle Al2O3/ MAPbI3/ Spiro-OMeTAD/ Au contact.
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Figure 6. 19: J–V characteristics of planar perovskite solar cells containing ETLs of
sputtered 20 nm TiO2-x as the reference, and 20 nm thermal ALD TiO2 pre-treated
with 5 minutes of O2 plasma passivated with 1 cycle of Al2O3 on both the Cambridge
Nanotech and Picosun R200 reactors

From the J-V characteristics above in Figure 6.19 it can be observed that there was an
issue with the perovskite absorber or Spiro-OMeTAD layer as the PCE of the
reference cell containing a sputtered TiO2-x is far lower than the expected values.
Nevertheless, the 1 cycle Al2O3 passivation layer gives significantly lower current (~
0 mA cm-2) which is in line with what was previously shown with 7 cycles of Al2O3.
Thus it appears that the single cycle of Al2O3 is still capable of blocking the extraction
of charge. This result could be due to the single cycle forming a negative charge on
the surface of the TiO2 layer inhibiting current. It is possible that a higher deposition
temperature of the Al2O3 could aid in cleaning up the surface of TiO2,18 however this
was not investigated further as the higher deposition temperature ~ 300°C for Al2O3
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could interfere with the ALD TiO2 under layer which was deposited at 185°C.
Due to the resistive nature of Al2O3, ALD passivation using ZnO was also investigated
in the fabrication of planar PSCs containing ALD TiO2 pre-treated with 5 minutes of
O2 plasma. The zinc precursor, diethylezinc (DEZ), contains ethyl ligands which may
also aid in cleaning the surface of the ALD TiO2 thin film without completely blocking
charge extraction. ZnO has previously been shown to act as a suitable ETL19, however
it has also been reported that ZnO nanoparticles may react with the perovskite absorber
material upon annealing.20,21 This reaction appears to be induced by heat rather than
light as both ZnO and TiO2 are photoactive in nature.22-24 It was speculated that if the
ZnO passivation by ALD was successful in passivating the surface of TiO2 then ALD
ZnO itself could be employed as the sole ETL.
As with the Al2O3 passivation described above, FTO coated glass and ITO coated
glass substrates were deposited with 20 nm thermal TiO2 pre-treated with a 5 minute
O2 plasma clean at 185°C in both the Picosun and Cambridge Nanotech reactors.
Afterward a 5 minute O2 plasma treatment was applied to the thin films to aid in
cleaning the TiO2 surface directly prior to the deposition of 3 cycles of ZnO on the
Cambridge Nanotech reactor. The DEZ vessel was maintained at room temperature
where an adequate vapour pressure was achieved. For deposition of ZnO, the reaction
chamber was reduced to 130°C to maintain ZnO growth within the ALD window. 0.2
seconds of DEZ was pulsed followed by a 20 second purge, a 0.1 second H 2O pulse,
and another 20 second purge. This was repeated for a total of three cycles. The
assumed growth rate of ZnO was 0.2 nm per cycle.25,26 Ellipsometry measurements
were extracted from the thin films grown on n-Si(100) wafers before and after ZnO
passivation using a layered TiO2 Cauchy model and a ZnO GenOsc model. The end
measurements proposed a thickness of 0.52 nm ZnO/ 20.24 nm TiO2 /a fixed 1.45 nm
SiO2 interlayer/ n-Si(100) wafer. The MSE for this measurement was 11.194. These
passivated samples were investigated by CSEM along with non-passivated 10 nm and
20 nm TiO2 films which used the same recipe to act as a reference.
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Figure 6. 20: J–V characteristics of planar perovskite solar cells on ITO coated glass
substrates containing ETLs of 10 nm and 20 nm thermal ALD TiO2 pre-treated with 5
minutes of O2 plasma, as well as a 20 nm thermal ALD TiO2 pre-treated with 5 minutes of
O2 plasma passivated with 3 cycles of ZnO on the Cambridge Nanotech reactor

The ALD layers on ITO coated glass were chosen to be fabricated into planar PSCs
by CSEM. These samples were treated to 15 minutes UV-O3 prior to deposition of the
double cation perovskite, CsFAPb(IBr)3, which has a bandgap of ~1.62 eV. The solar
cell devices were composed of a conductive ITO coated glass substrate, a compact 20
nm or 10 nm ALD TiO2 thin film pre-treated with 5 minutes of O2 plasma or a 20 nm
TiO2 thin film pre and post-treated with 5 minutes of O2 plasma and passivated with
ZnO, a CsFAPb(IBr)3 perovskite layer, a Spiro-OMeTAD hole transport layer and a
gold counter electrode. From the J-V characteristics in Figure 6.20 it can be observed
that the planar cells incorporating ALD TiO2 without passivation exhibited extremely
low current which indicates poor extraction through the TiO2 ETL. When ZnO
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passivation was employed the planar cells’ currents improved. Unfortunately this
boost coupled with low FF measurements was not enough to significantly improve
PCEs to be comparable to those of planar cells containing sputtered TiO2-x in previous
studies.

Figure 6.21: Dark J-V comparing planar cells which incorporate a reference ETL of
20 nm sputtered TiO2-x to planar cells incorporating 20 nm thermal ALD TiO2 pretreated with 5 minutes of O2 plasma as an ETL in (a) the linear and (b) the vertical
scale

Despite the low performance of ALD TiO2 thin films as ETLs in planar cells, the
planar devices containing ALD TiO2 perform better in the absence of light than the
same cells containing reference sputtered TiO2-x. This can be observed in Figure 6.21
where ALD 1, ALD 2, ALD 3, and ALD 4 correspond to four planar PSCs fabricated
together using 20 nm ALD TiO2 pre-treated with a 5 minute O2 plasma clean as the
ETL and CsFAMAPb(IBr)3 as the perovskite material. Ref 1, Ref 2, and Ref 3 are
planar devices containing sputtered TiO2-x as the ETL which were made up alongside
the PSCs containing ALD TiO2 and which contain the same perovskite material. The
dark current was orders of magnitude lower for cells containing ALD TiO2 confirming
its good hole blocking properties. This suggests that charge extraction is being
inhibited by the ALD TiO2 perovskite interface, and it is this that limits performance
and not the bulk properties of the ALD material.

6.3.3.4 Investigation of ALD TiO2 on MAPbI3-xClx and MAPbI3
The study of how ALD TiO2 behaves when deposited on a perovskite absorber
material was carried out to determine if low temperature ALD could be utilised in the
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deposition of ETLs for p-i-n architecture devices. Two separate perovskite absorber
materials were utilised for this investigation.
The first was MAPbI3-xClx which was synthesised through the crystallisation of
CH3NH3I using a rotary evaporator. PbCl2 was added in a 3:1 molar ratio of
CH3NH3I:PbCl2 and dissolved in anhydrous DMF forming the MAPbI3-xClx
perovskite solution. Upon spin coating and annealing at 100°C the XRD analysis of
the perovskite material matched that of Lee et al.5 The peaks at 14.1 ° and 28.42 °
correspond to the (110) and (220) tetragonal formation of the perovskite material.
Excess PbI2 or PbCl2 was unreacted and crystallised as can be seen from the peak at
12.7 ° (Figure 6.22).

Figure 6.22: XRD analysis of (a) MAPbI3-xClx thin film on annealing at 100°C and
(b) the same film formed by M. Lee as a literature reference5

The second method of perovskite synthesis was that adopted during time spent at
CSEM. MAI crystals were purchased directly from Dyesol and combined with PbI2 in
a 9:1 solution of DMF:DMSO to form the MAPbI3 perovskite solution. XRD analysis
comparing the two perovskite synthesis methods shows both procedures to exhibit
highly crystalline perovskite peaks in Figure 6.23. The precursor materials of PbI2,
PbCl2 which appear at 12.7 °, 38.7 °, and 52.4 °, as well as CH3NH3I peaks which can
be particularly dominant at 19.7 ° are not observed indicating complete conversion to
the perovskite material upon annealing at 100°C. MAPbI3 is observed to have a higher
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intensity of crystallinity compared to MAPbI3-xClx. This could be due to the higher
purity of the MAI crystals purchased compared to those synthesised in the lab.

Figure 6.23: XRD analysis comparing MAPbI3-xClx to MAPbI3

Visually the MAPbI3 films were much more homogenous on annealing forming a
compact black perovskite phase. The MAPbI3-xClx films converted from the yellow
precursor solution to a grey film on annealing. This is thought to be due to the
impurities remaining in the MAI precursor crystals. The morphologies of the deposited
perovskite films on 20 nm TiO2 pre-treated with 5 minutes of O2 plasma on FTO
coated glass were examined using scanning electron microscopy (SEM, FEI Quanta
FEG 650). Plan view SEM images depicted in Figure 6.24 show the morphology of
both MAPbI3-xClx and MAPbI3 to be crystalline in nature supporting the results of
XRD analysis.

216

Chapter 6

Figure 6.24: SEM imaging of (a) MAPbI3-xClx deposited on ALD TiO2/ FTO coated
glass, and (b) MAPbI3 deposited on ALD TiO2/FTO coated glass

20 nm ALD thermal TiO2 was deposited on a stack of MAPbI3 or MAPbI3-xClx thin
films / ALD TiO2 / FTO coated glass. While the target application for this study was
p-i-n perovskite solar cells, ALD TiO2 was deposited both below and on top of the
perovskite material. This was carried out as the fabrication process for p-i-n devices
was still under development at Tyndall National Institute. The top ALD TiO2 layer
was intentionally deposited at a low temperature of 100°C, as this corresponded to the
perovskite annealing temperature. This low deposition temperature is essential to
prevent degradation of the thermally sensitive perovskite absorber. Prolonged
exposure to this temperature could also induce degradation of the perovskite material.
To combat this, a 5 minute stabilisation time was employed in an effort to provide
thermal stabilisation before growth, considerably shorter than the 40 minute
stabilisation time allowed in previous studies. No O2 plasma pre-treatment was
employed either as it was believed this could affect the underlying perovskite layer. A
pulse/purge sequence was adopted with a 1.6 second TDMAT pulse duration which
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utilised the boost function and a 0.1 second pulse of H2O reactant. 20 nm thermal TiO2
was deposited assuming a growth rate of 0.05 nm per cycle.

Figure 6.25: Pictures comparing (a) MAPbI3 films with and without 20 nm ALD
TiO2 deposited on top and (b) MAPbI3-xClx films with and without 20 nm ALD TiO2
deposited on top

Following ALD growth, a change in colour was observed for samples adopting a redorange hue from the growth as observed in Figure 6.25. XRD measurements taken
directly after growth showed that the strong perovskite peaks were still present while
intensity was slightly diminished mostly likely due to the 20 nm amorphous film
deposited on top. No degradation peaks from PbI2, PbCl2 or MAI were observed
suggesting that the perovskite material was not harmed by the subsequent ALD growth
(Figure 6.26).

Figure 6. 26: XRD analysis comparing blank TEC 15 FTO coated glass to MAPbI3xClx and MAPbI3/20 nm thermal ALD TiO2 pre-treated with 5 minutes of O2
plasma/TEC 15 to 20 nm thermal TiO2/ MAPbI3-xClx/20 nm thermal ALD TiO2 pretreated with 5 minutes of O2 plasma/TEC 15
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The morphology of the deposited 20 nm thermal TiO2/ MAPbI3/ ALD TiO2 / FTO
coated glass was examined using TEM imaging. It was observed that the MAPbI3
perovskite was sensitive to the lamella preparation method. Delamination can be
observed in the image as large white voids in Figure 6.27. From the image, a clear
layer structure can be observed with the perovskite material sandwiched between two
20 nm ALD TiO2 thin films. This implies that thermal ALD can indeed be used to
deposit ETL or HTL thin films on top of perovskite material provided that the
deposition temperature is not high enough to degrade the perovskite material.

Figure 6. 27: TEM image showing layered structure of 20 nm ALD TiO2 deposited
at 100°C on a MaPbI3 perovskite on 20 nm ALD TiO2 deposited at 185°C subjected
to a 5 minute O2 plasma pre-treatment on FTO coated glass

6.4 Summary
In this chapter nominally undoped ALD TiO2 was explored in terms of ideal ETL
thickness and passivation for use in planar PSCs. Deposition of ALD TiO2 on top of
the perovskite absorber material was also investigated.
Deposition of TiO2 thin film ETLs was carried out on a Picosun R200 ALD system.
All metal oxides for the n-i-p architecture were deposited at 185°C to meet the thermal
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restrictions of perovskite/silicon heterojunction tandem cells. TDMAT and H2O were
employed as the Ti precursor and co-reactant respectively, while 5 minutes of O2
plasma was used immediately prior to deposition.
Reference planar PSCs utilising 20 nm RF sputtered TiO2-x as the ETL were found to
perform remarkably well reaching a maximum PCE of 16.96 %. The MPP steady state
efficiency stabilised at 16.05 % after 800 seconds of tracking. These results had not
previously been observed at CSEM using the same architecture on ITO coated glass.
All reference cells deposited on FTO coated glass were found to be reproducible with
high PCEs. Despite these impressive results hysteresis was observed to remain in the
J-V curves due to the planar configuration.
Thin films of ALD thermal TiO2, in a thickness series of 5 nm, 10 nm, 15 nm, 20 nm,
and 25 nm were incorporated as ETLs in planar cells of the same architecture. The
final device structure consisted of FTO coated glass/ ALD TiO2 / MAPbI3/ SpiroOMeTAD/ Au contact. IV measurements of the ALD thin films on FTO coated glass
showed that high temperature annealing to 500°C in mesoporous PSCs increased the
resistivity of the underlying ALD TiO2 films. It was anticipated that removal of the
mesoporous layer could therefore contribute to a higher overall PCE in planar PSCs.
Elimination of the mesoporous layer would also allow exploration into thinner ALD
TiO2 films which until now had been maintained at 20 nm.
From the J-V characteristics and curves it was observed that the ALD TiO2 ETLs did
not perform as well as expected when fabricated into planar PSCs. The J sc was found
to increase with increased ALD ETL thickness from 5 nm to 25 nm. However, current
was still significantly lower than that of the reference cells which incorporated RF
sputtered TiO2-x. This, combined with a low FF led to a max PCE of 8 % for the planar
cells containing 20 nm thermal ALD TiO2 as an ETL. The poor performance compared
with mesoporous PSCs incorporating ALD TiO2 ETLs was surprising due to the
anticipated lower blocking layer series resistance due to the absence of the high
temperature anneal. Examination of the XPS of the Ti 2p signatures indicated that the
stoichiometry was improved by the anneal as the ratio of Ti3+ to Ti4+ was reduced from
1:3.9 to 1:4.1. The levels of unreacted precursor ligand fragments was also curtailed
by the anneal reducing the concentration of nitrogen and carbon present. It is proposed
that the highly defective nature of the as grown material, which could give rise to
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significant charge trapping in both the bulk and the interface, is the dominant feature
of the material’s performance. It should be noted that despite the low performance
observed in planar PSCs, the measured dark current was orders of magnitude lower
for ALD TiO2 compared to RF sputtered TiO2-x confirming the good hole blocking
properties of the ALD material.
In an attempt to improve the performance of planar cells using ALD TiO2 as the ETL,
RTA of the TiO2 layer in O2 and interface passivation, using ALD Al2O2 and ZnO,
were explored. Although RTA processing (500°C) would be unsuitable for tandem
cell fabrication its inclusion in this study was hoped to provide insight into the nature
of the ALD TiO2. For Al2O3, an initial 7 cycles was deposited by ALD as a capping
layer on top of a 20 nm thermal ALD TiO2 thin film on FTO coated glass. XPS analysis
of the thin films showed an increase in carbon concentration when the TiO2 layer was
capped with 7 cycles Al2O3. This rise in carbon concentration suggests that the Al2O3
deposition was not sufficiently complete to remove all of the organic ligands, most
likely due to temperature constraints. TEM imaging confirmed that the nucleation of
Al2O3 on TiO2 was not inhibited and the growth rate was within expected limits.
Both the RTA approach and that of 7 cycles of Al2O3 on the TiO2 ALD ETL were
prepared into planar PSCs with a 1.04 cm2 active area and compared with sputtered
equivalents. The final cell architecture comprised of FTO coated glass/ ALD TiO2 or
RF sputtered TiO2/ CsFAMAPb(BrI)3 perovskite/ Spiro-OMeTAD HTL/ Au contact.
From the J-V characteristics it was noted that current was strongly suppressed in the
planar cells containing ALD ETLs, both those that had undergone RTA in O2 and
Al2O3 capping. Final PCEs were not improved by either of these techniques. From the
J-V curves, a disappearance in the s-shape was observed for the ALD TiO2 sample
which had undergone RTA to 500°C in O2. This s-shape had been present for all
standard ALD J-V curves obtained previously. Despite this, the current was strongly
reduced by the RTA process. The J-V curve of 20 nm thermal ALD TiO2 capped with
7 cycles of Al2O3 suggests that the thin Al2O3 film completely blocks the extraction
of charges. As a consequence, the use of a single ALD cycle of Al2O3 as a capping
layer on ALD TiO2 was examined. For this experiment an additional plasma clean and
extended precursor pulses were utilised to aid nucleation and improve the interface.
These samples were fabricated into planar PSCs using the conventional MAPbI3
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precursor absorber. Using the same architecture a 20 nm RF sputtered TiO2-x ETL
reference cell was used in the study. From the J-V characteristics an issue was noted
with the perovskite absorber material or the Spiro-OMeTAD HTL causing all cells to
perform less efficiently than expected. Nonetheless, it was apparent that even the 1
cycle of Al2O3 deposition to passivate the TiO2 perovskite interface inhibited electron
extraction in the cell. It is possible that Al2O3 could improve the interface, if higher
temperatures or different chemistries were employed, however the combination of the
insulating nature of the Al2O3 and the non-ideal nature of TiO2 make it an unlikely
combination.
For this reason the use of ALD ZnO as a passivation layer was explored. Three cycles
of DEZ and H2O as the metal precursor and reactant respectively at 130°C were
employed. The zinc precursor contains Ethyl ligands which were thought to be able to
aid in cleaning the ALD TiO2 surface. Ellipsometry measurements of the ZnO capping
film on ALD TiO2 demonstrated that no nucleation delay was observed, this is likely
due to the addition of a plasma treatment prior to ZnO deposition providing more
nucleation sites and possibly removing residual TDMAT ligands. These samples were
then fabricated into planar PSCs using a CsFAPb(IBr)3 perovskite absorber. An
increase in current could be observed for cells incorporating ZnO passivation, but this
boost was not enough to significantly improve PCE but it does highlight possibilities
for future study.
Finally, in this chapter the concept of p-i-n architecture perovskite devices was
introduced where ALD must be performed directly on to the sensitive perovskite
absorber. Low temperature deposition of 100°C was successfully achieved on both
MAPbI3 and MAPbI3-xClx absorbers. A low temperature plasma free growth process
was chosen to prevent damage to the perovskite film enabling films of 20 nm thickness
to be grown. XRD analysis along with TEM imaging after ALD growth indicate that
the perovskite material was not noticeably degraded or modified. This is a promising
outcome which implies that low temperature ALD can be used to successfully deposit
ETL or HTL thin films on top of the perovskite material.
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CHAPTER 7:
Investigation into ALD SnO2 for use in planar PSCs

