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Abstract

Organic-inorganic lead halide perovskite solar cells (PSCs) have generated considerable interest in
recent years because of their high-power conversion efficiency. However, while converting solar light
to electrical power has reported efficiencies exceeding 20 %, operational stability remains a concern,
and therefore is preventing the widespread application of these devices. Several previously conducted
studies have reported that perovskite solar cells such as those based on methyl ammonium lead iodide
perovskite (CHsNH3Pbls or MAPbIs) degrade rapidly when being operated under ambient operating
conditions (e.g. in the presence of moisture and oxygen). The exact reason for the relatively poor
stability of perovskite solar cells has yet to be fully elucidated. To better understand the reasons
behind the poor stability and the rapid degradation of the PSCs in presence of moisture and oxygen,

a new in-depth study was made and is the key focus of this thesis.

Oxygen and light induced degradation has recently been shown to be an important pathway for
CHsNHsPbls perovskite films. This oxygen-light degradation process involves the generation of highly
energetic electrons while the films are exposed to both visible light and oxygen. These charges can
then react with oxygen in the atmosphere generating a reactive oxygen species (superoxide, 0%) which
reacts with the methyl ammonium cation and causes CH3NHs" to deprotonate. The degradation and
0% generation process is monitored from comparing Ultraviolet Visible Light Spectroscopy (UV-vis),
Photoluminescence (PL) and Transient Absorption Spectroscopy (TAS) measurements with the
exposure time. The results concluded from these three set of experiments indicate two main findings:
1.) oxygen induced degradation is an important loss pathway for both films and fully functioning
devices and 2.) the drop rate in the yield of charge transfer at metal oxide / CHsNH3Pbls / hole
transporting material HTM heterojunctions was found to be less when the MAPbI; was deposited on
an electron accepting substrate; this was assigned to the presence of another kinetic pathway that
can successfully compete with electron transfer to oxygen to form superoxide and therefore reduce

the degradation rate.

After these two findings are established, the thesis aims to set a design criteria for electron accepting
layer within heterojunction perovskite based solar cells to minimise light and oxygen induced

degradation while the devices are functioned. The three main points addressed are:

1.) Improving air stability by maximising the electron acceptor-perovskite light absorber
interface using mesoporous titiania (TiO3) films.

2.) Slowing down light and oxygen induced degradation by using tin oxide (Sn0O,) electron
extraction layers; this being due to the low conduction band edge of SnO; as compared to

TiO, and zinc oxide (ZnO).



3.) Applying (a) and (b) to a more oxygen-light stable lead trihalide perovskite photoabsorber,

caesium formamidinium lead trihalide perovskite.

By incorporating the three above points to the lead trihalide perovskite solar cell, the optimised solar
cell revealed itself to be over six times more stable than the controlled device while measured under

identical conditions.

The studies also present an additional source of electron extraction process in order to improve light
and oxygen induced degradation of perovskite films. This further stability enhancement of caesium
formamidinium lead perovskite (CsFAPbIs) films and solar cells was made by doping the absorber
solution with PC70BM. When an appropriate amount of PC70BM dopant (0.2 mg of PC70BM in 1 ml of
DMSO) was blended with the absorber prior to the annealing process; the dopant acts as an
intermediate source to assist the harvested charges to be extracted from the absorber layer
successfully. In addition, the optimised PC7,0BM doped CsFAPbI; device lasts over two times longer
than the un-doped CsFAPbI; while having similar initial light harvesting performances (71 hours

compared with 38 hours, respectively).

This effect of the post annealing temperature (up to 100 °C) was incorporated during the existing
oxygen and light degradation experiment. Hence, the longevity of each perovskite based film and
device consisted of MAPbIs, CsFAPbIs, or caesium formamidinium lead perovskite CsFAPb(IBr)s; was
compared. This study revealed that CsFAPb(IBr)s films exhibited the highest degree of photo-stability
and thermal-stability compared to CsFAPbl; and MAPDbI; films. When CsFAPb(IBr)s; films were exposed
to light and oxygen , CsFAPb(IBr)s films showed almost no changes in their absorbance, superoxide
formation rate and hole recombination lifetime in CsFAPb(IBr)s/spiro-OMeTAD over 120 hours. In
addition, CsFAPb(IBr); based solar cell devices exhibited higher initial power conversion efficiencies
and better both oxygen-light and thermal stability compared to CsFAPbl; and MAPbI; devices. The
operational time of CsFAPb(IBr)s is maximised with the appropriate amount of cation and anion

substitutions.
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Figure 27: Current density-Voltage curve of (a) of ITO/c-TiO2/mp-Al,03/MAPbI;/spiro-OMeTAD/Au
devices (b) of ITO/c-TiO,/mp-TiO,/MAPbIs/spiro-OMeTAD/Au devices. Both samples were
illuminated under AM 1.5 G sunlight at approximately 100 mWcm™ irradiance. In this case, a
backward scan from 1.2 V to - 0.2 V was performed. It was noted that six different devices each of
(a) and (b) were tested were exhibited identical JV performance when being subjected under the
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Figure 28: (a) Steady-state photoluminescence spectra of MAPbI; based films along with a MAPbI;
reference sample (with 485 nm excitation wavelength) (b) Normalised fluorescence intensity at 610
nm (with 520 nm excitation) of HE probe solution to detect the relative amount of superoxide
generation within one hours. I(t) is the probe fluorescence intensity maximum at time t whereas
I(to) is the background fluorescence intensity of the probe at t = 0. The I¢(t): I¢(to) hereafter refers to
relative yield of superoxide generation (c) Normalised power conversion efficiencies (PCE) of
MAPbI; based solar cells are measured under different conditions (see legends). The samples are
measured under AM 1.5 G powered by equivalent white LED array equipped with UV blocking filter.
Dry air comprised of approximately 20.95 % O, and 78.09 N,. This data is adapted from the paper
published by Bryant @t al. 3%, ... reiereeceeceeeseerreersereseeseeesssessaesssessssessssssssssssesssssssesssnessanennes 90
Figure 29: Energy level of MAPbI; as well as the HOMO and LUMO of three different compact
electron transporting layer; namely zinc oxide (ZnO), titanium dioxide (TiO.), tin oxide (Sn0O,)..... 95
Figure 30: Absorbance spectra of glass/with and without ETL/MAPbI; samples (see labels) under
constant exposure of a halogen tungsten lamp (~ 20 mWcm) and dry air (less than 10 ppm H,0).
Three different ETLs were tested namely c-ZnO, c-TiO2 and c-SN0;......cccceiiiiiiiiiiiiririrrrrceeereeseseeeeans 926
Figure 31: PL emissions as a function of ageing time. Both reference and glass/ETL/MAPbI; samples
were submerged in a mixture of dry toluene and hydroethedine (HE) probe solution (31.7 uM) under
constant exposure of halogen light and excess dry air individually. Each PL emission of the toluene
solution was measured at 10 minute interval over the course of one hour.........cccccieeciiinnnnneennnnn 97
Figure 32: Microsecond transient absorption kinetic as a function of ageing time when each
specimen (c-ETL/MAPbIs/spiro-OMeTAD) was probed at 1,600 nm to trace the recombination
lifetime of hole species in spiro-OMeTAD that deposited on each MAPbI; photoabsorber (see label).
All samples were aged under constant 20 mWcm illumination of a halogen lamp and excess flow
of dry air (~1 Ipm). The signal was probed at 1,600 nm for spiro-OMeTAD and the laser photo pulses
excitation was at 510 nm with an energy density of approximately 25 pJem™. .....cccceeerevreereersnnenne 98
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Figure 33: (a) 700 nm UV-vis trace of MAPbI; samples deposited on three different electron
extraction layer (ETL) (see legend). (b) Superoxide measurement of hydroethedine probe (HE) which
was highly emissive at 610 nm via excitation wavelength of 520 nm. I¢(t) was the maximum PL
intensity at time t while I¢(to) was the background fluorescence intensity at the probe at t = 0. The
ratio between the two represented the superoxide generation yield. Each specimen degraded under
a dry environment and constant halogen light source (~20 mWcm™). (c) Normalised Transient
absorption spectra trace at 10 ps as electron extraction layers are differed (see legend). All samples
were aged under constant 20 mWcmZillumination of a halogen lamp and an excess flow of dry air
(~1 Ipm). The signal was probed at 1,600 nm for spiro-OMeTAD and the laser photo pulses excitation
was at 510 nm with an energy density of approximately 25 PCM™.....ceeriiieriiennssnencsneresseessnenes 929
Figure 34: Schematic shows (a) MAPDbI; (b) c-TiO,/MAPblI; (c) c-TiO,/mp-TiO/MAPbI; with overlayer
(d) c-TiO,/mp-TiO,/MAPDbI; without the overlayer. The absence of excess MAPbI; overlayer
indicated that interfacial area between the absorber and mesoporous titiania was maximised.. 101
Figure 35: Absorbance curves of four MAPbI; based specimens as each metal oxide-photoabsorber
interfacial area (between MAPbI; and mp-TiO,) increased (a) MAPbI; (b) c-TiO,/MAPbI; (c) c-
TiO,/mp-TiO,/MAPbI; with an excess overlayer (d) c-TiO,/mp-TiO,/MAPbI; without excess
overlayer (optimised). The absence of MAPbI; overlayer indicated that the interfacial area between
the absorber and mp-TiO, was maximised. All 4 specimens were under constant exposure of a
halogen lamp (20 mWcm™) and dry air (less than 10 ppm Hz0)......ccceeveeeerreenenneesseesnesseessesseeenens 102
Figure 36: Superoxide measurements of toluene and hydroethedine probe solution which was
highly emissive at 610 nm via the excitation wavelength of 520 nm. I¢(t) was the maximum PL
intensity at time t while I¢(to) was the background fluorescence intensity at probe at t = 0. The ratio
between the two represents the superoxide evolution yield as the absorber film degraded under a
combination of constant halogen light (~20 mWcm2) and a dry environment (less than 10 ppm H,0).

