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Abstract
Organic-inorganic hybrid perovskite materials have demonstrated their potential in
photovoltaic application in recent years. Apart from the effort on further improving the power
conversion efficiencies (PCEs) of perovskite solar cells (PSCs), the stability of PSCs remains
a key concern for technological application. In this thesis, approaches of improving PCEs of
PSCs, and enhancing the stability under environmental stresses, are investigated. The first
results chapter investigates the improved oxygen induced photodegradation in inverted
structure PSCs in comparison to conventional structure PSCs. The enhanced stability is
attributed to PCBM passivation and slow oxygen diffusion kinetics in the inverted
structure PSC. The second results chapter demonstrates that the addition of aminovaleric
acid (AVA) in methylammonium lead iodide (MAPbI3) light absorber can effectively
enhance the stability of unencapsulated PSC against oxygen induced photodegradation.
The enhanced stability is also observed in glass/perovskite thin film, indicating the
enhanced stability is not dependent on other interlayers but perovskite material itself.
AVA is found to be located at the surface of perovskite lattice, binding to the surface
defects, resulting in improved stability. The third results chapter shows that the use of
bulky cation 1-naphthylmethylamine (NMA) as an additive in MAPbI3 and wider band
gap perovskite (MAPbI1-xBrx)3 light absorbers can minimize the Voc losses in inverted
structure PSC. The enhanced Voc results from NMA terminated at grain surface,
passivating the traps and suppressing the non-radiative recombination. The forth results
chapter investigates the power conversion efficiencies (PCEs) and stability of inverted
structure PSCs with different sizes of amino acids additives in MAPbI3 light absorber,
showing that the addition of smallest amino acid, glycine, can not only enhance Voc but
also stability of inverted structure PSC. The last results chapter shows that employing
bilayer Cu/Ag electrode can improve the operational stability of unencapsulated
inverted structure PSC.
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LiTFSI

Bis(trifluoromethane)sulfonimide lithium salt

LUMO

Lowest unoccupied molecular orbital

MA

Methylammonium

MAPbI3

Methylammonium lead iodide

MPP

Maximum power point

m-TiO2

Mesoporous titanium dioxide

NMA

1-naphthylmethylamine

OPV

Organic photovoltaics

PABA

p-amino-benzoic acid

PCBM

Phenyl-C61-butyric acid methylester

PCE

Power conversion efficiency

PeLED

Perovskite light emitting iodide

PFN

Poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7(9,9–dioctylfluorene)]

PL

Photoluminescence

PLQ

Photoluminescence quenching

PSC

Perovskite solar cell

PTAA

Poly(triaryl amine)

PV

Photovoltaic
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RGB

Red-green-blue CCD output

SA

Solvent annealing

SEM

Scanning electron microscopy

Spiro-OMeTAD

2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-spirobiuorene

t80

Lifetime of device decay to 80% of its initial PCE

tBP

4-tert-butylpyridine

TCSPC

Time-correlated single photon counting

ToF-SIMS

Time-of-flight secondary ion mass spectrometry

UV-Vis

Ultraviolet-visible spectroscopy

Voc

Voltage at open circuit

WF

Work function

XPS

X-ray photoelectron spectroscopy

XRD

X-ray diffraction
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Chapter 1. Introduction
While silicon (Si) based solar cells are the most dominant photovoltaic (PV) device in the
market, several disadvantages such as high temperature manufacturing processes, indirect band
gap and their rigidity - limiting the application on flexible substrates - drive researchers towards
looking for alternative photovoltaic materials. Recently, organic-inorganic hybrid perovskite
materials have been shown as attractive light absorber in PV applications, thanks to their band
gap tunability, low cost fabrication and high trap tolerance.1–4 In order to commercialise the
perovskite solar cells (PSCs), it is essential to achieve power conversion efficiency (PCE) and
long-term stability comparable to Si solar cells.
While the photogenerated current of PSCs comes near the theoretical limit, the open circuit
voltage (Voc) losses caused by non-radiative recombination in PSCs still impede the practical
device to approach the Shockley-Queisser limit. Therefore, it becomes crucial to reduce Voc
losses though passivating the undesired recombination pathway in order to achieve high
efficiency devices.5
The PCEs of PSCs are approaching 25% and in recent years considerable focus has been
directed to stability in PSC research.6–9 In addition to instabilities of interlayers in PSCs,
electrode corrosion and, intrinsic instabilities of perovskite materials remain a major challenge
to achieve 25 years of operational lifetime.8 Multiple environmental stresses, including
moisture, heat, bias, oxygen and light, are demonstrated as possible causes of perovskite
degradation. Among these environmental stresses, the combination of oxygen and light has
been demonstrated as the limiting factor of operational lifetime of unencapsulated
methylammonium lead iodide (MAPbI3) PSCs.10
In this thesis, studies focusing on enhancing the operational stability of PSCs under oxygen
and light stresses, and also improvements in the PCE by passivating the undesired trap-assisted
non-radiative recombination pathway. Chapter 4 reports the planar structure PSC with phenylC61-butyric acid methyl ester (PCBM) demonstrating better stability under oxygen and light
stresses than mesoporous scaffold structure PSC. Chapter 5 investigates the enhanced stability
against oxygen induced photodegradation by employing the bulky amino acid, 5-aminovaleric
acid (AVA), as a processing additive in MAPbI3 PSCs. Chapter 6 illustrates a strategy of
passivating non-radiative recombination in MAPbI3 by incorporating bulky cation additives,
resulting in enhanced Voc in planar structured PSC. Combining the observations from Chapter
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4 to Chapter 6, Chapter 7 shows that use of smallest amino acid, glycine, as an additive in
MAPbI3 light absorber can not only enhance Voc but also improve the stability of planar
structure

PSC.

Finally,

Chapter

8

turns

the

consideration

to

instabilities

at

electrode/transporting layer interface and demonstrates a facile approach of employing Cu/Ag
bilayer electrode to improve the stability unencapsulated planar structure PSC. Chapter 9
summarizes the results in this thesis and provides potential approaches to further improve
stability and efficiency of PSC.
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Chapter 2. Literature Review
Over the last decade, there has been a rapid growth in global energy demand due to the growth
in population and the increasing development of industrial society. The environmental impacts
such as air pollution and climate change have resulted from energy generation driven by fossil
fuels and this has gained considerable attention not only from scientists but also from the
general community. Consequently, there has been a rapid shift in attention from energy
generated from non-sustainable fossil fuels to energy generated from sustainable and renewable
resources.1 In particular, sunlight delivers more energy to the earth in one hour than humanity
consumes in one year.2 In comparison to current non-renewable and renewable resources, the
sun has the largest total energy capacity in terawatt years (TWy) and hence must be exploited.3

2.1.

Evolution of Solar energy

As a promising sustainable energy technology solar cells absorb sunlight and directly convert
it to electricity, firstly reported by Clarles Fritts in 1883 and produced for space activities by
Bell Labs in the 1950s.4,5 The photovoltaic (PV) effect is the conversion of electromagnetic
radiation into electrical energy. When sunlight is absorbed by an active material, electrons in
the valence band (VB) of the material absorb energy from photons and are excited to
conduction band (CB), forming electron-hole pairs (photoexcited states). The electron-hole
pairs are separated to free charge carriers, and then extracted to external circuit to do the work.
Herein the evolution of solar cells, from p-n junction silicon solar cells to perovskite solar cells,
is discussed.
Crystalline silicon solar cells, also called first-generation solar cells, have been investigated for
over 30 years and dominated in PV market owing to their high efficiency (>26% for lab scale
and >20% for module) and durability.6,7 Silicon has ideal band gap (1.12eV) for PV
applications, and it has highest market share among the solar cell technologies to date. At
present the cost of silicon solar cells is considerably lower than a decade ago and prices
continue to fall, mainly due to the increased industry capacity and falling raw materials and
processing costs. However, there are few disadvantages driving the increased research interest
in next generation solar cells. Firstly, the indirect bandgap of silicon resulting in a relatively
low absorption coefficient, requiring thick silicon layers (>100μm) to absorb adequate light.8
As such, the silicon solar panel is heavy and has a low power/weight output. Secondly, silicon
requires high temperature processing and high energy consumption, leading to high carbon
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footprint during their production. Lastly, the bandgap of silicon is fixed at 1.12eV, which is not
ideal for indoor applications, requiring wide bandgap absorbers. To combat these drawbacks
the investigation of new PV technologies has garnered great importance in recent years.
Second-generation solar cells, such as cadmium telluride (CdTe), copper indium gallium
selenide (CIGS) and amorphous silicon (a-Si) are also described as thin film solar cells. Unlike
crystalline silicon, with a thickness > 100μm, the thickness of thin film solar cells is with a
range of hundreds of nanometres to tens of micrometres, thus these solar cells are lighter with
higher power output per weight, gathering interest in building integrated photovoltaics (BIPV)
application. 9–11 Currently the efficiencies of CIGS and CdTe solar cells have achieved up to
20%, but the instability is the main challenge.
Third-generation solar cells, also called emerging PVs, include several thin-film solar cells
which have potential to pursue high efficiency with low production costs.12 13 This class of PVs,
including; dye-sensitised solar cells (DSSC), quantum dots, organic solar cells (OSC) and
perovskite solar cells (PSC), are under researched and have short lifetime under thermal stress
or UV illumination, limiting commercial applications.14–17 One of the advantages of these solar
cells is the tuneable band gap, which could let a certain range of visible light go through the
absorber, specifically interesting for semi-transparent window and BIPV application. Among
the third-generation solar cells, PSCs have increasingly been the object of research in past few
years, owing to enhanced PCE efficiency and readily tuned bandgap, as discussed in the
following section.
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2.2.

Perovskite solar cells

2.2.1. Semiconductor properties of lead halide perovskite materials
Perovskite is a class of material with the structure ABX3, where A site: MA, FA, Cs; B site:
Pb, Sn; X site: I, Br, Cl, as shown in Figure 2.1a. Recently, organometal lead halide perovskites
have demonstrated their potential in PV applications owing to their high charge carrier mobility,
long carrier lifetime and tuneable band gap.18–22 Methylammonium lead iodide (MAPbI3),
formamidinium lead iodide (FAPbI3) and caesium lead iodide (CsPbI3) are the typical
perovskites incorporated into PV applications.
In order to form a stable perovskite structure, the size of each component needs to be carefully
considered. The Goldschmidt tolerance factor is introduced to determine the crystal structure
calculated from the ratio of ionic radii:
t=

𝑟𝐴 + 𝑟𝑥
√2(𝑟𝐵 + 𝑟𝑥 )

Where rA, rB and rx are the ionic radii of A site cation, B site cation and C site halide. The
perovskite can be stabilised while the tolerance factor is between 0.8 and 1. However, only
MAPbI3 obtains the tolerance factor between these ranges. FAPbI3 shows the tolerance factor
over 1, and CsPbI3 has a tolerance factor less than 0.8. Both FAPbI3 and CsPbI3 exhibit poor
structural stability, so these perovskites readily decompose at room temperature. In order to
enhance the structural stability, cation and halide substitution are a convincing approach to tune
the tolerance factor, enhancing the structural stability. It has been reported that employing
double or triple cation perovskites (MA, FA, Cs) as the light harvesting layer achieves long
term stability.23,24 Substituting iodide with bromide can also tune the Goldschmidt tolerance
factor, resulting in enhanced structural stability.25 The absorption edge (band gap) of these
perovskites can also be tuned by substituting iodide with bromide.26 As shown in Figure 2.1b,
the absorption edge of MAPbI3 is at 780nm, and MAPbBr3 is at 540nm. The absorption edge
of MAPbI3 can be proportionally blue-shifted by increasing the Br ratio. Moreover, the
absorption edge is also changed with the A site cation. For instance, the absorption edge can
be red-shifted through substitution MA with FA, which is observed in both iodide and bromide
perovskites (Figure 2.1c). The sharp PL emission following the absorption edge is also
reported in the literature, which allows effective photon recycling, further confirming their
outstanding optical properties for PV applications.20,27,28
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Figure 2. 1 (a) The ABX3 perovskite crystal structure for photovoltaic applications. UV-Vis absorbance
spectrum of (b)MAPb(I1-xBrx)3 and (c) MAPbI3, FAPbI3, MAPbBr3, and FAPbBr3.

Perovskite has a direct band gap, resulting in the high absorption coefficient. In lead halide
perovskite, the lower CB is determined by the unoccupied Pb p-orbitals while the upper VB is
derived mainly from halogen p-orbitals and partially from the s-orbitals of Pb.29 This could
likely explain the substitution of halides (I, Br, Cl) in Pb halide perovskite resulting in much
more significant band gap shifting than A-site cations (MA, FA, Cs).20,30,31
Apart from the tuneable band gap and high absorption coefficient, perovskite also obtained
outstanding photogenerated hole and electron mobility. Stranks et al reported a mixed halide
perovskite MAPb(I1-xClx)3 with electron-hole diffusion lengths over 1 µm, greater than the
thickness of the perovskite film.32 Furthermore, over 100 µm diffusion lengths have been
reported in single crystal perovskites.33,34 Both of these observations could be attributed to the
defect tolerance of perovskites. Yin et al reported that the defects in MAPbI3 are comparably
more benign than other PV materials because the ionic vacancy in the perovskite will form the
shallow defect site close to the CB and VB rather than deep defect sites in the band gap.29 In
other words, the defect states of the iodide vacancy will be between the Pb p-orbital and
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conduction band minimum, and the defect states of Pb vacancy are located between the iodide
p-orbital and the valance band maximum. Therefore, the trapped carriers can easily de-trap
from the shallow defect sites, resulting in long carrier diffusion lengths.35 However, even these
defect sites showed minor detrimental effect on current generation, passivating these defect
cites is reported to significantly improve the open circuit voltage (Voc) of PSC.36,37
2.2.2. Perovskite solar cell and device configuration
The first PSC obtained a PCE of 3.8% with poor stability because the perovskite was not stable
in liquid redox electrolyte.38 When a solid-state transporting layer was used to replace the liquid
electrolyte, the PCE increased to 9.7%, along with enhanced stability. At this stage, PSCs
started to attract lots of attention thanks to such remarkable PCE enhancements. Over the past
6 years, the PCE of single junction perovskite solar cells has increased from 3.8% to over 25%,
attributed to the development of interface passivation, compositional engineering and energy
alignment among interlayers.39–44 There are three common device architectures: (1)
conventional structure, (2) inverted structure and (3) triple stack fully printable structure.
Herein, electron transporting layer is abbreviated as ETL, and hole transporting layer is
abbreviated as HTL.
(1) Conventional structure (n-i-p junction, Figure 2.2a) consists of FTO/ETL/ mesoporous
metal oxide scaffold layer/perovskite /HTL/top electrode. The mesoporous metal oxide, such
as mp-TiO2 or mp-Al2O3, are used as a scaffold layer, which can increase the thickness of
perovskite layer and reduce pinholes.45 SnO2 and TiO2 are the common ETLs, and
Spiro-OmeTAD and PTAA are common HTLs. The conventional structure obtained the
highest device efficiency to date.23,46
(2) Inverted structure (p-i-n junction. Figure 2.2b) consists of ITO/HTL/perovskite/ETL/top
electrode. The common HTLs are PEDOT: PSS, PTAA and NiO, and common ETL is PCBM.
This structure can be fabricated under low temperature processes.
(3) Triple stack fully printable structure (Figure 2.2c) consists of FTO/compact
TiO2/mesoporous TiO2/mesoporous ZrO2/mesoporous carbon, and the perovskite solution is
filtered into substrate to finish the device. As these interlayers can be fully printed, the device
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obtained the potential to be scaled up. Moreover, the superior device lifetime of this structure
is reported. 47

Figure 2. 2 Schematic device architecture of (a) conventional structure (b) Inverted structure and
(c) Triple stack fully printable structure.

2.2.3. Perovskite fabrication method
Perovskite thin films can be fabricated by spin-coating, doctor blading and filtration methods
etc 48–50 Spin-coating is widely used in lab-scale research as it can produce high-quality thin
films, while doctor blading and filtration are preferable for large-scale applications. For the
spin-coating method, an antisolvent technique is commonly applied for achieving uniform
morphology.50 Optimization of the mixed solvent ratio and the choice of antisolvent are crucial
as they can influence not only the morphology but the defect density of perovskite films.51,52 A
typical spin-coating method with antisolvent technique is illustrated in Figure 2.3. For example,
to fabricate a compact MAPbI3 perovskite thin film, MAPbI3 precursor solution is prepared by
mixing stoichiometric ratio of MA and PbI2 into DMSO: DMF mixed solvent, and spin coating
on a substrate. During the spin-coating procedure, anti-solvent such as toluene, chlorobenzene
or diethyl ether is dripped on to the substrate.51 The semi-transparent film (also called
intermediate phase) can be formed after spin-coating. After thermal annealing, the residual
solvent is evaporated, and intermediate phase can be transformed to MAPbI3 perovskite film.
SEM images of the MAPbI3 film fabricated by antisolvent technique is shown in Figure 2.1(bc). Formation of adduct after antisolvent dripping can result in stable intermediate phase, which
can regular the crystal growth during the thermal annealing. By proper tuning the molecular
interaction between solvent and precursor, DMSO can form an adduct with MAI and PbI2, and
NMP is able to form an adduct with FAI and PbI2.53 Perovskite films transformed from such
chemical adducts obtain lower defect density with high reproducibility.52,53
Even though the perovskite films made by spin coating have superior uniformity, which is
appropriate for lab research, it is not suitable for large scale fabrication. Doctor blade methods,
which have been widely used in large-area dye sensitized solar cells, have been developed to
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fabricate large area perovskite films.49,54,55 There are several approaches to improve the quality
of doctor bladed perovskite films. For example, Deng et al showed that the uniformity of the
perovskite active layer made by doctor-bladed method is significantly influenced by precursor
concentration, processing temperature and the surface of the ITO substrates.49 Mallajosyula et
al optimized the blade speed and the temperature of substrates during the blading process to
enhance the PCE of PSCs.54 Wu et al demonstrated a strategy to make HTL free doctor bladed
PSCs by doping F4TCNQ into MAPbI3 precursor solution.56
Apart from spin coating and doctor-blading, filtrations an alternative method used to prepare
large scale PSCs.47,57 This method is applied on triple stack fully printable structures, as
described in Figure 2.2c. To fabricate this structure of PSC, the compact TiO2, mesoporous
TiO2, mesoporous ZrO2 and mesoporous carbon paste are firstly screen-printed on the FTO.
The perovskite solution is simply injected into the mesoporous stacks, following with thermal
annealing process to finish the device. This structure device showed moderate efficiency but
superior stability, while the conductivity of carbon electrode remained a bottleneck to further
improve the PSC.48

Figure 2. 3(a)Schematic procedure of perovskite thin film fabrication by spin-coating method with
antisolvent technique. (b-c) SEM image of MAPbI3 film fabricated by spin-coating using diethyl ether
as antisolvent (1.5M MAPbI3 solution in DMF: DMSO =9:1.1).
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2.2.4. Perovskite dimensionality
In addition to photovoltaic devices based on the classic 3-dimensional (3D) perovskite structure
(ABX3), there has been significant development in device employing mixed 2D/3D phase of
perovskite as the light absorber. Such devices typically mix a bulky organic spacer cation (R)
into the 3D perovskite to drive the formation of 2D structures, generally represented as
R2An-2PbnX3n+1(Figure 2.4). When n<5, the properties of perovskite can be easily tuned by
varying the number of Pb-X octahedron layers sandwiched by the bulky organic spacer cation
layers.58 Such class of perovskites, formed from a mixed 2D/3D phase of perovskite known as
quasi-2D Ruddlesden-Popper (RP) hybrid perovskite, have shown a rapid increase in efficiency
from 4% to 13.7% in only 4 years.59,60 However, this value is still far lower than the classic 3D
perovskite, as the organic spacer layer often impede charge transport in the material, which
results in lower PCEs. Despite the limited efficiencies, quasi 2D perovskite materials have been
shown to be significantly more stable.61,62
Interestingly, when n>5 (especially larger n), the properties of perovskites such as band gap
and absorption are dominated by the 3D perovskite. These have been termed as quasi 3D
perovskites by Hu et al, whereas in this thesis they will be referred to as bulky cation additive
perovskites, as evidences of 2D structure formation are relatively uncertain.63 In these studies,
a low concentration of bulky organic spacer cation is incorporated into the typical 3D
perovskite, leading to both high performance and enhanced stability.39,64–68 The enhanced
device performance of these devices has primarily been due to improved Voc,39,65–68 whereas a
reduced current density (Jsc) has also been observed in several studies.65,68 Despite interest in
these devices, the underlying origins of this enhanced performance in terms of charge carrier
dynamics and structural analysis remains relatively unexplored.69

Figure 2. 4 Illustration diagram of dimensionality changes from 2D (n=1), to quasi 2D (1<n<∞), to
3D (n=∞).
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2.3.