7.1 Introduction
As observed in the previous chapter, ALD TiO2 does not behave well when
incorporated into planar perovskite solar devices. Rapid thermal annealing of ALD
TiO2 to 500°C in a highly oxidising environment of O2 was employed to aid in the
removal of oxygen vacancy related defects. Despite this current was supressed when
the thin film was fabricated into a planar device. Likewise, interface passivation of
ALD TiO2 using ALD metal oxides was not found to substantially boost the PCE of
devices. Despite TiO2 being the most commonly used ETL in perovskite devices to
date, it does come with some substantial disadvantages. Planar PSCs which employ
TiO2 are restricted due to a conduction band misalignment with the perovskite layer.
These types of solar cells exhibit unstable PCEs as electron injection is energetically
hindered by the mismatched bands. As a result, accumulation of photogenerated
charges can occur which can hamper the performance of the device. TiO2 also provides
poor charge extraction which causes pronounced hysteresis observed in currentvoltage curves.1-4
One alternative option to TiO2 for planar PSCs is SnO2. Its deep conduction band
enables a barrier-free band alignment between the perovskite light harvester and the
ETL.4 SnO2 has also previously been seen to exhibit improved optical and electrical
properties5,6 and stability7,8 compared to the TiO2 traditionally used, making it a
promising candidate for use in high efficiency PSCs. SnO2 possesses a conduction
band of approximately 4.5 eV which is lower than the conduction band for all other
perovskite absorber materials, which lie between 3.4 eV – 4.0 eV. As illustrated in
Figure 7.1, this favourable conduction band and deep valance band can allow efficient
electron transfer from the perovskite layer to the SnO2 compact layer. Simultaneously,
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the low conduction band of SnO2 may decrease the obtained voltage in PSCs due to a
reduced Schottky barrier built-in potential between the perovskite layer and the ETL.
Surface modification of the SnO2 is a viable method to counteract this.8

Figure 7. 1: Diagram of heterojunction TiO2 and SnO2/perovskite energy levels

In this chapter low temperature amorphous ALD SnO2 is applied as the ETL for both
n-i-p and p-i-n planar architectures. Surface modification and passivation methods are
explored by means of spin-coating, evaporation and chemical bath deposition (CBD)
in an effort to improve the performance of the PSCs.

7.2 Experimental
7.2.1 Substrate Cleaning and preparation
All perovskite cells were prepared on high temperature resistant alumino-boroscilicate
glass coated with fluorine-doped tin oxide (FTO) which served as a transparent
electrode (TEC-7, 7 Ω cm-1 from Solaronix and TEC-7, 7 Ω cm-1 from Hartford
glass).
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At Tyndall National Institute and CSEM, the TEC-7 FTO coated glass (Solaronix)
was cleaned, P1 scribed and diced into 25 mm2 substrates as described earlier in
Chapter 5. At the University of Oxford, FTO coated glass was etched using zinc and
HCl rather than laser scribed to form electrode patterns. 112 mm2 TEC-7 FTO coated
glass sheets (Hartford glass) were carefully patterned using 19 mm scotch tape, while
avoiding the formation of air bubbles, as illustrated in Figure 7.2. Under the fume
hood, zinc powder and 2 M HCl were used to etch the FTO areas not protected with
tape. Deionised water was then used to clean the substrate sheets and remove zinc
residue before the scotch tape was carefully removed to reveal the required electrode
pattern. The FTO coated glass sheets were diced into 28 mm2 substrates before being
cleaned by successive ultra-sonication in Hellmanex (2% in deionised water), acetone
and IPA for 15 min each. A compressed air gun was used to thoroughly dry samples
between each step.

Figure 7. 2: Schematic of FTO coated glass patterned using scotch tape for zinc
etching to form electrode pattern

7.2.2 Deposition of ALD SnO2 for n-i-p PSCs
Nominally undoped SnO2 thin ﬁlms of a range of thicknesses (2 nm, 5 nm, 10 nm, 15
nm, 20 nm, 25 nm, 30 nm) were deposited on glass, quartz, n-Si(100) wafers, and FTO
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coated glass by ALD. To avoid run-by-run variation in growth experiments all
substrate types were loaded together for each SnO2 variation. Films were deposited at
185°C in a Picosun R200 system using a thermal or plasma enhanced reaction. The tin
precursor and reactant used for the depositions were TDMASn and either an O2 plasma
at 2.95 kW or H2O. The precursor vessel for the TDMASn was maintained at 65°C,
while the vessel neck was held at 80°C. The H2O reactant was maintained at a room
temperature of approximately 27°C where an adequate vapour pressure was achieved.
The nominal growth rate per cycle at 185°C for TDMASn was 0.6 Å using the Picosun
R200 system. All growth rates were in agreement with literature values.9
Similar to the ALD TiO2 conditions discussed previously, samples were provided with
a 40 minute stabilisation time within the reaction chamber prior to processing. The
Picosun boost function was utilised for the solid precursor TDMASn, allowing better
transportation of the precursor chemical to the reactor. The carrier gas maintained a
constant pressure for each pulse allowing pulses of the same size to be dosed
consistently. All samples also received a 5 minute O2 plasma clean in situ in the ALD
chamber prior to deposition.
Table VII. I: Experimental parameters for deposition of thermal SnO2 subjected to a
5 minute O2 plasma treatment prior to deposition using TDMAT on Picosun R200

Table VII. I outlines the recipe used for the growth of thermal SnO2 at 185°C.
Substrates were subjected to a 5 minute O2 plasma treatment directly prior to ALD
deposition as described in Chapter 5 section 5.2.2.2 (i). Following the plasma clean,
an 8 second purge time was allowed before the first precursor, TDMASn, was
introduced for 1.6 seconds using the boost function. After an 8 second purge a 0.1
second pulse of H2O was introduced with another 8 second purge directly after to
complete the cycle. The cycle of TDMASn and H2O was repeated for a total of 336
cycles. The nominal thickness of the thin film grown was 20 nm assuming a growth
rate of 0.06 nm per cycle.
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In addition, nominally undoped SnO2 and TiO2 thin films were grown by ALD at an
elevated temperature of 300°C to determine if a higher deposition temperature would
increase stoichiometry and hence performance when incorporated into planar PSCs.
The recipe for these growths remained the same, employing TDMASn or TDMAT as
the metal precursor, H2O as the reactant and the same plasma substrate clean to allow
direct comparison between low temperature (185°C) and high temperature (300°C)
depositions. The growth rate per cycle differed at the elevated temperature with SnO2
requiring 1500 cycles to obtain a 20 nm thick film, equating to a growth rate of 0.013
nm per cycle. This deposition temperature is outside the ALD window of 100°C to
200°C for SnO2 using TDMASn and H2O. This resulted in a poorly controlled growth
due to thermal decomposition of the precursor causing non-ALD type deposition.10
The TiO2 thin film had a growth rate of 0.04 nm per cycle at the elevated temperature,
requiring 500 cycles to obtain 20 nm. TDMAT and H2O have been reported to deposit
ALD films with a decrease in growth rate with increased temperature.11,12 A growth
rate of 0.05 nm per cycle at 300°C was reported by M. Reiners et al, while at higher
temperatures of 320°C CVD-like reactions were observed.13
Similarly, nominally undoped SnO2 thin films were deposited using PEALD at 185°C.
Here, the H2O was replaced with O2 plasma. A 5 minute O2 plasma substrate treatment
prior to ALD growth was again employed. The plasma reactant was utilised to allow
for faster chemical reactions to take place at lower deposition temperatures.

7.2.3 Deposition of ALD SnO2 for p-i-n PSCs
Nominally undoped SnO2 thin films were deposited by the Picosun R200 system on
the perovskite/ HTL/ FTO coated glass stack. As with section 7.2.2, the tin precursor
and reactant used for deposition were TDMASn and H2O, respectively. The stack was
provided with a short 5 minute thermal stabilisation time within the reaction chamber
prior to growth in an attempt to provide thermal stabilisation without causing
degradation to the sensitive perovskite absorber layer. The chamber was purposely set
to low deposition temperatures ranging from 100°C to 150°C to maintain a balance
between the stoichiometric growth of SnO2 and the preservation of the perovskite
underlayer.
After the stabilisation period, a pulse/purge sequence was adopted. O2 plasma was not
utilised as a reactant or to clean the stack prior to ALD growth as it was thought likely
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to negatively impact the perovskite absorber layer underneath. 10 nm and 20 nm
depositions were grown on n-Si(100) wafers, and ellipsometry was employed to
estimate thickness, recognising that nucleation may be significantly different.
Table VII. II: Experimental parameters for deposition of thermal SnO2 on top of
perovskite material using a Picosun R200

Table VII. II summarises the recipe used for the growth of thermal SnO2 directly on
top of a perovskite absorber. The tin precursor, TDMASn, was introduced for 1.6
seconds using a boost function. After a 6 second purge a 0.1 second pulse of H2O was
introduced, followed by another 6 second purge to complete the cycle. This process
was repeated for a certain number of cycles depending on the desired thickness and
deposition temperature. The shorter purge time of 6 seconds was applied to minimise
the thermal exposure of the sensitive perovskite absorber material whilst maintaining
ALD behaviour. Later a longer purge time was utilised to provide a limited and
uniform growth as described in section 7.3.5.5. At low deposition temperatures of
between 100°C and 150°C the growth rate of SnO2 increased, varying from 0.088 nm
per cycle to 0.132 nm per cycle depending on temperature used and purge length. This
is described in more detail later in section 7.3.5.5.

7.2.4 Fabrication of n-i-p PSCs employing CsFAMAPbI3 or
CsFAPb(IBr)3
Substrates containing ALD ETLs deposited on top of FTO and ITO coated glass were
processed at CSEM where they were fabricated into PSCs. These substrates were
subjected to a 15 minute UV O3 treatment and blown with a N2 gun to remove
environmental contaminants. The samples were then placed in a Lesker mini-spectros
system inside the glove box and a wait period of 45 minutes was applied for the
sources to heat and stabilise. The sample holder was set at 30°C with the Lesker
evaporator operating at a base pressure of 1.5 x 10-6 Torr. The perovskite absorber was
realised through a two-step process by first co-evaporating PbI2 and CsI. The CsI
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source was heated to 400°C and evaporated at a rate of 0.15 Å per second until a
thickness of 30 nm was achieved. This was followed by the evaporation of PbI2 whose
source was heated to 180°C and deposited at a rate of 1 Å per second until a thickness
of 180 nm was obtained. An organohalide solution containing either MAI and FAI in
EtOH or FAI and FABr in EtOH was spin coated onto the PbI2:CsI precursor layer at
3,000 rpm for 33 seconds inside the glove box. This was followed by thermal
annealing outside the glove box at 150°C for 30 minutes to promote interdiffusion and
to obtain the final perovskite material.
The HTL, Spiro-OMeTAD, and evaporated contact, Au, were then added by the
method described in Chapter 6, section 6.2.3

7.2.5 Fabrication of n-i-p PSCs through ACN/MA deposition
route
Following ALD deposition of 2 nm, 5 nm and 10 nm SnO2 thin films at Tyndall
National Institute, samples were sent to the University of Oxford where they were
fabricated into planar perovskite devices. A buffer layer of C60 (10 mg/ml in 1,2dichlorobenzene) was deposited on the ALD SnO2 thin films via spin coating at 3,500
rpm for 30 seconds. Following this, the substrates were dried at 80°C for 2 mins.
An acetonitrile/methylamine (ACN/MA) solvent mixture was prepared by placing a
33 % wt solution of MA in EtOH in an aerator which was placed in an ice bath. The
MA solution was degassed by bubbling a carrier gas, N2, into the solution. The MA
vapour created then passed through a drying tube supplied with desiccant prior to
bubbling into a solution of ACN containing 0.5 M of the perovskite precursors. These
perovskite precursors consisted of 1:1.06 MAI:PbI2. The gas was then bubbled into
the black dispersion until the perovskite particles were entirely dissolved forming a
yellow solution (Figure 7.3).14
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Figure 7. 3: Schematic of the apparatus used in the University of Oxford for MAPbI3
perovskite prepared by ACN/MA.14

Once the C60/ALD SnO2/ FTO coated glass substrates had cooled from 80°C, the
MAPbI3 perovskite solution formed via ACN/MA was spin-coated in dry air at 2000
rpm for 45 seconds. 100 μl of 5 mg/ml MAI (Alfa Aesar) in IPA was spin coated on
top as a post treatment before annealing at 100°C for 1 hour.
Upon cooling, the HTL was prepared by dissolving 85.0 mg spiro-OMeTAD (Merck)
in 1 ml chlorobenzene (Sigma Aldrich) with additives of 23 μl tBP and 20 μl LiTFSI
before it was spin coated at 2,500 rpm for 40 seconds. The devices were completed
with the evaporation of a 110 nm silver electrode using a Kurt J. Lesker Nano-36
thermal evaporator with a base pressure of approximately 10-6 Torr.

7.2.6 Fabrication of n-i-p PSCs through surface modification
and a FACsPb(IBr)3 perovskite
Surface modification of the ALD SnO2 thin film was explored through deposition of
spin coated PCBM and CBD SnO2 by the author. Passivation of ETLs such as SnO2
can significantly enhance the performance of PSCs in many ways by altering the band
energy to allow electron injection and prevent the admission of holes at the interface,
whilst it may also be used to passivate the surface states for suppression of
recombination.
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In this study, the author fabricated devices while at the University of Oxford. Cells
containing ALD SnO2 were made up alongside ETLs comprised of spin coated
SnO2/CBD SnO2 and spin coated SnO2/PCBM to avoid any variations in the
remaining layers, allowing ETLs to be directly compared. Spin coated SnO2 which is
followed by a CBD of SnO2 is a commonly used low-temperature all-solution ETL
process in the PV field which has obtained impressive PCEs. This method has
previously been reported to outperform ALD SnO2 in planar perovskite devices due
to an increase in FF.15 The method used here has been well established and optimised
by those at the University of Oxford.
The perovskite solution was prepared in the glove box. 207.0 mg of FAI (Dyesol) and
64.0 mg CsI (Alfa Aesar) were added to 538.2 mg PbI2 (TCI) and 103.8 mg PbBr2 in
a 4 ml vial. A magnetic stirrer was added to the vial, followed by 1,000 µl of a 1:4
volume ratio of DMSO:DMF (Sigma Aldrich). This perovskite solution was allowed
to stir overnight in the glove box.