Figure 37: (a) absorbance trace at 750 nm of 4 different MAPbI; samples with different interfacial
area between the MAPbI; and the mp-TiO; (see legend) (b) Superoxide generation traces at 610 nm
of the mixture of toluene and hydroethedine probe (31.7 pM) with a 520 nm excitation wavelength
(c) a steady state PL emission curves as the mp-TiO,-MAPbI; interfaces was enhanced............... 104
Figure 38: Transient charge kinetic of MAPbI; based films (a) c-TiO,/MAPbIz/spiro-OMeTAD (b) c-
TiO,/mp-TiO,/MAPDbIs-with  excess  overlayer/spiro-OMeTAD (c) c-TiO,/MAPbI:-without
overlayer/spiro-OMeTAD (d) Normalised TAS decay at 1 ps versus oxygen-light ageing time .All
samples are aged under constant 20 mWcmZillumination from a halogen lamp and an excess flow
of dry air or open air. The signal was probed at 1600 nm for spiro-OMeTAD. Laser photo excitation
was at 510 nm with an energy density of approximately 25 LM ™........ceevveeereereeerreesreessnneesaesnns 105
Figure 39: (a) top view and (c) cross sectional SEM images of c-TiO,/mp-TiO./MAPbI; with the excess
overlayer. (b) top view (d) cross sectional SEM of the optimised c-TiO,/mp-TiO,/MAPbLs........... 106
Figure 40: Absorbance curves of (a) CsFAPblz (b) c-ZnO/CsFAPbI; (c) TiO,/CsFAPbI; (d) c-
Sn0,/CsFAPbI;. All the samples were aged under constant illumination of halogen light (20 mWcm-
2) and dry air exposure (less than 10 PPM H20). ...cccueeereeererereerreeeseesssessseessesssessssesssssssessssessasssnes 107
Figure 41: Superoxide measurement of mixture of dry toluene and hydroethedine (HE) probe
solution (31.7 puM) after submerging each CsFaPbl; sample while each sample was exposed to a
constant exposure of halogen light and excess dry air. The tested solution was highly emissive at
610 nm via an excitation wavelength of 520 nm upon superoxide formation. I¢(t) is the maximum
PL intensity at time t while I¢(to) is the background fluorescence intensity at probe at t = 0. The ratio
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between the two is the superoxide yield as the absorber film degrades under a constant light-oxygen
L= YT e T 0T 4 1= o 1 108
Figure 42: (a) absorbance traces at 750 nm of MAPbI; and CSFAPbI; deposited on three difference
compact layers of metal oxide (see legend) (b) Superoxide generation traces of the tested toluene
mixed with HE probe solution (31.7 uM) at 610 nm with 520 nm excitation wavelength. Each c-
ETL/CsFAPbI; contain three different compact metal oxides along with a reference CsFAPbI3; sample
(see legend) (c) raw steady state PL emission intensity of four different c-ETL/CsFAPbDiL:. ............ 109
Figure 43: Absorbance curves over ageing time of (a) c-ZnO/mp-TiO,/CsFAPbI; (b) c-TiO>/mp-
TiO,/CsFAPbI; (c) c-Sn0O,/mp-TiO,/CsFAPbI; .All the samples were aged under constant illumination
of light (*20 mWcm™) and dry air exposure (less than 10 ppm Hz0)......cceeeereieernseercsneercineescnenes 110
Figure 44: Superoxide measurement of hydroethedine probe solution which was highly emissive at
610 nm while excitation wavelength was at 520 nm for each CsFAPbI; based samples (see legends).
I(t) is the maximum PL intensity at time t while I¢(to) is the background fluorescence intensity at
probe at t = 0. The ratio between the two is the superoxide yield as the absorber film degrades
under a dry environment. Superoxide measurement of MAPbI; sample was included in (d) for
COMIPATISON. ceeeriiieiiiirennsesssssssinresssesssssssttsssssssssssssstsssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssnnnnssss 111
Figure 45: Transient charge kinetic of MAPbI; based films (a) c-ZnO/mp-TiO,/CsFAPbIs/spiro-
OMeTAD (b) c¢-TiO,/mp-TiO,/CsFAPbIl:/spiro-OMeTAD  /spiro-OMeTAD (c) ¢-SnO/mp-
TiO,/CsFAPbIs/spiro-OMeTAD (d) TAS vertical trace at 10us of its optical density of CsFAPbI;
deposited on 3 different compact metal oxides. All samples were aged under constant 20 mWcm™
illumination of a halogen lamp and excess flow of dry air (less than 20 ppm H,0). The signal was
probed at 1,600 nm to track hole recombination lifetime in spiro-OMeTAD. Laser photo excitation
was undertaken at 510 nm with an energy density of approximately 25 plem™. ......ccocveeveeeennen. 112
Figure 46: (a) Normalised of UV-vis absorbance trace at 750 nm of c-ETLs/mp-TiO,/CsFAPbI; (where
ETL were namely ZnO, TiO, and c-Sn0) (b) relative superoxide generation yield (I¢(t):l¢(to))at 610 nm
of c-ETLs/mp-TiO,/CsFAPbI; (c) raw steady state emission peak of c-ETLs/mp-TiO,/CsFAPbI; (d)
Transient absorption trace at 10 ps of of c-ETLs/mp-TiO,/CsFAPbIs/spiro-OMeTAD where each
sample consisted of a different compact metal oxide (see legend). All of the optimised
photoabsorbers were deposited on mesoporous titiania in order to maximise electron extraction at
the absorber-mesoporous metal oxide interfaces. ......ccccccceeeeeemeememnennnennnnnnmeenmnnnmnnnnnnnennmsnsnnnnnnnn... 113
Figure 47: JV curves of (a) ITO/c-TiO2/mp-TiO,/MAPbIls/spiro-OMeTAD/Au (b) ITO/c-TiO2/mp-
ITO/TiO2/MAPbI3/spiro-OMeTAD/Au (c) ITO/c-SnO>/mp-TiO,/CsFAPbIs/spiro-OMeTAD/Au (d)
Normalised PCE for perovskite derived from (a), (b) and (c). Both samples are exposed under AM
1.5 G with approximately 100 mWcm2irradiance powered by equivalent white LED array equipped
WiIth UV BIOCKING.cccceeeeeeeeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeenenesnnnnnsnnnsssssssssssssssssssssssssssssnsssnssnsssssssnssnnnnnnnnnnn 114
Figure 48: (a) absorbance spectra trace at 750 nm of lead trihalide perovskite films (see legends) (b)
Superoxide generation yield trace at 610 nm (with 520 nm excitation wavelength) of HE probe
£ 0] (14 o T PR 116
Figure 49: Absorbance spectra of c-TiO,/mp-TiO,/CsFAPbl; with and without PCs,BM/DMSO
solution dopant (0.2 mg of PCsBM in 1 ml of DMSO). Each sample was doped with (a) 0 pl PCsoPM
(b) 10 pul PCsoPM (c) 20 pl PCoPM (d) 30 pul PCsoPM (e) 40 ul PC¢oPM doped dopant solution....... 120
Figure 50: (a) UV-vis absorbance trace at 750 nm of c-TiO,/PCscBM-CsFAPbI; (b) steady state PL
emission of c-TiO,/PC60BM-CsFAPbIs. Each CsFAPbI3 based film was doped with a different volume
of the PCgoBM DIMSO SOIULION. .ccccueeeiiiiiiiiiiisnnnnetiiinieisssssssssesssssssssssssssssssssssssssssssssssssssssssnsasssssss 120
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Figure 51: (a) absorbance traces of c-TiO,/mp-TiO,/CsFAPblI; films doped with different amounts of
PC;0BM at 750 nm (see legend). All samples were degraded under constant exposure of illumination
and dry air (less than 10 ppm H,0). (b) steady state PL emission of 0-100 pl PC;0BM doped CsFAPbI;
based samples. Here, the amount of the dopant concentration corresponded with the photo-
generated electron extraction capability at the CsFAPbI;-mp-TiO; interfaces. (c) steady state PL
emission of 120-200 pl PC;0BM (0.2 mg in 1ml of DMSO) doped CsFAPbI; based samples. Here, the
peak of PL emission of the heavily PC;0BM doped sample started to become blue-shifted. (d)
maximum PL intensity vs the normalised absorbance linier relation graph after 216 hours of a
constant tungsten halogen light (~20 mWcm™2) and oxygen ageing. The Raw UV-vis absorbance data
is supplemented in the Sl SECHIONS. ....cciieeeeeeiiiiiiiiieenrrieeetrreeennereeeeeereeannssssseesereennnssssssessssennnnssnns 121
Figure 52: Transient charge kinetic of c-TiO,/mp-TiO,/PC;0BM doped CsFAPbIsspiro-OMeTAD as the
dopant amount and oxygen-light ageing time was varied (see labels). All CsFAPbI; based samples
were aged under constant 20 mWcm2illumination with a halogen lamp and an excess flow of dry
air. The signal was probed at 1,600 nm to track the hole recombination interaction in spiro-
OMeTAD. Laser photo excitation was set at 510 nm with an energy density of approximately 25

Figure 53: XRD patterns of (a) initial c-TiO,/ mp-TiO,/CsFAPbI; with different Pc;0BM dopant content
(see legend) (b) 648 hours light-oxygen aged c-TiO,/ mp-TiO,/CsFAPbI; under constant exposure of
dry air and illumination (Y20 MWCEM ™). ......eecreeerereseeereeereeeseesseessseesssesssessssesssssssessssesssssssssssassssens 124
Figure 54: Top view SEM images of c-TiO,/mp-TiO./CsFAPbI; while PC;0BM dopant solution (0.2 mg
of PC70BM in 1 ml of DMSO) is varied (see legend). The dopant is dissolved in DMSO solution at 0.2
mgml™. The crystal size increases upon dopant addition. ..........cccceeeeereeereerreecseerserseeeseesseesssnens 125
Figure 55 : (a) JV curves of ITO/c-TiO,/mp-TiO,/CsFAPbIls/spiro-OMeTAD/Au reference solar cells (b)
ITO/c-TiO,/mp-TiO,/CsFAPbIs-40 pl doped PC70BM (0.2 mgml™ in DMSO)/spiro-OMeTAD/Au from
0" hour to 48" hour under the testing conditions (c) The continuation of JV measurement over
ageing time of the optimally doped PC;0BM-CsFAPbI; based solar cell under testing conditions from
49 hour to 71* hour (d) Normalised PCE traces of the undoped and optimally PC;0BM doped-
CsFAPDI; solar cells over ageing conditions. Both samples were exposed under constant exposure of
dry air and AM 1.5 G with approximately 100 mWcm irradiance powered by equivalent white LED
array equipped with UV blocking filter. Each JV curve was obtained via a backward JV scan from 1.2
VE0 “0.2 V. coceeeeeeiicreneerssseneesesseneesssssnnessssssnsesssssnsessssssnessssssnsessssssnessessannessssssnsesssssneesssssnnesssssnsesssss 126
Figure 56: (a) 750 nm of UV-vis absorbance traces of glass/c-TiO,/mp-TiO,/MAPbI; with a different
post annealing temperature (see labels) for 30 minutes (b) 750 nm of UV-vis absorbance traces of
glass/c-TiO>/mp-TiO,/CsFAPbI; with a different post annealing temperature (see labels) for 30
minutes (c) 750 nm of UV-vis absorbance traces of glass/c-TiO>/mp-TiO,/CsFAPb (lo.sBro.z)s with
different post annealing temperature (see labels) for 30 minutes. All samples were subjected to
constant exposure of a tungsten halogen lamp (20 mWcm™2) and excess dry air flow (less than 10
ppm of H,0). The insets shown in (b) and (c) emphasize the initial oxygen-light degradation period.
The raw absorbance data of each individual perovskite sample is located at the Sl section. ....... 131
Figure 57: Superoxide measurement of three different set of lead trihalide perovskite based films:
(a) glass/c-TiO2/mp-TiO,/MAPDbI; (b) glass/c-TiO2/mp-TiO,/CsFAPbl; (c) glass/c-TiO2/mp-
TiO,/CsFAPb (lo.sBro2)s. The superoxide generation yield on each sample was derived by tracking the
evolution of luminescence hydroethedine (HE) probe solution that was highly emissive at 610 upon
exposing it to the excitation wavelength of 520 nm. I¢(t) was the maximum PL intensity at time t
while I¢(to) was the background fluorescence intensity at probe at t = 0. The ratio between the two
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represented the superoxide generation yield in each perovskite photoabsorber layer. Each
perovskite film was subjected to a different post annealing temperature for 30 minutes (see labels).
All perovskite samples were submerged in HE probe solution while being exposed to a constant
tungsten halogen light (20 mWcm) and oxygen over the course of one hour. The raw data within
this figure is supplemented in the SI SECtION. ....cccueeiiiiiiiiierriccerrreeenrrecerrrreeennsseeeeeerennnssssesennns 132
Figure 58: 10 us of vertical trace of transient absorption spectra as a function of oxygen-light ageing
time of (a) glass/c-TiO,/mp-TiO,/MAPbI; (b) glass/c-TiO,/mp-TiO,/CsFAPbI; (c) glass/c-TiO2/mp-
TiO,/CsFAPb (losBro)s. Each perovskite film was subjected to a different post annealing
temperature for 30 minutes (see labels). In addition, each sample was subjected to a constant
tungsten halogen light (~20 mWcm™) and excess dry air flow (1 Ipm). The signal was probed at 1,600
nm to track the hole recombination interaction in spiro-OMeTAD. Laser photo excitation was set at
510 nm with an energy density of approximately 25 pJcm™2. Raw TAS data for every point is located
LTI 8 T T =T ot T TR 133
Figure 59: XRD patterns of initial and fully oxygen-light aged c-TiO,/mp-TiO./perovskite samples
(see labels). All MAPbIs, CsFAPbI; or CsFAPD (lo.sBro.2)s samples were subjected to constant exposure
of a tungsten halogen lamp (~20 mWcm2) and dry air. In addition, 30 minutes of post annealing was
imposed on each lead perovskite sample for 30 minutes from RTM to 100 °C (see legends). ...... 135
Figure 60: Top view SEM images of c-TiO./mp-TiO,/MAPbI; before subjecting to oxygen-light
degradation. Each sample was post annealed at different temperature (see labels) for 30 minutes.

Figure 61: Top view SEM images of c-TiO,/mp-TiO./MAPbI; after subjecting to oxygen-light
degradation (120 hours). Each sample was post annealed at different temperatures (see labels) for
L0 01T =3 136
Figure 62: Top view SEM images of c-TiO,/mp-TiO,/CsFAPbI; before subjecting to oxygen-light
degradation. Each sample was post annealed at a different temperature (see labels) for 30 minutes.

Figure 63: Top view SEM images of c-TiO,/mp-TiO,/CsFAPbI; after subjecting to oxygen-light
degradation (696 hours). Each sample was post annealed at a different temperature (see labels) for
L0 01T 0 =3 137
Figure 64: Top view SEM images of c-TiO>/mp-TiO,/CsFAPD (lo.sBro.2); before subjecting to oxygen-
light degradation. Each sample was post annealed at a different temperature (see labels) for 30
3 01 T = 138
Figure 65: Top view SEM images of c-TiO,/mp-TiO,/ CsFAPb (lo.sBro.)s after subjecting to oxygen-
light degradation (696 hours). Each sample was post annealed at a different temperature (see
1abels) FOr 30 MINULES. .....ciiiiiiiiieccercrrerrrrrrcrrre e eere e e e s s e e e e s e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s e s s s s s s asasanssnsnnnnnsn 138
Figure 66: Normalised PCE traces over ageing conditions of (a) ITO/c-TiO;/mp-TiO2/MAPbI;/spiro-
OMeTAD/Au (b) ITO/c-TiO;ymp-TiO,/CsFAPbIs/spiro-OMeTAD/Au (c) ITO/c-TiO;ymp-TiO,/ c-
TiO2/mp-TiO,/ CsFAPb (lo.sBro.2)3 /spiro-OMeTAD/Au. In addition, 30 minutes of post annealing to
the perovskite photoabsorber was implemented during the device fabrication process (see legends).
All samples were exposed under constant exposure of dry air and AM 1.5 G with approximately 100
mWcm™? irradiance powered by equivalent white LED array equipped with UV blocking filter. Each
JV curve was obtained via a backward JV scan from 1.2 V to -0.2 V. Each JV curve which represents
each point for all lead trihalide bulk heterojunction devices, is plotted in the Sl section. ............ 139
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Lists of Abbreviations

AM 1.5 Air Mass 1.5

AO Atomic Orbital

a-Si Amorphous Silicon

a-Si:H Hydrogenated Amorphous Silicon

at. % Atomic Percent

Au Gold

CaTIO; Calcium Titanium Oxide

CB Chlobenzene

CdS Cadmium Sulphide

CdTe Cadmium Telluride

CH3NH; Methylamine

CHsNH;l, MAI Methylammonium lodide
;:AHAQ'E:;:bBrs ! Methyl Ammonium Lead Tribromide
;H;gtl;llszlg, Methyl Ammonium lead Triiodide
CH3NH3PbX; Methyl Ammonium Lead Halide