Degradation of perovskite under environmental stresses

While the PCE of PSCs looks likely to continue to extend beyond 25% recent years have seen
considerable attention shifting to PSC stability.46,70,71 Several reports have provided an insight
into instability of PSCs under environmental stresses, such as moisture, temperature, oxygen
and light.72–75 Even when encapsulation techniques are used to isolate the perovskite from these
environmental stresses, oxygen ingress cannot be fully halted.76 Therefore, enhancing the
resistance of perovskite devices to these environmental stresses without encapsulation is
critical to achieve 25 years of operational lifetime.71 Herein, the instability of PSCs under
different environmental stresses will be discussed.
2.3.1. Stability of perovskite solar cell – heat
Thermal stability of PSCs is crucial in the aspect of device fabrication and operation. Firstly,
the operational temperature of PSCs ranges from -15 to 65 °C, a range in which several phase
transitions can occur in the perovskite structure.,77 with the phase (orthorhombic, tetragonal,
cubic) having a significant influence on the optical and electrical properties.33 Among the most
common perovskite materials, MAPbI3 shows the best structural stability and can maintain
photoactive phase across this operational temperature, whereas FAPbI3 and CsPbI3 will
degrade to photoinactive phases after they are stored in room temperature for few hours. There
are several studies reported that adding other bulky cations, e.g. phenylethylammonium (PEA)
and n-butylammonium (BA), or surface ligands can stabilise FAPbI3 and CsPbI3 at photoactive
phase at room temperature.78–81 Moreover, compositional engineering, i.e. mixing A sites, B
sites and X sites of perovskite to tune the tolerance factor, is also be shown as effective strategy
to stabilise the photoactive phase.25,82
Secondly, the formation of perovskite requires thermal annealing ranged from 80 to 150 °C.
Although over this temperature range mass loss is not observed in thermogravimetric analysis
(TGA), extended thermal annealing at such temperatures can lead to the decomposition of the
perovskite, alongside with lead halide formation.83 For instance, MAPbI3 showed mass loss
between 250 to 450°C in TGA measurements,84,85 but the thermal degradation happens if the
MAPbI3 is annealed at the range from 110 to 150°C for 10 minutes.83 The formation of PbI2,
which is referred to the decomposition product, has even been observed if the MAPbI3 is
annealed at 85 °C.86 As the decomposition temperature is noticeably close to the thermal
annealing temperature, the thermal annealing time for the formation of perovskite should be
taken into consideration. Compared to the MAPbI3, mixed cation perovskite (FAxCs1-xPbI3)
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has shown better resistivity to thermal decomposition at the temperature under 150 °C.
Additional hydrogen bonding in FA could likely reduce the possibility of proton release,
resulting in the improved stability.87
Finally, diffusion of ions from the perovskite to adjacent interlayers can be accelerated with an
increase of temperature. The diffused ions not only induce defect sites in perovskite crystal
lattice but also may undergo a chemical reaction with other interlayers. For example the
diffused iodide can react with charge transport layers or form metal halide species with the top
electrode.88,89 The details of this degradation process will be further discussed later in the thesis.
2.3.2. Stability of perovskite solar cell – moisture
Among these environmental stresses, moisture is one of the main factors to degrade PSCs while
the devices are stored in ambient air. The PCEs of MAPbI3 devices have been shown to be
degrade in the presence of moisture, accompanied with optical degradation and morphological
changes observed by SEM imaging.90 The mechanism of the hydration process has been
proposed by Barnes et al. At the initial stage of hydration, MAPbI3 will form a transparent
monohydrated phase, formation is reversible when the film is stored in low relative humidity
environment.72 However, during the hydration/dehydration process, the dehydrated film may
suffer from morphological changes, which is detrimental for device performance.
In order to enhance the resistance of perovskites against moisture ingress, several approaches
have been reported, including compositional engineering and interlayer modification.21,91
Noh et al and Pont et al observed that the resistance of MAPb(I1-xBrx)3 to moisture could be
enhanced by increasing the Br ratio, which is likely due to the incorporation of Br shrinking
the perovskite crystal lattice, accompanied by a change from a tetragonal to a cubic phase,
which is harder for moisture to incorporate into.21,30 Substituting iodide with thiocyanate (SCN),
which has stronger bonding to Pb2+ than I-, is also reported to make perovskite more difficult to
hydrate.92
Another method to improve moisture stability is introducing hydrophobic interlayers on top of
perovskite, preventing the moisture ingress. For example, Cao et al inserted thiols at the
perovskite/HTL interface in n-i-p structured PSCs and
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Bai et al replaced PCBM with a

cross-linkable silane-functionalised fullerene as the ETL, blocking the pathway for moisture
diffusion.91
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2.3.3. Stability of perovskite solar cell - oxygen and light combination
Although the perovskites are relatively stable to oxygen when they are stored in the dark under
low relative humidity,24,94 they can rapidly be degraded in the presence of both oxygen and
light, 74,95–97 accompanied by an obvious colour change from black to yellow (Figure 2.5) This
oxygen induced photodegradation has been demonstrated as the key factor to degrade
conventional structure PSCs employing MAPbI3 as a light absorber under operational
conditions in ambient air.97 This observation indicates that although the perovskite is stable in
the ground state, the photoexcited charge carrier in the perovskite can potentially initiate the
degradation. The mechanism of oxygen induced photodegradation is proposed by
Aristidou et al whereby oxygen can accept the photoexcited electron from the perovskite,
leading to superoxide formation. As the superoxide is an active species, it is keen to deprotonate
the cation in perovskites i.e. methyl ammonium (MA).74 Oxygen diffusion into MAPbI3 (~500
nm) is completed within an hour, and degradation is shown to initiate from grain boundaries
and correlated with defect density, particularly iodide vacancies in MAPbI3.75,96 As oxygen
induced photodegradation originates from the superoxide deprotonation, preventing the
formation of superoxide can potentially enhance the stability under oxygen and light.
O'Mahony et al compared the stability of MAPbI3 on mesoporous Al2O3 and a mesoporous
TiO2 layer and found that the MAPbI3 on mesoporous TiO2 achieved a dramatic improvement
in stability. They attributed this enhanced stability to the rapid electron extraction from
perovskite to TiO2 which can compete with the superoxide formation. Pont et al demonstrated
that the MAPbBr3 showed significant improved stability compared to MAPbI3, and in mixed
halide perovskite MAPb(I1-xBrx)3 the iodide phase perovskite degrading discretely to bromide
phase proven by XRD measurement.21

Figure 2. 5 Picture of the fresh and degraded MAPbI3 film. The degraded MAPbI3 film is aged under
illumination provided by LED light for 10 hours. The light intensity of LED is calibrated by achieving
same Jsc of MAPbI3 device under air mass 1.5 global (AM 1.5G) illumination provided by Xenon
lamp.

36

2.3.4. Stability of perovskite solar cell – reaction with electrode
While most studies are focusing on improving the stability of perovskite layer, the instability
of the electrodes can also limit device lifetime. Metals are the preferred electrode materials in
PSCs, as the conformal metal layer can achieve high conductivity, a high reflection coefficient
and function as an encapsulant layer, which is impermeable to oxygen and moisture. However,
metals electrodes such as Al, Ag, Cu, and Au may degrade, even in an inert air.73 Apart from
the metal electrodes, carbon or transparent conducting oxide have been demonstrated as stable
electrode materials for PSCs.47,98 However, the poor conductivity of carbon results in higher
series resistance in devices, limiting the device performance.48
The major concern of metal induced degradation is the formation of metal halides. The halide
formation can significantly drop the PCEs of PSCs.99,100 Kato et al shows that the iodide can
diffuse through the HTL material, Spiro-OMeTAD, in n-i-p cells, reaching the top electrode
and forming the AgI on the electrode surface after storing the device in inert air for 20 days.89
Similarly AgI formation is also observed in p-i-n structures employing PCBM as top ETL when
the device was aged at 85 °C in inert air.101 Zhao et al showed that the Cu is more stable than
Ag or Al in inert air when the metals are directly deposited on the MAPbI3, although the
formation of CuI is still observed after thermal annealing. The faster degradation of perovskite
with Cu electrode happens when the device is annealed in ambient air. 102
The diffusion of metal ions into the perovskite is another possible pathway leading to the
degradation of PSCs. According to DFT-based calculations, Ming et al reported that
monovalent Cu, Ag, Au, Co, Ni and Pd can easily diffuse into the perovskite, whilst
monovalent Cr has higher diffusion barrier.103 Domanski et al demonstrated that Au can diffuse
into the perovskite at 70 °C under illumination, resulting in PCE losses.104 The origin of such
PCE losses is likely due to the nonradiative recombination centre being induced by monovalent
Au trapped by Pb vacancies in MAPbI3.103 The Au diffusion can be impeded by inserting Cr
at transporting layer/Au interface, improving the thermal stability of PSC. 104
Introducing a diffusion barrier layers between the perovskite and metal electrode is a widely
investigated strategy to prevent the metal induced degradation. Boyd et al used sputtered ITO
as an efficient diffusion barrier and encapsulation layer, leading to the stable PSC at 85 °C with
a lifetime of over 1000 hours. They also noted the sputtered ITO on spin-coated PCBM showed
better coverage and less diffusion channels than the ITO on evaporated PCBM, minimising the
iodide diffusion and improving the device stability.105 Bi et al added 2D material, N-doped
37

graphene, into PCBM as an ETL in p-i-n structured PSCs to prevent iodide diffusion.100 Atomic
layer deposition (ALD) of metal oxides has also been reported as an efficient diffusion barrier
layer to improve the stability of PSCs.106
Carbon is another alternative electrode; several reports have demonstrated remarkable stability
using carbon based material as an electrode.107 Liang et al showed employing all inorganic
PSCs with carbon electrodes showed outstanding stability against heat and moisture.108 The
triple stack structure device with carbon electrodes also demonstrated over 1 year device
lifetime under full sun illustration in inert air.109 However the main challenge of these
electrodes is their relatively poor conductivity compared with metallic electrodes.
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Chapter 3. Experimental Methods & Procedures
3.1 Perovskite solar cell and thin film fabrication
3.1.1 Inverted structure device fabrication
The inverted device architecture consisted of ITO/PTAA/PFN/perovskite/PCBM/BCP/metal
electrode. Prior to use ITO was sequentially cleaned by sonicating in water containing
detergent, isopropanol (IPA), acetone, deionized water before being dried under a stream of N2
and exposed to a UV-Ozone cleaner. The poly(triaryl)amine (PTAA, purchased from Ossila,
Inc.) at a concentration of 2 mg/ml in toluene was spin-coated on the ITO at 3000 rpm for 20
s. The PTAA layer was then dried in air for 2 minutes. The PFN solution (0.05 wt. % in
methanol, PFN purchased from 1-Material, Inc.) was spin coated on the substrate at 5000 rpm
for 30 s to improve the wettability.1 The composition of perovskite layers were varied in the
experimental chapters.. In Chapters 4, 6, 7 and 8 methylammonium lead iodide (MAPbI3)
solutions were prepared by dissolving 1.5M MAI (purchased from GreatCell Solar, Inc.) and
PbI2 (purchased from TCI, Inc.) in DMF/DMSO (8.9:1.1) mixed solvent. In Chapter 6, NMAMAPbI3 solutions were prepared by adding NMA additive at the concentration of 0.05 - 1 vol.
% NMA and MAPbI1-xBrx were prepared by mixing 1.5M MAPbI3 and MAPbBr3 solution in
corresponding volume ratio (x=0.1 or 0.2). In Chapter 7, the MAPbI3 with amino acid additives
were prepared by adding 1 - 2 vol. % of 5-aminovaleric acid, γ-aminobutyric acid, β-alanine
glycine, and glycine (purchased from Sigma-Aldrich, Inc.) into the MAPbI3 solution. The
perovskite solution was spin-coated on the substrate at 4000 rpm for 30 s. After 7 s 0.7ml
diethyl ether was pipetted onto the substrate. (5s for MAPb(I1-xBrx)3) For the thermal annealing
(TA) process, the film was annealed at 100 °C for 90 min. The solvent annealing (SA) process
was conducted by covering a Petri dish on the films during the thermal annealing to recycle the
as-vapored solvent. The PCBM (purchased from Ossila, Inc.) at 30mg in chlorobenzene was
spin cast at 1500 rpm for 30 s on the perovskite layer. The BCP (purchased from Lumtec, Inc)
in methanol (0.5 mg/methanol) was deposited on the substrate by spin-coating at 4000 rpm for
20 s. Finally, 100nm Cu was evaporated on the substrate as top contact. In Chapter 7, 10nm Cr
/100nm Au bilayer electrodes were evaporated for device stability test. In Chapter 8, the
electrodes, Al (100nm), Ag (100nm), Cu (10nm)/Ag (100nm) were evaporated for device
stability test.
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3.1.2 Conventional structure device fabrication
The

conventional

device

architecture

consisted

of

FTO/compact-TiO2/meso-

TiO2/MAPbI3/spiro-OMeTAD/Au. The compact-TiO2 layer was deposited by spray pyrolysis
of titanium di-isopropoxide bis(acetylacetonate) (purchased from Sigma-Aldrich) solution on
fluorine-doped tin oxide (FTO) substrate and annealed at 400 °C for 30 minutes. After cooling
to room temperature, commercial mesoporous TiO2 paste (30-NRD, purchased from Dyesol,
Inc.) was diluted with n-butanol (1:10) and spin-coated on substrate which was then heated to
450 °C for 30 minutes to form mp-TiO2 layer. The 0.1 M Li-TFSI in acetonitrile was
subsequently deposited on the mp-TiO2 layer. The substrate then heated at 450°C for 30
minutes. After the substrate was cooled to room temperature the MAPbI3 precursor solution
was spin-coated onto the substrates. The substrate was heated at 100 °C to form a perovskite
film. Spiro-OmeTAD (purchased from Borun material, Inc.) in cholorbenzene (CB, purchased
from Sigma-Aldrich, Inc) was doped by bis(trifluoromethane) sulfonimide lithium salt (LiTFSI,
purchased from Sigma-Aldrich, Inc) and 4-tert-butylpyridine (tBP, purchased from SigmaAldrich, Inc). After the spiro-OmeTAD layer was spin-coated, the substrate was oxidized in a
dry box for 48 hours. In the final step of device preparation, the Au (100nm) were evaporated
on the substrates.
3.1.3 Triple stack fully printable structure device fabrication
The triple stack fully printable structure device architecture consisted of FTO/compact layer
TiO2/mesoporous TiO2/mesoporous ZrO2/mesoporous carbon. Firstly, laser patterned FTO
glass substrates (purchased from XOP, TEC 7) were cleaned using a 5% solution of Hellmanex
in water, then rinsed with DI water, acetone and IPA, The FTO glass were then dried with
nitrogen, followed by an oxygen plasma clean for 10 minutes. A compact TiO2 layer was
deposited by spray pyrolysis, specifically spraying 0.2 M titanium di-isopropoxide
bis(acetylacetonate) (purchased from Sigma-Aldrich) solution in IPA onto the substrates. The
substrates were held at 300 °C on a hot plate during the spray pyrolysis process. Mesoporous
layers of TiO2, (800 nm thickness, 1 cm2 active area), were fabricated by screen printing a
commercial TiO2 paste (30-NRD, purchased from Dyesol, Inc., diluted 1:1 in terpineol),
following with thermal annealing at 550 °C for 30 minutes. A 1.2 µm-thick ZrO2 layer was
fabricated by screen-printing commercial zirconia ink (purchased from Solaronix ZT/SP, Inc.)
on the substrates and heated at 400 °C for 30 min. At last, carbon electrodes were deposited by
screen-printing the carbon paste (GEM D3) to achieve a thickness of 10 µm, followed by
thermal annealing at 400 °C for 30 min. The substrates were cooled down on hotplate and kept
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at 150 °C until ready for the infiltration of the perovskite solution. For the MAPbI3 cells, a
solution of PbI2 (1.2 M in DMF) was kept at 70 °C on hot plate and was drop cast on the cells
held at 70 °C. After the substrates were dried on the hotplate, they were then immersed into a
MAI solution in IPA (10 mg/ml) for 30 min, rinsed with IPA and annealed in a fan oven for
10 min at 100 °C. For the AVA-MAPbI3 cells, an equimolar solution of PbI2 and MAI in
γ-butyrolactone (GBL, purchased from Sigma-Aldrich) was prepared adding 5-ammonium

valeric acid iodide (5-AVAI, purchased from Dyesol) to obtain a 3% molar ratio of 5-AVAI to
MAI. The AVA-MAPbI3 solution was drop cast on the cells through the carbon layer and then
thermally annealed in a fan oven for 1 hour at 50 °C. Silver paste was applied on the contacts
of devices for J-V measurements.
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3.2 Device characterisations
3.2.1 Current density-voltage characteristics (J-V)
Current density-voltage characteristics (J-V) were used to assess PSC performance under air
mass 1.5 global (AM 1.5G) illumination provided by Xenon lamp. The light intensity was
calibrated by silicon reference cell certificated by National Renewable Energy Laboratory
(NREL) and the scan rate fixed at 100mV s-1.
Because of the migration of ionic charges in perovskite materials, hysteresis behavior is
generally observed in PSCs i.e. non-overlapping forward and reverse J-V scans.2,3 A typical
J-V curve with hysteresis is plotted in Figure 3.1. The J-V hysteresis behavior is found to be
dependent on the J-V scan rate, terminated voltage and the device architecture.4,5 Therefore,
apart from achieving high PCE, eliminating hysteresis behavior of PSC is also one of the
challenges for commercialization.

Figure 3. 1 A typical J-V characteristic of perovskite solar cell with hysteresis behaviour

3.2.2 External quantum efficiency measurements (EQE)
External quantum efficiency measurements (EQE) were used to investigate the amount of
photogenerated current while the perovskite device is exposed to a particular wavelength of
illumination. The external quantum efficiency (EQE) data was obtained using a Bentham
PVE300 photovoltaic QE system.
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3.3 Device and thin film stability
3.3.1 Thin film stability
Thin film stability measurements were used to investigate the optical degradation of the
perovskite film under environmental stresses. Perovskite films were observed in the glovebox
filled with different gases. As the perovskite films would be anticipated show colour changes
from black (perovskite) to yellow (PbI2) during the oxygen induced photodegradation, cameras
were used to monitor the average RGB output value of perovskite films.
|𝑅𝐺𝐵𝑡−𝑅𝐺𝐵𝑑𝑒𝑔|

Optical degradation = |𝑅𝐺𝐵0−𝑅𝐺𝐵𝑑𝑒𝑔|

(1)

Where RGBt refers to average value of red-green-blue value at a given time, RGB0 refers to
RGB value of fresh sample and RGBdeg refers to RGB value of fully degraded sample. The
illumination source was a Bridgelux 4000 K LED calibrated by matching current of an
encapsulated MAPbI3 device under AM1.5G solar spectrum. Measurements were carried out
in a glovebox, the environment of which was controlled between dry air and nitrogen.