7.2.6.1 Spin coated SnO2
17.5 mg SnCl4.5H2O (Sigma Aldrich) was dissolved in 1ml 0.05M IPA. The solution
was made fresh for each device batch and allowed to stir for 30 minutes before use.
Clean, patterned FTO coated glass substrates were subjected to 10 min O2 plasma
immediately prior to spin coating 200 μl SnCl4.5H2O in IPA solution at 3,000 rpm for
30 seconds producing 15-20 nm thick films. The samples were dried for 10 min at
100°C before annealing at 180°C for 1 hour and then allowed to cool.

7.2.6.2 SnO2 Chemical Bath Deposition
2.5 g urea (98 %, Sigma Aldrich) was added to 200 ml deionised water in a large bottle
containing a magnetic stir bar in the fume hood. 50 μl 3-mercaptopropionic acid
(Sigma Aldrich) was then added, followed by 2.5 ml HCl (37 %, Alfa Aesar), and
finally 540 g 0.012 M SnCl2.2H2O (Sigma Aldrich). The bath solution was allowed to
stir for 2 min.
The cooled c-SnO2 (ALD or spin coated)/ FTO coated glass samples were placed face
up in a clean shallow glass container. The contents of the large bottle were gently
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poured into the glass container covering the samples. For ALD SnO2, an O2 plasma
treatment was employed before the chemical bath solution was poured on due to the
observed hydrophobicity of the as grown ALD film compared to spin coated SnO2.
The container was covered with aluminium foil and placed in an oven at 70°C. After
3 hours the glass container was removed from the oven and the solution was carefully
poured out. A copious amount of deionised water was poured onto the samples before
each sample was cleaned for 2 min via ultra-sonication in deionised water. The
samples were then dried using a condensed air gun and annealed at 180°C for 1 hour.
The recipe used to produce spin coated SnO2 followed by CBD SnO2 has been reported
in the literature to be no thicker than 40 nm.15

7.2.6.3 PCBM Deposition
7.5 mg /ml of phenyl-C61-butyric acid methyl ester (PCBM, 98%, nano-c) in
chlorobenzene was made up and allowed to stir overnight. The solution was then
filtered into a clean vial using a 0.45 µm PTFE filter before spin coating 40 μl on cSnO2 (ALD or spin coated)/ FTO coated glass samples at 2,000 rpm for 30 seconds.
The samples were then dried on a hot plate at 70°C for 10 min producing 5-10 nm
thick films.

7.2.6.4 Remaining stack layers
Directly prior to deposition of the perovskite absorber layer (and spin coating of the
PCBM passivation layer), all ETL/FTO coated glass substrates were subjected to a 15
minute UV O3 treatment and blown with a N2 gun to remove any contaminants.
After stirring overnight, the perovskite solution was removed from the glovebox and
heated to 70°C for 10 min before spin coating. Samples were transferred to a
controlled atmosphere box at 23 % humidity where 40 µl FACsPb(IBr)3 solution was
micropipetted onto and carefully spread across the substrates before they were spun at
1,000 rpm for 10 seconds, followed by 6,000 rpm for 35 seconds. 100 µl of anisole
(Sigma Aldrich) was carefully used as an anti-solvent treatment 10 seconds before the
end of the spin coating process. Samples were then annealed for 25 minutes at 100°C.
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The HTL was prepared by dissolving 85.0 mg Spiro-OMeTAD (Merck) in 1 ml
chlorobenzene (Sigma Aldrich) with additives of 23 μl tBP and 20 μl LiTFSI before
40 μl of this HTL solution was spin coated on the substrates at 2,500 rpm for 40
seconds. The devices were completed with the evaporation of a 100 nm gold electrode
using a Kurt J. Lesker Nano-36 thermal evaporator with a base pressure of
approximately 10-6 Torr. Figure 7.4 below illustrates the entire stack for these
perovskite devices using PCBM and CBD passivation methods.

Figure 7. 4: Schematic of PSCs incorporating (a) PCBM and (b) CBD SnO2
passivation

7.2.7 Fabrication of p-i-n PSCs employing KCsFAMAPb(IBr)3
and CsFAPb(IBr)3
10 nm of the HTL NiOx was deposited on ITO coated glass by RF sputtering. The
quadrupole cation perovskite, KCsFAMAPb(IBr)3, was then prepared by combining
548.6 mg PbI2 (TCI) and 77.07 mg PbBr2 (TCI) with 190.12 mg FAI (Dyesol) and
21.84 mg (Dyesol) in a solvent mixture of 4:1 DMF:DMSO. Using stock 2 M iodide
solution in DMSO 34 µL of CsI was also added, subsequently KI was added to form
the perovskite solution as described by Bu et al.16 This mixture was allowed to spin
overnight using a magnetic stir bar before being filtered into a clean vial using a 0.45
µm PTFE filter.
The NiOx/ITO coated glass substrates were subjected to a 15 minute UV O3 treatment
prior to spin coating 25 µL of the mixed perovskite solution at 6,000 rpm for 30
seconds. 100 µL of ethyl acetate was used as a solvent quenching method 5 seconds
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prior to the end of the spin coating. The samples were then annealed at 120°C for 45
minutes. Once cooled half of the samples were deposited with an evaporated 20 nm
C60 buffer layer before being sent from CSEM to Tyndall National Institute for ALD
of the ETL. When returned, the devices were completed with the evaporation of a 100
nm gold electrode using a Lesker mini-spectros system, with substrate temperature of
80°C and a base pressure of 1.5 × 10−6 Torr.
For p-i-n devices incorporating the CsFAPb(IBr)3 perovskite, NiOx or SpiroOMeTAD was first deposited by RF sputtering and spin coating using the methods
previously described. The samples containing the NiOx HTL were treated with 15
minutes of UV O3 prior to spin coating of the perovskite layer. The perovskite absorber
layer was realised by first co-evaporating PbI2 and CsI with a molar ratio controlled
via the respective deposition rates. Then, an organohalide solution containing a 1:2 M
mixture of FAI and FABr was spin-coated onto the PbI2:CsI precursor layer, followed
by thermal annealing as outlined in section 7.2.4. Following evaporation of the thin
C60 buffer layer, samples were sent to Tyndall National Institute for ALD deposition.
On return, a semi-transparent indium zinc oxide (IZO)/Ag back contact was
evaporated using a Lesker mini-spectros system.

7.3 Results and Discussion
A thickness series of 2 nm, 5 nm, 10 nm, 15 nm, 20 nm, 25 nm and 30 nm ALD SnO2
on O2 plasma treated substrates was successfully grown by a Picosun R200 ALD
system at 185°C. The thickness series was grown in an attempt to optimise the ETL
and enhance performance once incorporated into planar PSCs. Planar PSCs were then
fabricated and their J-V characteristics were analysed in relation to the ALD ETLs.
ALD of 10 nm and 20 nm thermal SnO2 grown at 100°C and 140°C on a stack of
perovskite absorber/ HTL/ FTO coated glass were fabricated and examined. This was
carried out to establish the quality of the interface between the top ALD layer and the
perovskite material both in terms of contact properties and process damage of the
perovskite.
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7.3.1 Morphology
The morphologies of the deposited ALD SnO2 films and FTO coated glass were
examined using SEM (FEI Quanta FEG 650) and TEM (Jeol ARM 200F). Plan view
SEM as depicted in Figure 7.5 shows the surface morphology of 20 nm ALD SnO2
deposited thermally, deposited thermally with a pre-treatment of 5 minutes O2 plasma,
and deposited using PEALD on FTO coated glass. The surface morphologies were
found to match that of blank FTO coated glass as seen earlier in Chapter 6.

Figure 7. 5: Plan view SEM showing surface morphology of (a) 20 nm thermal ALD
SnO2 (b) 20 nm thermal ALD SnO2 pre-treated with O2 plasma and (c) PEALD of
SnO2, all deposited on FTO coated glass

For TEM characterisation, specimens for cross section analysis (XTEM) were
prepared using the conventional method of gluing face to face small sections cut from
an area of interest using M-bond. This was followed by mechanical polishing and ion
milling in a Gatan PIPS model 691 apparatus before imaging.
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Figure 7. 6: Cross sectional TEM showing 10 nm thermal ALD SnO2 pre-treated
with O2 plasma deposited on (a) FTO coated glass and (b) ITO coated glass

The TEM images exhibited in Figure 7.6 demonstrate the notable contrast between
FTO and ITO coated glass substrates with a much increased surface roughness for
FTO. While rough FTO is beneficial in PSCs as it provides more surface area for the
subsequent layers, the smooth ITO has the benefit of allowing larger perovskite
crystals to form.17 This is advantageous as the large perovskite crystals enhance charge
transport due to reduced grain boundaries from smaller crystallites and improve crystal
orders. The TEM images also support the claim of ALD conformality as it shows the
SnO2 growth following the curves of the rough FTO coated glass and smooth ITO
coated glass underlayers.

Figure 7. 7: Contact angle measurement showing 1 µl water on (a) 20 nm thermal
ALD SnO2, (b) 20 nm thermal ALD SnO2 pre-treated with O2 plasma and (c) PEALD
of SnO2 all deposited on FTO coated glass

Contact angle measurements were performed on various ALD SnO2 ETLs at room
temperature using a Dataphysics OCA 20 wetting angle system. These measurements
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were carried out to determine how well the perovskite layer would wet the surface
when spin-coated. Figure 7.7 displays the contact angles for various ALD SnO2 films
deposited on FTO coated glass. Using 1 µl water PEALD of 20nm SnO2 exhibited
good wetting, with a measured contact angle of 46.1°. In contrast, 20 nm thermal SnO2
which was subjected to 5 minutes of O2 plasma prior to ALD indicated poor wetting,
with a contact angle of 121.9 ° using 1 µl water. Contact angle measurements
performed using 1 µl water after a 15 minute O2 plasma treatment post ALD
demonstrated a reduction in contact angle from 121.9 ° to 3.8 °, to give a super
hydrophilic surface as illustrated in Figure 7.8. This indicates that an O3 or O2 plasma
treatment before deposition of the perovskite would be required for this metal oxide
to be fabricated successfully into a planar PSC.

Figure 7. 8: Contact angle measurement showing 1 µl water on 20 nm thermal ALD
SnO2 pre-treated with O2 plasma on FTO coated glass (a) as grown and (b) and (c)
treated with 15 minutes O2 plasma prior to measurement

XRD was performed using a Philips X’pert PM3719 powder x-ray diffractometer with
Cu Kα radiation (λ = 1.540598 Å). As expected at a deposition temperature of 185°C,
all ALD films in this study were found to be amorphous as grown.

7.3.2 UV-vis spectrometry
UV-Vis was performed with the Perkin-Elmer Lambda 900 spectrophotometer
described previously in Chapter 5, section 5.3.2 to obtain optical transmittance from
the thickness series of the ALD thermal SnO2 on O2 plasma pre-treated quartz.
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Figure 7. 9: Graph showing percentage transmission for thickness series of SnO2
pre-treated with O2 plasma on quartz

As with the ALD TiO2 in Chapter 6, a general decrease in transmission can be
observed as the films increase in thickness from 2 nm to 25 nm. ALD SnO 2 in terms
of percentage transmission proved to be optically favourable relative to ALD TiO2,
with values above 75 % retained in the 400 nm – 1400 nm range of the spectrum even
in the case of the thickest film (Figure 7.9).

7.3.3 Electrical properties
Electrical conductivity measurements were carried out on various ALD SnO2 films to
determine if a difference could be observed in J-V characteristics. 20 nm thermal ALD
SnO2, thermal ALD SnO2 pre-treated with 5 minutes of O2 plasma and SnO2 grown
through PEALD were all deposited on FTO coated glass. The samples were then
evaporated with a 5 nm Ti adhesion layer followed by a 150 nm Katya mask. Electrical
conductivity was measured on 100 nm2 pads in different areas across the 25 mm2
samples by applying a voltage sweep from 0 to +/- 0.8 V, in 0.015 V steps. J-V
characteristics of the as grown ALD films are displayed in Figure 7.10.
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Figure 7. 10: J-V sweep comparing 20 nm thermal ALD SnO2, 20 nm thermal ALD
SnO2 pre-treated with 5 minutes of O2 plasma, and 20 nm PEALD SnO2 all
deposited on FTO coated glass

From Figure 7.10, it can be observed that thermal SnO2 which was subjected to an O2
plasma clean prior to growth performed the best electrically. This was followed by
thermal SnO2 and then PEALD SnO2. These results are similar to the sigma dark
measurements obtained for ALD TiO2 variations deposited in the same way from
Chapter 5, section 5.3.1. Similarly to ALD TiO2, the plasma clean directly prior to
ALD growth produced the best films in terms of conductivity. A plasma clean is likely
to provide more nucleation sites for ALD and remove adventitious carbon, which
would result in a non-uniform growth, from the substrate surface as described earlier.
Following this, 20 nm thin films of ALD SnO2 and TiO2 were grown at 185°C using
the champion deposition methods and their J-V characteristics were directly compared
as shown in Figure 7.11. ALD SnO2 which was subjected to a pre-growth O2 plasma
treatment was observed to produce a higher conductivity than ALD TiO2 which was
also subjected to the same plasma treatment. Both the tin precursor, TDMASn, and
the titanium precursor, TDMAT, contain the same ligands and the H2O reactant was
utilised for both depositions. Both SnO2 and TiO2 are composed of similar bond
lengths (1.90 Å) and chemical bonds, while their electronic band gap energies are also
comparable (Eg 3 eV – 4 eV). Despite this, their optical and electronic properties are
quite different due to their differing band-edge structures.18 SnO2 is typically optically
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transparent with large electron conductivity while TiO2 is optically absorbing with
weak electron mobility due to a high level of electron and hole traps. This information
is not only valuable for the fabrication of efficient PSCs but also for applications such
as oxide thin-film transistors and dye-sensitive solar cells.

Figure 7. 11: J-V sweep comparing 20 nm thermal ALD SnO2 pre-treated with a 5
minute O2 plasma clean to 20 nm thermal ALD TiO2 pre-treated with a 5 minute O2
plasma clean

Hall Effect measurements were carried out to compare the electrical properties of ALD
SnO2 and TiO2 deposited using the champion deposition methods on glass. The
measurements were obtained using a LakeShore HMS 8404 Hall Measurement
System with both DC and AC magnetic field capability.19 Both DC and AC magnetic
field methods were used with field reversal strength of ±1.7 T for the DC technique
and +1.2 T RMS for the AC method using a lock-in amplifier.
100 nm of ALD SnO2 and TiO2 were deposited on glass and as previously described
subjected to a 5 minute O2 plasma treatment prior to ALD deposition. 100 nm films
were chosen to allow conductivity to be measured by the Hall Effect instrument with
a sufficiently high signal to noise ratio. The glass substrates were diced post ALD into
1 cm2 samples from the back face of the glass and a centre sample was chosen from
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each to be measured. This was carried out to ensure that no growth was deposited on
the edge or back side of the samples.

Figure 7. 12: Schematic of 1 cm2 sample for Hall Effect measurement with
thickness, t, and ohmic contacts on the four corners of the sample by the boundary

The objective of the Hall measurement in the Van der Pauw technique is to determine
the sheet carrier density, ns, by measuring the Hall voltage, VH. In order to determine
both the mobility, µ, and the ns a combination of a resistivity measurement and a Hall
measurement is needed.
The measurement requires a 1 cm2 solid sample which is roughly 2D in nature (ie.
much thinner than 1 cm2) with small ohmic contacts placed on the four corners at the
very bounds of the sample (Figure 7.12). A four point probe is then placed on these
points allowing the van der Pauw method to provide an average resistivity of the
sample. Ideally the ohmic contacts are required to be infinitesimally small as any
errors produced by their non-zero size would be of the order D/L, where D is the
diameter of the contact and L is the distance between contacts. As well as this, leads
from the contacts are required to be from the same batch of wire to minimise any
thermoelectric effects.