CIGs Copper Indium Gallium Selenide
CsFAPbBr; Caesium Formamidium Lead Tribromide
CsFAPbI; Caesium Formamidium Lead Triiodide
Csl Caesium lodide

c-Si Crystalline Silicon

Cu(In,Gai,)Se,
CIGS

Copper Indium Gallium Diselenide

CuzZnSnS,, CZTS | Copper Zinc Tin Sulfide

CvD Chemical Vapor Deposition

DMSO Dimethyl Sulfoxide

DSC Differential Scanning Calorimetry
DSSC Dye-Sensitized Solar Cell

EA Electron Affinity

E. Conduction Band Energy

EDX Energy Dispersive X-ray Spectrometry
E: Fermi Level Energy

EQE External Quantum Efficiency

ETL Electron Extraction layer

Ev Valence Band Energy

FAI Formamidinium Ammonium lodide
FF Fill Factor

GaAs Gallium Arsenide

GBL y-butyrolactone

HAAD TEM/XRD High-Angle Annular Dark-field Scanning Transmission Electron Microscopy

TEM/XRD
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HE Hydroethedine

HI Hydroiodic acid

HOMO Highest Occupied Molecular Orbital
Imep Current at Maximum Power Point

IPA Propan-2-ol

IPCE Incident Photon Conversion Efficiency
ITO Indium Tin Oxide

J Joule

Jsc Short Circuit Current Density

Lex Exciton Diffusion Length

Li-TFSI Bis(triluoromethane)-Sulfonamide Lithium Salt
Ipm Litre Per Minute

LUMO Lowest Unoccupied Molecular Orbital
MBE Molecular Beam Epitaxy

M, Number Average Molecular Weight
MO Molecular Orbital

MOCVD Metal Organic Vapor Phase Deposition
mp Mesoporous

Mtoe Million Tons of Qil Equivalent

M., Weight Average Molecular Weight

0] Work Function

0, Oxygen

o* Superoxide

OECD Organization for Economic Co-operation and Development
oPV Organic Solar Cell

P3HT 3-hexylthiophene

PbBr; Lead Bromide

Pbl, Lead lodide

PCeoBM Phenyl-C61-Butyric acid methyl ester
PC;0BM [6,6]-Phenyl-C71-butyric acid methyl ester
PCE Power Conversion Efficiency

PDI Poly Dispersity Index

PECVD Plasma Enhanced Chemical Vapor Deposition
PES Photoelectron Spectroscopy

PL Photoluminescence
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PSC Perovskite Solar Cell

PTFE Polytetrafluoroethylene

PV Photovoltaic

rpm Round Per Minute

rtm Room Temperature
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Rsu Shunt Resistance

SEM Scanning Electron Microscopy
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Tin Oxide

Spiro-OMeTAD

2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene

SWE

Staebler—Wronski Effect

TAS Transient Absorption Spectroscopy
TBP 4-tert-butylpyridine

TCO Transparent Conductive Oxide

TEM Transmission Electron Microscopy
TiCl, Titanium (IV) Chloride Tetrahydro-furan Complex
TiO, Titanium dioxide or Titania

UV-vis Ultraviolet-Visible Light Spectroscopy
spectroscopy

Vv Volt

Vimee Voltage at Maximum Power Point
Voc Open Circuit Voltage

W Watt

Woc Bandgap-Voltage Offset

wt. % Weight Percent

XRD X-Ray Diffraction

Zn0 Zinc Oxide

AOD Change in Optical Density

& Dielectric Constant
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1. Introduction: Available solar energy

At present, fossil fuel energy is still a predominant form of energy that is required to satisfy our
demand in everyday life activities. In direct relationship with this forever increasing demand, the total
fuel consumption data collected by the international Energy Agency in 2017 reported that the unit
price for the petrol has started to become unaffordable for most middle class populations . To make
the matter worse, hydrocarbon wastes produced from fossil fuel combustion are causing a significant
rise in the atmosphere temperature globally. Thus, there is a huge drive to develop more affordable
and cleaner forms of energy to replace the current fossil fuel sources. Some forms of clean energy
are for example obtained from the movement of the tides, wind power to rotate wind mills or even
nuclear sources. However, no renewable source is as commonly available, safe and consistent as the

sun.

While it may be true that there is no model that can fully portray the actual global warming that has
been taking place until now, the mean diffuse Solar radiation graph shown in Figure 1 provides a good

estimation on how much energy the sun can provide to the earth.
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Figure 1: Average yearly solar radiation at the Earth’s surface for the different locations around the
earth (see labels). The solid green line represents the mean daily solar radiation around the earth
which is 2.88 kWh/day. This graph is adapted from ITCA in 2008 3.

According to the average daily solar radiation reported in Global Development in 2008 posted by
ITACA. 3, the average daily radiation for people in this world is approximately 2.88 kWh per day (green
line in Figure 1) 3. By integrating the previous number over the course of one year, the average yearly
solar irradiance reaches over 6 GJIm2 which is equivalent to the energy of one barrel of oil, 140 m3 of

natural gas and 200 kg of coal *. Hence, the earth receives power from the sun of over 108 GW per
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year *. Even with an assumption that 0.1 % of this available solar energy would be harvested at 10 %
efficiency, it would still be four times greater than the world’s energy generating capacity
(approximately 3,000 GW) *. By the year of 2015, Table 1(a) shows that the total global energy
consumption had been rising rapidly over decades and eventually reached a new record of over 13,647

Mtoe. 2

Table 1: (a) World total primary energy supply by fuel reported in 1973 and 2015 (measured in Mtoe,
million tonnes of oil equivalent). (b) Solar photovoltaic (PV) electricity production reported in 2005
and 2017 (measured in Terawatt hour). OECD stands for Organisation for Economic Co-operation and
Development while non-OECD Asia excludes China. The data in these 2 tables have been extracted
from Statista 2018 (data taken in 2016) and Birol, F. Key World Energy Statistics 2017 2,

(a) Sources

1973 2015

(Mtoe) (Mtoe)
Oil 2818.7 4326.1
Coal 1494.7 3834.8
Natural gas 976.2 2947.8
Nuclear 54.9 668.7
Hydro 109.8 341.2
Biofuel and waste 640.6 1323.8
Others 6.1 204.7
Sum 6101 13647

(b)

Sources

2005 2015

(TWh) (TWh)

OECD 3.64 183.52
Non-OECD EU and 0.00 0.00
Euasia

Middle East 0.00 4.69
China 0.08 45.20
Non-OECD Asia 0.22 9.88
Non-OECD Americas 0.05 0.99
Africa 0.01 2.72
Sum 4.00 247.00

Importantly, a majority portion of the total energy production is still governed by non-renewable
energy sources such as crude oil, coal, natural gas and bio fuel 2. The total fuel consumption report
in 2015 has increased over double of what it was reported to be back in 1973 (6101 Mtoe) 2.
Meanwhile, Table 1(b) compares the total solar photovoltaic electricity production between 2005 and

2015 which shows a massive improvement of over sixty times (4 TWh compared with 247 TWh) 12,
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Evenstill, 247 TWh is still far less than the total demanded energy which is equivalents to 13,647 Mtoe.
To cope with these demands, further photovoltaic researches and developments are desperately

required.

The main viable option for mass commercial production of photovoltaic solar cells currently are
crystalline silicon based solar cells which have been thoroughly developed over the past decade and
thus limit the scope for any further developments. In addition, this photovoltaic technologies involve
an energy intensive and time consuming production method which may not justify their cost-efficiency
trade off. On this basis, the investigations of far more affordable materials and processing methods
while minimising other associated costs are proposed. One of the ways to move away from silicon
production technology is to use versatile solution-based methods such as spin coating or roll to roll
printing in order to lower the production cost while offers high mechanical flexibility and lighter weight
to solution-processed solar cells compared to their pure inorganic counterparts. Thus, this motivation
has led many researchers, including myself, to look into solution processable materials such as organic
/small molecules polymers, dye-sensitized solar cells, solution processable inorganic semiconductors
or a more complicated hybrid systems where both inorganic and organic components are

incorporated.

Regardless, these alternative usages of starting materials and production methods create new
challenges for design criteria of photovoltaic systems. Currently, the performance gap between the
traditional crystalline silicon solar cells and other solution processable solar cells are still huge. In order
to diminish the difference in their performances, further understanding of how these alternative solar
cell technologies operate as well as comprehending the factors is desired. The thesis aims to go
through relevant solar cell technologies one by one while comparing each of their advantages and
disadvantages along the way. In addition, the relevant parameters that govern photovoltaic device

performances are also defined.

In particular, the doctoral thesis focuses heavily on addressing the environmental susceptibility of
organic-inorganic lead trihalide perovskite photoabsorber films and solar cells. Especially since 2013,
lead trihalide perovskite solar cells (PSCs) have generated considerable research attention due to their
fast pace growth in power conversion efficiency® .By the year of 2016, and the certified efficiencies of
the perovskite solar cell reported by Natural Renewable Energy Laboratory reached 21 % ©. However,
PSCs easily malfunction when they are subjected to many external factors such as ultra-violet and
visible light, moisture, high processing temperature and oxygen from ambient. Even though some of
these factors can be excluded by using glass as a barrier layer or using UV-coating on a glass surfaces,

it is almost impossible to completely separate oxygen, visible light and/or moisture from the actual
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fabrication process to PSCs. Therefore, the effect of atmospheric stability of organo-inorgano lead
trihalide perovskite based films and solar cells under subjection to constant exposure of visible light
and oxygen is of significant importance and will be addressed throughout this thesis. In addition, the

oxygen-light stability improvement of these lead trihalide based films and solar cells are proposed.
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2. Background, theory, aim and motivation

2.1. Photovoltaics (PV), semiconductors, discrete to continuous

bands

In general, two requirements are necessary for a material to function as an effective photovoltaic (PV)
device: 1.) ability to efficiently absorb sunlight in order to convert it into free charge carriers 2.) ability
to transfer and collect these charges at appropriate storing units where it can do work later on. In
order to make a ‘good’ PV device, harvested charges must flow coherently and systematically through

the created circuit with a minimum resistance.

The electronic properties of semiconductors allow the above phenomenon to be realised. According
to its definition, a semiconductor is “a material which exhibits electrical conductivity in the range
between metals and insulators in which the charge carrier density can be changed by external means”
(10°Q'ecm™-10*Q'ecm™)’. Around each atom, electrons have to ‘stack’ at some sets of distance away
from the atom while contain different spins individually in each electron orbital 8°. Hereafter, this
orbital region is called the atomic orbital (AO). On a bigger picture, the interaction of two atoms leads
to the formation of the molecular orbital (MO) *°. Crucially, the energy level of newly occupied orbitals
comprise of a lower value than those of the individual atoms. This phenomenon is called bonding
molecular orbitals (o) . On the contrary, the anti-bonding molecular orbital (6*) which contains
higher energy levels than the individual atoms is also formed. More molecular orbitals join together
when accumulation of atoms is made in larger molecules. The largest scale of these interaction is
located in a crystal where there are numerous molecular orbitals joined together so that their energy

levels appear to be continuous ‘bands’ of energy level .

28



(a) (b)

G* fr— n=2
s ~ —
Ry N o n=3
E . N — %
: W // \\ W —
QD —
; —/\ MO ,\ 7 n=4
m \\ ,/ #
= AO . Ao o—
c \\ WL ’ ]
w N LA ' n=m
o —. NN
\
S

Figure 2: (a) energy level diagram when 2 atoms interact with each other. Formation of bonding (o)
and anti-bonding molecular orbitals (c*) are shown (b) the formation of a band of N molecular orbitals
by accumulating atoms in 1 dimension. It is noted that this band retains finite width as N approaches
infinite value.

The highest energy band edge that is occupied with electrons is the valence band (VB) while the lowest
energy band that is vacant at absolute zero is called the conduction band (CB). The remaining electrons
that are not directly involved in binding molecules together are free to move within crystals. For a
metal material, its VB and CB are located either relatively close or overlap naturally which in turn cause
excitation of electrons to the unoccupied band to occur readily 2. This intrinsically introduces an
electronic conduction property to a metal material. If there is an energy gap (AEg) between CB and VB
in a material, it is classified as either a semiconductor or insulator material. Typically, semiconductor
material has its AE; from 0.5 to 3 eV whereas insulator material contains AE; more than 5.5 eV 2. To
further simplify the categorization analysis, only the valance electrons are of interest whereas the core
electrons are bound to the atom and are not allowed to move freely in the material. Thus four different

possible scenarios are showed via Figure 3 2,
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Figure 3: Energy band diagram of a crystal material for (a) half-filled band in metal (b) overlapping
conduction (CB) and valence band (VB) in a metal material (c) semiconductor material (d) insulator
material. The half-filled band occurred when a metal contain only one valence electron per atom such
as copper, gold and silver. The metal material containing two or more electrons in valence bands are
shown in (b). AEgrepresents bandgap energy %

Figure 3(a) illustrates a half-filled band which occurs in a metal material consisted of atoms with one
valance electron per atom whereas Figure 3(b) demonstrates an overlapping between a filled band
and an empty band which happens with a metal material containing two or more electrons in valance
bands 2. Figure 3(c) and 3(d) represents an energy diagram of a semiconductor and an insulator
material, respectively when the separation between its CB and VB becomes bigger which makes its
energy gap (AEg) starts to increase. As the results, it becomes harder to promote electrons to the CB
12 For an insulator material, it is almost impossible to guide an electron from its VB to CB in order to
make such material conductive whereas for the semiconductor material, limited conductivity is
plausible as a few electrons in its VB can energetically process sufficient energy to be promoted into
its CB by overcoming AE, via an external energy source provided such as heat or light *2. Similarly,
holes in VB can be considered as positive charges free to drift in the opposite direction of electrons as
electrical potential is applied 2. With increasing AE,, the possibility of any given material to become
conductive intrinsically decreases. By a given electrical field (€), drift velocity (v) per given electric field
can be measured. This is defined as mobility (1) which is widely used parameter to classify responsively

to conduct charges in metal, semiconductor and insulators.
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vl (1)