3.3.2 Device stability
Initial PCEs of PSCs were determined by J-V characteristics (as outlined in section 3.2.1.)
which measured in N2 atmosphere under a Xenon lamp (AM 1.5) calibrated to Si reference. To
investigate the oxygen/light stability of devices cells (unencapsulated) were placed in a
chamber with controlled environmental stresses. The light intensity was calibrated by matching
the current of the freshly prepared device. J-V characteristics were measured every 10 min
from 1.2V to -1.2V (100mV s-1) with the PCE averaged over 60 min periods. Between the
measurements the devices were held at Voc or a voltage close to the maximum power point
(MPP).
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3.4 Structural characterisations
3.4.1 X-ray diffraction
X-ray diffraction (XRD) was used to examine the degree of crystallinity, crystallite size and
crystallite orientation of perovskite films. XRD was also used to survey decomposition of
perovskite films and devices ageing under environmental stresses. XRD profiles of perovskite
films were obtained with a X’Pert Powder diffractometer (PANalytical) using the Cu K. The
diffraction patterns covered a 2 range of 7°- 40°, with a step size of 0.016° acquired at 20
seconds/step. The step size was sufficient to reveal the peak information without detector
saturation. A typical XRD pattern of a MAPbI3 film is indexed and shown in Figure 3.2.

Figure 3. 2 A typical XRD pattern of MAPbI3 thin film, major peaks are indexed and substrate (ITO)
and PbI2 peaks labelled.

3.4.2. Scanning electron microscopy
Scanning electron microscopy (SEM) was used to investigate the surface morphology and
cross-section images of perovskite films and devices. SEM images in this study were obtained
using a Gemini LEO 1525 Field Emission Scanning Electron Microscope at an accelerating
voltage of 3-5 kV and a typical working distance of 2-5 mm. To ensure electrical conductivity,
hence well-resolved images, all samples were coated with 5 nm chromium with carbon tape
used to connect films to the sample stub.
Typical SEM images of perovskite films are shown in Figure 3.3. As the perovskite films had
smooth surfaces, a low working distance (2-5mm) was typically used to ensure the highest
possible spatial resolution.
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Figure 3. 3 A typical (a) cross-section and (b) surface SEM image of MAPbI3 film

3.4.3 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was used to investigate the elemental composition of
perovskite films. The XPS system has three major components, a monochromatic X-ray source,
electron energy analyser and electron detector. Irradiating a sample with X-rays of sufficient
energy results in electrons in bound states to be excited, typically in XPS the X-ray source is
of sufficient energy to break the photoelectron away from the nuclear attraction force of an
element. Electrons are emitted from the near surface (1-10 nm) and collected as a function of
their kinetic energy to reveal element specific information.
In this study the XPS measurements were obtained in MultiLab 2000 with a monochromated
Al Kα (hv = 14.9 keV) X-ray source used to analyse perovskite films deposited on ITO
substrates. Typical survey spectra were obtained with pass energy of 50 eV, and step size of
0.5 eV with the core level spectra measured with a pass energy of 20 eV and step size of
0.05 eV.
3.4.4 Low-energy ion scattering
Low-energy ion scattering (LEIS) was used to probe the surface termination of perovskite films.
Unlike XPS, which probes the first few nanometres of perovskite films, LEIS can provide the
elemental composition of outermost atomic layer.6,7 LEIS employ electron ionisation ion beam
with noble gas ions such as Ne+, He+ or Ar+ to bombard the samples. Because of the low
energies of these primary ions, they will not penetrate into the samples. As these primary ions
are easy to be neutralised, only the ions interacting with the outermost atomic layer have
insufficient interaction times to cause neutralisation, producing backscattered primary ions.
The backscattered primary ions are then collected by the detectors. (Figure 3.4)
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In this thesis, the Qtac100 IONTOF instrument with a UHV (10-9 mbar) analysis chamber was
used to perform LEIS measurements on MAPbI3 samples, spun-cast on conductive ITOpatterned substrates. 20Ne primary ion source at 5 keV was rastered over an area of 1000 x
1000 µm2. Total dose density was fixed at 2 x 1013 ions/cm2 to maintain static measurement
conditions (i.e. data obtained corresponds to the first few atomic layers of the sample).

Figure 3. 4 Illustration of the LEIS measurement technique.

3.4.5 Time-of-flight secondary ion mass spectrometry
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was performed using an
IONTOF-TOFSIMS5 instrument. An O2 1 kV (~230 nA) sputter beam, with a raster size of
300um x 300um, for its uniform sputtering rates and minimization of damage accumulation,
was used. For the generation of secondary ions, a Bi3+ 25 kV (~0.5 pA) primary ion beam in
the high-current bunched mode (HCBM) for higher mass resolution was used, in which a
150um x 150um analysis area was cantered within the sputter crater. Measurements were
performed in the interlaced mode (no pause between sputtering and analysis cycles)-total ion
images were closely observed to ensure no sample charging took place. The same mass
calibration and mass fragment peak list were applied to all mass spectra and depth profiles,
respectively, before analysis.
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3.5 Optical characterisations
3.5.1 Ultraviolet-visible absorbance spectroscopy
Ultraviolet–visible(UV-Vis) absorbance spectra were obtained using a Shimadazu UV-2600,
with a wavelength range from 450 - 850nm. UV-Vis is used to investigate the electronic
transitions, i.e. promotion of electrons from the ground state to excited state when the UV-Vis
radiation interacts the absorbing material.
The transmittance (% T) of the perovskite film can be calculated as I/I0, where I0 is the intensity
of light passing through reference substrate, and the I is the intensity of light passing through
perovskite film on reference substrate. The absorbance of the perovskite film can be calculated
as followed:
A=-log(%T/100%)

(2)

3.5.2 Photoluminescence spectroscopy
Photoluminescence (PL) spectroscopy was carried out using a Horiba Jobin Yvon Fluorolog
system, in which light emission after photoexcitation was measured. An external white LED
source with 650 and 700nm short wavelength pass filter was used as the light source.
As shown in Figure 3.5, after the perovskite film absorbs light and generates free charge
carriers, these carriers can radiatively recombine with the release of photons (pathway 1), or
non-radiatively recombine with the release of phonons (pathway 2). Generally the
non-radiative recombination is assisted by the deep defect sites in perovskite, so the PL studies
can investigate such defect sites.8–10 Whilst the perovskite film is sandwiched by the charge
transport layers, the charge transfer will reduce the carrier density in perovskite film, resulting
in reduced PL emission (pathway 3). Therefore, PL spectroscopy is also used to study the
charge transfer from perovskite to transporting layers.

Figure 3. 5 Schematic diagram of possible recombination and charge transfer pathways in perovskite
film.
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3.5.3 Time-correlated single photon counting
Time-correlated single photon counting (TCSPC) was conducted using Delta Flex system
(Horiba Scientific). In this study the 635 nm excitation was generated by diode laser with an
excitation pulse energy density of 164 pJ cm-2, equivalent to 0.12mW cm-2 average power
density. The laser repetition rate was fixed at 1MHz. The wavelength of collected data is at 765
nm.
An illustration of the TCSPC apparatus is shown in Figure 3.6. TCSPC is used to probe the
lifetime of fluorescence of the perovskite film. The arrival times of the single photons generated
by light pulse in respect to a reference light pulse is collected by detector. The light source is
provided by high repetitive light pulse. The sufficient number of detected single photons can
process the decay lifetime of TCSPC.

Figure 3. 6 Illustration of the TCSPC measurement technique
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3.6. Electrical characterisations
3.6.1 Kelvin probe
Kelvin probe (KP) measurements and air photoemission spectroscopy (APS) were taken by an
APS04 instrument (KP Technology). The KP was used to measure the work function of the asprepared films. The KP is a surface sensitive tool (topmost 1-3 atomic layers) identifying
changes in contact potential difference (CPD) between a reference and the material being
measured. If the Fermi-level of the reference is constant, then the value of contact potential
difference can be used to calculate the work-function of the specimen.
In this work the perovskite films were deposited on ITO glass and were kept, prior to
measurement, in the dark. The contact potential difference (CPD) was measured with a 2 mm
gold alloy coated vibrating tip until saturation was reached. The work function (WF) of the
sample was calculated by adding the saturated CPD value to the tip work function, which was
determined on the day before the measurements using a silver reference.
3.6.2 Air photoemission spectroscopy
Air photoemission spectroscopy (APS) is used to investigate the density of states (DOS) of
perovskite films. In essence the APS is established on the process known as photoelectric effect:
while the photons reach the surface of metal or semiconductor, the electrons could possibly be
liberated from the surface. The amount of liberated electrons is dependent on the energy of the
incident photons. If the photons do not have sufficient energy, then the electron will not be
liberated. On the other hand, photons having much higher energy then the work function of
materials will liberate a lot of electrons. Whilst dissimilar, APS and ultraviolet photoelectron
spectroscopy (UPS) can yield comparable information with APS being advantageous owing to
the ability to measure samples in air.

Figure 3. 7 A typical APS spectra of a MAPbI3 film.
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The valence band edge (or HOMO) of the samples were determined by measuring the
photoemission under UV-light illumination in the 4-7 eV energy range, plotting the cube root
photoemission and extrapolating it to zero, as shown in Figure 3.7. The integrated area under
the extrapolated VBE can be ascribed to sub-bandgap electronic trap states.

3.7 Additional techniques
PL spectra of hydroethidine (HE) solution was used to probe superoxide generation.11 It is well
known that an increased fluorescence emission at 610nm can be observed while HE is exposed
to superoxide radical anions. 12
In this study the HE solution was prepared by dissolving 10mg HE in 10ml anhydrous toluene.
PL spectra were measured by a Horiba Yobin-Ybon Fluorolog-3 spectrofluorometer, with an
excitation wavelength of 520nm. During intervals of each PL measurement, the perovskite film
was submerged into HE solution with continuous oxygen inlet and illumination provided by
tungsten lamp (power~1.5 mWcm-2).
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Chapter

4.

Improved

stability

against

oxygen

induced

photodegradation by selection of device structure and charge
transport layers
This chapter is based on work published by Lin et al in Sustainable Energy and Fuels, 2018.1
In this chapter the role of device structures and charge transport layers in the oxygen induced
photodegradation of perovskite photoactive layers is investigated. A 20-fold improvement of
stability under oxygen/light stress was observed in the organic interlayer planar architecture
employing PCBM as electron transporting layer in comparison to mesoporous-scaffold device,
indicating for the first time a fundamental difference in the stability under light and oxygen
stress of these two architectures. This improvement correlates with PCBM operating as
passivation material against oxygen and light induced degradation, with this passivation being
specifically related to the low LUMO level of PCBM, lying deeper than the O2 / O2- couple.
Moreover, there is an observed difference of lateral oxygen diffusion rate in the perovskite on
planar and mesoporous scaffold substrates. With a slower oxygen diffusion rate observed in
planar devices compared to mesoporous scaffold structured devices.
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4.1 Introduction
Organic-inorganic hybrid perovskite materials are an attractive material for photovoltaic
application inclusive of transistors, light emitting diodes and solar cells because of their
excellent optoelectronic properties, low cost and ease of processing. 2–7 Power
conversion efficiencies (PCEs) of perovskite solar cells (PSCs) are steadily increasing,
such that champion cells with a certified PCE of over 25% have been demonstrated. 8–10
Nevertheless, the stability of PSCs remains a key concern for technological application
on a large scale.11 In particular environmental stresses such as oxygen, light and
moisture have been shown to cause degradation of the perovskite layer, as discussed in
Chapter 2.12–17 However, there is a wide divergence of stability data reported under such
environmental stresses, with very little understanding of the causes of differences in
stability observed between different device architectures.
Among the environmental stresses, a combination of oxygen and light has been shown
as the limiting factor for MAPbI3 mesoporous-scaffold structured devices cells operated
in

ambient

air

(structure:

FTO/

compact-TiO2/

mesoporous-TiO2/

MAPbI3/

spiro-OMeTAD/ Au).18–20 This structure is also called as conventional p-i-n structure in
the perovskite community. This oxygen induced photodegradation is reported to be
initiated by oxygen accepting photogenerated electrons from MAPbI3, leading to the
formation of superoxide.13 Consistent with the mechanism, the degradation rate is
dependent on the oxygen level, with higher oxygen concentration facilitating the
degradation.21 The degradation become more severe when the PSCs are operated at open
circuit than short circuit because of the more efficient charge transfer at short circuit
condition.15 Surface treatments and halide substitution are demonstrated to improve the
stability against this oxygen induced photodegradation. 19,20,22 This instability can also
be suppressed by employing mesoporous TiO2 (mp-TiO2) electron transporting
layers(ETLs), which can rapidly extract the photogenerated electrons from MAPbI3,
hindering the generation of superoxide.18,23
Even though several studies have reported outstanding operational stabilities of
unencapsulated PSCs, the origin of such enhancements is still relatively unexplored. 9,24–
27

At the time of this study, most studies of oxygen induced photodegradation were

focusing on conventional structure devices employing mp-TiO2 electron transporting
layers. The use of mp-TiO2 ETL in conventional structure PSC has been demonstrated
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to partially passivate such degradation because of fast electron extraction in mp-TiO2
ETL reducing superoxide yield.18,23
Apart from conventional structure PSCs, inverted structure PSCs (n-i-p) with organic
transporting layers (structure: ITO/PTAA/MAPbI3/PCBM/BCP/Cu) attract extensive
interest because of their low processing temperatures and low hysteresis in J-V
characteristic.28–30 This chapter focus on the comparison of oxygen induced
photodegradation of conventional structure device and inverted structure device. The
correlation between transporting layers and the oxygen induced photodegradation is also
investigated to understand the origin of stability enhancement in inverted structure
devices.

4.2 Result and Discussion
4.2.1 Device stability under oxygen and light combination
Conventional structure and inverted structure PSCs were fabricated in N 2 filled
glovebox (see the details in Chapter 3). The initial device efficiencies are shown in
Figure 4.1a-c and Table 4.1. The conventional structure devices obtained average PCEs
of 16.7% (champion 17.0%), and the inverted structure devices with BCP/Cu contact
obtained average PCEs of 17.0% (champion 17.7%). An Au top contact was also
employed in the inverted devices although the average PCEs reduced to 13.3%
(champion 13.4%) and whilst greater PCEs were observed using Cu electrodes those
employing Au were examined to investigate whether device stability is influenced by
the electrodes.

Figure 4. 1 Current voltage characteristic of (a) conventional structure device (FTO/ compact-TiO2/
meso-TiO2/ MAPbI3/ spiro-OMeTAD/ Au) (b) Inverted structure device (ITO/ PTAA/ MAPbI3/ PCBM/
BCP /Cu) (c) Inverted structure device with Au contact (ITO/ PTAA/ MAPbI3/ PCBM/ Au)
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Table 4. 1 The device performance of conventional and inverted structure PSC measured from 8 devices
for each device structure.

These devices were exposed to dry air and continuous illumination provided by LED
light source without encapsulation. The devices had their J-V characteristics scanned
every 10 minutes whilst being held at open circuit condition. It should be noted that
devices held at open circuit condition resulted in faster degradation then at short circuit
and maximum power point, associated to the accumulated charges in perovskite active
layer facilitating superoxide formation.18,31
Figure 4.2a shows the variation in PCE of conventional structure and inverted structure
devices under oxygen and light stresses against time. It is apparent that the conventional
structure device lost 50% of the initial PCE within 1 hour, while the inverted structure
device took 20 hours for equivalent PCE loss i.e. a 20-fold difference in stability.
To further confirm that the improved stability does not originate from the electrodes,
the inverted structure device with Au contact was aged under same environmental
stresses. (Figure 4.2b) It is obvious that the same enhancement of device lifetime is
observed in the device with the Au contact, confirming that the stability is not limited
by electrode in this time scale. Moreover, the inverted structure device showed longer
operational stability in N2 than in O2, indicating that the device lifetime in this study is
limited by the presence of O2 (Figure 4.2c).
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Figure 4. 2 (a) Normalised device stability curve of inverted structure (BCP/Cu contact) and
conventional structure devices measured in dry air and light (b)Normalised PCE stability curve of
inverted structure (Au contact) and conventional structure measured in dry air and light (c)
Normalised PCE stability curve of inverted structure device measured in dry air/light condition and
N2/light condition. The continuous illumination provided by LED light.