𝑛𝑠 =

𝐼𝐵
𝑞|𝑉𝐻 |

7.1

The equation for calculating sheet carrier density is displayed above in equation 7.1
where I is the current, B is the magnetic field, and q is the elementary charge (1.602 x
10-19 C).
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VH is measured when electrons are travelling through a magnetic field and are
subjected to Lorentz force, leading to a build up of negative charge on one side of the
sample and a positive charge on the other. The potential difference between the two
sides of the sample is measured as the VH. Equation 7.2 below is used to calculate
Lorentz force:

𝐹𝐿𝑜𝑟𝑒𝑛𝑡𝑧 = 𝑞(𝐸 + (𝑣 𝑥 𝐵))

7.2

To measure the sheet resistance, Rs, a DC current, I, is set up before an automatic
measuring sequence is started, measuring the resistance between two opposing leads.
For Hall Effect measurements, a voltage is applied between the contacts placed at
diagonally opposite corners and the current, I, flowing between them is measured. In
addition, a magnetic field, B, is applied in the direction perpendicular to the sample
and the change in VH between the contacts in opposite corners is measured The van
der Pauw method consists of two measurements of resistivity, R1 and R2 as displayed
in equation 7.3 and 7.4:

𝑅1 = 𝑅4,1,

3,2

+ 𝑅1,4,

2,3

+ 𝑅2,3,

1,4

+ 𝑅3,2,

4,1

7.3

𝑅2 = 𝑅3,2,

2,1

+ 𝑅4,3,

1,2

+ 𝑅1,2,

4,3

+ 𝑅2,1,

3,4

7.4

From these two measurements and the knowledge of the sample thickness under test,
t, the conductivity of the sample may be measured. As all sides of the sample are the
same length, resistivity, ρ, can be measured using sheet resistance, R s, and the
correction factor, f as displayed in equation 7.5:

ρ = 𝑅𝑠 𝑡 =

𝜋𝑡 𝑅1,2, 3,4+𝑅2,3, 4,1
2

ln 2

𝑓

7.5

where;

𝑅1,2,

3,4

=

𝑅2,3,

4,2

=

𝑉3,4
𝐼1,2

7.6

and
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Mobility can then by calculated using the Rs or Hall coefficient, RH, measured by the
Hall Effect instrument.20

𝑅𝐻 =
µ=

|𝑉𝐻 |
𝑅𝑠 𝐼𝐵

=

𝑉𝐻 𝑡

7.8

𝐼𝐵
1

𝑞𝑛𝑠 𝑅𝑠

=

𝑅𝐻
ρ

7.9

Table VII. III: Hall Effect properties of 100 nm ALD SnO2 in DC and AC

The SnO2 thin film exhibited excellent ohmic behaviour during ohmic checks,
however the thermal electric voltage was found to be quite high, i.e. within the mV
range from the intercept of the linear relation. A results summary of the Hall Effect
analysis on SnO2 is outlined in Table VII. III. Four-point resistivity measurements
provided information on the sheet resistivity and resistivity based on the nominal
thickness of 100 nm. Both DC and AC Hall measurements indicated that the material
was 100 % n-type. The signal to noise ratio for DC was quite high at 15:1, but for AC
was very good at 50:1 confirming the carrier type and sheet concentration. Hall
mobility was based on four-point sheet resistivity displaying 1.2 cm2/V.s. These Hall
results were based on the assumption that the entire SnO2 thickness was contributing
to the measurements without any interface layer contribution.
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Table VII. IV: Hall Effect properties of 100 nm ALD TiO2 in DC

The TiO2 thin film was found to be much more resistive than SnO2 when measured
using the Hall Effect instrument. Similarly to the SnO2, the TiO2 sample exhibited
excellent ohmic behaviour during ohmic checks with very high thermal electric
voltage. Four-point resistivity measurements provided information on the sheet
resistivity and resistivity based on the nominal thickness of 100 nm as detailed in Table
VII. IV. When initially tested the DC Hall measurement provided a very poor signal
to noise ratio of 1:2 meaning that the Hall results could not be trusted. The
measurements were repeated using a long wait time of 300 seconds which improved
the signal to noise ratio to 50:1. Despite this precaution, both n-type carrier and p-type
carriers were exhibited from the DC Hall measurement. Fresh 1 cm2 TiO2 samples
were also measured and it was determined that the carrier type was random. While
bulk TiO2 is commonly considered a n-type semiconductor, undoped TiO2 can also
exhibit a p-type response due to dominant counterpart surface charge carriers, the
holes.21,22 From these measurements only resistance and sheet resistance are reliable
from the data obtained.

7.3.4 XPS
XPS was carried out on 20 nm ALD SnO2 films deposited on FTO coated glass to
determine the tin content. The details of XPS have been described previously in
Chapter 5, section 5.3.3. It is difficult to differentiate between SnO and SnO2 from the
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XPS Sn 3d peaks alone. However, it is possible to distinguish from the Sn valence
spectra displayed in Figure 7.13 (a).

Figure 7. 13: (a) XPS of Sn valence spectra for 20 nm thermally deposited SnO2 pretreated with a 5 minute O2 plasma clean on FTO coated glass and 20 nm of plasma
enhanced SnO2 on FTO coated glass (b) XPS from the literature demonstrating
difference between Sn4+ and Sn2+ 23

The Sn valence spectra is characteristic of Sn4+ in both plasma enhanced SnO2 and
thermally deposited SnO2 pre-treated with an O2 plasma clean. If Sn2+ was present, a
shoulder would be observed on the right hand side of the peak at a binding energy of
~2.8 eV (Figure 7.13 (b)).
No signal was detected from the underlying FTO during XPS which indicates
conformal and pinhole-free SnO2 coverage.

7.3.5 Complete planar perovskite solar cells
Following the author’s work depositing and characterising ALD SnO2 ETLs at Tyndall
National Institute, samples were sent to CSEM and the University of Oxford to be
fabricated into planar PSCs. An internship was then arranged at the University of
Oxford to study established methods of depositing mixed cation perovskite materials.
Here, the author carried out a study comparing passivation layers on ALD SnO2 to the
same layers on spin-coated SnO2. The performances of the cells are compared and
discussed.
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7.3.5.1 n-i-p architecture PSCs, no passivation
10 nm and 20 nm thermal ALD SnO2 thin films which were treated with 5 minutes of
O2 plasma prior to deposition at 185°C were grown on TEC-7 FTO coated glass
(Solaronix) as well as ITO coated glass (Sigma Aldrich 8-12 Ω/sq). The ALD layers
on ITO coated glass were chosen to be fabricated into planar PSCs by CSEM using a
triple cation CsFAMAPbI3 perovskite material. These were compared to 10 nm and
20 nm thermal ALD TiO2 thin films which were treated with the same pre-growth O2
plasma clean on ITO coated glass. The TiO2 thin films were fabricated into planar
perovskite devices using the MAPbI3 perovskite material. The J-V characteristics of
these cells on a 1.04 cm2 active area are displayed in Figure 7.14.

Figure 7. 14: J–V characteristics of planar perovskite solar cells on ITO coated
glass substrates containing ETLs of 10 nm and 20 nm thermal ALD SnO2 and TiO2
pre-treated with 5 minutes of O2 plasma
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From these J-V characteristics it can be observed that there was an issue with one or
more of the process steps, namely the MAPbI3 perovskite, the Spiro-OMeTAD HTL
synthesis or deposition, as the PCE of the reference cell containing a sputtered TiO2-x
ETL is far lower than the expected value observed previously in Chapter 6. Planar
devices containing ALD SnO2 had an improved performance in terms of Voc, Jsc, and
PCE over their ALD TiO2 counterparts. However, this improved performance may be
due to the CsFAMAPbI3 perovskite absorber employed. All PSCs were made up
together using the same HTL solution. The source of the poor PCEs of devices
containing ALD SnO2 could not be determined conclusively. Hence, it remains
unclear whether ALD SnO2 outperforms ALD TiO2 when incorporated into devices,
or if, similarly to ALD TiO2, it requires passivation.
10 nm and 20 nm thermal ALD SnO2 and ALD TiO2 thin films which were treated
with O2 plasma prior to deposition at 300°C were grown on TEC-7 FTO coated glass
(Solaronix) as well as ITO coated glass (Sigma Aldrich 8-12 Ω/sq). The high
temperature ETL sample set was decided upon in an attempt to improve PCE in planar
cells. It was discussed in Chapter 6 that ALD TiO2 deposited at 185°C is not
stoichiometric. XPS of the Ti 2p signatures indicated that the stoichiometry was
improved by the 500°C mesoporous sintering as the ratio of Ti3+ to Ti4+ was reduced
from 1:3.9 to 1:4.3. While it has been observed that ALD SnO2 deposited at 185°C is
stoichiometric, containing only Sn4+, both metal oxides were found to contain
measurable quantities of N and C from unreacted precursors. The higher deposition
temperature of 300°C could aid in the removal of these impurities.
The ALD layers on ITO coated glass were chosen to be fabricated into planar PSCs at
CSEM using a spin coated double cation mixed halide perovskite material,
CsFAPb(IBr)3. These planar cells were composed of ITO coated glass/ ALD TiO2 or
ALD SnO2/ CsFAPb(IBr)3/ Spiro-OMeTAD/ Au contact. The J-V characteristics of
these cells on a 1.04 cm2 active area are displayed in Figure 7.15.
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Figure 7. 15: J–V characteristics of planar perovskite solar cells on ITO coated
glass substrates containing ETLs of 10 nm and 20 nm thermal ALD SnO2 and TiO2
pre-treated with 5 minutes of O2 plasma and grown at 300°C

The J-V characteristics show the Voc of all devices to be suitably high, with the cells
containing 10 nm ALD TiO2 being slightly lower. The current was found to be
strongly supressed in all devices most notably those containing the TiO2 films,
indicating poor electron extraction through the ALD TiO2. This corresponds well to
the results obtained for 20 nm ALD TiO2 which had undergone a RTA treatment to
500°C discussed in Chapter 6. The FF obtained was markedly low for all cells, though
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low illumination Rsc values indicate that the films are likely not shunted (not shown).
This combined with poor Jsc lead to inferior PCEs.

7.3.5.2 n-i-p architecture PSCs, C60 passivation
2 nm, 5 nm, and 10 nm thermal ALD SnO2 thin films on O2 plasma cleaned TEC-7
coated glass (Hartford Glass) were deposition at 185°C. These ALD layers were sent
to the University of Oxford to be fabricated into planar PSCs using a MAPbI3
perovskite material prepared through the acetonitrile/methylamine method.14 The final
device architecture was composed of FTO coated glass/ ALD SnO2 / C60/ MAPbI3/
Spiro-OMeTAD/ Ag. Devices were measured using a class AAB ABET solar
simulator with an AM 1.5 G irradiance spectrum at 100 mW cm-2. The irradiance was
calibrated using an NREL-calibrated KG5 filtered silicon reference cell. The J-V
characteristics of the cell were recorded using a source meter (Keithley 2400, USA).
The cell areas were defined using a metal mask.
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Figure 7. 16: (a) J–V characteristics of planar perovskite solar cells containing 10
nm ALD SnO2 pre-treated with 5 minutes of O2 plasma on 0.7 cm2 and 0.09 cm2
active areas (b) Steady state max power point tracking of same cells over 50 seconds

10 nm ALD SnO2 was found to perform best from the ALD thickness series reaching
18.3 % PCE on a 0.09 cm2 active area and 15.9 % PCE on a 0.7 cm2 active area. The
J-V characteristics of the devices containing 10 nm ALD SnO2 are displayed in Figure
7.16 (a). Steady state tracking was employed for 50 seconds (Figure 7.16 (b)) with the
0.09 cm2 active area cell maintaining 17.9 % PCEMPP and the larger 0.7 cm2 active
area cell maintaining a 15.8 % PCEMPP.
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Table VII. V: Device performance parameters for an ETL of 10 nm ALD SnO2 pretreated with a 5 min O2 plasma clean

These results show a marked improvement in performance due to the incorporation of
a C60 buffer layer between the SnO2 ETL and the perovskite absorber. A substantial
difference can be observed between the two device active areas with a larger series
resistance exhibited with the larger active area. Possible reasons for this could be that
only two wire probes were used for contacting the larger active area device and that
the metal pad design employed was not optimal.

7.3.5.3 n-i-p architecture PSCs, spin coated PCBM and CBD
passivation
Whilst on an internship at Oxford University the author also fabricated planar
perovskite devices comparing the ALD ETLs and reference spin coated SnO2 ETLs.
Thermal ALD SnO2 thin films (15 nm, 20 nm, 25 nm, 30 nm) where grown at 185°C
on O2 plasma pre-treated TEC-7 coated glass (Hartford Glass). Each ALD thickness
consisted of sixteen substrates each of which produced 8 pixels with active areas of
0.0919 cm2 once fabricated into perovskite solar devices. For buffer layers between
the SnO2 ETLs and the active perovskite medium a comparison between spin coated
PCBM and CBD SnO2 was made. Devices were measured using a class AAB ABET
solar simulator with an AM 1.5 G irradiance spectrum at 100 mW cm-2. The irradiance
was calibrated using an NREL-calibrated KG5 filtered silicon reference cell. The J-V
characteristics of the cell were recorded using a source meter (Keithley 2400, USA).
The cell areas were defined using a metal mask.
7.3.5.3 (i) Spin coated PCBM study
PCBM was chosen to be studied in conjunction with SnO2 due to its high mobility
(~10-3 cm2 V.s).24 Low reported PCEs from pure PCBM have led to further
modifications in the PV field such as n-type doping, solution engineering and interface
control. The use of PCBM as an interlayer between ALD TiO2 and a perovskite
absorber material in an inverted p-i-n architecture has been reported, reaching 8.8 %
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PCE.25 The purpose of this study was to determine how well it worked as an interlayer
between ALD SnO2 and the perovskite absorber.
Planar perovskite devices employing two SnO2 deposition methods, ALD and spin
coating, were fabricated into cells in parallel. In this way performance changes could
be attributed to the influence of the inclusion of an ALD ETL or a spin coated ETL.
The final device stack was comprised of TEC7 FTO coated glass/ SnO2 deposited by
ALD or spin coating/ PCBM/ FACsPb(IBr)3/ Spiro-OMeTAD/ Ag. The J-V
characteristics of the reference cells incorporating a spin coated SnO2 ETL on a 0.09
cm2 active area are displayed in Figure 7.17

Figure 7. 17: (a) J–V characteristics of best planar perovskite solar cell containing
spin coated SnO2/PCBM as an ETL and buffer layer respectively (b) Steady state
max power point tracking of same cell over 60 seconds

The reference cell containing a spin coated SnO2 ETL followed by spin coated PCBM
exhibits severe hysteresis between the reverse and forward scans. While Voc is
reasonably high in the reverse scan, the low FF produces a PCE of 11.97 %. The V oc
is observed to drop in the forward scan further decreasing the FF and producing a PCE
of 6.54 % as shown in Table VII. VI. Steady state MPP tracking over 60 seconds
produced a stabilised efficiency of 10.85 %. The poor FF and drop in Voc here may be
attributed to poor charge extraction at the ETL interface, or a high recombination rate
in the perovskite material and at the ETL/perovskite interface.
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Table VII. VI: Device performance parameters of best planar perovskite solar cell
containing spin coated SnO2/PCBM as an ETL and buffer layer respectively

The J-V characteristics of the same cell were re-measured three days later and while
some hysteresis still persisted, the steady state MPP tracking produced an enhanced
stabilised efficiency of 13.65 % as displayed in Figure 7.18. This enhanced
performance is due to an increased FF of 71.37 % for the reverse scan. Since FF is
largely dependent on Rs, it is likely that this improvement was caused by oxidation of
the Spiro-OMeTAD HTL which enhances charge transfer at the HTL/Ag interface.26,27

Figure 7.18: Steady state max power point tracking of best planar perovskite solar
cell containing spin coated SnO2/PCBM as an ETL and buffer layer respectively
over 60 seconds after three days

The J-V characteristics of the cell using 20 nm ALD SnO2 ETL are displayed in Figure
7.19.
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Figure 7. 19: (a) J–V characteristics of best planar perovskite solar cell containing
20 nm ALD SnO2/PCBM as an ETL and buffer layer respectively (b) Steady state
max power point tracking of same cell over 60 seconds