The most stable electrical state happens at absolute zero temperature where electrons process no
kinetic energy and thus sit at their lowest available energy level. The potential energy which is the
energy difference between highest and lowest energy level in such conditions is called the Fermi-
energy level (Ef) 1>, As stated previously, as the external temperature increases, electrons are excited
into a higher unoccupied energy level 134, Eventually at the equilibrium state, the probability function

at any given T temperature by Fermi-Dirac distribution occurs 34

1 2
f(El Efl T) = E—Ef ( )
e( kBT) +1

Where kg is the Boltzmann’s constant, T is the temperature, E is the energy of a single particle state

and E¢is the total chemical potential, Er is the Fermi energy level at absolute zero 4,

31



2.2. Concept of p-n Junctions
The mechanism of using semiconductors to convert sunlight into electricity is quickly realised with a
promotion of ground state electrons from the valence band to the conduction band via
photoexcitation energy that is equal or greater than the bandgap of any given semiconductor material
(opposite is also true for holes). In working PV solar cells, photoexcited electrons and holes are bonded
with strong columbic force that must overcome to separate from one another and harvest into
appropriate storing units before they are recombined and disappeared. To enforce this phenomenon,
an additional driving force is required. Luckily, by introducing asymmetry (which is known later as
‘junction’) at the interface of two different types of semiconductors (or semiconductor and metal), an
electric field is generated which causes each charge species to drift in an opposite direction and

subsequently separate from one another. This is a fundamental concept of a Schottky junction.
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Figure 4 : Schematic of metal and n-type semiconductor interface at zero bias. Schottky barrier is
represented by ¢s which is the difference between conduction band energy (Ec) and Fermi level
energy (Eg). In case of a p-type semiconductor, ¢sis the difference between valence band energy (Ev)
and Eq %>

Figure 4 shows that when two different conductive materials are attached to each other, electrons
are transported from lower to higher work function material until the thermal equilibrium state is
achieved. In other words, the charge transfer reaction ceases when the Er of those two different
conductive materials are levelled. Since charge carriers’ density is finite, this introduces a built-in
electric field that generates near the junction 5. Therefore, this creates a ‘barrier’ for any further

charge to be transported in an original direction. Hence, the Schottky Barrier (¢s) is formed °.
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After the Schottky heterojunction is utilised for semiconductor-metal to function as a PV system, the
amount of generated photovoltage from such system is very limited 78, In contrast, there is a more
efficient method by attaching an n-type semiconductor with a p-type semiconductor which is called
p-n homojunction is soon realised. Unlike a semiconductor-metal interface, a p-n homojunction
between two differently doped semiconductors lacks a physical material boundary which eliminates
undesirable interfaces that may act as electron-hole recombination sites. This concept was first
introduced back in 1950s by PV researchers in New Jersey . They demonstrated the first working
solar cell which is still widely used as a foundation for many of the most efficient PV devices to date
19, The Schematic of p-n junction with the energy diagram at p-n interface is showed in Figure 5 .
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Figure 5: Schematic of a p-n junction of a photodiode with the energy diagram at p-n interface.
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Minority carriers are required to transfer to the depletion junction before photogenerated charges
can be separated. Ec., and Eyn represents energy of the conduction band and valence band of the n-
type semiconductor whereas Ec, and E,, is the conduction band and valence band of the p-type
semiconductor. hv is the light energy generated via electron hole recombination and AV is the
difference between Fermi energy of n-type (Er,) and p-type (Erp) semiconductor 2.
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Figure 5 shows that when two differently doped semiconductors are attached to one another,
electrons flow from a p-type semiconductor to an n-type semiconductor until their Fermi-level are
equilibrated and a depletion region forms at the contacted interface. Thus, a built-in electric field
across these two semiconductors is established and a p-n junction is formed. Unlike the previous case
with a semiconductor-metal junction shown in Figure 4, the depletion region expand across the whole
interface and efficiently functions as a diode. When the device is exposed under illumination, this
allows minority carriers (electrons in a p-type and hole in an n-type semiconductor) from each side of
the semiconductor material to be swept across the established junction. The depth of the depletion
region depends largely on the doping concentration and dielectric permittivity. After that, electron-
hole pairs are formed at the assembly interface, and subsequently split via either an external or
intrinsic built-in electric field. The latter can only be achieved after minority carriers need to reach the
depletion region to prevent the charge carrier recombination process. This acts as one of the limiting
factors during photogeneration reaction %, In crystalline silicon, which is one of the most well studied
and practically used semiconductors in p-n junction materials, ultra-pure crystal purity of silicon is
required to keep their number of recombination sites at minimum and in turn maximise their minority

carrier diffusion lengths.
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2.3. Current density-Voltage measurement

In section 2.3, each step on how photodiode converted sunlight into electricity via the usage of p-n
junctions will be briefly described. This section discusses each important operator which determines

how efficient each photodiode can be.

The most common interpretation of the effectiveness of each PVs solar cell’s performs is to gauge the
power output (Pout) with respect to its input (Pin). Simply put, the ratio between power of electrical

output per incident power

Pout _ VocJscFF (3)

PCE =
Pin P

A proper photodiode should behave as a diode in the dark and only allow current to flow when forward
bias is applied, not in reverse. At open circuit conditions, the rate of charge recombination is equal
with to the charge separation rate and no net current flow is observed. Here, the devices reach their
maximum voltage (Voc). On the other hand, short-circuit current (Js) is reached when V,c = 0. Between
these two extreme conditions, a point where maximum power output (Pmax) is reached can be found.
The ratio between Pmax and the theoretical value of P: is defined as the fill factor (FF). P:is derived by
multiplying Voc and Jic together which represents the power output when no loss recombination

OcCcurs.

FF = 1:)max — Vmpp]mpp (4)
1:)t Voc]sc

Where Vmpe and Jmpp is the voltage and current density is at maximum power point. The graphical

demonstration is drawn in Figure 6 which includes all important parameters.
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Figure 6: A typical JV curve with and without illumination (blue and red curve, respectively) which
contains three important index parameters: short circuit current (Js), open circuit voltage (Vo) and
maximum power point (Pmax) Which locates between these two extreme conditions. Pmax is derived by
multiplying current density at maximum power point (Jmpp) and voltage at maximum power point
(Vmpp) together.

Perhaps, the most important index is the external quantum efficiency (EQE) which is the ratio between

the numbers of collected charges from the short circuit current (Js) and the monochromatic photon

from the incident light absorbed. It is noted that EQE is a wavelength dependent parameter.

_ 1240J,c (D) (5)

= 0]
EQE TR 100 %

Where 1240 is derived from the responsivity which is the function of the photon wavelength (hc/e). h
refers to the Boltzmann constant, c refers to speed of light in a vacuum and e refers to electrical charge

of an electron.
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2.4. Series and shunt resistance
Practically, most PV solar cells suffer heavily from dissipation of power via imperfect morphology
within the devices or imperfect flows from the harvested charges at the generation point to the
storage units. This introduces parasitic resistances and leakage current. The series resistance (Rs) of
the PV devices is mostly reflected by the amount of resilience of the harvested charges transported
from photoabsorber to contacts. On the other hand, shunt resistance (Rsu) refers to an intrinsic
resistance to current loss via alternate pathways (i.e. at grain boundaries or imperfect sites). These
effects are illustrated in an equivalent circuit diagram via series and parallel resistor, respectively. In
the ideal case, Rs should exhibit a really low value and Rsy should be infinite. In other words, the
harvested current should not be lost at the diode-electrode interfaces or alternative transporting
pathways. Increasing values of Rs and Rsy cause JV response shape to be altered as illustrated in Figure

7%,

The less steep gradient of the JV curve near V. is an indication that series resistance within the device
increases. As a result, the FF value of such device is heavily taxed. The V.. is unaffected by Rs as current

flow is prohibited in the device. According to Ohm’s law, as Rs increases, Jsc can be altered.

A reduction in the Rsy value causes a reduction in the gradient near Jsc in the JV curve (Figure 8). Simply
put, harvested current is able to bypass the diode and allows it to flow under a reverse bias.
Consequently, the current is ‘leaked’ 23, For the device with low Rsy, its Voc decreases. At short circuit
condition, Voc = 0 V which means there is no resistance apart from R, for photocurrent. Therefore, Jsc

is unaffected by the effect of Rsy 2.

vAg Ish +

ANOIRv; v

O

Figure 7: Schematic of equivalent solar cell circuits. I, is the photogenerated current, Ip is a diode
current and Isy is a leaked current through a shunt resistor.
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Figure 8: Schematic of |-V curves showing (a) effect of increasing Rs (b) effect of decreasing Rsh.
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2.5. Overview of photovoltaic technologies

Perhaps, the first experimental demonstration of PV was demonstrated by Edmond Becquerel back in
the 1839. Much later in 1883, Charlas Fritts made the first successful attempt to separate the charge
from the p-n junction of the PV device which had just over 1 % PCE. The cell was made of selenium
coated with a thin gold (Au) electrode. Knowledge of how the solar cell operated still remained not
fully understood for more than half century later. In 1905, the photoelectric effect was proposed by
Albert Einstein in order to clarify the photo induced charge carrier process. Based on this knowledge,
the first generation of silicon PV device was first born in 1954. After the Second-World War, a 6 % PCE
p-n silicon solar cell was introduced *°. However, due to the high manufacturing cost along with slow
PCE improvement over the course of two decades, the initial application of this PV only surfaced in
space development as equipped on the outer surface of satellite providing electricity support for
spaceships without modifying the power system. Presently, there are several types of solar cells that
are constantly being developed as a renewable energy generation source instead of a finite source

like a combustion fuel.

Solar cells can be divided according to their intrinsic chemical composition. For example, Inorganic
solar cell which composes of inorganic components or organic solar cell which is functioned by pairing

two different types of organic materials. Each type of solar cell is discussed.
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2.5.1. Inorganic solar cells

Currently, there are many different types of inorganic solar cells. Some of these inorganic solar cells

are expanded upon briefly below.

2.5.1.1. Gallium Arsenide (GaAs)

Gallium arsenide (GaAs) is one of the most widely used IlI-V semiconductor for photovoltaic
applications 2428, This is attributed to its high electron mobility (8,500 cm?V-!s?), its direct band gap
(1.4 eV at 300K) and highly reproducible growth mechanisms 2”8, Therefore, GaAs single junction
devices have rapidly become a reference system for thin film solar cells. The world record power
conversion efficiency (PCE) of the Gallium arsenide based solar cell was reported to be at 28.6 % **. To
achieve high efficiency in GaAS thin film devices, the crucial step is the synthesis of highly crystalline

GaAs absorber on GaAs substrate. Typically, Chemical Vapour Deposition (CVD) %73, metal organic

)34—38 ) 39-41

vapour phase epitaxy (MOCVD or Molecular Beam Epitaxy (MBE is used to achieve such

possibility . CVD refers to a class of fabrication methods in which a solid source is grown by reaction
of gaseous source material yielding a product effluent gas. Some examples of GaAs deposition

methods can be found below 24%7:28:3842.

CcvD :2Ga + 2 AsCl3 — 2 GaAs + 3Cl,
MOCVD . Ga(C2H5)3 l +ASH3 l > GaAs + 3C2H6 )
MBE :4 Ga+ Asy — 2 Ga+ As; + 2GaAs — 4GaAs

Where | is designated for a gas that adsorbs on the substrate surface prior to chemical vapour

deposition reaction and T indicates a by-product that is left from the reaction.

CVD and MBE allow multifunction and tandem GaAs solar cells to be made possible such as AlGaAs/Si
43-45 AlGaAs/GaSb tandem %678 and GaAs/InGaP **°° However, there are a number of limitations of
GaAs thin film solar cells. Firstly, GaAs sources need to be ultra-pure because CVD is susceptible to any
impurities. These impurities may disturb the deposition rate of gallium or arsenide plasma and thus
lower its PV performances. Secondly, all three of GaAs deposition techniques require a pumping
system: pressure within the CVD chamber is typically kept below 10 Pa (or approximately 102 Torr)
303133 "while MOCVD requires moderately low pressure within the deposition chamber ( 10 to 750
Torr) 3*37 and MBE takes place in ultra-high vacuum (10%-10? Torr) 1. Regardless of whichever
deposition techniques is used, the pumping process is considered to be a bottle neck which slows

down the fabrication process of GaAs solar cells. Thirdly, all three GaAs deposition processes are

rather wasteful and expensive. In order to create uniform plasma or ionised gas flumes of gallium and
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arsenide, super pure starting materials are needed and a lot of those materials are wasted during the
deposition processes. In addition, Gallium in itself is scarce and expensive to mine or refine (17 ppm

in the Earth crust) compared to silicon (28 % in the Earth crust) >2.

2.5.1.2. Amorphous silicon (a-Si:H)

Amorphos silicon (a-Si:H) has a wide absorption range within the visible spectrum (1.7 eV - 1.5 eV of
direct and indirect band gap, respectively) °3. Silicon also has a very high absorption coefficient
(approximately 10° cm™) >#*5, In addition, silicon can be doped as an n-type or a p-type material which

is a required characteristic for p-i-n type solar cells ®.