4.2.2 The role of charge transport layers in the oxygen induced photodegradation
of perovskite photoactive layers
It is essential to understand the origin of the enhanced stability to further achieve
environmentally stable PSCs. As the enhanced stability is not caused by the selection of
electrode herein, the study turns the consideration to the role of the transporting layers
in the oxygen induced photodegradation of perovskite photoactive layers. A CCD
camera was used to monitor the photobleaching of perovskite films under oxygen and
light stresses. It has been reported that the MAPbI3 (black colour) will decompose and
form PbI2 (yellow colour) during the degradation process, which is confirmed by X-ray
diffraction (XRD) measurements,

20

thus photobleaching can be an effective assay to

examine the in-situ degradation of MAPbI3 film.
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MAPbI3 films were prepared by depositing MAPbI3 on glass, and then the charge
transport layers such as spiro-OMeTAD (conventional structure) and PCBM (inverted
structure) were deposited on the top of MAPbI3 film with a final film structure of
glass/MAPbI3/transport layer. In order to minimise the difference of excitation densities,
the light was illuminated from the glass side. It should be noted that the degradation
kinetics observed from photobleaching is slower than device stability because even
partial MAPbI3 degradation can result in significant PCE loss.
Figure 4.3 shows the thin film stability of samples aged under light illumination
provided by white light LEDs in dry air. The MAPbI3 film without a transport layer
showed rapid 5% photobleaching in only 1 hour whereas the MAPbI3 film covered by
spiro-OMeTAD (60nm, doped with LiTFSI and tBP) took 22 hours to show equivalent
degradation. Interestingly, with the coverage of PCBM, the film took over 300 hours to
show 5% photobleaching. This observation indicates that PCBM overlayers can
significantly improve the stability of MAPbI3 film under oxygen and light stress. As the
oxygen induced photodegradation in perovskite active layer has been shown to be
initiated from superoxide formation, the enhanced stability could possibly result from
the ability of PCBM to quench the electron from superoxide. The superoxide induced
degradation in organic photovoltaics (OPVs) has been demonstrated to be correlated
with the LUMO level of fullerene. The low LUMO level of PCBM can effectively
passivate the oxygen induce photodegradation in polymer:fullerene blend films. 32 In

Figure 4.3 Normalised optical degradation of MAPbI3, MAPbI3/doped spiro-OMeTAD, MAPbI3/PCBM
films. Stability measurements were done in dry air and under continuous illumination from an LED
calibrated to give an equivalent Jsc produced with an AM1.5 solar simulator.
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order to examine whether this dependence is also observed in perovskite/fullerene
bilayer films, Figure 4.4a shows the photobleaching of MAPbI3 film covered by
fullerene derivatives, inclusive of PCBM, ICBA and ICTA, under same stresses as
Figure 4.3. Figure 4.4b shows the LUMO levels of O2 and these fullerene derivatives:
O2(-3.75eV), ICTA(-3.77eV), ICBA(-3.90eV) and PCBM(-4.02eV), these values are
taken from literature.32 It is clear that PCBM displays the slowest 5% photobleaching
(337 hours), while ICBA and ICTA shows quicker 5% photobleaching (165 and
117 hours respectively. It is apparent that the films covered with fullerenes with deeper
LUMO levels require longer time to show equivalent photobleaching. It is possible that
the improved stability is associated with the faster electron transfer from perovskite to
fullerene derivatives with lower LUMO level. To probe this possibility, Figure 4.4c
shows the PL quenching of MAPbI3 covered by these fullerene accepters. The PL
quenching efficiencies of ICTA (LUMO: -3.77eV), ICBA(-3.90eV) and PCBM(4.02eV) were 74%, 78%, 82% respectively. Even through the PL quenching is
facilitated by deeper fullerene LUMO level, the modest increase in PL quenching can

Figure 4. 4 (a) Normalised optical degradation of MAPbI3 with the coverage of ICTA, ICBA and PCBM
films. (b) Suggested mechanism of electron transfer from superoxide to fullerene derivatives acceptors.
(c) Photoluminescence of MAPbI3 film covered with ICTA, ICBA and PCBM under 1 sun in N2
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only partially explain the enhanced stability. It thus appears that the enhanced stability
of MAPbI3 with PCBM overlayer is associated with its LUMO level lying under the O 2
/ O2- reduction couple. PCBM can thus accept the electron from superoxide, and then
stabilise the MAPbI3/PCBM bilayer system against oxygen induced photodegradation.
In contrast, the fullerene with higher LUMO level, such as ICBA and ICTA, are able to
cause oxygen reduction and facilitate the superoxide formation. The analogous
observation has been reported in OPV field.32

4.2.3 Lateral oxygen diffusion in perovskite solar cell
Figure 4.5a shows a photograph of an inverted structure device aged in dry air following
20 hours illumination. Yellow coloration was observed at the margin of the tested pixel.
As discussed above, the yellow coloration is assigned to the appearance of PbI2, which
is a degradation product of MAPbI3. This observation indicates that the metal contact
can function as barrier to impede oxygen diffusion, and the oxygen should firstly diffuse
into the device from area uncovered by metal contact, and then laterally diffuse into the
pixel, as illustrated in Figure 4.5b. It is also obvious that the degradation is observed in
the tested pixel. The other pixels, which were held at Voc during stability test i.e. without
J-V scanning, did not show yellow coloration. This observation revealed that the oxygen
induced photodegradation of inverted structure device is accelerated by repeated J-V
scanning. it is probably associated with the ion migration in the perovskite active layer.
Oxygen may diffuse faster while the ions (and ion vacancies) migrate under J-V
scanning. Employing PCBM as an electron transport layer or additives in MAPbI3 active
layer has been reported to successfully suppress the ion migration in perovskite, which
could possibly be another factor to enhance the stability under oxygen and light
stresses.33,34

Figure 4. 5. (a) Picture of aged inverted structure device with 50% PCE drop. Tested pixel was
measured JV scanning every 10 minutes and held in open circuit voltage at the rest of time. Other pixels
were held in open circuit persistently. (b) Illustration of oxygen diffusion in tested pixel of aged inverted
structure device.
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Following the observation in degraded inverted structure devices, lateral oxygen
diffusion can be another factor to limit the oxygen induced photodegradation. Therefore,
it is essential to investigate the lateral oxygen diffusion in both inverted structure devices
(planar structure) and conventional structure device (mesoporous-scaffold structure).
Samples were prepared by depositing MAPbI3 on planar substrate (glass) and
mesoporous-scaffold substrate (glass/mesoporous-TiO2). A PMMA (Poly(methyl
methacrylate)) layer, a well-known oxygen diffusion barrier, is further spin-coated on
MAPbI3 to encapsulate the sample (Figure 4.6a). In the final step a 1mm wide scratch
are made on the sample, and again the CCD camera is used to monitor the
photobleaching of MAPbI3 under oxygen and light stresses, as plotted in Figure 4.6bc. On the scratch, 50% photobleaching was observed in 3 hours for MAPbI3 on both
planar and mesoporous scaffold substrate. The slower degradation rate was observed
with the increased distance from the scratch for both films. The faster degradation was
observed for the film on mesoporous scaffold substrate, with film at 200 µm from the
scratch showing 50% photobleaching in 28 hours, and film at 500 µm showing
equivalent photobleaching in 330 hours. Interesting, the MAPbI3 on planar substrate
obtained better stability under same ageing condition; the films at 200 µm from the
scratch showed 50% photobleaching in 190 hours, and the films at 500 µm from the
scratch did not show significant photobleaching (2%) after ageing for 480 hours.
According to Figure 4.6d, while these films are ageing for 100 hours, the MAPbI3 on
planar substrate showed only half of distance from scratch for 5% photobleaching than
on the mesoporous scaffold substrate. Figure 4.6e shows the picture of degraded films
overtime. The enhanced resistivity of MAPbI3 film on planar substrate is attributed to
the larger grain size of film on planar substrate (See SEM images in Figure 4.6f-g),
because the small grain size may facilitate the lateral oxygen diffusion rate. Therefore,
the result here showing that the slower lateral oxygen diffusion rate in inverted structure
device can be another reason that inverted structure device obtained better stability than
conventional structure device in Figure 4.2a.
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Figure 4. 6(a) Illustration of oxygen diffusion in the scratched MAPbI3/PMMA film. Normalised optical
degradation of MAPbI3 at different distances from scratch on (b) mesoporous TiO2 scaffold substrate
and (c) planar substrate. (d) The length of 5% photobleaching MAPbI3 from scratch versus time on
planar/mesoporous substrate. The measurements were done in dry air and 1 sun LED illumination (e)
CCD images of films consisted of glass/mesoporous-TiO2/MAPbI3/PMMA and glass/MAPbI3/PMMA
degraded in dry air/ light condition over time. Cross-section SEM of (f) glass/ mesoporousTiO2/MAPbI3/PMMA (g) glass/MAPbI3/PMMA
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4.3 Conclusions
The chapter focuses on the origin of improved stability for inverted structure perovskite solar
cells under oxygen/light stress compared to conventional structure devices. These
improvements were both observed in device and film stability. The inverted structure
perovskite device shows a 20-fold longer lifetime than the conventional structure devices under
1 sun illumination in dry air. The MAPbI3 film covered by PCBM also shows ~15 fold longer
lifetime for 5% photobleaching than the MAPbI3 film covered by doped spiro-OMeTAD. This
enhancement can mainly be attributed to the capping layer, PCBM, in the inverted structure
which can act as oxygen diffusion barrier and passivation layer for MAPbI3 surface active sites
for oxygen induced degradation. The mechanism of oxygen/light degradation has been
discussed in previous reports, which have provided evidence that oxygen incorporation into
iodine vacancy can lead to superoxide formation, which can decompose the perovskite.
The data presented indicates that PCBM can quench superoxide formed by photogenerated
electrons from perovskite, a key factor behind the superior stability of devices employing
PCBM electron collection layers. When the covered layer on MAPbI3 film changed from
PCBM (-4.02eV) to higher LUMO level fullerene acceptor, such as ICTA (-3.77eV) or ICBA
(-3.90eV), the 5% photobleaching time reduced from 337 hours to 117 hours and 165 hours; it
indicates that the superoxide quenching effect depends on the electron affinity of fullerene
acceptor, with lower LUMO level enabling a longer lifetime of oxygen/light stability of
MAPbI3. This observation indicates a key strategy to stabilise perovskite solar cells by
choosing the LUMO levels of ETL materials such that they lie below the O2 / O2- couple. This
study also determines that the second key factor determining the environmental stability of
these devices is the lateral oxygen diffusion kinetics within the perovskite layer.
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Chapter 5.

The origin of improved stability against oxygen

induced photodegradation of fully screen-printed triple stack
perovskite solar cells with aminovaleric acid additive
This chapter is based on work published by Lin et al in Journal of Materials Chemistry A,
2019.1
While the previous chapter provides a strategy of enhancing the stability under oxygen and
light stresses by the selection device architecture, this chapter turns to the consideration of the
perovskite material itself. The study herein demonstrates that the addition of 5-aminovaleric
acid (AVA) in MAPbI3 can result in improved stability against oxygen induced
photodegradation in fully screen-printed triple stack perovskite solar cells with carbon top
electrodes (c-PSC), and it also investigates the correlation between surface defects and oxygen
induced photodegradation.
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5.1 Introduction
This chapter demonstrates a strategy of employing bulky cation 5-aminovaleric acid (AVA) as
additive in perovskite photoactive layer to suppress the degradation under oxygen and light
stresses and investigate the origin of this stability enhancement.
As mentioned in previous chapters, multiple environmental stresses, inclusive of moisture, heat,
bias, oxygen and light, are demonstrated as possible causes of perovskite degradation; A few
approaches have been shown to enhance the stability against these environmental stresses,
including for example additive engineering, employing a superoxide scavenger, introducing
hydrophobic interlayers and halide substitution into the perovskite.1–4
While additive engineering has been widely demonstrated as an effective strategy to enhance
PCE of PSCs, several literatures also reported the PSCs with additives can also enhance the
stability against environmental stresses.5–8 Zheng et al added quaternary ammonium halides
into perovskite layer to enhance the shelf lifetime in ambient air.6 Yun et al and Li et al reported
that adding crosslinking agent such as butylphosphonic acid 4-ammonium chloride (4-ABPACl)
and p-amino-benzoic acid (PABA) as additive can enhance the stability against moisture.7,8
Among the range of the environmental stresses, the combination of oxygen and light is
identified as a key factor limiting the unencapsulated device operating in ambient air,3,9–11.
More specifically, such degradation is initiated by superoxide (O2-), which incorporates into
surface defect sites in perovskite and leads to the degradation.12 Noticeably, employing methyl
ammonium lead iodide (MAPbI3) with AVA as an additive in a fully screen-printed triple stack
architecture (FTO/compact layer TiO2/mesoporous TiO2/mesoporous ZrO2/mesoporous
carbon) has demonstrated superior operational stability in ambient air without
encapsulation.1,13 Whereas the origin of the outstanding stability, in particular the stability
against oxygen induced photodegradation, is still relatively unexplored. .
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5.2 Result and Discussion
5.2.1 Device stability under oxygen and light combination
Fully screen-printed triple stack architecture devices (c-PSC, Figure 5.1a) were prepared by
screen printing compact TiO2/mesoporous TiO2/mesoporous ZrO2/mesoporous carbon on FTO
substrates, following with infiltration of perovskite solution.14 The perovskite solutions in this
study are MAPbI3 or MAPbI3 3 mol% 5-aminovaleric acid (AVA, as shown in Figure 5.1b).
The experimental details are shown in Chapter 3.1.3.
Figure 5.1c shows the initial power conversion efficiencies (PCEs) of these devices. The
devices with MAPbI3 light absorber achieved average PCEs of 10.8% (champion 11.1%), and
the devices with AVA-MAPbI3 light absorber obtain average PCEs of 8.7% (champion 9.1%),
which are similar for fully printed devices at the time of this study.13,14 The PCEs of these
devices are dependent on the active area covered by masks (Figure 5.1d), which is likely due
to the poor conductivity of carbon electrode limiting the fill factor.
Unencapsulated c-PSC with MAPbI3 and AVA-MAPbI3 light absorbers were then aged in
ambient air (with low relative humidity~15%) under 1 sun illumination for 110 hours
(Figure 5.1e). The devices had their J-V characteristics measured every 30 minutes and were
held at Voc conditions between scans. The PCEs of MAPbI3 devices showed rapid losses (50%
of their initial efficiency) in 2 hours, while the AVA- MAPbI3 devices took 86 hours to show
equivalent PCE losses. It should be noted that the more severe degradation is observed when
device held on Voc rather than MPP or Jsc condition because the accumulated chargers in
perovskite active layer is expected to accelerate the degradation.11,15 Moreover, Baker et al
previously reported the outstanding shelf-lifetime (>3000 hours) in ambient air (RH ~50%) of
this device structure, indicating the moisture in this study (RH~15%) does not be a limiting
factor for device lifetime. Thus, same as the result reported by Bryant et al, the device lifetime
under ambient air and light stresses in Figure 5.1e should be limited by oxygen induced
photodegradation. A 40-fold improved device lifetime is attributed to the AVA-additive in
perovskite light absorbers.
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Figure 5. 1(a) Device configuration of multi-layer screen printed mesoporous stack perovskite solar
cell (c-PSC) consisted of FTO/compact-TiO2/mesoporous-TiO2/mesoporous-ZrO2/mesoporouscarbon. (b) Chemical structure of 5-aminovaleric acid. Current voltage characteristic of (c)
MAPbI3 and (d)AVA-MAPbI3 c-PSCs with 0.09cm2 mask, AVA-MAPbI3 devices with 0.49cm2 and
0.09cm2 mask and (e)Normalised PCE of MAPbI3 and AVA-MAPbI3 devices versus time. Stability
were measured under ambient air (RH ~15%) and continuous illumination provided by LED. Light
intensity of LED was calibrated to provide equivalent Jsc measured under AM 1.5 solar simulator
with 1 sun intensity.
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5.2.2 Thin film stability of MAPbI3 and AVA-MAPbI3
The study now turns the consideration to the enhanced stability in AVA-MAPbI3. In the
existing literature, it has been suggested that AVA can crosslink at the mesoporousTiO2/MAPbI3 interface owing to the amine group and carboxyl acid group in AVA.16
Therefore, it is essential to investigate whether the enhanced stability is associated with this
crosslinking effect, impeding the air diffusion into the film. Therefore, MAPbI3 and AVAMAPbI3 films were spin-coating on glass slides by antisolvent dripping method (See Chapter
2.2.3), which could form compact perovskite layers. These films were then aged under same
environmental stresses as Figure 5.1e, and the photobleaching of the films monitored by a
CCD camera. Because these samples do not have a mesoporous-TiO2 layer, MAPbI3 and AVAMAPbI3 films are expected to obtain similar stability if the enhanced stability results from
crosslinking effect at mesoporous-TiO2/MAPbI3 interface. However, as shown in Figure 5.2a,
the MAPbI3 film took only 8 hours to display 50% photobleaching, while AVA-MAPbI3
showed equivalent photobleaching after 108 hours. Thin film stability and device stability of
AVA-MAPbI3 showed similar magnitude of enhancement, clearly representing that the
enhanced stability in AVA-MAPbI3 is not originated from any cross-linking effects with
mesoporous-TiO2.
In the literature grain sizes of perovskite films can also significantly influence perovskite
stability, because the decomposition is initiated from grain boundaries.12,17 Typical larger grain
sizes obtain better resistivity to degradation under oxygen/light combination or moisture
stress.12,17,18 Therefore, the correlation between grain size and stability was examined by
scanning electron microscopy (SEM). Figure 5.2b-c shows the SEM images of the MAPbI3

Figure 5. 2(a) Normalised optical degradation versus time of MAPbI3 and AVA-MAPbI3 thin film on
glass in ambient air (RH ~15%) with full sun illumination provided by LED array. SEM images of (b)
MAPbI3 and (c) AVA-MAPbI3.
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and AVA-MAPbI3 thin films. It is obviously that the AVA-MAPbI3 film obtains smaller grain
sizes than MAPbI3 film, indicating that the enhanced stability in AVA-MAPbI3 film does not
result from grain size changes.

5.2.3 Location of AVA in MAPbI3 film and trap state passivation
It has been shown that the oxygen induced photodegradation is initiated from grain
boundaries/surface of perovskite film, thus AVA may be located at the surface of the perovskite
crystallites.17 To probe this possibility, low-energy ion scatting (LEIS) spectroscopy was
employed to investigate the outermost atomic layer of perovskite surface (Figure 5.3a). Firstly,
the signal within a range of 0-1600 eV revealed the presence of H on the perovskite surface.
Higher decaying signal in AVA-MAPbI3 film is associated with higher concentration of H
atoms detected on its surface. Secondly, the normalised signal of Pb and I atoms showed that
the AVA-MAPbI3 obtains less proportion of Pb and I atoms on the surface, indicating AVA

Figure 5. 3 (a) Low-energy ion scattering (LEIS) measurement of MAPbI3 and AVA-MAPbI3 films. Ne+
plasma was used to detect Pb and I atoms. He+ plasma was used to detect H+ decay. (b) Schematic
representation of AVA passivation at lattice termination of MAPbI3 (c) UV-visible and (d) steady-state
photoluminescence (PL) spectra of MAPbI3 and AVA-MAPbI3 films. PL spectra were measured under
full sun illumination provided by LED array with 700 nm low pass filter.
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molecules are terminated on the surface, as illustrated in Figure 5.3b. Because in this study the
AVA is directly added into perovskite precursor solution rather than deposited extra layer of
AVA on the surface, it is very likely that the AVA can also terminate at grain boundaries.
Therefore, the AVA molecules terminated on MAPbI3 crystallites may provide physical
protection for perovskite to impede the oxygen induced photodegradation.
The oxygen induced photodegradation has been reported to be associated with trap state
densities, with higher trap state densities in perovskite films facilitating degradation.17 The use
of iodide salts and fullerene derivatives in perovskite can also passivate surface trap and
enhance the stability under oxygen and light stresses.3,12 Therefore, AVA terminated at
MAPbI3 surface herein may be able to passivate the surface traps, resulting in enhanced
stability. UV-Vis is firstly used to confirm the absorption and optical band gap did not show
obvious shift with AVA incorporation, as shown in Figure 5.3c. Steady-state
photoluminescence (PL) has been reported as an effective essay to probe the trap states in
perovskite. Figure 5.3d shows the steady-state PL of MAPbI3 and AVA MAPbI3 film. Three
times higher PL intensity is observed in AVA-MAPbI3 film in comparison to MAPbI3. This
observation indicates that AVA-MAPbI3 has a reduction in trap state densities compared with
MAPbI3 alone, thus suppressed non-radiative recombination in AVA-MAPbI3 resulted in
enhanced PL emission. Secondly, a blue shift of PL peak position (from 770 nm to 763nm) is
also observed when AVA is incorporated into MAPbI3 film. In literature the blue shift of
MAPbI3 peak is also attributed to trap states passivation.19 Therefore, LEIS and steady state PL
data conclude that AVA terminated at perovskite lattice can effectively passivate the surface
trap states, consistent with the previous report showing that slower oxygen/light induced
degradation observed in perovskite with lower defect densities, as reported elsewhere.17
Nevertheless, even the AVA-MAPbI3 obtained lower trap state densities, the AVA-MAPbI3
devices in this study obtained lower PCE than MAPbI3 devices. This is likely due to the
different filtration methods for AVA-MAPbI3 and MAPbI3 devices, as shown in experimental
section.
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5.2.4 The role of oxygen in perovskite film photoluminescence
Apart from correlating trap state densities and oxygen induced photostability herein, the
oxygen filling into perovskite lattice defect can passivate trap states, leading to increased PL
emission.