The cell containing 20 nm ALD SnO2 as an ETL followed by spin coated PCBM also
exhibits notable hysteresis. The s-shape of the hysteresis as graphed is not as
pronounced as that produced by the reference cell beforehand. While Voc and Jsc are
sufficiently high for both scan directions, the low FF leads to PCEs of 10.60 % for the
reverse scan and 7.64 % for the forward scan (Table VII. VII). Steady state MPP
tracking over 60 seconds measured a stabilised efficiency of 10.42 % which is
comparable to that produced by the reference cell incorporating the spin coated ETL.
Table VII. VII: Device performance parameters of best planar perovskite solar cell
containing 20 nm ALD SnO2/PCBM as an ETL and buffer layer respectively

The J-V characteristics of the same cell were re-measured three days later. However,
unlike the efficiency boost observed in the reference cell previously, a steady state
MPP tracking over 60 seconds measured a stabilised efficiency of 9.925 % (Figure
7.20). This is slightly lower than that produced by the same cell when measured fresh.
FF was marginally increased by the oxidised Spiro-OMeTAD when measured on day
three, but a slight dip in Jsc to 21.99 mA cm-2 lead to the reduced stabilised efficiency.
While cells can be observed to improve over time due to oxidation of the SpiroOMeTAD, the inevitable degradation of the cell reduces Jsc.
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Figure 7. 20: Steady state max power point tracking of the best planar perovskite
solar cell containing 20 nm ALD SnO2/PCBM as an ETL and buffer layer
respectively over 60 seconds after three days

From the above results it can be observed that spin coated SnO2 is comparable to ALD
SnO2 as an ETL in planar n-i-p perovskite devices. With the inclusion of PCBM as an
interlayer between the ETL and perovskite material, devices reached stabilised
efficiencies of 10.85 % when spin coated SnO2 was incorporated and 10.42 % when
20 nm ALD SnO2 was incorporated when both were measured fresh after contact
evaporation.
7.3.5.3 (ii) Chemical Bath Deposition of SnO2 study
CBD was chosen for this study due to its inexpensive low temperature processing and
capacity to be adapted for deposition over scalable areas. The use of CBD has
previously been reported for the deposition of CdS and Zn(SOOH) films.28,29 A thin
CBD SnO2 layer has also been reported as the sole ETL in a planar perovskite device
reaching a PCE of 14.8 %. Higher FF and Voc values compared to those of devices
using spin coated TiO2 were observed due to the lower surface roughness of SnO2 on
ITO coated glass, as well as a favourable interface between the SnO2 and MaPbI3
perovskite.30 A technique involving spin coated SnO2 followed by a CBD of SnO2 has
also been well reported in the literature as discussed previously, with Anaraki et al.
comparing spin coated SnO2 followed by CBD to ALD SnO2.15 This CBD procedure
has been well established and optimised by those at the University of Oxford. The
purpose of this study was to compare spin coated SnO2 followed by CBD to ALD
SnO2 followed by CBD when incorporated into planar devices. This dual layer
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electron transport medium would, it was hoped, improve the interface characteristics
of the ALD layer whilst maintaining an entirely inorganic structure.
Planar perovskite devices consisting of the alternative SnO2 deposition methods of
ALD and spin coating were fabricated into cells in parallel. In this way performance
changes could be attributed to the influence of the ALD or spin coating ETL step. The
final device stack was comprised of TEC7 FTO coated glass/ SnO2 deposited by ALD
or spin coating/ CBD SnO2/ FACsPb(IBr)3/ Spiro-OMeTAD/ Au. A thickness series of
15 nm, 20 nm, 25 nm and 30 nm ALD SnO2 was employed in an effort to optimise the
ETL while the spin coated SnO2 remained constant at a thickness of 15-20 nm. A
change in SnO2 thickness has the potential to alter series resistance in the final device.
Reducing ETL thickness can also reduce series resistance due to the short distance of
transfer for photogenerated charges. Shunt resistance is expected to remain relatively
unchanged with alteration in ALD thickness due to the good hole blocking ability of
ALD.

Figure 7. 21: (a) J–V characteristics of best planar perovskite solar cell containing
spin coated SnO2/CBD SnO2 as an ETL and buffer layer respectively (b) Steady state
max power point tracking of same cell over 60 seconds

The J-V characteristics of the champion reference cell incorporating a CBD SnO2 layer
on a 0.09 cm2 active area are displayed in Figure 7.21. This pixel produced an
impressive 18.36 % PCE in the reverse scan and 14.52 % PCE in the forward scan
(Table VII. VIII). Despite the notable hysteresis in the J-V curve, MPP tracking
stabilised at 17.82 % over 60 seconds. This device exhibited an improved Voc and FF
compared to its PCBM counterpart, thus enhancing the overall performance. While
hysteresis remained in the planar cell, it was notably reduced compared to the same
architecture incorporating PCBM.
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Table VII. VIII: Device performance parameters of best planar perovskite solar cell
containing spin coated SnO2/CBD SnO2 as an ETL and buffer layer respectively

From the ALD thickness series, 20 nm SnO2 using CBD SnO2 as a passivation layer
was found to perform best. The champion pixel produced 15.24 % PCE in the reverse
scan and 11.15 % PCE in the forward scan, with MPP tracking stabilising at 14.79 %
PCE over 60 seconds as displayed in Figure 7.22. Hysteresis throughout the ALD
SnO2 thickness series was similar to that observed in devices containing ETLs
produced using the spin coating method.

Figure 7. 22: (a) J–V characteristics of best planar perovskite solar cell containing
20 nm ALD SnO2/CBD SnO2 as an ETL and buffer layer respectively (b) Steady state
max power point tracking of same cell over 60 seconds

While Jsc was similarly high for all SnO2/CBD cells containing spin coated and ALD
ETLs, a lower Voc and FF could be observed for the ALD/CBD devices resulting in
reduced efficiencies. While CBD in combination with spin coated SnO2 is a process
which has been well optimised over time, this initial study of ALD/CBD exhibits
promise pending further optimisation.
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Table VII. IX: Device performance parameters of best planar perovskite solar cell
containing 20 nm ALD SnO2/CBD SnO2 as an ETL and buffer layer respectively

Despite not achieving the same efficiencies observed with the spin coating technique
in this preliminary study, thermally grown amorphous ALD SnO2 has proven to be a
viable alternative. ALD allows for a more scalable process than spin coating and
remains an interesting candidate for future development.

7.3.5.4 p-i-n architecture PSCs, initial test with and without
C60 passivation
A set of perovskite samples was sent from CSEM to Tyndall National Institute to
determine how well ALD SnO2 would perform in a p-i-n architecture. Half of the
sample set included evaporated C60 as a buffer layer on top of the perovskite absorber
material, while the other half had a top layer of bare perovskite. The absorber material
was composed of a quadruple cation mixed halide perovskite, KCsFAMAPb(IBr)3,
which was deposited through spin coating, while the HTL employed was sputtered
NiOx. The final device architecture was composed of ITO (6-7 Ω/sq) coated glass/
sputtered NiOx/ KCsFAMAPb(IBr)3/ C60 buffer layer or bare/ ALD SnO2/ Ag
10 nm SnO2 was deposited by ALD at 100°C on all but four of the perovskite samples,
with an assumed growth rate of 0.06 nm per cycle. Of these four samples, two had
been deposited with C60 and two were left bare. These samples were left untouched
and returned to CSEM for fabrication into PSCs to determine if any damage had been
caused by transportation. The PCE obtained from the final devices is displayed in
Figure 7.23.
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Figure 7. 23: PCE of 1.04 cm2 aperture area p-i-n devices incorporating 163 cycles
of ALD SnO2 deposited at 100°C compared to C60

The data points marked C60 Ref represent p-i-n cells from the same batch which were
fabricated at CSEM but were not subjected to transport. The data points marked
control represent those cells which were transported to Tyndall and returned
untouched for electrode evaporation to assess any damage due to transport.
It is clear from this figure that ALD SnO2 deposited directly on the perovskite absorber
material does not perform well in a p-i-n device. Current for these cells was strongly
supressed leading to the poor PCEs observed. A large Roc was observed for the devices
under illumination of one sun suggesting a poor interface between the SnO2 and
perovskite material. The ALD SnO2 deposited on C60 produced more complicated
results. While current reached over 20 mA/cm2 for all of these devices and the Voc
obtained was suitably high, half of the cells exhibited poor FF and PCE while the other
half achieved FF > 60 % and reached PCEs >13 %. The control devices exhibited a
notable decrease in PCE compared to their reference counterparts which did not
undergo transportation. The J-V curve for the best of each type of device in the sample
set is displayed in Figure 7.24.
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Figure 7. 24: J-V curves for best performing p-i-n devices of each type fabricated

To understand why the p-i-n devices incorporating the bilayer of C60/ALD SnO2
produced split results in terms of efficiency TEM was carried out at Tyndall National
Institute on one of the cells which had performed well. From the image in Figure 7.25
all cell layers are clearly defined. Their thicknesses are listed in Table VII. X.
Table VII. X: Thicknesses observed in each layer of a p-i-n device incorporating
C60/ALD SnO2 through TEM imaging

The ALD SnO2 layer was observed to be 20 nm in thickness, twice that anticipated in
respect of the assumed growth rate. This measurement was confirmed through
ellipsometry of ALD SnO2 at 100°C on a n-Si(100) wafer which was grown along
with the perovskite samples. This strongly suggests that the ALD growth was not
limited at 100°C which calls into question the uniformity achieved across the substrate
holder. The ALD window for SnO2 using TDMASn and H2O or H2O2 as respective
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precursor and reactants is reported to be between 100°C and 200°C.31-33 The growth
rate has been reported to be higher at lower temperatures, increasing up to 2 Å per
cycle by lowering the deposition temperature to 30°C. It was determined that as the
conditions chosen were at the minimum of the self-limiting window, further studies
should be carried out with increased deposition temperatures whilst ensuring that the
perovskite underlayer is not thermally damaged.

Figure 7. 25: TEM image of complete p-i-n perovskite device incorporating
C60/ALD SnO2

Smaller scale TEM images of each of the device layers were captured to determine
their respective thicknesses. In addition to the larger than expected SnO2 layer, an
interfacial layer could be observed between the thin sputtered NiOx HTL and the
perovskite material interface as shown in Figure 7.26. This suggests that the NiOx
diffused into the perovskite material. The inferior contact properties and high density
defects at the NiOx interface can reduce FF and Jsc in PSCs hampering the device
performance.34
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Figure 7. 26: TEM image showing NiOx / perovskite interface

To examine the stability of the post ALD perovskites, a sample comprised of ITO (67 Ω/sq) coated glass/ sputtered NiOx/ KCsFAMAPb(IBr)3/ C60 buffer layer/ ALD SnO2
without a Ag contact was measured using XRD. The sample was cleaved with one half
left in air and ambient light for nine weeks while the other half remained in a N2
environment within the glovebox. A 2 scan was applied from 10° - 70°.

Figure 7. 27: XRD measurements for ITO (6-7 Ω/sq) coated glass/ sputtered NiOx/
KCsFAMAPb(IBr)3/ C60 buffer layer/ ALD SnO2 which was (a) kept in a N2
environment and (b) kept unencapsulated in air

XRD measurements show a clear difference in intensity in the KCsFAMAPb(IBr)3
perovskite peaks for the sample kept in a N2 environment compared to that left in air
in Figure 7.27. The sample left in air had degraded substantially with an increase in
the precursors PbI2 and PbBr2. Visually the sample that remained in air was bleached
after nine weeks indicating that it had returned to its yellow non-perovskite form. A
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third sample was also measured by XRD. This was the full cell capped with a Ag
contact and had been kept in a N2 environment in the glovebox (Table VII. XI).
Table VII. XI: Sample ID for 2 XRD and GIXRD measurements

Figure 7.28 shows the perovskite peak at 14.3°, which corresponds to the (101) lattice
plane, to have almost completely disappeared in sample A1. Meanwhile the peak at
12.6°, corresponding to the (001) diffraction of PbI2, has increased in intensity. The
overwhelmingly intense peak located at 38.1° for sample B1 corresponds to the
diffraction of the (111) Ag lattice plane of face-centered (fcc) structure. This indicates
that (111) planes of Ag were highly oriented parallel to the supporting substrate.

Figure 7. 28: Graphs showing (a) 2 XRD and (b) GIXRD measurements of samples
A1, A2, B1 from 10° - 70°

GIXRD measurements were carried out for the determination of phase structure from
lattice planes that are perpendicular to the sample surface. The presence of PbI2 is
observed in all samples at 12.6° with an increased intensity in samples A1 and A2
indicating degradation. The perovskite peak at 14.3° is shown to have very low
intensity in sample B1. This result is not unexpected as the sample is capped with
approximately 130 nm Ag.
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7.3.5.5 p-i-n architecture PSCs, with and without C60
passivation
Subsequent to further depositions of ALD SnO2 at 100°C on the perovskite absorber,
multiple SnO2 growths were carried out varying the deposition temperature as well as
the TDMASn and H2O purge lengths. While deposition at 100°C was found to be nonlimiting, increasing the deposition temperature above that of the perovskite annealing
temperature, 150°C for CsFAPb(IBr)3, would likely cause degradation to the
perovskite material. Increasing the purge length could aid in a more uniform growth
by removing excess physisorbed precursor but would also increase the time the
perovskite is exposed to ALD conditions.
Table VII. XII outlines the reaction conditions used in these SnO2 deposition tests. A
large n-Si(100) wafer was placed on the chuck for each growth. After the growths, the
centre and 5 points along the perimeter of each sample were measured using ex-situ
ellipsometry. These measurements were carried out to establish the thickness spread
across each wafer. Employing a larger purge of 16 seconds not only reduced the
thickness of the thin films but demonstrated a good spread across the wafers. At a
deposition temperature of 140°C, the increased purge length produced a film thickness
of 14.62 nm after 163 cycles, while the range across the wafer was between 14.54 nm
and 15.05 nm. The long 16 second purge for the growth at 150°C similarly exhibited
~0.5 nm spread of thickness across the wafer, however prolonged purges at this
temperature could further anneal and degrade the perovskite.
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Table VII. XII: Picosun ALD reaction conditions for growth of SnO2 using TDMAT
and H2O

A deposition at a temperature of 140°C which employed a 16 second purge time for
both TDMASn and H2O would require a total growth time of 1 hour and 37 minutes
to complete 163 cycles. To reduce this time it was decided that a sufficiently long
purge length of 12 seconds would be employed over 111 cycles to achieve 10 nm ALD
SnO2 at 140°C on top of subsequent perovskite materials. The total growth time for
this recipe would be 52 minutes including the 5 minute temperature stabilisation time
required in a hot wall reactor.
A set of perovskite samples was sent from EPFL to Tyndall National Institute to
determine how well ALD SnO2 would perform in a p-i-n architecture. Half of the
sample set included evaporated C60 as a buffer layer on top of the perovskite absorber
material, while the other half had a top layer of bare perovskite. The final device
architecture was composed of ITO (6-7 Ω/sq) coated glass/ Spiro-OMeTAD/
CsFAPb(IBr)3/ C60 buffer layer or bare/ 10 nm or 20 nm ALD SnO2/IZO/Ag. 10 nm
and 20 nm ALD SnO2 was deposited on the films using the optimised ALD method
with a fraction of the samples left untouched to assess any transport damage incurred
by the samples. The J-V characteristics of these cells are displayed in Figure 7.29.
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Figure 7. 29: J–V characteristics of p-i-n PSCs on ITO coated glass containing
ETLs of 10 nm and 20 nm thermal ALD SnO2 with a Spiro-OMeTAD HTL

An issue with the IZO/Ag deposition caused all cells to perform poorly in the J-V
characteristics due to shorting. While cells containing SnO2 deposited on C60 exhibited
reasonable Jsc, low Voc and FF lead to the poor PCEs obtained. 20 nm ALD SnO2
deposited at 140°C on C60 was found to outperform the 10 nm ALD SnO2 deposited
at 140°C on C60 as well as the 10 nm ALD SnO2 deposited at 100°C on C60 by CSEM,
obtaining 7.5 % PCE in the best cell. It can again be observed that ALD SnO2 does
not perform well when deposited directly onto the perovskite material due to a
probable interface issue.
This experiment was repeated on another two perovskite sample sets using the more
stable NiOx as a HTL. This time all p-i-n architectures contained C60 as a passivation

269

Chapter 7

layer. The final cell structure was composed of ITO (6-7 Ω/sq) coated glass/ NiOx/
CsFAPb(IBr)3/ C60/ 10 nm or 20 nm ALD SnO2/IZO/Ag.