Silicon based solar cells have a number of advantages over GaAs solar cells. For example, silicon is
plentiful and economical to process in the form of silicate minerals. In addition, the foundation of the
silicon industry is well-established and well-grounded much earlier than GaAs technologies thereby
hindering the adoption of GaAs ***’. Up until the 2010, many billions of pounds had been invested
globally to develop amorphous Si (a-Si:H) technologies for example ‘Golden-Sun Program >%°°,
Perhaps, the underlying reason for this investment was to even attempts replacing multi-crystalline
or microcrystalline silicon (uc-Si). This gave rise to numerous innovations such as cell integration,
grade gap and multi-junction light trapping which all contributed to the improvement in the cell
performance %%, In 2015, Matsui et al. reported a-Si:H single junction solar cells achieved PCE of
10.11% ! via plasma enhanced chemical vapour deposition (PECVD). Realistically, average single

junction a-Si:H solar cells degrade down upon continuous usage to around 5-7 % depending on how

these are used 2.

At present, a-Si:H solar cell researches and developments still face many limitations in order to gain
more market share; this includes a-Si:H intrinsic properties and the chemical vapour deposition

method that is used 2.

1.) High energy cost with CVD/PECVD and sputtering method: both the CVD and sputtering
method does still involve using a high electric current and a moderately low pressure in the
deposition chamber (milliTorr to a few Torrs) in order to form uniform a Si reactive plasma.

2.) Poor a-Si:H morphology: a-Si:H has poor morphology compared with other inorganic solar
cells. With its poor morphology, any harvested charges of a-Si:H solar cells arrive at their
correspondence electrodes at much slower paces than the extracted charges from highly
crystalline solar cells such as poly crystalline (uc-Si), resulting in a much lower PCE.

3.) Atypical 10-30 percent PCE drop from its initial efficiency within the first 6 months of constant

light exposure: This phenomenon is also known as the Staebler-Wronski Effect (SWE) 3. Upon
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constant light exposure to a-Si solar cells, more defect density within a-Si:H is formed, thus

increasing recombination current which in turn lower PCE of a-Si:H based solar cells 3.

2.5.1.3. Micro and nano crystalline (pc/nc-Si) and polycrystalline

silicon solar cells

Micro and nano crystalline silicon (multi-crystalline or pc/nc-Si which is also known as micromorph a-
Si:H) has small grains of crystalline Si imbedded in amorphous Si phase which makes pc/nc-Si based
solar cells contain a higher PCE compared to a-Si:H based solar cells 62. The highly crystalline structure
along with a lower band gap property (1.1 eV) cause the c-Si layer to be able to absorb red and infrared
light which in turn enhances its overall PCE. The combination of uc/nc-Si and a-Si:H layers are made
to form tandem solar cells where their energy offset is created at multi-crystalline - amorphous
interfaces. In contrast, polycrystalline silicon consists solely of highly oriented silicon grains. As a
results, polycrystalline silicon based solar cells exhibit higher PCE compared to uc/nc-Si solar cells In
2016, Kaneka Corporation reported the PCE of 26.33 % in practical size 180 cm? polycrystalline silicon
rear junction solar cell ®% while at 2015, Weiwei deng et al. reported a 20.6 % PCE for multi-

crystalline silicon solar cell (156mm x 156mm) 67:68,

Nonetheless, the fabrication processes of pc/nc-Si and polycrystalline Si involve using a higher vacuum
compared to a-Si:H solar cells. This translates to a higher production cost for pc/nc-Si and

polycrystalline solar cells.
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2.5.1.4. Cadmium Telluride (CdTe)/Cadmium sulphide (CdS)

Cadmium telluride (CdTe) is one of the materials that is used to replace Si solar cells. Theoretical
efficiency of CdTe based solar cells is higher than that for silicon (30% ® compared with 29.1% ).
Perhaps, the initial motivation in CdTe solar cells comes from the fact that it is possible for CdS and
CdTe based solar cells to be produced via the solution processes #7°. In general, it can be classified as
a colloidal quantum dot solar cell which mostly involves depositing photosensitive p-type quantum
dot onto a semi-transparent electrode such as fluorine tin oxide/titiania (TiO;) which generates built-
in electric field. This electric field is generally used to separate photogenerated charges. Quantum dot
CdTe and CdS acts as both photoabsorber and conductor. Recently, the world record efficiency of lab
CdTe solar cells reached over 21 % %7272, although, there are a number of concerns toward CdTe and

CdS solar cell development. For example:

1.) Toxicity in cadmium source. Some environmental concerns have been raised regarding
cadmium toxicity and the likelihood of contaminating the surrounding environment where
such devices are manufactured.

2.) Telluride sources become harder to obtain. Further CdTe/CdS researches and developments
are stagnated which is responsible for a decrease in the likelihoods of an up-scaling

industrialisation.

2.5.1.5. Copper Indium Gallium Selenide (CIGs) solar cells
Copper Indium Gallium Selenide (CIGs) solar cells incorporate four elements allowing sophisticated
band gap engineers to suit many PV applications. CIGs can be made via co evaporated-CVD, spray
deposition or screen printing. In 2013, the most efficient CIGs solar cell was reported by Reinhard et

al. to be 20.3 % and 18.7% when deposited on rigid glass and polyamide flexible substrate, respectively

73

Similarly to CdTe limitations, CIGs researches and developments face comparable issues. For

example:

1.) Indium and Gallium starts to become harder to acquire.

2.) Complex synthesis process and the sophisticated control required during the fabrication
process; this makes upscaling become costly compared with that of other inorganic solar cells.
In addition, low reproducibility of CIGs normally take place due to these complex methods.

3.) Toxicity: CdSis normally added during CIGs solar cell fabrication processes; this implies higher

production cost via encapsulation.
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Summaries for Pros and Cons for inorganic PV solar cells

The summary of all inorganic solar cells lists above are compared in Table 2 whereby their PV

performances, toxicity and availability are taken into accounts.

Table 2: Comparison table for inorganic single-junction terrestrial solar cells regarding state-of-the-art
PV performances, toxicity and associated cost until 2016. The test solar cells were measured under
AM 1.5 G spectrum (1,000 Wm?2) at 25 °C. This table is adapted from the Solar cell efficiency table
reported at 2015 and 2017 (version 45 and 49) 77>,

Materials

GaAs (thin film)

Si (a-Si:H) (cell)

Si (nc/nc-Si)

PCE (%)

28.8+0.9

10.2+0.3

21.3+04

Advantages

1. Direct band
gaps.

2. Allow
sophisticated band
gap engineering.
3. p-i-n junctions
possible.

4. Tandem
possible.

5. Thermally and
environmentally
stable, suitable for
high temperature
application.

1. Easy to handle
silicate.

2. Nontoxic

3. Readily
available.

1. Cheap material
costs.

2. Nontoxic.

3. Readily
available.

4. Longer device
stability than a-Si.

Limitations

1. Gallium start to
become harder to
find.

2. CVD and other
vapour deposition
method are slow
and costly. A lot of
starting materials
are wasted.

3. The deposition
techniques are
susceptible to
impurities.

4. Limited
laboratory lab size
production. Hinder
upscaling.

1. Indirect band
gap materials,

2. Slow
manufacturing
process (similar to
GaAs)

3. Lack of cell’s
stability.

1. More expensive
to purify and
process than a-Si.
2. Slower
production
process.

3. Indirect band

gap.

Test centre,

date and

references

Alta
Devices.
NREL (5/12)

24,71

AIST.AIST
(7/14) %

Trina Solar.
FhG-ISE
(11/15) 6768
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Si(crystalline)

CdTe (cell)

CIGS (cell)

26.3+0.5

21.0+0.4

21.0+0.6

1. Intermediate
material costs.

2. Non-toxic.

3. Readily
available.

4. Higher PV
performances than
a-Si and pc/nc-Si

1. Direct band gap.
2. Fast production
speed.

3. Solution
processable

1. High flexibility to
adjust its band gap
to suit desired
properties.

2. Solution
processable.

1. Even slower
production
process.

2. Even more
expensive.

3. Approach
theoretical
efficiency limit of
29.1%%°

1. Highly Toxic.
2. Expensive in
both material (Te
in particular)and
high pre/post
production cost
1. Toxic.

2. Expensive in
both material and
pre/post
.production cost.
3. Large batch-to-
batch variation.

Kaneka rear

junction
FhG-ISE
(11/16)%°°

Kaneka rear

junction,
FhG-ISE
(7/16)

69,71,72

Solibro, pn
glass. FhG-
ISE (4/14)

71,73
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2.5.2.

PV based organic solar cells have attracted intense attention since the first organic solar cell with PCE

Organic solar cell (OPV)

of over 1 % was invented back in 1977 by incorporating energy band offset of electron donor and
acceptor organic semiconductors %77, In contrast with the more rigid structure of inorganic solar cells,
organic photovoltaic (OPV) provides not only higher manufacturing flexibility (i.e. possibility of
depositing PV on the flexible polyamide substrate) to suit a boarder range in PV applications, but also
enabling other upscaleable production techniques like roll-to-roll and doctor blading for large area
solar cell devices. To date, many actual OPVs devices can already be found in many small to medium
scale applications which mostly exist in the form of solar curtains or sheets integrated within buildings

and electronic consumer products 74783,

Despite the great advancement in the OPV technologies %', the operating mechanism of OPV still
need further clarifications. Similar to inorganic solar cells, upon the photo excitation process, OPV
forms an excited state, termed as exciton (electron-hole pairs) which has a finite lifetime. For inorganic
materials, they mostly contain relatively high dielectric constant (g, ~ 1000), thus any harvested light
energy is converted to free charge feasibly. However, OPV materials have lower dielectric constant (&,
~ 3) in general. In other words, electrons and holes in OPVs are bounded by strong columbic forces
and are unable to separate naturally. Before the recombination process of electrons and holes can
take place, the thermodynamic energy offset is required to overcome the exciton binding energy and
subsequently convert exciton into free charge carriers. This energy offset can be found at the electron
donor (p-type) and acceptor (n-type) interface. At the n-p junction, electrons gain extra kinetic energy
as they travel from the lowest unoccupied molecular orbital (LUMO) of the electron donor to highest
occupied molecular orbital (HOMO) acceptor material, whereas holes travel via the opposite direction.
Therefore, the driving force for interfacial charge separation and exciton diffusion length are two main

limiting factors to determine how efficiency of each OPV device %.
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Figure 9: Diagram displays free charge carrier formation after photoexcitation occurs at (a) donor

material, (b) acceptor material.




2.5.2.1. Donor materials
In terms of PCE of OPVs, Schrber et al. suggested that a 10 % solar cells can be fabricated if the ideal
conditions are met 8, They stated that an ideal donor material should have an LUMO below -3.92 eV
with a band gap less than 1.74 eV when measured in vacuum 28, This aim was made possible recently

by Heliatek who set a world record efficient OPV measured to be at 13.2 % in 2016 %,

The most commonly used electron donor material seems to be 3-hexylthiophene (P3HT). Typically,
P3HT has its LUMO and HOMO at -3.3 eV and -5.2 eV, respectively °°. P3HT also contains relatively
high hole mobility (10*m?V-'s) and exhibits high environmental stability °. Nevertheless, the large

band gapin P3HT may be considered to be a limiting factor for the amount of solar spectrum absorbed.

2.5.2.2.  Acceptor materials
Usually, fullerene derivative materials such as Phenyl-C61-butyric acid methyl ester (PC¢cBM) or [6,6]-
Phenyl-C71-butyric acid methyl ester (PC70BM) are commonly used as electron acceptor in OPVs.
PCsoBM and PC7,BM as both have suitable LUMO and HOMO level to create sufficient energy offset
with P3HT or other donor polymers (PBsoCM has HOMO and LUMO at-6.1 eV and -3.7 eV while PC70BM
has HOMO and LUMO levels at -5.9 and -3.9 eV, respectively). In addition, both PCsoBM and PC70BM

is highly soluble in chlobenzene which is a necessary requirement for printable solar cells 2.

Nonetheless, there are a few drawbacks of using fullerene derivative as an n-type material in OPV

solar cells. For example:

1.) Both PCsoBM and PC70BM have a very limited degree of solubility in common environmental
friendly solvents such as isopropanol or ethanol ?>%, This often increase post production cost for
OPVs for large scale solar cell devices significantly.

2.) Fullerene itself is expensive. Approximately 250 g of Ceo (>99.5 %) plus reagent could easily cost
more than 1.2k dollars according to SES research in 2017 *°.

3.) Fullerene might affect the morphology of OPV solar cells due to its bulky size.

4.) Fullerene intrinsically contains high electron density within its molecule which may chemically
react with other nearby polymers and drastically reduce the OPV operational lifetime.

5.) Fullerene is not a good visible light absorber candidate. In OPV solar cells, only p-type polymer
material functions as a photoabsorber, which in turn potentially limits the total number of

generated exciton.
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2.5.3.  Dye-sensitized solar cells (DSSCs)

Back in the 1880s, Moser first introduced the concept of the dye-sensitized solar cell (DSSCs) by using
it along with halogenated silver plate to enhance photocurrent 6. However, light harvesting and
charge separation processes in DSSCs were not fully explained until much later in 1976 where the first
real attempt was made to address at these 2 aspects ¥. Since then, many more extensive studies and
researches were made in order to push DSSCs maximum PV performances. In 1991, a big leap in power
conversion efficiency (PCE) spike of approximately 7 % was reported by Gratzel and O, Regan . This
PCE breakthrough was made possible via a combination of the electrolyte iodide/triiodide (17/157) redox
shuttle and the mesoporous titiania (TiO,). The proposed design involves using a large interface area
betweenTiO, and the tri-iodide electrolyte complex to supress harvest charge recombination and help
generate free charge carriers. In addition, these large surface area enhance light absorption for DSSCs
% In 2014, Simon Mathew et al. reported a world record PCE of DSSC of 13 % via molecular
engineering of porphyrin sensitizers (dye code SM315) coupled with cobalt redox shuttle in order to

maximise visible light absorption %°.