20,21

Therefore, there are several potential effects in PL emission when oxygen

diffuses into the perovskite film. Firstly, oxygen can fill perovskite lattice defects, passivate
trap states and enhance PL intensity. Secondary, oxygen can accept the photogenerated
electrons from the perovskite, resulting in reduced PL intensity. And finally, oxygen can accept
electrons to form superoxide, which can decompose the perovskite, decreasing PL intensity. In
order to investigate the multifaceted interaction between oxygen and MAPbI3, in particular
their effect upon PL intensity, the PL of MAPbI3 and AVA-MAPbI3 films versus time
following oxygen exposure is shown in Figures 5.4a-b (see Figure 5.4e for PL intensity versus
time). The films are initially kept in quartz cuvettes filled with N2. The cuvettes then filled with
dry air (20 vol% O2) after the first scan of PL.
For MAPbI3 films (Figure 5.4a), the PL intensity gradually increased over time following
oxygen exposure, consistent with literatures: the oxygen can fill into lattice defects and
passivate the surface traps.20,21 PL intensity was saturated after 1000 seconds and then
stabilised, following with decreased PL with appearance of a low energy tail after 2000 seconds
(normalised PL data is shown in Figure5.4c-d). The low energy tail in PL spectrum is also
observed within non-stoichiometric MAPbI3 film, i.e, the MAPbI3 with excess PbI2 or MAI,22,23
so the appearance of PbI2 in partial degraded MAPbI3 could also result in this low energy tail.
Therefore, the decreased PL after 2000 seconds is assigned to oxygen induced
photodegradation, which happens at same time scale as photobleaching of MAPbI3 film in
Figure 5.2a above.
In contrast, AVA-MAPbI3 films showed rapid PL intensity decay when exposed to oxygen, as
shown in Figures 5.4b and Figure 5.4e. The decay half-time (~150 s) of the PL intensity is
analogous to timescales for oxygen to diffuse into grain boundaries of 500 nm thick MAPbI3
film.12 Such decreased PL does is assigned to perovskite degradation here because
AVA-MAPbI3 has demonstrated negligible photobleaching on this time scale, Figure 5.2a.
Thus, the fast PL decay, which happens in similar time scale as oxygen diffusion into the
perovskite film, is attributed to the electron transfer from AVA-MAPbI3 to oxygen in grain
boundaries (pathway 2 in Figure 5.4e), giving rise to superoxide formation. The result here is
consistent with AVA already occupying the surface defects of MAPbI3 lattice, such that oxygen
incorporation into such defects is hindered.
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To summarize the results, a diagram of two possible pathways of PL changes in initial
1000 seconds is shown in Figure 5.4e. The decreased PL caused by oxygen induced
photodegradation was not taken into concern because the films are stable within this time scale.
Firstly, oxygen can fill into perovskite lattice defect and passivate trap states, leading to
increased PL emission, as illustrated in Figure 5.4e, pathway 1. Secondly, the oxygen in grain
boundaries can accept an electron from perovskite and form superoxide, as shown in Figure
5.4e, pathway 2. In MAPbI3 film, the perovskite lattice is rich in defects that oxygen can easily
fill such defects, so the pathway 1 dominates over pathway 2, resulting in the increased PL
intensity. In contrast, as the surface defects in perovskite have been passivated by AVA, oxygen
has a reduced ability to bind with these defects and pathway 1 become inactive. Therefore, the
pathway 2 dominates over pathway1, leading the decreased PL intensity. These counterpoised
effects of oxygen on the PL emission of these films reveal the different effects of oxygen on
their photophysics, as discussed further below.
5.2.5 Superoxide formation in MAPbI3 and AVA-MAPbI3 film
Aristidou et al have previously proposed that superoxide, which is generated when the oxygen
accepts a photogenerated electron from perovskite, can mediate the oxygen induced
photodegradation. To probe the superoxide formation in MAPbI3 and AVA-MAPbI3 films,
hydroethidine (HE) molecular fluorescent probe was used to monitor the superoxide generation
in perovskite films with oxygen exposure and illumination. The HE molecule exhibits a
characteristic fluorescence following O2- exposure, which has been widely used for superoxide
detection.24 According to Figure 5.4f, it is obvious that AVA-MAPbI3 film generated more
free superoxide than MAPbI3 film. Taking the photobleaching data in Figure 5.2a into
consideration, the improved thin film stability in AVA-MAPbI3 does not originate from the
suppression of superoxide formation but from the increased resistance against superoxide
induced decomposition. Pont et al has previously reported that MAPbBr3 exhibit analogous
enhanced resistance to superoxide induced degradation, which is attributed to the greater
chemical stability of MAPbBr3. Moreover, higher superoxide generation in AVA-MAPbI3
films is likely due to their smaller grain sizes, which can facilitate oxygen and superoxide
diffusion in and out of these films.
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Figure 5. 4 PL spectra of (a) MAPbI3 and (b) AVA-MAPbI3 as a function of time after exposure to
oxygen (employing LED excitation as for Figure 5.3. Normalised PL intensity with O2 exposure of (c)
MAPbI3 and (d) AVA-MAPbI3 (e) PL peak intensity versus time following exposure to oxygen, taken
from the data in (a) and (b). Inserted illustration diagram provides two possible pathway of PL changes.
Pathway1 is the oxygen incorporated into perovskite defects leading to increased PL intensity.
Pathway2 is the oxygen at grain boundaries quenching the PL intensity. (d) Fluorescence intensity of
a molecular probe for superoxide as a function of perovskite film irradiation time in the presence of
oxygen. Fluorescence intensity probed at 610 nm with excitation at 520 nm, where IF(t) is the
fluorescence intensity at time t, and IF(t0) is at 0 minutes. The IF(t)/ IF(t0) ratio is measure of the
amount of superoxide generated by irradiation of the perovskite films.
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5.2.6 Discussion
In order to sum up the results presented here in addition to that previously reported, a simple
model to elucidate the enhanced oxygen induced photodegradation in AVA-MAPbI3 film is
illustrated in Figure 5.5. For MAPbI3 films without AVA addition, oxygen can incorporate
into surface defects (Process ‘A’ in Figure 5.5) and partially passivate trap sites, leading to
moderate enhanced PL emission. For AVA-MAPbI3 film, AVA can bind with surface defects
with more effective trap sites passivation and prevent subsequent oxygen incorporation into
these defects. Moreover, the oxygen in grain boundaries can accept the photoexcited electron
from MAPbI3 and AVA-MAPbI3, causing superoxide generation, consistent with superoxide
probe measurement (Figure 5.4f). It has been reported that the superoxide need access to
surface defects to degrade perovskite. Thus, superoxide induced degradation could be inhibited
while such surface defects are occupied by AVA molecules. In contrast, in the absence of AVA,
superoxide can easily access such defects and result in degradation (Process ‘B’ in Figure 5.5).
It should be noted that the oxygen already bound into surface defects can also accept electron
and form superoxide, mediating the degradation (Process ‘A’). However, the data here cannot
differentiate these two processes. Overall the results in this study demonstrate that the enhanced
oxygen induced photostability of AVA-MAPbI3 originated from the passivation of surface
defects by AVA molecules, preventing superoxide mediated degradation.

Figure 5. 5 Schematic representation of enhanced stability resulting from AVA passivation of surface
defect sites of MAPbI3. In the absence of AVA (a), oxygen can access iodide vacancies at grain
boundaries, resulting under irradiation in superoxide mediated photodegradation. In the presence of
AVA (b), AVA binds to these iodide vacancies, inhibiting this degradation.
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5.3. Conclusions
In conclusion, this chapter demonstrates that the use of AVA molecules as additive in MAPbI3
can effectively improve the stability against oxygen induced photodegradation. Employing
AVA-MAPbI3 as light absorber in c-PSC structure device shows 40-fold longer lifetime than
MAPbI3.in ambient air (relative humidity~15%) with full sun illumination. The analogous
improved is observed in glass/perovskite thin film stability, indicating it is associated to
perovskite material rather than the crosslinking effect at mesoporous-TiO2/ perovskite interface.
Therefore, such passivation technique could potential apply to other PSC device architectures.
AVA molecules are terminated at grain surface of MAPbI3, binding the surface defect and
passivating the trap states. Although AVA-MAPbI3 generate more superoxide, which is
reported to mediate oxygen induced photodegradation, the AVA-MAPbI3 with lower defect
density obtain greater resistance of superoxide mediation degradation. AVA molecules
occupying surface defects of MAPbI3 can function as physical barrier, so oxygen and
superoxide become harder to incorporate into such defects, prolong the lifetime of AVAMAPbI3 device and thin film. This chapter not only deduce the origin of enhanced stability of
AVA-MAPbI3 c-PSC device, but also imply that such strategy may be able to apply to other
device architectures, which will be further investigated in Chapter 7.
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Chapter 6. Enhanced open circuit voltage in planar structure
perovskite solar cells induced by bulky organic cation additives

This chapter is based on work published by Lin et al in Advanced Functional Materials, 2019.1
In Chapter 5 adding bulky cations, such as AVA were demonstrated as an effective means to
passivate the instability of perovskite films under oxygen and light stresses. This chapter turns
to the consideration on the impact of PCE through adding bulky cations into MAPbI3 light
absorbers in p-i-n structured PSCs. Whilst the PCEs of p-i-n structured PSCs approached 18%
in Chapter 4, PSCs still suffer from significant bulk non-radiative recombination losses that
impede device performance reaching the Shockley-Queisser limit.2 This chapter focuses on
passivation of undesired bulky non-radiative recombination and reducing open circuit voltage
(Voc) losses in PSCs through adding bulky cation additives into the MAPbI3 active layer.
Moreover, organometal halide perovskites materials show promise in tandem solar cells with
other established photovoltaic materials, such as silicon and copper indium gallium diselenide
(CIGS).3,4 Therefore, the idea of defect passivation is extended to high band gap perovskite
(MAPbI1-xBrx)3.
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6.1 Introduction
In Chapter 5, employing bulky cation additive such as AVA into 3-dimensional (3D) perovskite
has demonstrated as promising strategy to improve the stability of perovskite devices against
oxygen induced degradation. This chapter focuses on investigating the enhanced device
performance when various concentrations of bulky cation additives are added into 3D
perovskite light absorber, inclusive of MAPbI3 and wider bandgap MAPb(I1-xBrx)3 perovskites.
Despite interest in these devices, the underlying origins of this enhanced performance in terms
of charge carrier dynamics and structural analysis remains relatively unexplored.5
This chapter demonstrates how the bulky cation 1-naphthylmethylamine (NMA) can
effectively passivate the surface traps of MAPbI3. Inverted p-i-n planar architecture devices
using MAPbI3 absorber layer achieved Voc values of up to 1.16V, with PCEs of 20.1%. X -ray
photoelectron spectroscopy (XPS) and low-energy ion scattering (LEIS) are used to probe the
location of NMA, showing that NMA is located on grain surfaces rather than mixed into the
MAPbI3 bulk phase. Scanning electron microscopy (SEM) was used to probe the morphologies
of perovskite films fabricated by two processing methods, i.e. solvent annealing (SA) and
thermal annealing (TA), concluding that forming monolithic crystal growth perpendicular to
the substrate is favourable for charge transport in perovskite with NMA additive. Steady state,
transient photoluminescence (PL) data, and electron photoemission spectra are used to
investigate charge trapping and charge transfer in PSC devices. The strategy of employing
bulky cation additive to passivate surface traps is also extended to wider band gap perovskite,
which is interesting for tandem solar cell applications.

6.2 Result and Discussion
6.2.1 Solar cell performance
A schematic of the inverted p-i-n planar solar cell architecture employed in this study, and a
cross-sectional scanning electron microscopy (SEM) image of this structure are shown in
Figures 6.1a and b respectively. The planar structure PSC, with layer thicknesses in
parenthesis,

consisted

of

ITO (150

nm)/PTAA (10

nm)/PFN (<10

nm)/perovskite

(330 nm)/PCBM (60 nm)/BCP (<10 nm)/Cu (100 nm).
Because of the hydrophobic nature of hole transporting material poly(triarylamine) (PTAA),
[Poly [(9,9-bis(3'-(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)]
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(PFN) was used as surface modifier to enhance the wettability of the perovskite solution on
PTAA.6 Here, in order to drive the formation of ‘quasi-3D’ structures‘, which are explained in
Chapter 2.2.1, NMA was chosen as a bulky cation additive as its ability to passivation defect
sites in perovskite LEDs (PeLED).7 The perovskite absorber layers were prepared from MAI /
PbI2 in DMSO/DMF solutions with and without the addition of 0.05 - 1 vol% NMA and were

Figure 6. 1(a) Schematic diagram showing the device architecture, (b) Cross-section SEM image of a
typical perovskite device. (c) UV-Vis absorbance spectrum of MAPbI3 with NMA from 0.05 vol% to 1
vol% and (d) representative PCE data, (e) typical Jsc and Voc data. (f) standard and NMA modified JV curves for champion devices.
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Table 6. 1 The average J-V characteristics parameter of the devices employing different volume ratio
of NMA as additive (averaged over 10 devices).

deposited using anti-solvent engineering with solvent-assisted (SA) thermal annealing to form
a compact layer (details in Chapter 3.1.1). Figure 6.1c shows the UV-visible absorption spectra
of the resultant perovskite thin films. These spectra are essentially invariant, with an absorption
onset of ~780nm, indicating that the optical bandgap of these perovskite films does not change
upon the addition of NMA.
The PCEs of devices with various volume ratios of NMA in the processing solution are shown
in Figure 6.1d, with the values of corresponding Voc and short-circuit current density (Jsc)
plotted in Figure 6.1e. Devices where NMA concentration is increased from 0 vol% to
0.25 vol%, resulted in PCE values steadily rising from 18.2 (± 0.5 %) to 19.5 ±0.5%, showing
that 0.25 vol% NMA in MAPbI3 is the optimized quantity. However, when the NMA
concentration exceeded 0.25 vol%, the PCE values fall sharply, to values lower than those
prepared without NMA. The enhanced PCE of devices with 0.25 vol% NMA primarily results
from increased Voc. However, when the NMA concentration exceeded 0.25 vol%, the PCE
values were decreased considerably due to slight reduction in Voc but a rather more drastic

Figure 6. 2(a) Stabilised efficiency of NMA-MAPbI3 device. (b)External Quantum Efficiency (EQE)
spectrum of the champion cell using MAPbI3 and NMA-MAPbI3 as light absorber. NMA-MAPbI3
represents the MAPbI3 with 0.25vol% NMA additive.
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reduction in Jsc. Analogous decreases in Jsc with other additives have previously been attributed
to slower charge transport across passivated grain boundaries.8 The photovoltaic characteristics
of the champion devices are plotted in Figure 6.1f. In the absence of NMA the MAPbI3 device
shows a stabilised PCE (Figure 6.2a) PCE value of 18.6% (18.8% in reverse scan), which is
comparable to the highest performing p-i-n planar MAPbI3 devices reported in the literature. 6
The champion device, with 0.25vol. % NMA, obtained a PCE value of 20.1% in reverse scan
with a high Voc of 1.16V (this device showed only minimal hysteresis with a PCE in forward
scan of 19.6%, and stabilised efficiencies of 20.0% shown in Figure 6.5f). The external
quantum efficiency (EQE) values of the champion devices are shown in Figure 6.2b, where
the integrated Jsc of MAPbI3 and 0.25 vol% NMA in MAPbI3 is 21.5 mA/cm2 and 21.1mA/cm2,
respectively, in reasonable agreement with the directly measured values. Because the 0.25
vol% NMA yielded the highest PCE herein, more detailed characterisations in this study
focused on this concentration, with the resultant absorber layer being abbreviated to NMAMAPbI3.
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6.2.2 Location of NMA within the absorber layer
In existing literature, where alternative bulky cation additives have been incorporated into
various perovskite devices, the location of the additive remains poorly resolved. Grancini et al
proposed that MAPbI3 with 3 mol% 5-aminovaleric acid (5-AVA) will form a 2D/3D interface
at the perovskite-mesoporous metal oxide interface in fully printable HTM free device
architecture.9 In planar devices, several reports suggest bulky cations are possibly located at
grain surfaces or boundaries, however there has been a lack of direct evidence to support these
claims.10–1213 Since the size of NMA is considered to be too large to be incorporated into the
bulk of MAPbI3, the NMA is expect is expected to primarily locate at grain surfaces without
at least causing significant structural distortion. To inspect this possibility, X-ray photoelectron
spectroscopy (XPS) was first used to detect the near surface composition (~5 nm) for C 1s,
Pb 4f, I 3d and N 1s of MAPbI3 and NMA-MAPbI3 films. Core level spectra for C 1s, I 3d and
Pb 4f are shown in Figures 6.3a-c with a survey-spectra provided in Figure 6.3d. The C 1s
signal shows a significant difference in the relative intensity and ratio of the peaks associated
with C-C and C-N, centred around 284.8 and 286.1 eV respectively. In the NMA-MAPbI3 film,
the increased intensity of 284.8 eV is ascribed to the presence of NMA which contains phenyl

Figure 6. 3 XPS core-level spectra of (a) C 1s (b) I 3d (c) Pb 4f of the MAPbI3 and NMA-MAPbI3 films
and (d) the survey- spectra.
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groups rich in C-C bonds. Because of the low concentration of NMA in MAPbI3 film, there is
no significant change observed in Pb 4f and I 3d. The slightly reduced peak intensities of I 3d
and Pb 4f can be attributed to excess NMA cations at the surface, attenuating these signals.
Low-energy ion scattering (LEIS) was implemented to investigate further the surface
termination of these films because of its excellent surface sensitivity. As illustrated in
Figure 6.4a, when low-energy primary ions (He+, Ne+, Ar+) approach and interact with the
material, only the top atomic layer results in scattering of these ions. These backscattered ions
are detected and produce scattering peaks that correspond to elements present on the top atomic
layer; subsurface atoms do not produce scattering peaks under static conditions
(non-destructive) and only result in background signals. Thus, LEIS is an extremely surface
sensitive technique, which provides greater surface sensitivity that XPS alone14, and can
distinguish differences in surface composition/termination. Comparison of scattering data
gained for MAPbI3 and NMA-MAPbI3 films, NMA-MAPbI3 shows 40-50 % yield reduction

Figure 6. 4(a) Low-energy ion scattering (LEIS) spectra of the MAPbI3 and NMA-MAPbI3 films. The
inserted figure is an Illustration diagram of LEIS. (b) Schematic diagram of the sensitivity of the XPS and
the LEIS measurement. (c) Ambient pressure photoemission spectroscopy (APS) spectra of the MAPbI3
and NMA-MAPbI3 films. (d) Work function and HOMO level of the MAPbI3 and NMA-MAPbI3 film.
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of Pb and I signal, indicating that only an addition of 0.25 vol% NMA can significantly change
the surface termination of the film. There is < 3% change in Pb and I peak intensities in XPS,
which suggest no significant compositional changes in Pb and I at a depth of 5 nm from the
surface, but over 40% change is observed in LEIS. The combined results from both XPS and
LEIS and their differences in surface sensitivity, provide direct evidence that NMA is at least
partially covering grain surfaces rather than being located in the bulk of MAPbI3, as illustrated
in Figure 6.4b.
Comparison of scattering data obtained for MAPbI3 and NMA-MAPbI3 films, Figure 6.4a,
show a reduction of ~ 40-50 % in the yield of backscattered peaks attributed to I and Pb, that
can be explained as being due to the NMA being present as a partial covering on the grain
surface, rather than being located within the bulk of the perovskite. Given that the NMAMAPbI3 films are prepared by the addition of NMA directly to the perovskite precursor solution,
it can be speculated that NMA may also reside in the grain surface regions, however the low
ratio of grain boundary to bulk MAPbI3 means that signal attenuation, by XPS or LEIS, is not
observed.
The surface energetics were further probed by ambient pressure photoemission spectroscopy
(APS) and Kelvin probe. The resultant valence band edges (VBE) and work functions (WF) of
MAPbI3 and NMA-MAPbI3 are plotted in Figure 6.4c and Figure 6.4d. MAPbI3 exhibited a
measured VBE of 5.42 eV and WF of 4.90 eV, compared with NMA-MAPbI3 having a VBE of
5.13 eV and WF of 4.56 eV. It has been reported that the outermost layer of MAPbI3 can
significantly shift the frontier electronic levels: MAI- terminated films have been shown to
exhibit ~ 1eV higher valence band edges than PbI- terminated film, which is attributed to their
different dipole directions.15 Herein, the significant (300-400 meV) shift in both the VBE and
WF of NMA-MAPbI3 compared to pure MAPbI3 indicates the presence of a thin interfacial
dipole layer formed at the grain surfaces, supporting the results of XPS and LEIS representing
NMA being located at the grain surface. The results here also agreed with the observation in
Chapter 5, consistent with bulky cation AVA is found to be located at grain surface.
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6.2.3 Morphological Analysis
There are numerous reports in the literature suggesting that continuous perovskite films with
large grain sizes are beneficial to device performance.16–18 However, there are inconclusive
results implying the correlation between morphology control and device performance when
bulky organic cations are incorporated into active layers. To investigate how the grain control
influences the device performance in PSCs employing NMA, this study compared the film
morphology and device performance of NMA-MAPbI3 fabricated by either thermal annealing
(TA) or solvent-assisted thermal annealing (SA). The TA method was performed by heating
the substrates on hotplate after spin-coating compared with SA where a petri dish is placed
over the heated substrates to trap the evolved DMF/DMSO solvent during the heating process.
The SA method can lead to the monolithic grains orientated along the charge-transport
direction, in other word perpendicular to the substrates.18,19 Figures 6.5 a-b shows the
cross-sectional and surface SEM images of the NMA-MAPbI3 films prepared by TA method.
It is obvious that multiple grains with polycrystalline structure are stacked on the substrate in
a vertical direction. In contrast films fabricated using the SA method, Figures 6.5c-d, show the
anticipated monolithic structures from the cross-section image, alongside with a subtle
enlargement of grain size from the top images. The corresponding J-V characteristics of
NMA-MAPbI3 devices fabricated with these TA and SA methods are shown in Figures 6.5e-f

Figure 6. 5 The cross section and top SEM image of NMA-MAPbI3 films fabricated by (a-b) thermal
annealing and (c-d) solvent annealing. The J-V characteristics of device fabricated by (e) thermal
annealing and (f) solvent annealing. The forward and reverse scans are measured from -0.2 V to 1.2 V
at a scan rate of 100 mV s-1.