Figure 7. 29: J–V characteristics of p-i-n PSCs on ITO coated glass containing
ETLs of 10 nm and 20 nm thermal ALD SnO2 with a NiOx HTL

The J-V characteristics of the cells displayed in Figure 7.30 again show low
efficiencies achieved for all cells. For this study Voc and Jsc were found to be
reasonably high for all devices, but the low FF and shunt resistance caused a reduction
in the PCEs obtained. Both 10 nm and 20 nm ALD SnO2 deposited by Tyndall
outperformed the ALD SnO2 deposited by CSEM. It is not clear what caused the low
shunt resistance in these devices but the deposition of the semi-transparent IZO/Ag
contact may again be the origin of the issues.
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7.4 Summary
In this chapter nominally undoped ALD SnO2 was investigated to determine ideal ETL
thickness and the efficacy of passivation in planar n-i-p PSCs. Also investigated was
the deposition of low temperature ALD SnO2 on top of the perovskite absorber
material with and without passivation and its contribution to the performance of p-i-n
devices. A summary of both n-i-p and p-i-n PSCs fabricated in this chapter are outlined
below in Table VII.XIII and Table VII.XIV respectively.
Table VII. XIIII: Outline of n-i-p architecture devices fabricated in this chapter
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Table VII. XIV: Outline of p-i-n architecture devices fabricated in this chapter

Deposition of SnO2 thin film ETLs was carried out on a Picosun R200 ALD system.
TDMASn was employed as the Sn precursor, while H2O or O2 plasma was used as the
co-reactant. The effects of implementing a 5 minute O2 plasma clean immediately
prior to deposition were also examined. Initially, films were deposited at 185°C to
meet the thermal restrictions of perovskite/silicon heterojunction tandem cells. 20 nm
ALD SnO2 deposited thermally, 20 nm ALD SnO2 deposited thermally with a pretreatment of 5 minutes O2 plasma, and 20 nm ALD SnO2 deposited using PEALD on
FTO coated glass were examined in terms of morphology, hydrophilicity and electrical
properties. 20 nm ALD SnO2 deposited thermally with a pre-treatment of 5 minutes
O2 plasma was chosen to be incorporated into n-i-p planar PSCs.
Once fabricated, these devices were compared to n-i-p cells incorporating ALD TiO2
as an ETL. Due to an issue with the synthesis or deposition of the perovskite material
or HTL it was unclear whether ALD SnO2 outperformed ALD TiO2 when incorporated
into devices, or if, similarly to ALD TiO2, it required passivation. Deposition of 10
nm and 20 nm ALD SnO2 was carried out at 300°C in an effort to improve interfacial
contact between the metal oxide and the perovskite absorber material. These films
were fabricated into planar PSCs and their J-V characteristics were compared to
devices containing 10 nm and 20 nm ALD TiO2 deposited at 300°C. While SnO2
exhibited a marginally improved performance compared to TiO2, current was
significantly reduced in all cells. Low illumination Rsc values indicated that the ETLs
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were not causing shunting but that electron injection was hindered, suggesting a need
for passivation.
2 nm, 5 nm, and 10 nm thermal ALD SnO2 thin films which were treated with O2
plasma prior to deposition at 185°C were grown on TEC-7 FTO coated glass and
fabricated into planar devices utilising the acetonitrile/methylamine perovskite
method. These cells included evaporated C60 as a passivation layer between the ALD
SnO2 and the perovskite material. While all ALD ETL thicknesses produced efficient
cells, 10 nm SnO2 provided the highest PCEs of 18.3 % on a 0.09 cm2 active area and
15.9 % on a 0.7 cm2 active area. This demonstrated the importance of interfacial
modification between the ETL and perovskite.
A thickness series of 15 nm, 20 nm, 25 nm and 30 nm thermal (185°C) ALD SnO2 on
O2 plasma cleaned substrates was used in planar PSCs in conjunction with PCBM or
CBD SnO2 passivation layers. These devices were then compared to cells fabricated
in parallel incorporating spin coated SnO2 with the same passivation layers. The
reference cell containing a spin coated SnO2 ETL and a spin coated PCBM passivation
layer exhibited severe hysteresis between the reverse and forward scans when
measured immediately after fabrication. Steady state max power tracking over 60
seconds lead to a stabilised PCE of 10.85 % in the best pixel. The same champion
pixel re-measured three days later exhibited an improved stabilised PCE of 13.65 %.
This enhancement was likely caused by oxidation of the Spiro-OMeTAD HTL. 20 nm
ALD SnO2 was used as an ETL and fabricated into planar devices which incorporated
PCBM as a passivation layer. The best cell achieved a stabilised PCE of 10.42 % over
60 seconds when measured on day one. This stabilised efficiency was comparable to
that produced by the reference cell incorporating the spin coated SnO2 on day one of
measuring.
CBD SnO2 was then employed as a passivation layer on reference spin coated SnO2
and ALD SnO2. From the ALD thickness series, 20 nm ALD SnO2 was found to be
the optimal thickness, producing enhanced efficiencies in planar devices. Reduced
hysteresis and an enhanced Voc and FF were observed for both sets of devices using
CBD compared to their PCBM counterparts. The reference cell reached an impressive
18.36 % PCE in the reverse scan and 14.52 % PCE in the forward scan, stabilising at
17.82 % over 60 seconds of steady state MPP tracking. The cell containing 20 nm
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ALD SnO2 as an ETL produced 15.24 % PCE in the reverse scan and 11.15 % PCE in
the forward scan, with MPP tracking stabilising at 14.79 % PCE over 60 seconds. The
device incorporating the optimal thickness of ALD SnO2 as an ETL did not measure
efficiencies as high as the reference cells due to a lower FF. While the recipe for the
spin coated SnO2 with CBD SnO2 reference cells has been well optimised at the
University of Oxford, the ALD SnO2 with CBD SnO2 counterparts may prove to be a
viable alternative after further optimisation.
Finally, in this chapter the concept of p-i-n architecture PSCs, in which ALD SnO2
was deposited directly onto the sensitive perovskite absorber, was investigated. 163
cycles of low temperature (100°C) thermal SnO2 was first deposited on a batch of
samples which incorporated the quadruple cation KCsFAMAPb(IBr)3 as the
perovskite absorber material with sputtered NiOx as the HTL underneath, deposited
on ITO coated glass. Half of the sample set included evaporated C60 as a buffer layer
on top of the perovskite absorber material, while the other half had a top layer of bare
perovskite. After ALD SnO2 deposition, the devices were completed with an
evaporated gold contact before their J-V characteristics were measured and analysed.
From this study it was observed that devices containing low temperature ALD SnO2
deposited directly on top of the perovskite material without passivation did not
perform well due to suppressed current.
The results obtained from devices containing ALD SnO2/C60 on top of the perovskite
layer were more difficult to interpret. While high Voc was observed in all of these cells,
half of the cells exhibited poor FF and PCE while the other half achieved FF > 60 %
and reached PCEs >13 %. In an effort to understand the split efficiencies, TEM
characterisation was carried out on one of the devices which performed well. From
this it was established that the 163 cycles of SnO2 deposited by ALD at 100°C
measured a thickness of 20 nm instead of the expected 10 nm. This measurement was
confirmed through ellipsometry of a thin film on a n-Si(100) substrate indicating that
this thickness variation was not due to complex chemistry at the perovskite interface.
This suggested that the ALD growth was not limited at 100°C and that further studies
needed to be carried out with increased deposition temperatures to control thickness
uniformity whilst ensuring that the perovskite underlayer was not damaged. From this
study a uniform thickness of 10 nm SnO2 was obtained using 111 ALD cycles at a
140°C deposition temperature and an optimised purge duration.
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10nm and 20 nm thermal ALD SnO2 were deposited on a batch of samples which
incorporated CsFAPb(IBr)3 as the perovskite absorber material with spin coated SpiroOMeTAD as the HTL underneath, deposited on ITO coated glass. Again, half of the
sample set included evaporated C60 as a buffer layer on top of the perovskite absorber
material, while the other half had a top layer of bare perovskite. The final device
architecture was composed of ITO (6-7 Ω/sq) coated glass/ Spiro-OMeTAD/
CsFAPb(IBr)3/ C60 buffer layer or bare/ 10 nm or 20 nm ALD SnO2/IZO/Ag. These
devices were compared to cells made in parallel using ALD SnO2 deposited at CSEM
on C60. An issue with the IZO/Ag deposition caused all cells to perform poorly in the
J-V characteristics due to shorting. Of these, 20 nm ALD SnO2 deposited by the author
at Tyndall National Institute on top of C60 produced the highest efficiency with the
best PCE at 7.5 %. It was again observed that ALD SnO2 deposited directly on top of
the perovskite material without a passivation layer did not perform well when
fabricated into a PSC.
This experiment was repeated replacing the spin coated Spiro-OMeTAD HTL with
sputtered NiOx. All samples from this set were passivated with a C60 interlayer. Again
10nm and 20 nm thermal ALD SnO2 were deposited at 140°C on top of the C60 layer,
on top of the CsFAPb(IBr)3 perovskite absorber. These were then fabricated into
devices which were compared to cells containing 10 nm SnO2 deposited at CSEM on
top of C60. For this study Voc and Jsc were found to be reasonably high for all devices,
but low FF and shunt resistance caused a reduction in the PCE obtained in all cells.
Devices containing 10 nm and 20 nm ALD SnO2 deposited at Tyndall National
Institute were found to outperform ALD grown devices made in parallel at CSEM.
The deposition of the IZO/Ag contact may again have caused the low shunt resistance
and poor performance of these devices. From these preliminary studies it is clear that
ALD SnO2 can be deposited at low temperatures on top of the perovskite material
without damage. These p-i-n devices exhibit promising performance which should be
improved when a suitable passivation layer is incorporated.
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CHAPTER 8:
Conclusions and Suggestions for Future Work

8.1 Conclusions
The initial work presented in this thesis compared the thermal ALD growth of TiO2 to
alternative methods of TiO2 deposition for fabrication into mesoporous PSCs.
Thicknesses of 10 nm, 20 nm and 30 nm nominally undoped TiO2 were deposited at
200°C by ALD on APCVD FTO coated glass substrates. Of these thicknesses,
mesoporous devices containing both 10 nm and 20 nm ALD TiO2 were found to
outperform devices containing 10-15 nm spin coated TiO2. The 30 nm ALD thin film
proved to be too thick, reducing Rsc and obtaining just 6.16 % PCE in the final device.
The optimal ALD thickness was found to be 20 nm, which reached 10.37 % PCE.
Thin films of this thickness were then deposited on a smoother and thinner APCVD
FTO coated glass substrate as well as a reference commercial FTO coated glass
substrate (TCO2215 Solaronix). These samples were fabricated into mesoporous
PSCs using an improved perovskite deposition method in order to compare blocking
layers deposited by ALD and spin coating. Again, ALD was found to outperform spin
coating with final devices obtaining 15.18 % PCE on the reference FTO and 15.40 %
PCE on the APCVD FTO when cells were measured three days post fabrication. The
increased film density and conformal coverage achieved by the ALD technique
enabled enhanced performance in mesoporous devices compared to spin coated ETLs.
Following this work, 20 nm ALD TiO2 was compared to 20 nm RF sputtered TiO2-x
as blocking layers in mesoporous devices. The sputtered process was optimised by
introducing 7.5 x 10-6 mbar of O2 to the deposition. Reference FTO coated glass and
an improved APCVD FTO coated glass were employed as substrates. The device
containing a sputtered TiO2 blocking layer on APCVD FTO coated glass obtained an
impressive 16.66 % PCE. This efficiency was slightly higher than the 16.45 % PCE
reached by ALD TiO2 on the same APCVD FTO coated glass. From these results it
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was clear that both RF sputtering and ALD were suitable deposition techniques to
achieve conformal ETLs in mesoporous perovskite cells. Therefore, it was concluded
that films deposited via ALD were comparable to those deposited by sputtering.
The second aim of this research was the optimisation of ALD TiO2 to improve the overall
cell efficiency of mesoporous PSCs. This involved the deposition of nominally undoped
and nanolaminate doped TiO2 thin films. The deposition temperature of all films was
further reduced from 200°C to 185°C. This reduction was made in consideration of
the later integration of ALD layers into perovskite/silicon heterojunction tandem cells.
The growth of ALD TiO2 was carried out on two commercial reactors, a Cambridge
Nanotech Fiji F200 and a Picosun R200 system, to determine if a difference in film
quality could be observed or if growths would be reproducible across both systems.
Two titanium precursors, TTIP and TDMAT, were investigated along with reactants
of either H2O or Ar/O2 plasma. Moreover, a 5 minute O2 plasma treatment in situ
within the ALD chamber was examined prior to growth. The influence of doping was
explored using various dopants in a 19:1 and 99:1 TiO2:dopant pulse ratio. These
growth studies were carried out to ultimately determine if a difference in electrical
properties could be observed depending on titanium precursor, reactant, dopant and
ratio of applied dopant. From this work, a selection of ALD thin films were chosen to
be fabricated into mesoporous cells and their resulting J-V performances analysed.
Arrhenius plots of surface conductivity using Sigma Dark characterisation
demonstrated semi-conducting behaviour for all undoped and doped ALD thin films,
and increased conductivity corresponding to increased temperature. The bulk
conductivity of thin films was observed to be both precursor and reactant dependent.
TDMAT was observed to be the superior titanium precursor over TTIP, whilst H2O
was deemed to be the reactant of choice. TDMAT’s higher growth rate of 0.5 Å per
cycle provided improved coverage resulting in increased conductivity. Employing a 5
minute O2 plasma treatment directly prior to ALD growth also improved the overall
conductivity of thin films by providing an increased number of nucleation sites for the
titanium precursor through a higher density of surface OH species. Nanolaminate
doped thin films treated with 5 minutes of O2 plasma prior to deposition using
TDMAT and H2O and doped with Ag in a 99:1 ratio demonstrated marginally better
conductivity than undoped thermal TiO2 treated with 5 minutes of O2 plasma prior to
growth. Despite this improvement, no Ag was detected through XPS of a 19:1 doped
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thin film. As the silver incorporation could not be conclusively verified it was decided
not to investigate this film further.
It was noted that a clear difference in conductivity could be observed between films
deposited under the same nominal reactor conditions in the two differing commercial
ALD reactors. This observation is not totally surprising as ALD is a complex chemical
process where ideal behaviour is rarely observed, underlying the need for caution
when comparing data from differing laboratories.
Three nominally undoped and three nanolaminate doped 20 nm TiO2 thin films were
selected to be fabricated into mesoporous PSCs. 20 nm RF sputtered TiO2-x was
selected as a reference ETL. All ETLs were incorporated into perovskite devices in
parallel to avoid any variation in the remaining layers. In this way performance
differences from ETLs could be directly compared. Of the undoped ALD TiO2 sample
set, the amorphous deposition of TiO2 using TDMAT and H2O preceded by an O2
plasma treatment exhibited a high PCE of 15.3 % on a 1.04 cm2 active area, which
stabilised at 14.3 % PCE after 300 seconds of steady state MPP tracking. This result
corresponded to the improved conductivity observed on the same ETL via Sigma Dark
characterisation. Of the cells incorporating nanolaminate doped ETLs, both TiO2
doped with Hf and TiO2 doped with Al in 19:1 ratios performed well reaching 15.5 %
PCE and 15.4 % PCE respectively. Despite these performances being higher than
those obtained by undoped TiO2, the PCEs dropped after 300 seconds of MPP tracking
to 13.3 % and 14.0 % PCEMPP. Initially the high PCE obtained using TiO2:Hf as an
ETL was unexpected as this thin film had proven to be the most resistive according to
Sigma Dark characterisation. The swift decline to 13.3 % after just 300 seconds of
tracking corroborated the high resistivity of this film. The reference device
incorporating sputtered TiO2-x reached 16.19 % PCE and stabilised at 15.0 % PCEMPP
after 300 seconds. While ALD TiO2 was comparable to RF sputtered TiO2, device
performance was not significantly improved by altering the ALD deposition process.
Despite the possibility of creating thinner blocking layers by ALD, a thickness of 20
nm ALD TiO2 was maintained to allow direct comparison to 20 nm RF sputtered TiO2x. Furthermore, it was believed that thinner amorphous ALD films would not withstand