Dye-sensitized solar cells (DSSCs) are considered a cost effective PV solar cell device because not only
the starting materials are very affordable, but typical DSSCs has plain and simple fabrication design.
Furthermore, DSSCs can be operated under a wide range of temperatures or in an easily contaminated
environment. All these advantages in DSSCs make mass industrialisation very possible. A typical DSSCs
consists of a metal oxide scaffold such as titanium dioxide or titiania (TiOz) acting as an electron
extractor component and hole conductor layer which can take the form of liquid electrolyte such as
an iodide/triiodide redox couple (I7/I3) or solid state hole transporting material. Furthermore, a thin
dye absorber layer is normally used to ensure photon absorption that takes place near a hole-electron

transporting interfacial area. This dye-sensitizer removes another prerequisite for exciton diffusion to
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occur at the hole-electron transporting layer interface . Figure 10 illustrates electron generation and

transfer within the DSSCs °°.
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Figure 10: Schematic for Typical DSSCs. Where TCO refers to transparent conductive oxide, I/l stands
for the electrolyte redox couple and mp-TiO, is a mesoporous titiania which is a metal oxide scaffold

100.

Under illumination, the dye-sensitizer generates excitons and then subsequently injects electrons to
titiania which acts as an electron transporting material while the holes are transported via a hole
conductor or liquid iodide/tri-iodide redox couple. The interfacial charge separation causes the (quasi)
Fermi energy level of electrons and holes in the systems to split which in turn creates photovoltage
190 The free charge carriers are transported and extracted to an appropriate electrode in order to
produce photocurrent 1%, During all these chare extraction processes, the recombination process at
the dye-sensitizer, electron-hole transporting layer interface are also taking place and compete with
the charge extraction processes kinetically 1%°. The effectiveness of the charge extraction processes
over charge recombination processes determines how ‘good’ each DSSCs is in PV aspect. For instance,
electron injection from the dye-sensitizer needs to occur before the exciton recombine, which means
its excited state will convert back into the ground state and render harvest energy useless and holes
in the iodide/tri-iodide redox couple need to successfully be transported to the appropriate electrode
before they can recombine with an opposing carrier. Under the condition where no extracted current
is found, for the open-circuit condition, the forward and reverse charge harvest rate are equal which
creates a steady state population of separated charge within a device. This point in time defines the

open-circuit voltage (Vo). The energy diagram shown in Figure 11 summarises the electron
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transporting processes in DSSCs. It is noted that hole transportation process occurs from the dye-

sensitizer to redox electrolyte couple.
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Figure 11: lllustration of electron transfer processes in a typical DSSCs (liquid state).

1.) Electron injection from the dye sensitizer into the conduction band (CB) of mesoporous
titiania (mp-TiO;) after the photoexcitation process.

2.) 1% possible electrons (from mp-TiO;) and holes (from the dye-sensitizer) interfacial
recombination process.

3.) The redox couple regeneration at the dye-sensitizer. Or hole transfer from the dyes to redox
shuttle.

4.) 2™ possible electrons-hole interfacial recombination process between the titiania and redox
electrolyte, respectively.

5.) Electron extraction process from mp-TiO; to the transparent conductive electrode (TCO).

However, most triiodide redox shuttles have relatively high concentration in order to suppress
interfacial recombination within TiO, nano-crystals and the dye sensitizers which generates a high
possibility for the redox electrolyte to erode any adjacent capsulated components within DSSCs. This
problem became the primary driving factor for the development of solid state DSSCs by replacing the
liquid electrolyte with a solid state HTM. In the 1998s, U. Bach et al. demonstrated a usage of 2,2'7,7'-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene, which is widely known as spiro-
OMeTAD ,as a replacement for a liquid electrolyte for DSSCs °1. Since then, the research fields

involving solid state dye-sensitized solar cells have begun to gain their momentum.
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2.5.4. PerovsKite solar cells
The perovskite structure was discovered way back in the 19" century. The term “perovskites” refers

to a group of specific crystal structures by the general formula ABXs. The most common example of
perovskite structure is calcium titanium oxide (CaTlOs). The A-site contains organic cation, B-site is a
metal centre cation and X refers to halide anion. Each metal cation is bounded by a halide octahedral
cage. The most commonly studied perovskite in PV fields is organometallic halide perovskite (which is
normally referred to general as perovskite), in particular, methyl ammonium lead trihalide perovskite
(CH3sNHsPbls or MAPDIs). In this case, CHsNHs* is the organic component, lead or Pb is the metal cation
and iodine or I is the halogen anion %%, The schematic of crystal structure of organometallic halide

perovskite is drawn in Figure 12.
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Figure 12: Schematic of crystal structure of typical organometallic halide perovskite. A refers to

organic anion, B is metal cation and X represents halide.

The perovskite layer process has various desirable advantages as a photoabsorber material. Firstly,
the perovskite layer can be deposited via solution process methods such as spin coating and screen
printing 1%71%, Roldan-Carmona et al. and Schmidt et al. reported the design guideline to fabricate
perovskite solar cells on top of flexible substrates 1719 Secondly, perovskite itself contains a relatively
high absorber coefficient all across visible wavelength regions meaning only thinner absorber layer is
sufficient in order to constructing a decent solar cell. Thirdly, the non-radiative recombination of
perovskite is rather low. Thus, this reduces bandgap-voltage offset (W) which in turn, allows high
Vo for perovskite solar cells 1 Typically, many studies for perovskite solar cells show V.. exceeding 1

v 110111 ‘Moreover, perovskite contains high carriers mobility as well as long diffusion length 12,

6
Woe = —— Voc (6)

The main device construction of perovskite solar cells was developed based on DSSC technology. As

explained previously, the main DSSC building blocks consisted of mp-TiO,, dye-sensitizer and liquid
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electrolyte. Originally, perovskite such as methyl ammonium lead tri-iodide (CH3NHsPbl; or MAPbls)
and methyl ammonium lead tri-bromide (CHsNHsPbls or MAPbBrs) were used as alternative resources
for dye materials '3, Perovskite sensitizer solar cells had a moderate success of approximately 3.8%
in terms of their device PCE in 2009 3. Not long after in 2011, the peak PV efficiency of perovskite
sensitizer solar cells of 6.5 % was achieved by Jeong-Hyeok and Park et al. 1**. However, the major
problem of this kind of technology involves the intrinsic instability of the dissolution of perovskite
absorber into the organic electrolyte component. Hence, research attentions were majorly shifted
towards solid state solar cells by replacing liquid parts with solid state p-type hole transporting
materials such as 2,2'77'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-
OMeTAD). By following this notion, Park et al. managed to gain another massive PCE improvement
exceeding 9 % '** for perovskite based solar cells . In the meantime, Snaith et al. had demonstrated
that a substitution of aluminium dioxide (alumina or Al,0s) over TiO; in an organometallic lead halide
perovskite can lead to yet another PV performance enhancement of approximately 10.9 % 6. For mp-
TiO,/lead halide perovskite solar cells, the metal scaffold is normally used as a photoanode which
functions similarly to that of DSSCs while the perovskite acts as a visible light absorber and photo-
electron transporting layers into the CB of mp-TiO,. On the other hand, photo-electron injection from
the perovskite to mp-Al,0; is absent as the CB of Al,03 is higher when compared with regard to the
excited state of the perovskite. This shows that the perovskite material is capable of not only acting
as photoabsorber, but also as the photo electron-hole pair dissociation layer without needing the
underlying mp-TiO, 2. The dissociation take place within the perovskite layer due to its sufficiently
long electron-hole diffusion length which exceeds 1 um 2. In other words, the perovskite layer can
transport both electrons and holes simultaneously. Ever since, solid state perovskite solar cell

technology has been categorised in its own unique class of solar cell alongside others’.
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Figure 13: Number of articles versus publication solar cell via Web of Science when the word
‘perovskite solar cell’ was input **7. Approximately 1300 peer reviewed studies relating to perovskite
solar cells were published in 2015 which were almost three times higher than the total publications in
2014 'Y, This graph was adapted from the data published by Park, N.-G et al. Methodologies for high

efficiency perovskite solar cells '

Even though organometallic trihalide perovskite solar cell technologies are derived from DSSCs, the
perovskite solar cells contain higher photocurrent (Jsc) compared to DSSCs which normally translate to
a higher capability to capture visible light. In particular, the absorption spectrum of typical
organometallic trihalide perovskite covers not only the entire visible light region but also extends
partially into the near infrared regime. Furthermore, the absorption coefficient of organometallic
trihalide perovskite has about one order of magnitude higher than typical organic dyes. In regard to
open circuit voltage of perovskite based solar cells, it largely depends on the energy offset between
the HOMO of the hole transporting layer such as spiro-OMeTAD and the perovskite rather than that
in the semiconductor layers of the photoanode. Thus, the high level of electron (quasi) Fermi level in
the perovskite in open circuit condition verifies the reason why organometallic based perovskite solar

cells normally contain relatively high Vo exceeding 1V 110111,

At present, an impressive world record efficiency for thin film perovskite solar cell was set over 22 %
by Yang et al in 2015 8, It was made possible with the use of formamidium lead iodide perovskite
which absorbs a boarder solar spectrum range than traditional MAPbIl; and an intramolecular

exchange reaction between dimethylsulfoxide (DMSO) molecules and formamidinium iodide &,

In order to mass produce cheap and efficient perovskite solar cells, the solar cell manufacturers must

be able to ensure the long term stability of their products typically more than 20 years without losing
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more than 80 % of the PV initial performances >411°, At present, perovskite solar cell technologies are
making a sudden improvement in terms of their PCE. However, the perovskite material itself has a
serious problem with environmental stability. There are a number of external and internal factors that
may cause perovskites to stop functioning as a solar absorber layer. Thus, these factors must be
addressed. Perhaps, the first review to attempt to pinpoint the factors that influence operational life
time of perovskite solar cell was made by Niu et al. !?°. Multiple studies including Niu et al. have
pinpointed four factors that affect operational lifetime of perovskite material: moisture, oxygen,
UV/visible light and thermal effects 19212 Ever since, many researchers including myself have
shifted their attention to further explore this issue in detail. In section 2.6, the known environmental
factors that affect stability of organo-inorgano lead trihalide perovskite photoabsorbers are reviewed.

In addition, the aims and objectives of this thesis are provided.
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2.6. Factors that affect long term performances of perovskite

films and solar cells
In section 2.6, four primary factors which affect operational lifetime of lead trihalide perovskite
material are addressed. Section 2.6 also discusses a current understanding of each of these factors
affecting the operational lifetime of perovskite based solar cells. The aim of this thesis is to study two
of these factors in particular, oxygen and visible light, and prolong the operational lifetime of lead
trihalide perovskite solar cells while retaining their excellent PV performances under the subjection of

these two factors.

Known Factors that affect stability of the perovskite solar cells

2.6.3. Ultraviolet light (UV light)

Many previous studies report that long term exposure of UV light may cause degradation of the
absorber layer including perovskite solar cells 22722, Not long after in 2013, some researchers such as
Leijtens et al. demonstrated and rationalised how UV light induced instability in perovskite solar cells
124 Both encapsulated and non-encapsulated perovskite solar cell samples were exposed to standard
one sun Air mass (AM) 1.5 G illumination with and without a UV filter. Without the presence of a UV
filter, they observed more rapid degradation to take place in encapsulated devices compared with

non-encapsulated devices %,

They theorised that UV light caused photoexcited electrons to trap in deep lying unoccupied sites in
mp-TiO, and thus made TiO; less conductive to act as an electron transporting layer *?*. To avoid such

interaction between UV light and TiO,, they proposed three solutions 1*:

1.) Pacify the trap sites.
2.) Ensure minimum contact of UV light with TiO; layer.

3.) Replace TiO; with alternative materials.

It is important to note that this paper was published back in 2013.Therefore, the earlier suggestions
serve as a milestone that will be implemented in this doctoral thesis to further enhance environmental

stability of perovskite solar cells.
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2.6.4. Moisture

In 2013, Niu et al. proposed the perovskite degradation mechanism when exposed under a presence

of water, light and air 1%°:
H,0
CH3NH3Pb[3 = CH3NH3I(aq) + Pblz(s)
CH3NH3I(aq) (= CH3NH2(aq) + Hl(aq)
H,0
4H1(aq) + 02 = 2]2(5) + H20

hv
ZHI(aq) + 02 =4 2]2(5) + H20

In summary, water acted as a catalytic component in this water assisted degradation mechanism to

cause a series of irreversible reactions to lead triode perovskite.

Soon after, the water assisted degradation mechanism of perovskite material was illustrated further
by J Frost et al. 1»> . The main problem with their proposed reaction was that its by-products such as

HI and Pbl, were soluble in water and were considered as highly toxic substances.

Yang et al. attempted to determine upper relative humidity (RH) regimes where the moisture content
began to decompose the CH3NH3Pbls films rapidly *?6. The RH-regulator chamber was made to monitor
such changes. While RH within the regulating chamber is varied, the absorbance of each CH3;NHsPbl;
was measured within the RH-regulating chamber. As RH contents increased, a reduction absorption
at short wavelength (less than 500 nm) as well as reduction in band edge of the perovskite sample
was observed ?°, This degradation reaction was accelerated at fast pace when the RH within the
chamber is above 98 %, in which its absorption became half within 4 hour after the initial moisture
exposure 26, On the other hand, the same degradation pathway took place but at much slower pace
(above 10,000 hours) when the perovskite samples were to exposed with less than 20 % RH 26, They
also observed a hydrated by-products of CH3NH3Pbl; when the sample was subjected to 80 %RH
exposure for approximately 2.5 hours. They attribute this hydrated by-product to be
(CH3NH3)4Pbls.2H,0 26, However, this presence of hydrate stage somewhat contradicts the proposed

degradation reaction of Niu et al. 1%,

Christian et al. also supported the presence of the intermediate hydrated by-product phase of
CH3NHsPbls via XRD patterns 27, The XRD patterns of the decomposed hydrated films matched with
XRD peaks of (CH3NH3)sPbls.2H,0 synthesis compound that Christian et al. synthesised themselves 1%,

The presence of this intermediate hydrated compound caused a severe instability in the film
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absorbance 1%, Christian et al. suggest that strengthening the organic cation and metal halide is the

key to enhance the perovskite resistance to moisture 7.