96

(parameters are in Table 6.2). The NMA-MAPbI3 device prepared by TA exhibited a PCE of
14.3 % in reverse scan, and 13.0 % in forward scan, with these efficiencies being lower than
the equivalent devices without NMA (17.3 % and 17.0% PCE in reverse and forward scans
respectively). In contrast the SA-device obtained PCE of 20.1% and 19.6% in reverse scan and
forward scan with reduced hysteresis. The PCE of MAPbI3 device without NMA additive also
showed moderate enhancement with the SA method (Table 6.2). It is apparent the TA device
exhibits both enhanced efficiency and suppressed hysteresis compared to the TA device, and
that SA processing is essential to obtain enhanced performance with NMA.
These results are in agreement with those of Tsai et al, who reported that a preferential
alignment of inorganic perovskite phase in a perpendicular direction is necessary to achieve
high performance quasi-2D perovskite devices, since the bulky cation can function as charge
transfer barrier to inhibit the charge mobility.20 However, Wang et al and Wolff et al have also
reported the charges can tunnelling through ultrathin polymer dielectrics at perovskite/electron
transporting layer (ETL) interfaces, without sacrificing Jsc.21,22 The results here highlight that
even the bulky cation can be beneficial to device performance, the importance of
morphological control in PSCs with bulky cation additive cannot be overlooked.
Table 6. 2 The J-V characteristics parameter of the corresponding devices in Figure 6.5e and Figure
6.5f.
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6.2.4 Photoluminescence studies of charge trapping and transfer dynamics
Photoluminescence (PL) measurements are conducted to further probe the impact of the NMA
additive on charge trapping and transfer dynamics. As illustrated in Figure 6.6a, PL studies
can probe charge trapping in deep, non-radiative trap states, in addition to charge transfer to
and surface recombination at the charge transporting layers (CTLs) - all of which can result in
quenching of PL intensity.23–25
Figure 6.6b shows the steady state PL of MAPbI3 films prepared with various concentrations
of NMA. It is apparent that the PL intensity increases with increased NMA concentration,
indicating NMA can remove non-radiative trap states in MAPbI3 films, consistent with NMA
passivating grain boundaries, as discussed further below. The same trend is also observed in
films with charge transporting layers in Figure 6.6c, namely PTAA/Perovskite/PCBM, with
the increased NMA leading to the enhanced PL emission
Comparison of the data in Figures 6.6b-c were also used to determining the PL quenching
efficiency (PLQE) resulting from the charge transport layers, as illustrated in Figure 6.6d. The
PLQE was calculated from PLQE ~ (I0 - I)/I0, where I0 is the peak intensity of PL intensity of
the perovskite film alone, and I is the peak intensity of PL emission of perovskite with
transporting layers.23 This PLQE is a measure of the efficiency of charge transfer from the
perovskite layer to the charge transport layers (CTLs). it should be noted this efficiency is
excitation density dependent, as we discuss in detail elsewhere23). It is apparent that this PLQE
is invariant (within error) for NMA concentrations up to 0.25%, but reduces for higher
concentrations, despite the inhibition of charge trapping. This loss of PLQE at high NMA
concentrations is indicative of impeded charge transfer to the CTLs, consistent with the loss of
Jsc observed in device J-V data. 23,26,27
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Figure 6. 6(a) Schematic diagram of recombination and charge transfer pathways in
PTAA/perovskite/PCBM film. (b) Steady-state photoluminescence (PL) spectra of the MAPbI3 with
NMA from 0.05 vol% to 1 vol% and (c) the corresponding PL spectra of films sandwiched by PTAA
and PCBM transport layers. (d) The corresponding photoluminescence quenching efficiencies (PLQE)
determined from the data in (b) and (c). (e) Time-correlated single photon counting (TCSPC) decays of
MAPbI3 films with NMA from 0.05 vol% to 1 vol% without transport layers and (f) the corresponding
TCSPC data for films sandwiched by the transport layers. (g) Plots vs NMA % of device Jsc (red) and
the amplitude of the slowest decay phase (A3, blue) obtained from fits to the TCSPC data in (f) for
PTAA/perovskite/PCBM films. (h) Plots vs NMA % of device Voc (red) and τ1 (blue) determined from
fits of the TCSPC decays in (e) for perovskite films.
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Figure 6. 7 Time-correlated single photon counting (TCSPC) spectra of MAPbI3 with NMA from a
range of 0.05 vol% to 1 vol%. The black line is sample of Glass/Perovskite, and red line is
corresponding sample sandwiched by transporting layers.

These trends of PL intensity with NMA concentration and charge transport layer addition were
further investigated by time-correlated single photon counting (TCSPC) measurements, as
shown in Figures 6.6e-f without and with CTLs respectively (see Figure 6.7 for comparisons
on longer timescales). The data for bare perovskite films (Figure 6.6e) were fit to a
bi-exponential decay (see Table 6.4 for fit parameters, where first fast decay phase is assigned
to trapping into non-radiative deep traps, while the second decay phase is assigned to the
bimolecular recombination of long-lived free charges.)28 Increasing the concentration of NMA
resulted in a significant retardation of the fast decay phase ( increasing from 1 to 13 ns),
indicative of slower charge trapping and consistent with NMA passivating non-radiative trap
states.
Table 6. 3 The parameter of double exponential fitting (y = A1×exp(-x/τ1) + A2×exp(-x/τ2) + y0) of
TCSPC data of Glass/MAPbI3 films.
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Table 6. 4 The parameter of triple exponential fitting (y = A1×exp(-x/τ1) + A2×exp(-x/τ2) + A3×exp(-x/τ3)
+y0) of TCSPC data of Glass/PTAA/MAPbI3/PCBM films

Figure 6.6f shows transient PL data of the films sandwiched by CTLs. It is obviously that the
presence of the CTLs leads to a strong quenching of long-lived emission for NMA
concentrations up to 0.25 % (relative to data without CTLs, Figures 6.6e and Figure 6.7), but
that for NMA concentrations over 0.25v% this quenching becomes less obvious. This is
indicative of high NMA concentrations (0.5v% and 1%) hindering efficient transfer of free
carriers to the CTLs, consistent with result and discussion of the steady state PL data above.
Triple exponential decays are used to fit these data with CTLs to further quantify this quenching
effect (fit parameters are shown in Table 6.4. Two exponential analyses showed poor fits). The
first and second decay phases were assigned primarily to trap filling, and charge transfer
respectively, and the third decay phase was assigned to long-lived carriers incapable to transfer
to the CTLs.
To further quantify these long-lived carriers, the third decay lifetime () was fixed as 300 ns,
with its amplitude (A3) representing the proportion of non-collected charges. Figure 6.6g
plotted the A3 versus NMA concentration, overlaid with the corresponding Jsc values. It was
obvious that the increased amplitudes for NMA concentrations > 0.25 % were observed,
indicating the increased proportion of non-collected charges in these films. Correlating this
observation with a loss of Jsc of corresponding device, these results again confirmed that the
high concentration of NMA (0.5% and 1%) can hinder the charge transfer to the CTLs.
This explains that why in most of reports only low additive concentrations are employed in
PSC to enhance the device performance, 12,13,29–31 as high concentration of additive can impede
charge transfer to the CTL layers, confine charge in the active layer, and thus result in Jsc loss.
It should be noted that even though this confinement is detrimental to PSCs, it may be
beneficial for LED applications. Many literatures has reported that improved LED performance
101

is observed when higher bulky cation concentrations are incorporated into perovskite active
layers, leading to the formation of quasi-2D RP material morphologies.7,32,33
Apart from the results of both the steady state and transient PL data, ambient pressure
photoemission spectroscopy (APS) data can also support the idea that NMA can effectively
passivate the non-radiative trap states in MAPbI3. Sub-bandgap electronic trap states have been
shown to be correlated to the photoemission signal detected below the extrapolated valence
band edge (VBE).34 Larger integrated area of the photoemission signal for energies below the
VBE (shaded areas in Figure 6.4c) for MAPbI3 compared to NMA-MAPbI3, further providing
evidence that NMA can effectively passivate the trap states in MAPbI3.
Because trapped charge functions as recombination centres reducing quasi-Fermi level splitting
in the perovskite layer, the reduced Voc of PSC is associated with the increased trap state
densities.35 Figure 6.6h plots  (assigned primarily to charge trapping) determined from the
TCSPC data of perovskite bare film (Figure 6.6e) and Voc of perovskite devices (Figure 6.1e)
versus NMA concentrations. A longer  is indicative of longer carrier lifetime with suppressed
charge trapping. It is obvious that longer  correlates with a higher device Voc. The minor loss
of Voc at high NMA concentrations is most likely related to a reduction of charge transfer
efficiency. Herein several techniques, inclusive of steady state PL, TCPSC, and APS, have
provided the evidences of trap passivation with NMA additive. Moreover, Section 6.2.2 has
shown that NMA (0.25vol%) is primarily terminate at grain surface. The traps are also been
shown to be rich at grain surface in MAPbI3.36 Thus, the results here conclude that NMA
terminated at grain surface can effectively passivate the surface traps and cause the enhanced
Voc in PSC.
To sum up the above observations, it is concluded that at low concentrations, NMA primarily
passivates trap states at grain surface, resulting in higher device Voc and performance. However
higher NMA concentrations results in increasing inhibition of charge transfer to the transport
layers, causing a loss of Jsc due to increased bimolecular recombination losses.
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6.2.5 Extension to alternative bulky cation additives and to mixed halide perovskites
To extend the applicability of the results, the study turns the consideration to alternative bulky
cation additives and to mixed halide perovskites, focusing on Voc enhancement by additive
addition.
Figure 6.8a plotted the J-V characteristics of MAPbI3 device employing the additive of
0.05 vol%

each

of

bulky

cations

NMA,

phenylethylammonium

(PEA)

and

phenylmethylammonium (PMA), as well as the small cations Cs and MA. The Voc values of
these PSCs are shown in Figure 6.8b. The devices employing the bulky cations, PEA and PMA,
obtains 40mV enhancement of Voc which is similar to the device with NMA. Conversely,
adding small cations, either Cs and MA, i.e. excess MAI did not lead to Voc enhancement. It is
thus evident that the cation size is a key factor to turn on the trap state passivation, causing
enhanced PCE.32
Despite from iodide-based perovskite, mixed iodide/bromide perovskites are attracting
extensive attention because of their wider band gap, which is particular interesting for tandem
solar cells. Nevertheless the significant Voc losses of wider band gap are generally observed,
attributed to serious non-radiative recombination losses.13,37–39 Therefore, the NMA addition is
employed into mixed halide perovskite devices, attempting to suppress the non-radiative
recombination losses and thus enhance Voc. Figure 6.8c shows the UV-vis spectra of MAPb(I1xBrx)3

absorber layers with and without 0.25 vol % NMA, at x = 0, 0.1 and 0.2. The absorption

Table 6. 5 The averaged and champion J-V characteristics parameters of the device employing
MAPb(I1-xBrx)3 with/without NMA as light absorber (averaged over 10 devices)
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onset of these films do not significantly change with NMA additives, but blue shifts with
increasing Br content, from 1.59 to 1.63 and 1.68 eV for x = 0, 0.1 and 0.2 respectively.
Figure 6.8 d-f shows all mixed iodide/bromide PSCs with NMA addition shows improvement
in device Voc and device PCE (device parameters are shown in Table 6.5, indicative of
passivation of trap states. The champion J-V characteristic of MAPb(I0.9Br0.1)3 and
MAPb(I0.8Br0.2)3 devices with and without NMA are plotted in Figure 6.8d-e, with the
MAPb(I0.8Br0.2)3 device with NMA yielding a device Voc of 1.2 V. Therefore, the results here
indicate that use of NMA as processing additive can also passivate the traps and enhance Voc
in mixed halide, wider bandgap PSCs.
Finally, a brief comparison between this work and other literature employing bulky cation
additive-perovskites active layers is discussed. Several reports demonstrate that employing
bulky cations such as butylammonium (BA), phenylalkylamine (PEA) and choline salt can
result in Voc (50-100 mV) enhancement in MAPbI3 or mixed cation/halide perovskites.11–13,30
Such improvements have been observed in both n-i-p 13 and p-i-n device architectures, 11,12,30

Figure 6. 8(a) The J-V characteristics of champion devices fabricated by MAPbI3, and MAPbI3 added
different cations with same mol% as 0.05 vol% NMA. (b) Voc of devices fabricated by MAPbI3 and
MAPbI3 added different cations with same mol% of 0.05 vol% NMA. (c) UV-vis spectra of films of
MAPb(I0.9Br0.1)3 and MAPb(I0.8Br0.2)3, with and without 0.25 vol% NMA. The J-V characteristics of
champion devices using (d) MAPb(I0.9Br0.1)3 and (e) MAPb(I0.8Br0.2)3, with and without 0.25 vol%
NMA as perovskite layer. (f)The Voc of devices fabricated by MAPb(I1-xBrx)3 (x=0, 0.1, 0.2)
with/without 0.25 vol% NMA.
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indicating the enhanced Voc is independent to device architecture. This observation is consistent
with the results reported in this study, showing that the enhanced Voc results from the trap
passivation by bulky cation addition.
Wang et al demonstrated that BA will form a 2D/3D heterojunction in parallel to the charge
transport direction, which may beneficial to charge transport. However, the result here indicates
that the bulky cations partially cover grain surface vertical to charge transport direction, which
does not impede charge transporting at optimized additive concentration (0.25 vol %). Our
observation agrees with Zheng et al and Wang et al, who deposit additional bulky cation layer
on a perovskite film, showing that the addition of the optimized additive bulky cation at
perovskite grain surface will not result in reduced photocurrent but Voc enhancement.11,30
However, when the amount of NMA exceeds 0.5 vol %, it will function as a charge transfer
barrier which is justified by the reduced current density.

6.3 Conclusions
This chapter has demonstrated that adding the bulky cation 1-naphthylmethylamine (NMA)
into methyl ammonium lead iodide (MAPbI3) can yield impressive planar devices with Voc
values of up to 1.16V, along with an enhanced PCE of up to 20.1%. XPS and LEIS data reveal
that the NMA is mainly terminated at the grain surface rather than mixed into the bulk film.
The NMA terminated at the grain surface is able to passivate traps, resulting in higher
photoluminescence yield, and enhanced Voc. Whereas, NMA at higher concentration (≥
0.5 vol%) can also function as charge transfer barrier, confining the charges in active layer,
accompanied by reduced current density. Forming the monolithic grain in the charge transport
direction is critical to achieve high PCE, since NMA located at intragrain boundary can
detriment charge transporting. The same Voc enhancement is observed by adding bulky cation,
such as phenylethylammonium (PEA) and phenylmethylammonium (PMA) into MAPbI3.
Conversely, there is no Voc enhancement when small cations such as Cs and MA is added into
MAPbI3, specifying the cation size is the key to improve Voc. Finally, we also show that NMA
passivation can also apply to wide band gap perovskites, achieving a Voc of 1.22V with band
gap of 1.68eV. These results not only demonstrate the approach to maximizing the Voc of
perovskite devices, but also provide insights to morphological control and charge carrier
dynamics of bulky cation additive hybrid perovskite.
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Chapter 7. Use of glycine as an additive in planar perovskite solar
cells

to

enhance

the

stability

against

oxygen

induced

photodegradation
This chapter is inspired by the results from Chapter 4 to Chapter 6. In chapter 2 the planar
structure PSC with PCBM transporting layer has better stability against oxygen induced
photodegradation than mesoporous-scaffold structure PSC. Chapter 5 shows that the bulky
amino acid AVA can effectively delay the oxygen induced photodegradation by passivating the
surface defect sites og MAPbI3. Chapter 6 demonstrated a strategy of employing bulky cation
as a processing additive in MAPbI3 as light absorber to minimize the Voc losses in the planar
structure PSC. Combining these positive findings in these chapters, using amino acids with
different chain lengths as additives in planar structure PSCs is investigated. The smallest
amino acid, glycine, is found to passivate the defect sites in MAPbI3, resulting in enhanced Voc
and also stability.
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7.1 Introduction
Employing methylammonium lead iodide (MAPbI3) with AVA as an additive in a fully screenprinted triple stack architecture (FTO/compact layer TiO2/mesoporous TiO2/mesoporous
ZrO2/mesoporous carbon) has demonstrated superior operational stability in ambient air
compared to devices prepared without AVA.1,2 As discussed in Chapter 5, this enhanced
stability is attributed to the AVA additive passivating surface defect sites of the perovskite,
preventing oxygen induced photodegradation.2 Interestingly, in most studies the AVA-MAPbI3
is mainly applied into a triple stack architecture, since reduced short circuit current (Jsc) is
normally observed in the planar structure.1,3,4 Such reductions in Jsc have also been reported
when other bulky cations are added into the perovskite absorber.5,6 This negative effect on PCE
limits its application to planar structure PSC, which obtain one of highest efficiencies to date
and several advantages, such as low temperature processing or potential application on flexible
substrates.7–9 This device structure also showed better resistivity to oxygen induced
photodegradation when PCBM is employed as electron transporting layer (ETL), as discussed
in Chapter 4. However, the origin of this Jsc reduction has not been addressed. Chapter 5
demonstrated that use of bulky cation as additive into planar structure PSC can effectively
passivate the non-radiative recombination, but the reduction of Jsc and inefficient charge
transfer happen when the concentration of bulky cation is over the optimised condition. Apart
from the concentration, the size of bulky cation, for example AVA herein, could be another
potential factor resulting in Jsc reduction.
Apart from AVA (4C, which is referred to the carbon chain length between amine group and
carbonyl acid group), the shorter chain length amino acids such as γ-aminobutyric acid (3C),
β-alanine (2C) and glycine (1C), could be potential additives to passivate the oxygen induced
photodegradation because of their same functional groups (Figure 7.1). Moreover, shortening
the carbon chain length is expected to reduce the charge transfer barrier from the perovskite to
charge transporting layers (CTLs). These amino acids have been applied as interface
modification at perovskite/ mesoporous TiO2 interface to enhance the performance of
mesoporous scaffold perovskite solar cell.10,11 However adding these amino acids as additive

Figure 7. 1 Structural formula of amino acids employed as additives in perovskite precursor solutions.
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in perovskite precursor solution for planar structure PSC to improve PCE and stability,
especially under oxygen and light stresses, are still unexplored.