the high temperature anneal (500°C) employed in the mesoporous perovskite device
fabrication process without cracking and hence forming shunt pathways. In response
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to this shortcoming, planar PSCs were fabricated incorporating ALD TiO2 as the ETL
in a series of thicknesses of between 5 and 25 nm. This undoped ETL was chosen due
to its superior performance in mesoporous cells. Advancement to a planar architecture
would allow the entire cell, excluding the commercial FTO coated glass, to be
processed through low temperature means. This cell could then be monolithically
integrated as the top component of a tandem configuration without damage to the
bottom cell.
Electrical conductivity measurements on ALD TiO2 thin films displayed that the
sintering temperature of 500°C for mesoporous device fabrication increased the
resistivity of the ALD layer by several orders of magnitude. It was believed that
through its synthesis into planar devices ALD TiO2 would be able to maintain its
conductivity and contribute to a higher overall PCE. In practice however, the planar
device behaved much less effectively than the mesoporous cell employing the same
ETL of 20 nm TiO2. A max PCE of 8 % was achieved with significantly lower Jsc and
FF values than those observed in the mesoporous device. This reduced PCE was
observed for all ALD thicknesses from 5 to 25 nm. Although annealing the
mesoporous cells at 500 °C increased the resistivity of the ALD TiO2 films, it was
determined by examination of the XPS of the Ti 2p signatures that the stoichiometry
was improved by the anneal. As deposited TiO2 grown at 185 °C was found, in
addition to being non-stoichiometric, to contain measurable quantities of N and C from
unreacted precursors. The highly defective nature of the as grown material may have
given rise to significant charge trapping in both the bulk and the interface which may
have been improved by annealing. Separately, the reference planar cells incorporating
20 nm sputtered TiO2-x as the ETL exhibited impressive PCEs, with the highest
obtaining 16.96 % and stabilising at 16.05 % after 800 seconds of steady state MPP
tracking. These cells exceeded the performances obtained using the same ETL in
mesoporous devices. The improved performance had not been observed in cells using
the same stack structure on ITO coated glass. It was likely that the rough FTO surface
allowed more surface area for the subsequent layers, resulting in the high PCEs
obtained.
In an attempt to improve the performance of planar cells using ALD TiO2 as the ETL,
interface passivation between the ETL and the perovskite was explored via ALD. As
well as this, RTA of the ALD TiO2 layer was investigated in an attempt to improve
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the quality of the ETL. The 20 nm ALD TiO2 ETL which underwent RTA treatment
to 500°C in O2 was fabricated into a planar device. Its J-V characteristics were
analysed and compared to those of cells incorporating 20 nm ALD TiO2 which had
not undergone any treatment. In the J-V curves, the absence of an s-shape was
observed for the ALD TiO2 sample which had undergone RTA. This s-shape had been
present in all standard ALD J-V curves obtained previously. Despite this, current was
suppressed with a low Jsc exhibited in the RTA treated cell. The PCE obtained was
lower than that of cells incorporating untreated ALD TiO2. For interface passivation,
seven cycles of Al2O3 was first deposited on a 20 nm ALD TiO2 ETL. Its successful
nucleation was confirmed through TEM imaging and XPS characterisation. Once
fabricated into a planar device, J-V characteristics suggested that the thin Al2O3 had
completely blocked charge extraction due to the significantly reduced Jsc and FF. This
experiment was repeated with 1 cycle of Al2O3 employed as a capping layer.
Examination of J-V characteristics of the resulting perovskite device revealed an issue
with the perovskite absorber material or the Spiro-OMeTAD HTL which caused all
cells to perform less efficiently than expected. Nonetheless, it was apparent that even
1 cycle of ALD Al2O3 deposition inhibited electron extraction producing poor PCEs.
Due to the resistive nature of Al2O3, ALD passivation using ZnO was investigated.
Three cycles were deposited on 20 nm ALD TiO2 at 130°C which was then
incorporated into a planar device. An increase in current due to this method of
passivation was observed in the J-V characteristics of the resulting cell. Although the
enhancement in Jsc was not enough to significantly improve PCE, it does warrant
further study to aid in cleaning the ETL/perovskite interface.
A study of how ALD TiO2 behaved when deposited on top of a perovskite absorber
material was conducted to establish if ALD could be utilised in the deposition of ETLs
for p-i-n architecture devices. ALD deposition at 100°C was successfully achieved on
both MAPbI3 and MAPbI3-xClx absorbers. XRD analysis along with TEM imaging
after ALD growth indicated that the perovskite material was not noticeably degraded
or modified. This work showed promise for incorporation into a reverse p-i-n
architecture without damage to the perovskite underneath.
Another aim of this work was to investigate ALD SnO2 as an alternative to ALD TiO2
for use in planar n-i-p and p-i-n perovskite architectures. The morphology of ALD
SnO2 was found to be comparable to that of ALD TiO2 with both metal oxides being
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amorphous as grown. Using 1 µl of water, a contact angle of 121.9 ° demonstrated the
poor wetting of SnO2 in comparison to TiO2, which was measured at an angle of 76.1
°. This super hydrophilic surface indicated that an O3 or O2 plasma treatment prior to
deposition of the perovskite was required for ALD SnO2 to be fabricated into n-i-p
planar solar cells. Contact angle measurements performed after 15 minutes of O2
plasma treatment demonstrated a reduction from 121.9 ° to 3.8 °, indicating a super
hydrophilic surface. ALD SnO2 displayed improved optical transmittance and
electrical properties when compared to its ALD TiO2 counterpart. Informed by the
results of a selection of deposition processes, TDMASn and H2O were selected as the
respective precursor and reactant. As with ALD TiO2, a 5 minute O2 plasma clean
prior to ALD deposition was found to increase conductivity in the ALD SnO2 thin
film.
10 nm and 20 nm ALD SnO2 was deposited on ITO coated glass substrates and
fabricated into planar devices. These were directly compared to cells containing 10
nm and 20 nm ALD TiO2 deposited on ITO coated glass and 20 nm sputtered TiO2-x
deposited on ITO coated glass. All of these ETLs had been synthesised into devices
in parallel to allow direct comparison between them. Due to an issue with the
deposition of the perovskite layer or the HTL, results from this study were
inconclusive. The experiment was repeated with all ALD thin films deposited at an
elevated temperature of 300°C. The increased deposition temperature was applied to
observe whether the film quality or interfacial contact would be enhanced leading to
improved PCE. While cells containing SnO2 exhibited a marginally improved
performance compared to TiO2 cells, current was significantly reduced in all devices.
This indicated that both SnO2 and TiO2 could not achieve high efficiencies when in
direct contact with the perovskite material.
Surface passivation via evaporated C60 was applied to 2 nm, 5 nm, and 10 nm ALD
SnO2 deposited at 185°C. When fabricated into planar devices all SnO2 thicknesses
produced efficient cells. The champion device incorporated 10 nm ALD SnO2 and
obtained 18.3 % on a 0.09 cm2 active area and 15.9 % on a 0.7 cm2 active area.
Following on from this result, passivation using PCBM and CBD SnO2 was explored
on various thicknesses of ALD SnO2 and compared to the same passivation processes
on spin coated SnO2. For passivation using PCBM, devices from both ALD ETLs and
spin coated ETLs exhibited significant hysteresis. The performance of both device
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types was found to be comparable, with the planar device incorporating spin coated
SnO2 reaching 10.85 % PCEMPP and the planar device incorporating ALD SnO2
obtaining 10.60 % PCEMPP on 0.09 cm2 aperture areas. For surface passivation using
CBD, 20 nm was found to be the optimum thickness of ALD SnO2 as it produced
enhanced efficiencies in planar devices. Reduced hysteresis and enhanced Voc and FF
were observed in all cells using CBD, both those containing spin coated ETLs and
those containing ALD ETLs, when compared to their PCBM counterparts. The
reference spin coated SnO2 cell stabilised at an impressive 17.82 % over 60 seconds
of steady state MPP tracking. The cell containing 20 nm ALD SnO2 as an ETL
produced a stabilised 14.79 % PCEMPP over 60 seconds. The performance of devices
incorporating ALD was lower due to a reduced FF. While the recipe for spin coated
SnO2 followed by CBD SnO2 has been well optimised in the literature, this preliminary
study of ALD SnO2 followed by CBD SnO2 exhibits promise for further development.
The final objective of this thesis was to explore p-i-n architecture PSCs utilising low
temperature ALD SnO2 as the ETL. 163 cycles of SnO2 deposited at 100°C without
the use of an O2 plasma pre clean was grown on a sample set of perovskite/HTL/ITO
coated glass substrates. Half of this set employed evaporated C60 as a buffer layer on
top of the perovskite absorber material, while the other half had a top layer of bare
perovskite. These samples were synthesised into reverse architecture devices and their
J-V characteristics were subsequently analysed. It was evident that SnO2 did not
perform well when in direct contact with the perovskite material and that a passivation
layer was required to enhance Jsc. A high Voc was observed in all cells incorporating
the C60 passivation layer along with ALD SnO2. However final performances achieved
by this passivated set were split, with half of the devices reaching high PCEs of over
13 % while the other half had limited PCEs due to low FF. It was determined from
TEM imaging and ellipsometry that 163 cycles of SnO2 at 100°C had produced a film
which, at 20 nm, was twice as thick as had been anticipated. The deposition was not
uniform across the substrate holder at this temperature, suggesting that the growth was
not limited. By altering the deposition temperature, purge lengths and number of
cycles the ALD process was optimised and obtained a uniform thickness across the
substrate holder at a suitably low deposition temperature. Using the improved
deposition process 10 nm and 20 nm of ALD SnO2 was deposited on another sample
set of perovskite/HTL/ITO coated glass substrates. Again, evaporated C60 was
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employed as a passivation layer on half of the sample set. Once deposited, the samples
were finished with an IZO/Ag semi-transparent contact. These devices were compared
to cells made in parallel using 10 nm ALD SnO2 deposited on C60 at CSEM. An issue
with the IZO/Ag deposition reduced the performance of all cells, however 20 nm ALD
SnO2 still achieved the highest PCE of 7.5 % when used in conjunction with a C60
passivation layer. This experiment was repeated and devices containing 10 nm and 20
nm ALD SnO2 as ETLs on C60 were found to outperform devices made in parallel
containing 10 nm ALD SnO2 deposited at CSEM on a C60 passivation layer. These
initial studies exhibited promising performances for planar p-i-n devices incorporating
low temperature ALD SnO2 with a C60 passivation layer.
In conclusion, it can be determined that conformal ALD films of TiO2 and SnO2 ETLs
perform well in n-i-p and p-i-n perovskite architectures with the inclusion of a suitable
passivation layer at the perovskite interface. The excellent uniformity and controlled
thickness obtained by the ALD process can be scaled up for large area applications in
the future. Moreover, the mild deposition technique of ALD does not cause damage to
sensitive underlying materials.
The conformal and dense film growth provided by ALD on a precise sub-nanometre
scale provides many advantages for perovskite devices. Reduced thickness of charge
transport layers can aid in reducing the series resistance of the device by providing a
shorter transfer distance for photogenerated charges. Processing thin charge transport
layers using conventional methods such as spin coating or spray pyrolysis usually
results in pinholes or cracks in the thin film. This reduces the charge blocking property
of the layer leading to electrical leakages. Using ALD, these films are conformal and
of uniform thickness, even in the case of large area substrates.
The conformal nature of ultra-thin ALD TiO2 in mesoporous perovskite devices has
been demonstrated by Roelofs et al1 where 4 nm of ALD TiO2 was found to exhibit
comparable PCEs to 50 nm TiO2 deposited by spray pyrolysis. ALD TiO2 was
deposited on FTO coated glass using TiCl4 and H2O as respective precursor and
reactant at a deposition temperature of 300°C. The substrates were subsequently
annealed at 450°C for 1 hour to form the TiO2 rutile phase. Mesoporous perovskite
devices were fabricated with the remainder of the stack composed of mTiO2/MAPbI3/Spiro-OMeTAD/Au. These devices were compared to mesoporous
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cells containing 50 nm spray pyrolysis TiO2 deposited at a substrate temperature of
500°C. On an aperture area of 0.1cm2, devices fabricated from both TiO2 methods
exhibited similar PCEs of 11.4 % for ALD and 11.8 % for spray pyrolysis. A thicker
ALD TiO2 layer of 50 nm had previously been compared to compact layers of TiO2
deposited by both spin coating and spray pyrolysis for use in mesoporous devices by
Wu et al.2 ALD TiO2 was deposited at a temperature of 200°C using TDMAT and H2O
as titanium precursor and reactant. The ALD method was found to surpass spin coating
and spray pyrolysis in terms of efficiency for mesoporous cells, reaching 12.56 %
PCE.
For the work presented in this thesis a similar device stack was fabricated on up-scaled
aperture areas of 0.43 cm2 and 1.04 cm2. Amorphous ALD TiO2 was deposited at the
low deposition temperatures of 200°C and 185°C using TDMAT and H 2O as the
respective titanium precursor and reactant. Both 10 nm and 20 nm of ALD TiO2 were
found to outperform spin coated TiO2 in mesoporous devices. 20 nm ALD TiO2 was
found to be comparable to 20 nm TiO2 deposited by the conformal vacuum technique
of RF sputtering in mesoporous devices. The ALD TiO2 reached 16.45 % PCE on a
large 1.04cm2 active area, while the RF sputtered TiO2 reached 16.66 % PCE on an
active area of the same size. The use of ALD TiO2 compact layers in mesoporous
perovskite devices has been shown to produce enhanced PCEs both in the literature
and within this thesis when compared to conventional deposition techniques.
Comparing ALD to alternative conformal and vacuum techniques such as sputtering
and evaporation will be an important consideration when establishing a suitable
technique for manufacturing upscaled devices that may be used for commercialisation.
While the ALD of TiO2 performs well in mesoporous PSCs, its use in planar devices
has proved to be more problematic as evinced by conflicting results in the literature.
Kim et al3 demonstrated that low-temperature PEALD TiO2 deposited on PEN/ITO
substrates behave well in planar devices using a MAPbI3-xClx perovskite. These 20 nm
thick ALD films, deposited using TTIP and O2 plasma, reached a PCE of 12.2% in
planar cells compared to 4.3 % PCE achieved using a spin coated c-TiO2 ETL in the
same cell architecture. Conversely, it has also been shown that as deposited ALD TiO2
does not perform well in planar devices.4 12 nm of amorphous TiO2 was deposited by
ALD using TDMAT and H2O as respective titanium precursor and reactant at 120°C.
When incorporated into planar devices using MAPbI3-xClx as the perovskite a low
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efficiency of 1.8 % PCE was achieved. Post-processing of the ALD TiO2 using an UVO3 treatment or annealing to 500°C was found to increase Jsc, FF and ultimately PCE
in the device J-V curves. An improved efficiency of 10.0 % PCE was achieved using
an UV-O3 treatment and 11.5 % PCE was achieved using a 500°C anneal on an active
area of 0.16 cm2. This improvement in performance was proposed to be due to the
removal of oxygen vacancies and the reduction of defect states caused by the oxidising
treatments on the ALD TiO2.
In the work completed in this thesis low PCEs of 8 % were exhibited using as
deposited amorphous TiO2 in planar devices on a 1.04 cm2 aperture area. Rapid
thermal annealing of these ALD films to 500°C in O2 was not found to improve
efficiency and Jsc was found to be greatly reduced despite the oxidising post-treatment.
This suggests that the bulk material of ALD TiO2 may not be the overriding issue for
use in planar devices and instead interface passivation and alteration should be
considered.
Electron-hole recombination in perovskite devices is promoted by defects and
impurities which are present at the interface between charge selective contacts and the
perovskite material as well as charge selective contacts and the electrodes. Interfacial
properties are therefore a key consideration in the development of highly efficient
perovskite devices. The use of ALD TiO2 as surface passivation on top of the
mesoporous TiO2 layer has been reported by Chandiran et al.5 A thickness of 2 nm
ALD TiO2 was found to successfully block parasitic back reaction from the FTO and
m-TiO2 surface while simultaneously allowing suitable pore filling of the perovskite
material. This boosted PCE from 7.2 % to 11.5 % for the mesoporous device on an
aperture area of 0.159 cm2. The use of ALD Al2O3 has also been explored as a suitable
method for surface passivation in c-Si solar cells.6-8 In this thesis both ALD Al2O3 and
ZnO were investigated as sub-nanometre passivation layers on top of the ALD TiO2
ETL. The thin insulating Al2O3 was expected to saturate dangling bonds and allow
charge transport through tunnelling while the ethyl ligands present in the ZnO
precursor DEZ could aid in cleaning the surface of the ALD TiO2. Al2O3 was found
to block charge extraction even at one cycle while ZnO improved J sc providing
promise for future studies. A recent report by Zardetto et al9 has indicated that the
interfacial properties between PEALD TiO2 and the perovskite material can be
improved using CF4 plasma for 2 minutes as a surface treatment. In this study TiO2
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treated with CF4 has a deeper energy level compared to untreated TiO2 allowing for
an improved band alignment between the perovskite material and the ETL resulting in
improved electron extraction. Interfacial adhesion between the ALD TiO2 and
perovskite was also enhanced with strong F bonds. The efficiency of this planar PSC
was boosted from 4 % PCE using pristine PEALD TiO2 to 14.8 % PCE with the CF4
surface treatment.
When used in planar PSCs, there is a conduction band misalignment between a c-TiO2
ETL and the perovskite absorber material regardless of TiO2 deposition method. ALD
SnO2 as an ETL is energetically favourable with the perovskite as demonstrated by
Correa Baen et al.10 15 nm of ALD SnO2 was deposited at 120°C using TDMASn and
O3 and fabricated into a planar perovskite device achieving 18.4 % PCE on an active
area of 0.16 cm2. Wang et al reported the improved efficiency of PEALD SnO2 when
used in conjunction with a spin coated C60-SAM layer as passivation in planar
perovskite devices.11 15 nm of SnO2 deposited at 100°C using TDMASn and O2
plasma produced an average PCE of 18.21 % on an active area of 0.08 cm2 with the
incorporation of the passivating self-assembled monolayer.
From the work in this thesis ALD SnO2 was also found to work best in planar devices
with the incorporation of passivation layers, reaching 18.3 % PCE on a 0.09 cm2 active
area and 15.8 % PCE on a 0.7 cm2 active area when C60 was utilised as a passivation
layer. Thin fullerenes such as C60 and C60-SAM have the ability to passivate metal
oxide surfaces promoting electron transfer. Alternative passivation layers of the
fullerene PCBM and the inorganic CBD SnO2 were also explored in this thesis. PCBM
has previously been reported as an interlayer in p-i-n devices between the perovskite
layer and an ALD TiO2.12 This passivation layer successfully reduced charge
recombination at the interface producing cells with an efficiency of 8.8 % PCE on a
0.16 cm2 area. From the work in this thesis, the stabilised max power point efficiency
from devices incorporating PCBM on top of ALD SnO2 (10.60 % PCE) was found to
be comparable to devices with PCBM on top of spin coated SnO2 (10.85 % PCE) with
both types of planar n-i-p devices exhibiting notable hysteresis. In the literature planar
devices incorporating spin coated SnO2 passivated with CBD SnO2 have only been
compared to devices containing pristine ALD SnO2 which has not been passivated.13
In this thesis the use of CBD on top of ALD SnO2 was found to boost efficiency
compared to non-passivated ALD SnO2. Despite final PCEs being lower than that of
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spin coated SnO2 followed by CBD, this initial study shows promise for future all
inorganic ETLs on upscaled devices.
For reverse architecture p-i-n devices, depositing thin films using ALD on top of the
temperature sensitive perovskite material is challenging. The ALD thin film needs to
be capable of growing at a suitably low temperature to avoid damaging the perovskite
layer underneath. The use of plasma, which is usually selected for low-temperature
depositions, in ALD may also affect the perovskite layer which is prone to
degradation. As an interface modification technique ALD Al2O3 has been reported on
top of the MAPbI3 perovskite/TiO2/FTO stack as well as the Spiro-OMeTAD/MAPbI3
perovskite material/TiO2/FTO stack in n-i-p devices.14 TMA and O3 were used as the
respective aluminium precursor and reactant and deposition took place at a low
temperature of 70°C. XRD characterisation revealed the perovskite material to be
degraded even after 1 cycle of ALD Al2O3, reducing the performance of the device. A
similar study was later conducted by Koushik et al15 employing TMA and H2O at a
deposition temperature of 100°C. A thickness series of 2 to 20 cycles was successfully
deposited on top of the perovskite material without degradation. It was believed that
the use of H2O instead of the oxidising O3 as an ALD reactant allowed the layers to
be deposited on top of the sensitive perovskite material without degradation.
Passivation using ALD Al2O3 improved the device efficiency from 15.1 % PCE to
18.0 % PCE using an optimised 10 cycles of Al2O3.
In this thesis, low temperature ALD SnO2 was successfully deposited as an ETL on
top of sensitive perovskite materials. The perovskite stack underwent up to 222 cycles
of SnO2 (20nm) with prolonged purge lengths at 140°C in the ALD chamber without
any degradation or negative effects observed. 10 nm and 20 nm ALD SnO2 deposited
on perovskite stacks containing evaporated C60 as a passivation layer on upscaled
devices of 1.04 cm2 were found to produce enhanced PCEs outperforming devices
fabricated in parallel containing 10 nm ALD SnO2 deposited at CSEM on a C60
passivation layer.
The work completed in this thesis demonstrates impressive results for thermal ALD
TiO2 on upscaled mesoporous devices which is comparable to the alternative vacuum
technique of RF sputtering. For planar perovskite solar cells ALD TiO2 does not
behave well when in direct contact with the perovskite material and a suitable
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passivation method is required. The use of ALD ZnO passivation to alleviate this issue
has shown potential for future development. To combat the conduction band
misalignment between TiO2 and the perovskite material, thermal ALD SnO2 shows
considerable promise in planar n-i-p devices when used in conjunction with a
passivation layer reaching a notable 18.3 % PCE. The significant development of
utilising low-temperature thermal ALD SnO2 to deposit on top of the perovskite stack
in p-i-n devices without damage to the perovskite under layer is an encouraging step
for the field of perovskite solar cells. The mild ALD deposition technique and the
conformal nature of its resultant films can aid in the upscaling and commercialisation
of perovskite devices in the future.