Regardless, to date the actual water assisted degradation pathway is not fully established. The
suggestion from Christian et al. in particular served as one of my motivation to further explore how

moisture plays a role in the degradation mechanism of CHsNHsPbls films.
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2.6.5. Temperature
Temperature is one of the crucial factors that may influence operational lifetime of perovskite solar
cells drastically as the perovskite layer requires annealing after each perovskite solution is deposited
on a designated substrate. Many researchers suggest that perovskite annealing temperature should

not exceed 100 °C 120128129

. In particular, Philippe et al. investigated the effect of annealing
temperature to CHsNHsPbls films in more detail 128, They used photoelectron spectroscopy (PES) as
the characterisation technique allowing them to identify relative chemical content without relying on
crystallinity of the annealed films. Each perovskite film was annealed at different temperature (up to
200 °C) and time (up to 120 minutes) in a vacuum chamber to exclude air and water from the outside
atmosphere. PES tracked I:Pb and N:Pb ratio of each annealed sample for the sake of comparison. For
Pb: | case, 3:1 ratio represented highly temperature stable sample while 2:1 sample referred as

degraded samples while N:Pb case, 1:1 and 1:0 ratio represent stable and non-stable temperature of

annealed perovskite samples 8,

They showed that the CHsNH3Pbls film becomes thermally unstable when the sample was heated
beyond 100 °C for 20 minutes as indicated with 1:Pb and N:Pb*?®, Further annealing temperature
accelerated formation of degraded species of the CHsNH3Pbls. This is a strong indication for a presence

of Pbls. Philippe et al. then suggested the temperature induced degradation mechanism of CH3NHsPbl;

128.

A
CH3NH;Pbl; > Pbl, + CH;NH, T +HI 1

While sufficient elevated temperature enables decomposition reaction of the perovskite films, further
exploration for more complex situations with the presence of elevated temperature together with the
presence of water and air are required. | decide to take this aspect of such study as an inspiration on

my thesis which will be discussed later on.

Conings et al. applied the earlier study of pseudo perovskite solar cell devices (ITO/TiO,/ CHsNHsPbls)
130 Essentially, the hole transporting layer and gold electrode were omitted in order to focus their
attention to understand how isolated CH3sNH3Pbl; degraded with the presence of other underneath
layers 13°, The specimens were heated up to 85 °C for 24 hours under various environmental

conditions.

When the pseudo CH3zNHsPbls solar cells were subjected under air and elevated temperature of 85 °C

continuously for 24 hours, most severe changes occurred within the perovskite layer 3°. Such degree

58



of decomposition of CH3NH;Pbl; at a relatively low temperature of 85 °C is particularly worrisome.

Therefore, chapter seven will be dedicated to improve thermal stability of lead trihalide perovskite.
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2.6.6. Oxygen and light

Over the last few years, environmental stability has become a key challenge for methylammonium
lead triiodide (CHsNH3Pbls or MAPbIs) perovskite solar cells. Many researchers such as Tomas et al.
demonstrated promising operational stability of the encapsulated CH3NHsPbl; perovskite solar cell
devices '?*. The devices were kept under an inert atmosphere using some form of physical barrier (i.e

glass) to segregate the photoabsorber layer with outer environment specially to water and/or oxygen

120,128,129 120,125

molecules. As mentioned earlier, UV light 2%, annealing temperature and moisture can
lower the operational lifetime of CH3NHsPbls perovskite solar cells. Crucially, it is largely accepted as

common knowledge that moisture is a dominant factor that affects the perovskite solar cell’s stability

127,131

However, CHsNHsPbl; perovskite solar cells show a sign of photo-instability even when moisture
content around the devices is absent 132713, 0’Mahony et al. reported that a CHsNH3Pbl; photoactive

layer could potentially degrade when it was exposed under a combination of oxygen and visible light

132

In 2013, Snaith et al. showed that a substitution of aluminium dioxide (alumina or Al,03) over TiO,
block electron injection from MAPbIs to the mesoporous layer 6. Not long after, O’'Mahony et al.
demonstrated a more rapid drop in absorbance spectra of mp-Al,0s/ MAPbI; films than that for mp-
TiO2/MAPbI; samples when both samples were subjected to a constant exposure of visible light and
oxygen 2. In addition, the microsecond TAS experiment probed at 1,600 nm showed that the hole
recombination lifetime at the HTM of mp-Al,03/ MAPbls/spiro-OMeTAD films decayed much faster
than the hole recombination lifetime of the HTM in mp-Ti,0s/ MAPbIs/spiro-OMeTAD films. Both
findings were attributed to the higher conduction band (CB) of alumina compared with titiania. Thus,
this trapped photo-generated electrons within the photoabsorber layer and increased the likelihood
of it triggering the decomposition reaction of the MAPbIl3 under constant exposure of dry air and visible

light 132,

Via the oxygen-light degradation apparatus that the author has established, Aristidou et al. proposed
one of the decomposition pathways of a CH3;NHsPbl; perovskite photoactive layer under a combination
of oxygen molecules and visible light without the presence of moisture in the ambient condition 33,
Here, it was concluded that superoxide played a major part for decomposition of CHsNHs;Pbls films
when exposed to a combination of ‘dry’ air (less than 10 ppm of moisture content) and visible light 133,
The proposed degradation pathway was triggered initially via visible light absorption of the perovskite

layer and generated highly energetic electrons in the process 3. Then these highly energetic electrons

interacted with oxygen in the outer atmosphere, and formed superoxide (0,) 1¥. This superoxide
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caused a deprotonation reaction of the organic cation ions (CHsNHs* or MeNHs*) from CH3NH3Pbls;
along with other by-products such as Pbl, and most importantly water molecule. These water
molecules later triggered a water-assisted degradation mechanism and further accelerated the
decomposition of CHsNHsPbls into Pbl, 133, As a result, the CHsNHsPbls samples turned from black to

yellow visually. The oxygen induced degradation pathway of CHsNHsPblsis located below 33,

light, moisture-free

MAPbl; —————— MAPbI;

light, moisture-free :
O —— 0y

Deprotonation

1

The above oxygen-light degradation mechanism was supported by the following two observations:

1. Evolution of related by-products of the proposed oxygen-light degradation reaction in

MAPDI; films

In conjunction with the earlier finding with regard to the evolution of superoxide within toluene
solution, other related by-products such as iodine and lead iodide (Pbl,) were detected via Ultraviolet

Visible Light Spectroscopy (UV-vis) and XRD patterns %3,

The first by-product that was detected from degrading the mp-Al,03/MAPbI; sample was found to be
iodine 13*13>_|odine is versatile at room temperature. This might cause the change in coverage of the
MAPDbI; sample as ageing time of the absorber increased. This was proven by degrading the MAPbI;
film when immersed in dry toluene under a constant flow of dry air and illumination. It was shown in
the paper that after approximately 72 hours of constant exposure to light and dry air, the colour of
MAPDbIs film changed from black to yellow while the toluene solution turned light pink 33, This finding
was attributed to the formation of iodine. UV-vis absorbance of the pink solution confirmed the
evolution of iodine in the toluene solution 33, Furthermore, an additional test by putting sodium
thiosulfate into the solution also took place. Sodium thiosulfate reduced iodine to iodide and turned
the toluene solution from light pink to colourless 1333, This finding further supports the presence of

the product as iodine.

Secondly, a mixture of hexagonal and rhombohedral phase of Pbl; was shown in XRD patterns of the
degraded MAPbIs sample 133, The peak positions of the degraded MAPbIs matched well with Pbl, XRD
peaks for methylammonium lead iodide according to literature data 13¢'% Lastly, the detachment
interaction of methylammonium cation ion (CHsNHs*) from the MAPbI; perovskite was proposed. Both

reference solution and the solution of the submerged MAPbI; were tested via nuclear magnetic
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resonance (NMR). The model reaction was set up by dissolving methylammonium iodide (MAI) in dry
ethanol and potassium superoxide (KO,) 133. Some deuterated acetone was added in order to calibrate
the NMR spectrum properly. The tested solution converted from colourless to orange. NMR spectra
showed protons shift up field upon addition of the KO, probe solution which verified a deprotonation
interaction of the methylamine group (MeNH,) from the perovskite sample 1. Thus, all three by-

products in the earlier proposed reaction were detected.

2. Different superoxide generation yield when the MAPbI; photoabsorber was deposited on

different metal oxide mesoporous substrate

Aristidou et al. were able to relate photodegradation susceptibility of the mp-Al,0s/ MAPbI; and mp-
TiO2/MAPDbI; films at constant exposure of dry air and visible light with their superoxide formation
rates via the use of Photoluminescence (PL) 3. The experiment involved submerging both mp-
TiO2/MAPbIs and mp-Al,0s/ MAPbI; films into dry toluene solution (which is insoluble with water) to
ensure a constant moisture-free and illumination environment 3. This is a test that was performed
to confirm the presence and formation progression of superoxide in both toluene solutions **3. The
amount of superoxide in each toluene solution was related by tracking the PL emission data of the
hydroethedine (HE) solution probe over the course of a one hour with 10 minute intervals 3. The HE
probe was highly emissive at a specific wavelength of 610 nm with an excitation wavelength of 520
nm upon exposure to the superoxide radial anion allowing us to compare the relative superoxide
generation yield of both samples within one hour period after the decomposition of MAPbI; in both
sample start to trigger 3. After the experimental period, there was an obvious evolution in PL

emission of toluene 610 nm for both mp-TiO,/MAPbls; and mp-Al,03/ MAPbI; films 32,

The PL trace at 610 nm for both mp-Al,03/MAPbIl; and mp-TiO,/MAPDbI; films clearly showed in the
paper that the mp-Al,0s/ MAPbI; film produced more superoxide than the mp- TiO,/MAPDbI; film over
the course of one hour after the decomposition of the photoabsorber began to take place 3. This
finding served as a strong indicator to support the earlier proposition of oxygen and light degradation

pathway of MAPbIs under a moisture-free environment 33,

At present, it is important to note that the direct connections between a drop in absorbance, a drop
in superoxide evolution and the charge recombination lifetime of MAPbI; based film have not yet been
made despite the fact that all these experiments reflect a degree of environmental stability in MAPbI;
photoabsorber layers. In addition, the direct comparison of oxygen-light stability between bulk

heterojunction mp-Al,03/MAPbI3/spiro-OMeTAD based solar cells and mp-TiO,/MAPbIlz/spiro-
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OMeTAD based solar cells have yet to be completed. Thus, this serves as an initial focus for this

doctoral thesis which will be discussed in section 2.7.
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2.7. Thesis layout

As discussed in section 1 in this thesis, it is emphasised that solar cells will ease a fair portion of our
basic needs to providing power at present and for future generations. The core message of the
background section 1 is that the converging goal of those attempting research in the area of
photovoltaics is the progression in understanding the fundamental science that will lead to more
efficient and sustainable yet cheaper solar cells. The aim of this doctoral thesis is to tackle the
environmental stability aspect of the organometallic trihalide perovskite solar cell which is classified

as one particular type of solar cell that has emerged recently alongside other types of PV devices.

Organic-inorganic lead halide perovskite solar cells (PSCs) in particular have generated considerable
research attention as of late due to their fast pace growth in terms of power conversion efficiency
surpassing 20 percent. However, their operational stability still cannot satisfy a strict condition for
mass production. Recently, a main approach to separate key factors that decompose PSCs such as
encapsulation is employed to enhance their operational lifetime. Unfortunately, some of those key
factors such as moisture, oxygen and light cannot be completely isolated from PSCs. In fact, it was
shown in section 2.6 how oxygen and light induces degradation pathways to CHsNH3Pbl; perovskite
via reactive oxygen species known as superoxide formation within the photoabsorber layer. This
superoxide reacts with methylammonium cation, deprotonates the organic component from the
perovskite and subsequently decomposes the photoabsorbers. Hence, an in-depth study was made as
a key motivation of this thesis in order to improve environmental stability of organometallic lead

trihalide perovskite photoabsorber under the presence of moisture, oxygen and light.

One of the key methods to gain a better understanding and determine relative environmental stability
of each lead trihalide perovskite sample is to track any relative changes in their spectroscopies via UV-
vis, PL and TAS over time individually and then compare each of them side by side. Using these
spectroscopies to probe photophysics of lead trihalide perovskite occupies a significant portions in
this thesis. The exact detail of operation modes and basic principles of each spectroscopy along with

the characterisation techniques used throughout this thesis is written in chapter three.

Oxygen and light induced degradation has recently been shown to be an important pathway of
CHsNHsPbls perovskite films. This process involves the generation of highly energetic electrons while
the films are exposed to both visible light and oxygen. These charges can then react with oxygen in
the atmosphere generating a reactive oxygen species (superoxide, 0%) which reacts with the methyl

ammonium cation and causes CHs;NH;* to deprotonate.
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Chapter four of this thesis focuses on establishing the interrelations among three different
spectroscopic trends when CH3;NHs3Pbl; based films and solar cells were subjected to the constant
oxygen-light ageing via three main spectroscopies techniques mentioned earlier. Results emerge
from this work: 1.) the drop in absorbance of CH3NH3Pbls based films and hole recombination lifetime
in CH3NH3Pbls-spiro-OMeTAD based films over the function of oxygen-light ageing time were
minimised when less superoxide was formed 2.) these three spectroscopic changes mentioned in 1.)
were at minimum when the electron accepting substrate such as mp-TiO, was deposited along with
MAPbIs; this was assigned to the presence of another charge kinetic pathway that can successfully
compete with electron transfer to oxygen to form superoxide and therefore reduce the oxygen-light
degradation rate 3.) bulk heterojunction TCO/c-TiO2/mp-TiO2/CH3NH3Pbls/spiro-OMeTAD/Au solar
cells exhibited higher tolerance to the oxygen-light degradation than the TCO/c-TiOy/mp-
Al,03/CH3sNH3Pbls/spiro-OMeTAD/Au solar cells.