7.2 Result and Discussion
7.2.1 Thin film stability
Figure 7.2b shows the thin film stability under oxygen and light stresses of film employing
different amino acid additives. The perovskite thin films were prepared by spin-coating 1.5M
MAPbI3 in DMF/DMSO solution with the addition of 1 % vol 1.5 M of these amino acids in
water solution on glass substrates. The films are aged under dry air with 1 Sun illumination for
3 hrs. Figure 7.2a shows photographs of fresh and aged films. Apart from reference film
showing colour changes from dark brown to yellow, all the films with amino acid additives
maintain the same colour after aging, indicative of the absence of significant degradation. X-ray
diffraction (XRD) was used to monitor the changes of perovskite crystal during the degradation,
as shown in Figure 7.2b. The XRD peak at 14.14° 2 is the (110) diffraction peak of MAPbI3
and the peak at 12.60° 2 is the (001) diffraction peak of PbI2, which is a degradation product
of oxygen induced photodegradation.12 The reference film shows rapid degradation, with the
MAPbI3 (110) peak completely disappearing and the PbI2 peak developing fully in 3 hours. On

Figure 7. 2 (a) The pictures of the MAPbI3 with amino acid additives films before and after ageing for
3 hours under dry air and full sun illumination provided by UV enhanced LED source. (b) The XRD
spectrum of the fresh and aged films.
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the other hand, the MAPbI3 with amino acids all showed dramatically enhanced stability
compared with the reference film under the same aging conditions, indicating the enhanced
stability is not strongly dependent to the carbon chain length but correlated to the functional
groups of amino acids. The films with a longer carbon chain (3C and 4C) exhibited a small
PbI2 ((001) diffraction peak after aging for 3 hours, which is likely attributed to the higher grain
boundary density of these films (see SEM images in Figure 7.3), as oxygen induced
photodegradation has been shown to be initiated from grain boundaries.13
In summary, adding the amino acid additives into MAPbI3 can effectively enhance the thin film
stability against oxygen induced photodegradation, which is confirmed by XRD studies and
also analysis of photobleaching. Such stability improvements are observed in all amino acid

Figure 7. 3(a) The SEM images of the films made by MAPbI3 with 1vol% amino acids. (b) The averaged
grain sizes of the MAPbI3 with 1vol% amino acid additives
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additives, indicating it is not strongly dependent on carbon chain length but rather attributed to
the functional groups these molecules contain.
7.2.2 Performance of planar structure perovskite solar cell employing amino acid additive
Next, the device performance of PSCs with these additives are investigated. The planar
structured PSC i.e. ITO/ PTAA/ PFN/Perovskite/PCBM/BCP/Cu, is employed in this study.
The J-V characteristics of PSCs fabricated using MAPbI3 with these additives as light absorbers
are shown in Figure 7.4a. The average PCEs of devices with glycine (1C) were 19.54 (±0.21%),
which is comparable value to the reference cell of 19.50 (±0.19%), whereas the other devices
with longer carbon chain display drastic PCE losses, corresponding to Jsc reductions, which is
consistent with previous report showed the larger cation resulting in more severe Jsc loss.14 The
external quantum efficiency (EQE) measurements are shown in Figure 7.4b, which is in
agreement with the Jsc of the JV curves shown in Figure 7.4a. By further doubling the
concentration of amino acid (Figure 7.4c) more drastic Jsc losses are observed in all devices
except for those incorporating glycine, showing that Jsc is dependent on the additive
concentration. The averaged J-V parameters are listed in Table S1. The current density of
device derives from Figure 7.4a and Figure 7.4c are plotted in Figure 7.4d. Noticeably the
PCE of devices containing 2 vol % glycine improved slightly from 19.54(±0.21%) to 19.86

Figure 7. 4 (a) JV characterisation of perovskite solar cell using 1.5M MAPbI 3 with 1vol% of 1.5M
amino acid additive as light absorber and (b)EQE spectrum of the corresponding devices. (c) JV
characterisation of perovskite solar cell using 1.5M MAPbI3 with 2vol% of 1.5M amino acid additive
as light absorber (d) The averaged current density of devices employing 1vol% and 2vol% amino acid
additive. (e) Forward and revered scan of JV characterization of champion device employing 2 vol%
glycine as additive, and (f) the stabilised PCE tracked at maximum power point.
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(±0.31%) driven by the increased Voc to 1.14(±0.01V), and no corresponding Jsc reduction. The
champion cell with 2 vol % glycine obtained a PCE of 20.2% in both the forward and reverse
scan (scan rate of 100 mV s−1), along with a stabilised PCE of 20.1%. (Figure 7.4e-f).
Therefore the reduction of PCE for amino acid additive PSCs is attributed to a reduced J sc,
which is dependent on the size of the amino acid (2C-4C), additionally a higher concentration
of amino acid also results in more severe Jsc loss, which agrees with the findings in Chapter 6..
The largest loss in Jsc is observed while the highest concentration (2vol%) and largest amino
acid (5-AVA) in this study is added as additive. Remarkably, employing the shortest amino
acid, glycine, not only maintains the Jsc but also increases the Voc, resulting in the enhanced
device PCE.
Table 7. 1 The averaged J-V characteristic parameters of device employing MAPbI3 with different
additives (averaged over 10 devices).
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7.2.3 Radiative recombination in perovskite solar cell with amino acid additive
Many reports have shown that by introducing a low concentration of bulky cations into the
perovskite solution, or depositing additional bulky cation solution on as-formed perovskite
films, the PCE of PSCs can be greatly improved.5,6,15–17 This enhancement of device
performance is mainly due to the increase in Voc, which results from effective defect
passivation by these bulky cations. However, the reduction of Jsc is often observed in these
devices. 5,6,18 It has been shown that the charge transfer from perovskite to charge transporting
layers (CTLs) can be inhibited while the bulky cation over the optimised concentration.18 In
the existing literature, efficient perovskite light emitting diodes (PeLEDs) are made by
employing higher concentrations of bulky cations than when used in a PSC.19,20 Therefore, the
Jsc loss in PSCs with amino acid additives in this study is possibly originated from reduced
charge transfer to out circuit, in other words increased radiative recombination in perovskite
layers while PSC operated at short circuit.
To validate this hypothesis, photoluminescence quenching (PLQ), ranging from bare
perovskite films on glass to the complete device structures held at short circuit is investigated.
The schematic diagram of two step PL quenching process, namely thin film PL quenching and
device PL quenching is shown in Figure 7.5. PLSC/PLPVK represents as proportion of charge
carriers which do not transfer to out circuit but radiatively recombined in the perovskite layer
of device operated at short circuit.

Figure 7. 5 Schematic diagram of PL quenching from perovskite single layer to device operated at
short circuit condition.
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7.2.4 Photoluminescence quenching with CTLs
Steady state PL measurements were used to investigate the impact of amino acid additives on
MAPbI3. A 1-Sun equivalent illumination was used in all PL measurements. It was achieved
by using a 635nm continues wavelength laser diode and calibrated by matching the same device
current under a solar simulator and the laser beam.
The steady state PL of perovskite only films, prepared by depositing the perovskite layer on
glass substrates without CTLs and electrodes is investigated. In Figure 7.6a, a large increase
in PL intensity (approximately 6-fold) is observed in the film with 1 vol % amino acid in the
precursor solution compared with the neat MAPbI3 film, indicating non-radiative paths were
effectively supressed by introducing all amino acids additives. The hypothesis is that the
carboxyl group in the amino acids will bond with Pb-I framework hence passivate the surface
defect sites in MAPbI3.21,22
Figure 7.6b shows the PL spectrum of different perovskite films sandwiched by both electron
and hole transport layers with PCBM and PTAA respectively while Figure 7.6c shows the total
trend between PL peaks of all the measured films and the carbon chain length of the amino

Figure 7. 6 Steady state PL emission spectrums of (a) glass/ perovskite and (b)
glass/PTAA/PFN/perovskite/PCBM. The perovskite is MAPbI3 with 1 vol% of amino acid additives.
(c) PL peak intensity and (d)PLCTLS/PLPVK derived from Figure 7.6a-b.
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acid additives. It is well established that when the films are under illumination, a large
proportion of electrons will be transferred to PCBM and many holes will be transferred to
PTAA. Therefore, the charge carrier density in MAPbI3 layer will be largely reduced, leading
to strong PL quenching.
To further quantify the ratio of PL in perovskite with and without the CTLs, the corresponding
PLCTLs/PLPVK are plotted in Figure 7.6d. While the reference films and the one with glycine
(1C) obtain PLCTLs/PLPVK of ~10%, the films with other amino acids (2C-4C) demonstrates
higher PLCTLs/PLPVK of ~30%. This indicates that reference MAPbI3 and MAPbI3-1C show the
same capability to transfer photon-excited charge carriers to their interlayers while those with
longer carbon chain based MAPbI3 triple-layer films have more charges recombined radiatively
in the bulk perovskite.
7.2.5 Photoluminescence quenching of device at open circuit and short circuit
Device PL measurements have been used as a powerful tool to exam charge carrier extraction
efficiency in PSCs.23,24 Previously it has been shown that a dramatic quenching of PL occured
when a PSC was switched from open circuit to short circuit, which is due to the efficient charge
carrier extraction at short circuit condition. 24 Since the PL of PSC devices at Voc is analogous
to PLCTLs, the CTL quenching can combine with device quenching together.
The PL emission of full devices at open circuit and short circuit conditions are illustrated in
Figure 7.7a. The PL spectra of devices with amino acid additives are shown in Figure 7.7b-f;
where the device PL intensities are normalised by the device PLOC. It is obvious that PLSC
increases with longer carbon chain amino acid additives. The calculated PLSC/PLOC is plotted
in Figure 7.7g. The PLSC/PLOC gradually increased from 10% to 60% when the carbon chain
length increased, indicating that a higher proportion of charge carriers accumulate and
recombined in the perovskite active layer while the device operated from open circuit to short
circuit conditions. Interestingly, we found the device with glycine (MAPbI3-1C) showed
similar PLSC/PLOC as the reference cell, suggestive of efficient charge extraction of device
employing glycine as additive.
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Figure 7. 7(a) Schematic diagram of device PL emission measurement. PL emission spectrums of the
completed perovskite devices employing (b) neat MAPbI3 and MAPbI3 with 1vol% (c) glycine (d) βAlanine (e) γ-Aminobutyric acid (f) 5-Aminovaleric acid as light absorber at open circuit and short
circuit condition. (g) PLSC/PLOC of the device with amino acids additives. (h) The current density of

PSC employing amino acid additive and the PLSC/PLPVK of the corresponding devices.
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By combining the values of PLCTLs/PLPVK from thin film PL in Figure7.6d and PLSC/PLOC
from device PL in Figure 7.7g, we can calculate how much the PL was accumulated in the
perovskite layer from a neat film to a short-circuited device. The ratio of PLSC/PLPVK is
calculated as followed:
PLSC/PLPVK =(PLCTLs/PLPVK)*(PLSC/PLOC)……(1)
Where PLSC/PLPVK represented as the total unquenched PL, which is directly correlated to the
remaining free charge carriers in bulk perovskite, from single perovskite film to device at short
circuit condition. Figure 7.7h plots the PLSC/PLPVK and Jsc of the corresponding devices. The
trend of PLSC/PLPVK shows the inverse trend to the Jsc reduction with the increased carbon chain
of amino acid additive. This observation provides direct evidence of the reduced Jsc correlated
to the increased bimolecular recombination of the perovskite layer in the PSC operated at short
circuit conditions. The amino acid with a longer carbon chain hinders the charge transfer from
bulk perovskite to out circuit. Noticeably, the device with the shortest amino acid, glycine,
shows comparable PLSC/PLPVK (<1%) and Jsc as reference cell, with enhanced Voc resulting
from the defect passivation, leading to the enhanced PCE.
7.2.6 Device stability
In the preceding paragraphs, the improved thin film stability of MAPbI3 with these additives
and the role of these additives in device performance are investigated. Finally, the operational
device stability under full sun illumination in N2 and dry air are tested. To prevent metal
electrode oxidation and metallic diffusion a Cr/Au bilayer is used as an alternative to Cu as the

Figure 7. 8 Device stability of MAPbI3 with and without glycine under full sun illumination in (a) N2
and (b) dry air. (c) The XRD patterns of aged devices in dry air.
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electrode.25 Figure 7.8a displays the operational stability lifetime in N2 of devices employing
MAPbI3 and MAPbI3 with glycine as light absorbers. The reference MAPbI3 PSCs lose 15%
of their efficiency (t85 lifetime) after 192 hours whereas PSCs containing the glycine additive
obtained the same efficiency loss but after 420 hours. This indicates that the glycine additive
helps retain device performance over twice as longa than the reference cells. While these
devices were aged in dry air, the MAPbI3 device showed a short t85 lifetime of 10 hours.
(Figure 7.8b) Strikingly, the device with glycine showed dramatic increased t85 lifetime of 80
hours, which is 8 times longer than the reference cell. XRD was then used to examine the
perovskite crystal changes of the devices after aging, as shown in Figure 7.8c. An additional
XRD peak, at 14.05°2 emerges in the aged reference MAPbI3 device, attributed to the
stabilisation of the tetragonal phase (002) diffraction peak in addition to the appearance of a
PbI2 peak. The slower degradation of the MAPbI3 film in a device compared to the neat film
in Figure 7.2 is likely due to the capping layers e.g PCBM and electrodes, which can function
as superoxide scavengers and an oxygen barrier.26 Conversely, the XRD of aged device
employing MAPbI3 with glycine absorber still showed sharp perovskite peak at 14.1° attributed
to (110) tetragonal phase, without the appearance of additional peaks, indicating the glycine
can stabilise MAPbI3 under the combination of oxygen and light.

7.3 Discussion
This chapter demonstrated a strategy of enhancing perovskite’s intrinsic stability against
oxygen induced photodegradation through adding amino acids as processing additives. While
the MAPbI3 with all the amino acids in this study showed analogous enhancement, they show
dramatic PCE differences when these perovskites are employed as the light absorber in planar
structure PSCs; an amino acid with longer carbon chain length lead to a more dramatic J sc
reduction. By employing the steady state PL quenching, inclusive of thin film perovskite-totransporting layers (PVK-to-CTLs) PL quenching and device open-circuit-to-short-circuit
(OC-to-SC) PL quenching, the results herein provide a direct evidence that the Jsc losses of the
device with longer amino acids are correlated to less efficient charge transfer to out circuit i.e.
the higher proportion of bimolecular recombination (PLSC/PLPVK) of a single layer perovskite
to the perovskite in the device operated at short circuit.
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7.3.1 The role of defect passivation in PSC with amino acid additives
Employing amino acid additives into MAPbI3 provides several benefits. Firstly, use of smallest
amino acid, glycine (1C) can enhanced the Voc from 1.10V to 1.14V in planar structured PSC,
which can be attributed to defect passivation supported by the increased PL intensity of
MAPbI3-1C in Figure 7.6a. The defect passivation has been widely demonstrated as effective
strategy to reduce the non-radiative recombination loss and then improve the Voc of PSC.27
Secondly, adding these amino acid additives into MAPbI3 can improve the stability against
oxygen induced photodegradation. The enhanced stability is observed in all amino acids,
indicating that the improved stability results from their functional groups rather than the size
of amino acids. Because the oxygen induced photodegradation has been shown to be induced
by superoxide filling into halide vacancies,28,29 the carboxylate group of these amino acids can
bond with Pb-I framework and passivate such halide vacancies, enhancing the resistivity under
oxygen and light stresses.
Finally, the amino acid additives can also enhance the operational stability of PSCs in both N2
and dry air. While the PSC is operated in N2, the MAPbI3-1C showed more than 2 times longer
lifetime (t85 = 420 hours) than MAPbI3 (t85 = 192 hours). The operational stability in inert gas
has been shown to be limited by ion migration in perovskite layer.30 The ion migration could
be facilitated by the surface defect, which is reported to be impeded by bulky cation or ionic
liquid at grain boundaries.31–33 Consequently, we believe the glycine (1C) passivating the
defects in perovskite could likely postpone the ion migration and then enhance their
photostability.
The devices aged in dry air showed more rapid PCE losses than the devices in inert air because
of their complex degradation pathways, inclusive of degradation of perovskite, oxidation of
transporting layers and electrode. The PSC with MAPbI3-1C (t85=80 hours) showed 8 times
longer lifetime than the device with MAPbI3 (t85=10 hours), owing to the perovskite
decomposition is passivated by amino acid (see XRD of aged devices in Figure 7.8c). It should
be noted that the device structure employed in this study still have few potential causes results
in the PCE losses, e.g, the oxidation of PCBM, which was reported to limits device lifetime in
organic photovoltaics (OPV)34, and the oxidation of Cr blocking layer.
7.3.2 Tuneable grain sizes with amino acid additives
The results in Chapter 5 demonstrated that AVA (4C) is too large to incorporate into MAPbI3
lattice so they can terminate at perovskite grain surface and passivate the surface defects. Such
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surface passivation also be found as the origin of the enhanced stability against oxygen induced
degradation.2 Analogous surface passivation and enhanced stability are observed in MAPbI3
with all amino acids in this study, which is proven by PL enhancement in Figure 7.6a and thin
film stability in Figure 7.2. Strikingly, employing different size of amino acid can maintain
the effect of defect passivation but significantly tune the grain size of perovskite from ~300nm
to ~100 nm, as shown in Figure 7.3. Their grain sizes could switch their applications between
planar heterojunction solar cell and light emitting diode i.e the larger grain size is preferable
for PSC35,36 but smaller grain size is beneficial for PeLED to increase the probability for
bimolecular recombination.37–39 Combining the J-V characteristics in Figure 7.4a and SEM
image in Figure 7.3, the positive correlation between Jsc and grain sizes is observed; the amino
acid added perovskite with larger gain size obtain higher Jsc and PCE in PSC. The grain size
changes here likely result in the significant changes of charge transfer in the PSCs with
perovskites with amino acid additives. Even these perovskites with amino acid additives have
not been employed into PeLED application in this work, because of their tuneable grain sizes,
passivation of surface defect sites and enhanced intrinsic stability exposed to dry air they
demonstrate their potential to achieve efficient and air stable PeLED.