8.2 Suggestions for Future Work
Several facets of the research described in this thesis offer scope for further
investigation.
Additional investigation into TiO2 doped with silver in a 99:1 ratio would be valuable
to definitively determine if this dopant enhances the overall PCE when incorporated
into a mesoporous PSC.
Repeating the fabrication of mesoporous PSCs comprised of ALD TiO2 ETLs doped
with tin in a 19:1 ratio would be advantageous to determine if the low PCEs from the
doped materials obtained in Chapter 5 are due to the ALD thin film itself or an issue
with one of the remaining layers in the cell.
It would be interesting to explore other dopant precursors for nanolaminate TiO2
ETLs. TiO2 doped with conductive niobium as an ETL, for instance, may improve the
overall PCE of a mesoporous cell compared to undoped thermal ALD TiO2 due to the
influence of the niobium on the electrical properties of the thin film.
While doping ratios of 19:1 and 99:1 have been shown to work well for ZnO:Al,
effective ratios for TiO2 doping have not been extensively reported in the literature.
Investigation into a wider series of doping ratios via ALD would be beneficial to
determine the optimised doping ratio for different dopants in TiO2 matrix thin films.
Each dopant should be investigated in a range of ratios as the doping efficiency
depends on the dopant’s solubility level within the TiO2 thin film. If the local dopant
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density is below the solubility limit then the local dopant atoms can be incorporated
in the Ti positions in the TiO2 matrix and effectively act as electron donors.
A study should be conducted to determine if an etching effect takes place when TiO 2
is doped with each of the various doping precursors used in this thesis. This can occur
via surface reactions during the ALD growth. The dopant may remove surface
titanium atoms and occupy their surface sites. Alternatively, the TDMAT or TTIP
precursor may remove dopant atoms from the surface and occupy their sites. The study
could be executed by growing bilayers of the TiO2 thin film and the dopant material
and examining their interfaces using TEM imaging.
It would be beneficial to compare the conductivity of doped TiO2 thin films which
incorporate the same dopant using alternative dopant precursors. If an alternative
dopant precursor provided steric hindrance then the number of dopant atoms deposited
in one cycle would be significantly reduced. A larger spacing between the dopant
atoms in one ALD cycle could enhance film conductivity.
Repeating the interface passivation using a single cycle of ALD Al2O3 deposited or
annealed at elevated temperatures of 300°C or above could aid in cleaning up the
surface of TiO2 and removal of the negative charge on the surface.
ZnO passivation exhibited promise by increasing current in planar devices. Further
investigation could lead to successful passivation with improved PCE.
Exploration of surface passivation via fluorination or chlorination would be
constructive. This would determine if the interface between the ALD TiO2 film or the
ALD SnO2 film and the perovskite absorber material can be improved by either
surface modification technique. The SnO2 CBD treatment described in Chapter 7
utilised SnCl2.2H2O, which mitigates interfacial recombination when fabricated into
planar devices. This treatment could significantly enhance PCEs in planar perovskite
architectures.
Further exploration and optimisation of ALD SnO2 using CBD SnO2 as a passivation
layer could lead to improved efficiencies in resulting n-i-p perovskite devices.
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APPENDIX I:
Design of masks and sample holders as well as
characterisation of layers

Figure 1: Schematic for Kapton tape placement on 10 cm2 FTO coated glass sheet
and P1 etch line on 2.5 cm2 substrate

Figure 2: Photomask design for Au e-beam evaporation. (a) Mask design for 6 cells,
(b) measurements for each cell design in micrometres
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Figure 3: Mask design for Au thermal evaporation. (a) Aluminium quad sample
holder with centre screw and metal snaps on each corner to hold mask, (b) thin
aluminium mask with hole for centre screw, and (c) sample holder with evaporation
mask clipped in along with centre screw
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Figure 4(a): Cross sectional overview of design for solar simulator sample holder
with labels

Figure 4(b): Cross sectional overview of design for solar simulator sample holder
with measurements
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Figure 5: Plan view design of back plate for solar simulator sample holder

Figure 6: Plan view design of sample holder for solar simulator sample holder (a)
showing underneath back plate and (b) on its own
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Figure 7: Plan view design of sample in solar simulator sample holder

Figure 8: Plan view design of mask for solar simulator sample holder (a) showing
underneath layers and (b) on its own
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Figure 9: Plan view design of top plate for solar simulator sample holder (a)
showing underneath layers and (b) on its own

Alterations to solar simulator sample holder design:


Top plate made from black nylon instead of aluminium. An aluminium plate
would need to be painted black which is likely to flake off over time.



Sample holder made from aluminium instead of Teflon.



Back plate made from PTFE as the softer material allows contact pins to better
fit through the 0.6 mm drill hole.



Inclusion of O-ring not necessary.

Figure 10: (a) SEM of surface morphology and (b) contact angle measurement on
ALD thermal TiO2 pre-treated with 5 minutes of O2 plasma on FTO coated glass
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Figure 11: (a) SEM of surface morphology and (b) contact angle measurement on
ALD thermal TiO2 doped with Al in 19:1 TiO2:dopant pulse ratio

Figure 12: J-V sweep comparing 20 nm thermal ALD TiO2:Sn doped in a 19:1
dopant:pulse ratio and pre-treated with 5 minutes of O2 plasma deposited by the
Cambridge Nanotech system and the Picosun R200 system
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Figure 13: J-V sweep comparing 20 nm thermal ALD TiO2:Ag, TiO2:Hf, and TiO2:V
doped in a 19:1 dopant:pulse ratio and pre-treated with 5 minutes of O2 plasma
deposited by the Cambridge Nanotech system

Figure 14: J-V sweep comparing 20 nm thermal ALD TiO2 pre-treated with 5
minutes of O2 plasma to 20 nm thermal ALD TiO2:Al doped in a 19:1 dopant:pulse
ratio and pre-treated with 5 minutes of O2 plasma deposited by the Picosun R200
system
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Figure 15: XPS showing binding energy of as grown 20 nm thermal ALD TiO2:Al
doped in a 19:1 dopant:pulse ratio and pre-treated with 5 minutes of O2 plasma
deposited by the Picosun R200 system

Figure 16: XPS spectra of as grown 20 nm thermal ALD TiO2:Al doped in a 19:1
dopant:pulse ratio and pre-treated with 5 minutes of O2 plasma deposited by the
Picosun R200 system
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Figure 17: Tauc plot of thermal ALD TiO2:Al doped in a 19:1 dopant:pulse ratio
and pre-treated with 5 minutes of O2 plasma deposited by the Picosun R200 system

Figure 18: J–V characteristics of mesoporous perovskite solar cell containing
plasma pre clean, 20 nm thermal ALD SnO2:Ti doped in 19:1 dopant:pulse ratio. (b)
External quantum efficiency of same perovskite solar cell containing plasma pre
clean, 20 nm thermal ALD SnO2:Ti doped in 19:1 dopant:pulse ratio ETL.
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Figure 19: Max power point steady state tracking over 600 seconds of mesoporous
perovskite solar cell containing 20 nm thermal ALD SnO2:Ti doped in 19:1
dopant:pulse ratio as ETL stabilising at 12.2 % PCE

Figure 20: Spray pyrolysis set up outlining main components for depositing
perovskite material
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Figure 21: XRD analysis comparing CH3NH3PbI3-xClx thin films deposited by spray
pyrolysis at 150°C and 130°C

Figure 22: XRD analysis comparing a CH3NH3PbI3-xClx thin film deposited by spin
coating with subsequent annealing at 130°C and a CH3NH3PbI3-xClx thin film
deposited by spray pyrolysis at 150°C with subsequent annealing at 130°C
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Figure 23: XRD analysis comparing a CH3NH3PbI3-xClx thin film deposited by spin
coating with subsequent annealing at 130°C and a CH3NH3PbI3-xClx thin film
deposited by spray pyrolysis at 130°C with subsequent annealing at 130°C

Figure 24: 10 μm topography image of blank TCO22-15, 15 Ω cm-1Solaronix FTO
coated glass at (a) 0 ° rotation and (b) 90 ° rotation. Roughness RMS value
calculated at 9 nm
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Figure 25: (a) 2 μm topography image of CH3NH3PbI3/ 20 nm ALD TiO2/ TCO2215 Solaronix FTO coated glass showing grains and cracks in the surface. Roughness
RMS value calculated at 44.4 nm.

Figure 25: (b) 2 μm corresponding surface potential image (using frequency
modulation KFM) revealing differences in work function on different parts of the
sample
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Figure 25: (c) 2µm topography image of same sample overlaid with the surface
potential map showing correlations between grain features and furrows (blue is
lower potential, yellow is highest)

Figure 25: (d) 2µm topography image of same sample overlaid with dC/dz
capacitance, revealing highly interesting differences in the dielectric properties on
this sample area
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Figure 25: (e) 2µm 3D topography image of sample showing two different areas, the
lower one being finer in grain size and with worm-like features, the other area
towards the top is smoother and has bigger grains

During the internship at the University of Oxford, preliminary studies on the
development of alternative passivation layers were performed. These solution based
studies, in the p-i-n architecture, were performed in order to screen for possible
candidate materials for the HTL/perovskite interface prior to the development of ALD
processes. These passivation layers were placed between p-type NiOx which acted as
the HTL and the perovskite material. In these studies p-type In2O3 and PbO were
chosen as the interlayers for investigation to produce device stacks composed of TEC7
FTO coated glass/ NiOx/ p-type PbO or In2O3/ MAFACsPb(IBr)3/ PCBM/ BCP/ Ag.
Both chosen interface layers produced functioning cells with PbO outperforming
In2O3 significantly.
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Figure 26: (a) J-V characteristics of the champion PbO passivated p-i-n cell and (b)
Stabilised photocurrent and efficiency of the champion PbO passivated p-i-n cell

The best pixel incorporating PbO achieved 9.30 % PCE in the reverse scan and 7.89
% PCE in the forward scan, stabilising at 9.56 % PCE over 60 seconds of MPP
tracking (Figure 29) . Due to low Jsc (17.93 mA/cm2) and FF (0.67), this cell did not
compare well with the reference which contained no p-type passivation layer (Table
I). The reference cell achieved 15.68 % PCE in the reverse scan and 11.15 % PCE in
the forward scan (Figure 30 a). This stabilised at 14.57 % PCE after 60 seconds of
MPP tracking (Figure 30 b)

Figure 37: (a) J-V characteristics of the champion non passivated p-i-n cell and (b)
Stabilised photocurrent and efficiency of the champion non passivated p-i-n cell

Table I: Device performance parameters. Champion performance parameters for
devices made with PbO passivation and reference cell without
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The PCE of the p-type passivation cell may be lower due to the effect of the long UVozone which was employed to aid in switching the metal oxide from n-type to p-type.
To investigate this, more reference cells were fabricated which were subjected to UVozone after deposition of the NiOx layer and prior to perovskite deposition. The final
MPP stabilised PCE was lower than the cell without UV-ozone obtaining 11.66 %
after 60 seconds. It is clear that the UV-ozone treatment had a negative impact on the
cell.
It should be noted that for p-i-n devices, synthesis techniques outside and inside the
glovebox were tested. Although higher efficiencies could be obtained using techniques
inside the glovebox, the passivation study was conducted outside the glovebox due to
better reproducibility.
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