7.4 Conclusions
To sum up, this chapter demonstrated that adding amino acids as additives into MAPbI3 can
enhance the thin film stability against oxygen induced photodegradation. When these
perovskites are employed as the light absorber in planar structure PSCs, the longer chain amino
acids lead to a more dramatic Jsc reduction. According to the PL quenching from thin film PL
to device PL at short circuit conditions, the results provide direct evidence that the Jsc losses of
devices with longer amino acids are correlated to the higher PLSC/PLPVK ratio of the devices
operated at short circuit. The less efficient charge transfer may correlate to the reduced grain
size of MAPbI3 with longer amino acid additives. Noticeably, adding the shortest chain amino
acid, glycine (1C) as an additive in MAPbI3 can result in enhanced Voc from 1.10V to 1.14V,
without sacrificing Jsc. Lastly, the device with amino acid additives shows longer lifetime than
the reference cell, with the evidence of passivation of perovskite decomposition under dry air
and full sun illumination. This work provides a strategy to enhance the stability of
unencapsulated planar structure PSC without scarification of device performance.
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Chapter 8. Enhancing the operational stability of unencapsulated
perovskite

solar

cells

through

Cu-Ag

bilayer

electrode

incorporation
While the previous chapters reported have concentrated on improving the inherent stability of
the perovskite active layer, other layers in these multilayer devices also contribute to the
observed instability. This chapter focuses on the interface between the perovskite and the
counter electrode and highlight instabilities that limit device lifetime under operational
conditions in ambient air and, importantly, demonstrates a facile strategy to eliminate
electrode corrosions of unencapsulated perovskite solar cells (PSCs) in ambient air by
employing Cu-Ag bilayer electrode
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8.1 Introduction
Generally, thermally evaporated metals are the preferred counter electrode materials in most
emerging photovoltaic systems, including organic photovoltaics (OPVs), dye sensitized solar
cells (DSSCs) and PSCs. In addition to their conformal nature, such metallic layers can achieve
high conductivity, support spatial patterning to define device area and, to an extent also serve
as an impermeable barrier to oxygen and moisture.
However, in ambient conditions many commonly used metal electrodes i.e. Al, Ag, Cu, and
Au can degrade during device operation. The degradation products of perovskite active layers
are found to be corrosive to Al which also inherently is susceptible to oxidation.1 Ag is known
to react with halides from the perovskite layers that diffuse to form species such as AgI at the
electrode interface.2,3 However Cu has been demonstrated as an electrode material with
improved stability with no such metal-halide e.g. CuI detected after extended thermal stress of
devices.3,4 However, for unencapsulated devices surface oxidation of Cu leads to an increase
in device series resistance due to the poor conductivity of the oxide species formed. Thus Au
has been considered a logical choice of electrode as it inherently provides a resistance to
environmental oxidation and appears also to be resistant to metal-halide formation, in the case
of Au however diffusion of the metal into the perovskite active layer can induce deep traps,
leading to a degradation in performance.3,5,6
Owing to the intrinsic sensitivity to oxygen, Al and Cu can be considered as non-ideal electrode
materials in non-encapsulated devices, the degradation that is induced when Au is used in
combination with the cost of this noble metal also renders it unsuitable. To balance this, Ag
provides the necessary stability however the formation of AgI is a significant concern.
Strategies to overcome metal-halide formation, including the use of atomic layer deposited
(ALD) metal oxides or graphene interlayers, whereby an impermeable barrier prevent halide
diffusion is inserted between the perovskite active layer and the electrode.7–9 Inserting aminemediated metal oxides between the perovskite and electrode has also been shown to capture
diffused iodide ions, prolonging device storage lifetime in inert atmosphere.10
Here this chapter investigates p-i-n PSCs that employ organic charge transport layers, these are
attractive owing to the low processing temperatures that can be used, and the minimal
hysteresis observed in completed devices. Chapter 4 has shown that this inverted structure
PSC has higher resistance to oxygen induced photodegradation when [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) is used as the n-type electron transport layer (ETL), whereby PCBM
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served as a passivation layer, furthermore in planar structured devices oxygen diffusion is
slower compared with architectures built on mesoporous metal oxides. 11
Unlike previous studies using impermeable materials to inhibit iodide diffusion from
perovskite to the Ag electrode, this work describes a process which simply evaporates a thin
layer (10nm) of Cu between Ag and the transporting layer. By employing the Cu/Ag bilayer
electrode, the device retains 85% of its initial PCE, while Cu and Ag retain 60% and 10% of
their initial PCE, after 70 hours of operation in ambient air. This procedure successfully inhibits
both the formation of AgI at the semiconductor/metal interface and the oxidation of Cu, which
are confirmed by time-of-flight-secondary ion mass spectroscopy and X-ray photoelectron
spectroscopy respectively.

8.2 Result and Disccusion
8.2.1 Device performance and stability
Figure 8.1a shows a schematic of the layer structure of the p-i-n devices prepared, consisting
of (layer thicknesses in parenthesis) ITO(140 nm)/PTAA(15 nm)/PFN(<10 nm)/MAPbI3(330
nm)/PCBM(60 nm)/BCP<10 nm)/electrode(100 nm), with a typical cross-section scanning
electron microscope (SEM) image shown in Figure 8.1b. For comparison representative
current-voltage (J-V) characteristics of devices formed using Al, Cu, Ag, and Cu/Ag electrodes
under 1 Sun, AM1.5 illumination are shown in Figure 8.1c.
Devices prepared with the various electrodes achieved comparable power conversion
efficiencies (PCEs), around 18-19%, and fill factors (FFs) approaching 80%. These devices
were then subject to ageing close to their maximum power point (mpp) in ambient air (RH
~40-50 %) under continuous LED illumination, the intensity of which was calibrated by
matching the short circuit current density (Jsc) obtained under the AM 1.5 illumination. The
measured PCEs as a function of time are shown in Figure 8.1d. It is seen that despite Al having
been previously reported to be stable in n-i-p based devices,12 here near complete degradation
is observed in around 20 hours. In addition to the measured performance rapidly decaying
obvious degradation of the electrode can be seen on visual inspection and also from XRD
spectrum, Figure 8.1e-f. In the case of Ag electrodes two decays are observed, an initial loss
of 20% of PCE in 17 hours and a near complete, 90 % loss in PCE after 70 hours. In comparison
the Cu electrode device showed one continuous decay, with 40% PCE loss after 70 hours.
Interestingly, when 10nm Cu is evaporated prior to Ag deposition, the devices showed a
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significant improvement in stability with some 85% of the initial PCE remaining after 70 hours
illumination. In order to examine the differences in operational stability and storage stability
of these devices, the PCE changes of Cu/Ag bilayer electrode device stored in ambient air
(RH~40%-50%) in dark were recorded and are shown in Figure 8.2. The device retained 93%
of its initial PCE after 760 hours storage in air, highlighting that its shelf-lifetime does not
translate into operational lifetime.

Figure 8. 1 (a) Schematic diagram of device architecture employing Cu/Ag electrode. (b) Cross-section
SEM image of devices (c) J-V characteristic of devices with different electrodes (d) Device stability of
device using Ag, Cu or Cu/Ag as electrode. The devices were aged under continuously illumination
provided by LED. Light intensity of the LED is calibrated by reaching equal Jsc of perovskite devices
obtained under AM1.5 solar simulator with 1 sun intensity. (e) The XRD spectra of fresh and aged PSC
with Al electrode. The peak at 14.15 refers to (110) plane of MAPbI3 (f) The pictures of degraded PSC
employing Al electrode.
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Figure 8. 2 The shelf stability of PSC with Cu/Ag electrode. The devices are stored in dark in ambient
air, with RH~40-50%.

8.2.2 Single Layer Electrode Configuration
To investigate the behaviour of the various electrodes chemical depth profiles of fresh and aged
devices employing Ag and Cu electrodes were measured by time-of-flight secondary ion mass
spectrometry (ToF-SIMS), as shown in Figures 8.3a-d. It should be noted that the sputtering
time cannot be used to directly compare layer thicknesses between samples as sputter rates
depend largely on the sputter current which can vary between measurements. However,
regarding the possibility of total ion dose and instrumental factors affecting secondary ion yield
and subsequently profile features, all data points have been normalised to the total intensity.
The fresh samples are characterized by sharp depth profiles indicating discrete interfaces and
limited vertical diffusion in the devices. In all aged devices, the profiles become ill-defined due
to vertical diffusion of species. Regardless of electrode configuration, I- is shown to diffuse
through the PCBM and to the surface of both metal electrodes. According to literature, Ag
electrodes readily form AgI with diffused I-, contributing to the reduction of device
performance. Qi et al proposed this degradation is due to an energy level misalignment at the
semiconductor/metal interface, low conductivity of AgI, or a combination of these factors.2
Comparing Figure 8.3 a-b shows that after ageing a significant quantity of I- has diffused from
the MAPI layer into the ETL and also into the Ag electrode. In the electrode it is likely that
AgI has formed however no evidence of either (Ag2O), as an oxidation product, or AgI can be
confirmed by XRD, Figure 8.3c. This indicates that whilst the ToF-SIMS strongly suggests
the presence of AgI both possible oxidation products are present either in low concentrations
or are amorphous in nature. Silver is often considered as a noble metal, but by definition it is
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not and can thermodynamically be oxidized by atmospheric oxygen under normal temperatures,
13

with a native oxide thickness in the range of 1-2 nm being anticipated, hence beyond the

sensitivity limit of XRD. However, the observed drop in device efficiency suggest that AgI is
likely to be formed. Whereas Cu is more likely to be oxidized in contact with air, with a limiting
thickness of the native oxide being around 5 nm, the CuO formed can in this case be detected
by XRD with a characteristic, albeit weak, (111) diffraction peak observed at 39.2° 2 in aged
devices (Figure 8.3f). CuO is highly insulating14 thus the formation on the Cu electrode surface
will possibly result in the observed reduced performance. It should be noted that in all devices
no metal ions were detected in the perovskite layer, indicating that metal ion diffusion into the
perovskite layer did not contribute to device degradation under these experimental parameters
and timescales.

Figure 8. 3 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profile of device with
(a) fresh Ag (b) aged Ag, (c) fresh Cu and (d) aged Cu electrode. XRD spectra of (e) Ag and (f) Cu
electrode on device before and after ageing. The devices are aged under same condition as Fig 8.2d
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8.2.3 Cu/Ag Bilayer Electrode Configuration
Now we consider the bilayer, Cu/Ag electrodes. In Figure 8.4a-b, the ToF-SIMS depth profile
shows that the bilayer electrode consists of the anticipated two discreet layers and that no
diffusion of I- has occurred. In contrast, in the aged device it is clear that I- diffusion into the
Ag electrode has occurred and notably there appears to be no I- accumulation accumulate in
the ETL or at the ETL/Cu interface. After ageing the two metal layers remain discrete with no
notable intermixing occurring. This indicates that the thin layer of Cu plays a crucial part in
effectively preventing AgI (or metal-halide) formation at the metal/semiconductor interface,
inhibiting device degradation. Furthermore, it can be observed that the CuO diffraction peak
of the aged device is absent, which indicates that oxidation of Cu has not occurred (Figure
8.4c). Figure 8.4d also showed that in a bilayer electrode device with a thicker Cu layer of
100nm, subjected to the same conditions, a CuO diffraction peak is not observed. Here, a
synergistic effect is observed when combining both electrodes where the Cu prevents
accumulation or metal-iodide species at the ETL-electrode interface and the Ag electrode
subsequently inhibits oxidation of the Cu.

Figure 8. 4 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profile of device with (a)
Cu/Ag (b) aged Cu/Ag electrode. XRD spectra of (c)Cu(10nm)/Ag(100nm) and (d)
Cu(100nm)/Ag(100nm) electrode on device before and after ageing. The devices are aged under same
condition as Fig 8.2d
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8.2.4 Age induced structural transitions
While the Cu/Ag bilayer configuration demonstrated better resistivity to both oxidation and
metal-halide formation at the ETL-electrode interface, a gradual reduction in PCE over time is
still observed. Naturally, such devices are not immune to the inherent instability and
degradation of the perovskite layer but do offer improved resistance to both.
Whilst this study has thus far focused on diffusion and oxidation as sources of diminished
performance over time, it should be considered that any structural changes that may also be
occurring in the perovskite with ageing. The XRD patterns for representative fresh and aged
devices are shown in Figure 8.5. In the case of Al electrodes near complete degradation is
observed, evidenced by a significant reduction in peak intensity and the emergence of a strong
PbO2 peak at 30.31.15 The (110) diffraction peak often displays an asymmetry owing to the
overlapping (220) diffraction peak expected with the tetragonal structure that is stabilised at
room temperature.16 For the other electrodes there is an observed splitting of the (110)
diffraction peak around 14.15 2 with the emergence of a (002) diffraction peak at 14.03 2,
which could be clearly seen in zoon-in XRD pattern in Figure 8.6a-c.
Interestingly even the presence of PbI2 could be a degradation product in Ag, Cu and Cu/Ag
electrodes, it has been previously shown that small quantities of PbI2 can be beneficial to device
performance17 and speculate that formation of this secondary phase may be promoted by the
reduced I- diffusion out of the active layer with these electrode configurations.

Figure 8. 5 Full XRD patterns of fresh and aged MAPbI3 devices with (a)Al (b)Ag (c)Cu (d) CuAg
electrode.
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Figure 8. 6 XRD patterns of MAPbI3 of devices with (a) Ag (b) Cu (c) Cu/Ag counter electrode before
and after ageing under same condition in Figure 1d. (d-i) The fitting plots of XRD data of MAPbI3
before and after ageing.
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Table 8. 1 Parameters of XRD fitting for the devices in Figure 8.6d

Looking in detail at the (110)/(002) peak splitting, Figures 8.6 a-c, with the fitting of these
two phases is shown in Figure 8.6d-e (fitting parameters given in Tables 8.1). The peak
assigned to the (110) plane has a narrower FWHM compared to that of the (002) plane
indicating an increase in primary crystallite size i.e. an improvement in long-range order. Upon
degradation, we observe a higher relative peak area of the (002) plane suggesting that the
sample consists of more randomly distributed domains with (002) planes. This could arise from
the decomposition of domains with (110) planes. Several studies have investigated orientation
changes from (002) to (110) by arising thermal annealing temperature, and their effect to device
PCEs.18,19 Specifically, Docampo et al found that the PSCs with the larger portion of (110)oriented crystals obtained higher current density, possibly due to their anisotropic electronic
properties.18 Herein the loss of PCE could likely caused by the crystal orientation changes of
perovskite from (110) to (004) after ageing in ambient air.
High angle peaks in XRD pattern shows lower intensities but clearer peak splitting. Figure
8.6f-i show clear orientation changes from (220) to (004) and from (310) to (222), indicating
the perovskite crystal is exhibiting mure cubic characteristics. As higher charge carrier mobility
and more efficient charge transport are correlated with more long-range orientated crystallites
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within the perovskite film, such new-emerging crystal phases could bcve detrimental to device
performance.20–22
Herein, in addition to compositional changes caused by ageing, structural changes appear also
to be induced highlighting the complex interplay between these processes. Such structural
change is also observed in Chapter 7, which can be passivated by adding amino acid additives.

8.3 Conclusions
In summary, this chapter demonstrates that employing Cu/Ag bilayer electrodes can effectively
enhance electrode stability compared to single metal electrodes of Cu, Ag and Al; where Ag
electrode suffers from AgI formation, and Cu and Al oxidize easily. Using ToF-SIMS and
XRD, the origins of this improved stability are shown to be synergistic—the ultrathin Cu layer
(10nm) inhibits AgI formation at the PCBM/electrode interface, which is a major cause of
degradation in perovskite devices utilizing Ag electrodes, while the susceptibility of Cu to
oxidation is circumvented by utilizing Ag as a barrier to oxygen ingress from the atmosphere.
Apart from electrode degradation, partial phase transition from long-raged ordered (110) planes
to more disordered (002) planes in aged MAPbI3 is observed which is suggested to be a
secondary factor in device performance losses. This chapter demonstrates a facile approach to
enhance the operational stability of unencapsulated solar cell, with investigation into the origin
of such stability improvement.
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Chapter 9. Conclusions and future works
9.1 Summary
This thesis is aiming to achieve long-term stable PSCs with PCEs comparable to silicon based
solar cells. The degradation of PSCs is shown to be complexed by; the selection of device
architectures, the defect densities in perovskite light absorbers, and the choice of electrodes, all
of which can significantly influence the device stability of PSCs.
In Chapter 3, the PCBM layer can passivate the oxygen induced photodegradation of MAPbI3.
The passivation ability is found to be more efficient in the fullerene accepter with a deeper
LUMO level, likely due to stronger electron quenching from superoxide. The planar structure
PSC also showed slower lateral oxygen diffusion than the mesoporous-scaffold structure PSC,
which can be another factor to enhanced stability under oxygen and light stresses. Apart from
changing the device structure of PSC and capping layers on MAPbI3, adding additive such as
AVA in MAPbI3 can effectively enhance the stability against the oxygen induced
photodegradation, attributing to their ability to bind the Pb-I framework, occupying the iodide
vacancy. However, the AVA-MAPbI3 can only obtain moderate efficiency in triple stack fully
printable devices, as the dramatic Jsc losses are observed in planar structure devices. Chapter 6
shows that employing bulky cation NMA into MAPbI3 can effectively increase the Voc in
planar structure PSCs, but the Jsc can be dramatically reduced when the bulky cation is over
optimised concentration. Such passivation is generally found in other bulky cation, which
cannot incorporate into MAPbI3 lattice, but it is not observed in smaller cations such as MA or
Cs. This observation highlights that the size of cation is a key factor to passivate the surface
defects in MAPbI3. Chapter 7 is inspired by the results from previous chapters. By carefully
tuning the concentration and size of amino acid additives, employing the smallest amino acid,
glycine, as additive in MAPbI3 light absorber can successfully improve stability (key finding
in Chapter 5) and also the Voc (key finding in Chapter 6) of planar structure PSC device with
PCBM interlayer (key finding in Chapter 4). At last, Chapter 8 demonstrates that the electrode
of PSC can be another factor lead to degradation and provides a facile way to enhanced stability
through use of Cu/Ag bilayer electrode.
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9.2 Future work
In Chapter 4 the PCBM layer can function as passivation layer to hinder the oxygen induced
photodegradation of perovskite material underneath. However, in organic photovoltaics (OPVs)
field, oxidation of PCBM has been demonstrated as one of major factors to degrade OPVs.1
While the device lifetime of PSCs is increased from few hours to hundred hours, oxidation of
PCBM layer can potentially limits the lifetime of PSC. Therefore, it is essential to develop new
ETLs with LUMO level lying under the O2 / O2- reduction couple and with resistance to
oxidation. Apart from the oxygen induced degradation, moisture could be another factor to
degrade unencapsulated PSCs. Thus, the stability of unencapsulated PSCs can be further
improved if the new designed ETLs obtain hydrophobic property which hampers moisture
diffuse into perovskite layer.
In Chapter 5 the triple stack full printable PSC with AVA-MAPbI3 has demonstrated as a
promising device architecture to achieve long term stability without encapsulation. However,
the efficiency of this device architecture is still low. Thus, it would be interesting to employ
this AVA passivation technique into other mixed cation/mixed halide perovskites, which obtain
higher PCEs in this device architecture.2 Moreover, poor conductivity of carbon electrode is
another challenge which should be faced.
In Chapter 6 and Chapter 7, employing bulky cations as processing additives is shown to be a
promising way to minimise the Voc loss or improve stability. In order to further expense their
applications, developing this bulky cation passivation technique in large scale device with other
fabrication methods, such as doctor blading or slot die coating, could be another interesting
research topic.
In Chapter 7 employing MAPbI3 as light absorber in planar structure PSC still shows
considerable degradation after ageing under illumination in inert air for 200 hours, and the one
with glycine additive demonstrates 2 times longer lifetime. This photo-induced degradation is
likely due to the ion migration, which is suggested to be impeded while amino acid occupies
the surface defect sites. This surface defect sites are reported to function as ion migration
channels.3 However, the direct evidence of the correlation between ion migration and
photostability is relatively unexplored.
In Chapter 8, employing Cu/Ag bilayer electrode can successfully improve the operational
stability of unencapsulated PSC. Whereas the structural changes of MAPbI3 could limit the
device stability. Therefore, employing amino acid additive into the MAPbI3 light absorber in
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the PSC with Cu/Ag electrode may further improves the operational lifetime of the
unencapsulated PSC.
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