The work in chapter five concerns the introduction of the electron extraction layer (ETL) design
guidelines in order to enhance the operational lifetime of organic-inorganic lead trihalide films and
fully functioning devices upon the findings from chapter four. The results in chapter five indicate the
potential role of an electron accepting layer (inserted within the device stack) in slowing down light
and oxygen induced degradation of MAPblIs. Specifically, the second part of this chapter focuses on
investigating the effects of electron extraction on materials and device stability; it more precisely
elucidates the key design criteria required for electron layers in perovskite based layers to minimise

light and oxygen induced degradation. The three main points addressed are:

1.) Improving air stability by maximising the electron acceptor-perovskite light absorber
interface using mesoporous titiania (TiO3) films.

2.) Slowing down light and oxygen induced degradation by using tin oxide (SnO;) electron
extraction layers; this being due to the low conduction band edge of SnO; as
compared to TiO; and zinc oxide (ZnO).

3.) Applying (a) and (b) to caesium formamidinium lead trihalide perovskite

photoabsorber which exhibit more tolerance to the oxygen-light degradation.

The three points mentioned above show that the stability of a range of different perovskite could be
improved by tuning the properties of the electron acceptor layer. By incorporating the three above
points to the MAPbIs solar cell, the optimised MAPbI; solar cell reveals itself to be over six times more

stable while measured under identical conditions.
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Chapter six of this thesis focuses on the use of alternative electron acceptor materials such as
PCsoBM and PC;0BM to improve light and oxygen induced degradation of perovskite films. The
further stability enhancement of caesium formamidinium lead perovskite (CsFAPbIs) films and solar
cells was made by doping the photoabsorber layer with PCsoBM and PC70BM. When an appropriate
amount of PC70BM dopant was blended with the absorber prior to the annealing process, the light and
oxygen induced degradation was stagnated. This deceleration occurred because the PC7BM acted as
an additional source to assist mesoporous TiO; to further extract highly energetic electrons during the
charge transfer processes at the absorber-metal oxide interfaces. It was also observed in TAS that the
initial shape of hole recombination lifetime of all PC;0BM doped CsFAPbIs/spiro-OMeTAD films are
nearly identical with an initial TAS signal of a reference CsFAPblI; film. Therefore, the PC;0BM dopant
does not hinder the charge separation and transfer process at CsFAPbIs-TiO; interfaces but actually
acts as an intermediate source to assist charges to be extracted successfully. At the end of this chapter,
the optimised PC;0BM doped CsFAPbI; device lasts over two times longer than the un-doped CsFAPbI;

while having similar initial light harvesting performances.

Chapter seven focuses on the effect of post annealing temperature of MAPbI;, CsFAPbI;, caesium
formamidinium lead perovskite CsFAPb(IBr); films on photo-stability. The effect of the temperature
was simulated by varying their post annealing temperature from room temperature to 100 °C in
increments. This study revealed that CsFAPb(IBr); films exhibited the highest degree of photo-stability
and thermal-stability compared to CsFAPbI; films and MAPbIs. In addition, when exposed to light and
oxygen conditions CsFAPb(IBr); films showed almost no changes in their absorbance, superoxide
formation rate and microsecond TAS decay over 120 hours. At the end of this chapter, it was shown
that CsFAPDb(IBr)s; devices exhibited higher initial power conversion efficiencies and better photo-
stability compared to CsFAPbl; and MAPbI; devices. The operational lifetime of CsFAPb(IBr); based

solar cells was maximised with the appropriate amount of cation and anion substitutions.

Chapter eight draws main conclusions and finally chapter nine discusses future work at the end of

the thesis.
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3. Experimental

Throughout this thesis, photoabsorber of MAPDbI; thin films were prepared via a consecutive three
step spin coating process coupled with anti-solvent polishing (4,000 r.p.m, 500 r.p.m and 4,000 r.p.m
for 10, 5 and 30 seconds, respectively) according to the literature reported by Nam Joong et al. 1%,

The Pbl, was weight with respect to MAI was approximately 3:1 mole ratio.

Whereas Cso.17FA0.s3Pbls thin films were constructed according to the study made by Jin-Wook Lee et
al. with 7:3 volume ratio of DMF:DMSO 2°. While Csg17FA083Pb(logBro2)s photoabsorber films were

modified from the study made by Michael et al. 1%,

Similarly, Cso.17FA0s3Pb(lo.sBro.2)s photoabsorber films were prepared according to Saliba et al.**.

3.1. Materials and processing

3.1.1. Materials
All chemicals were used as received, including 99 % of lead(ll) iodide (Pbl,, Sigma-Aldrich), caesium
iodide (Csl, Sigma-Aldrich), lead(ll) bromide (>98 % PbBr,, Sigma-Aldrich), methylammonium iodide
(MAI, Sigma-Aldrich), formamidinium ammonium iodide (FAI, Sigma-Aldrich), hydroiodic acid (HI, 57
% in water, Sigma-Aldrich), methylamine (CH3NH,, 52 %wt in absolute ethanol, Sigma-Aldrich),
Titanium diisopropoxide bis(acetylacetonate) (IPA, 97 %wt in isopropanol, Sigma-Aldrich), 2,2',7,7'-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD, Lumtec, Dyesol),
Bis(triluoromethane)-sulfonimide lithium salt (Li-TFSI, Sigma-Aldrich), 4-tert-butylpyridine (TBP, Sigma-
Aldrich), 97%wt Titanium (IV) chloride tetrahydro-furan complex (TiCls, Sigma-Aldrich), diethyl ether,
acetone, ethanol (Sigma-Aldrich), isopropanol (Sigma-Aldrich), ethanolamine (Sigma-Aldrich), 2-
methoxyethanol (Sigma-Aldrich), chlobenzene (Sigma-Aldrich), y-butyrolactone (GBL, Sigma-Aldrich),
TiO; paste (Dyesol DSL 30 NR-D 30nm), aluminium oxide paste (Al203 with < 50 nm particle size, 20
%wt in isopropanol, Sigma-Aldrich), Terpineol, hydroethedine (HE), toluene (Sigma-Aldrich), Dimethyl
Sulfoxide (DMSO, Sigma-Aldrich), acetonitrile, silver conductive paste (Ag, Sigma-Aldrich), detergent,

deionized Water.

3.1.2. Cleaning glass substrates

1.2 cm x 1.2 cm pieces of glass were cut and rinsed with acetone. .The washing series were performed

as follows — five minutes in acetone, and five minutes in IPA, respectively.
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3.1.3. Cleaning ITO pre-coated substrates

1.2 cm x 1.2 cm ITO pre-coated slides were labelled and rinsed in acetone for one minute to wash
away organic photoresist that was coated on top of the ITO substrates. After that, the following

washing sequences were took place:

1. Detergent diluted deionised water for five minutes
2. Deionised water for five minutes x three times.
3. Acetone for five minutes x two times.

4. Isopropanol for five minutes x two times.

3.1.4. Synthesis of methylammonium iodide (MAI)

The MAI powder synthesized methods followed the study made by Wang et al. **!. MAI used for the
first result chapter was self-synthesized by reacting approximately 24 ml of CHsNH; and 10 ml of Hl in
a 500 ml round bottom flask in a cold bath (0 °C) for approximately two hours. The solution with
precipitate was then filtered through a rotary evaporator and carefully removed liquid solvent
components at 50 °C. The precipitated products were then re-dissolved in 80 ml absolute ethanol and
then re-precipitated with an additional 300 ml diethyl ether. This procedure was repeated twice
before the final MAI product was dried at 60 °C overnight under a vacuum before the collection.
However, for later result chapters, results from EDX/SEM showed that there was still an excess iodide
relative content with respect to lead atoms in MAPbI; films within the MAI synthesized sources.

Therefore, MAI was later purchased from Sigma-Aldrich.

3.1.5. Synthesis of electron capping layer (c-TiO2, c-SiOz, c-ZiO)
The c-TiO; layer was made via spin coating its precursor solution which was made in the same fashion

as O’'Mahony et al. 3

The solution comprised of 70 pl of titanium diisopropoxide
bis(acetylacetonate), 55 ul of ethanolamine and 1 ml of 2-methoxythanol. Prior to usage, the solution
was left to stir at room temperature for 30 minutes, then filtered with a 0.2 um
Polytetrafluoroethylene (PTFE) syringe filter. The solution was then pipetted and spun onto preferable
substrates while each substrate was vacuumed on top of the spin coater. A Laurell Technologies WS-
650MZ-23NPP Spin Coater was used to fabricate all c-TiO; films throughout this thesis (including mp-
TiO,, photoabsorber and spiro-OMeTAD layers). Each ¢-TiO, film was spun at 6,000 rpm, 2,000 rpms™

for 30 seconds. The films were then heated in a furnace at 450 °C for 30 minutes.

The precursor solution of c-ZnO was prepared according the literature reported by Hau et al. 1*2, The
precursor solution (mixture of 160 gl of zinc acetate solution in 96 % 2-methoxy ethanol and 4 %

ethanolamine) was left stirring at room temperature overnight before being filtered through a 0.2 um
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PTFE filter. The c-ZnO solution was then pipetted onto a designated substrate before spin coating in

air at 4,000 rpm, 4,000 rpms™ for 30 seconds. The spun films were annealed under air at 150 °C.

¢-Sn0, precursor solution (0.1 M of SnCl, in 5ml of ethanol) was made according to the study made by
Govindhasamy et al. 1*3. The precursor solution was filtered with a 0.2 pm (PTFE) membranes and
pipetted onto either a glass or ITO pre-coated substrate. The solution was spun at 2,000 rpm,

2000rpms™ for 30 seconds.

3.1.6. Titanium (IV) chloride tetrahydrofuran complex (TiCl4) treatment
230 mg of TiCls powder was weighed and mixed into 30 ml of deionised water. The mp-TiO; films were
then submerged into this solution and heated at 70 °C for 30 minutes. The treated films were then
rinsed with deionised water and dried with a nitrogen gun. Subsequently, they were annealed at 450

°C for another 30 minutes.

3.1.7. Synthesis of mesoporous (mp) TiO2 and Al;03
Mesoporous titiania (mp-TiO,) was made via spin coating from its precursor solution. The precursor
was made by mixing a Dyesol TiO; paste containing <30 nm TiO; particle sizes into ethanol 1:2.5 weight
ratio (30 nm TiO, paste : solvent ratio). The 1.2 cm x 1.2 cm glass substrates (or ITO pre-coated
substrates) were rinsed in detergent (only for the pre-coated substrates), IPA, acetone, and distilled
water, respectively. The cleaned substrates were then dried via N; air gun and spun-coated with the
diluted precursor solutions. Each mp-TiO, was spun at 6,000 rpm, 2,000 rpms™ for 30 seconds, then
preheated at 90 °C for approximately one minute before heated at 450 °C for one hour in the furnace.
The mp-TiO; films were then transferred out from the furnace and left to cool down at room

temperature for 10 minutes.

Mesoporous alumina (mp-Al,03) on the other hand, was made by mixing aluminium dioxide solution
(< 50 nm particle sizes in IPA) with isopropanol (IPA) in 2:1 volume ratio. The precursor solution was
then left to stir at room temperature for 30 minutes prior to the spin coating process. 45 ul of mp-
Al, O3 precursor solution was then pipetted out on each designated clean substrate before spin-coating
at 4,500 rpm, 2000 rpms for 45 seconds. After that, mp-Al,0s films were annealed at the hotplate at
150 °C for 30 minutes.

3.1.8. Photoabsorber perovskite film fabrication

CHsNHsPbls or MAPbIs precursor solution was prepared by weighing 0.25 g of MAI powder and 0.78 g
of Pbl, powder (1:1 mole ratio) dissolved in 1.4 ml of anhydrous GBL and 0.6 ml DMSO (7:3 volume

ratio). The precursor solution was left to stir at 60 °C overnight. The solution was then filtered through
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a 0.2 um PTFE syringe filter and pipetted into three consecutive spinning steps under a nitrogen
atmosphere in a glovebox. The spinning cycles were at 4,000 rpm, 4,000 rpms™ for 10 seconds
followed by 500 rpm, 500 rpms™*for 5 seconds and 4,000 rpm, 4,000 rpms™* for 30 seconds. During the
2" steps of the consecutive spinning coating, each substrate was chemically polished via a drop
casting process with an anti-solvent of 500 pl anhydrous toluene. Each MAPbI; film was then annealed
at 100 °C for 10 minutes. The colour of the films was changed from yellow to brown immediately upon
annealing. It is noted that it is entirely possible that each sample came in contact with moisture in the
open atmosphere. To minimise this effect, the samples are kept in a closed container filled with excess

drying agents underneath after the spin coating processes.

Similarly, Cso.17FA0.s3Pbls precursor solution was made by mixing 44.2 mg of Csl powder ,461 mg of Pbl,
and 155 mg of FAIl into a mixture solvent of 71 ul of DMF and 636 pl of DMSO (7:3 volume ratio). The
precursor solution was left to stir at 60 °C for 30 minutes before filtering with a 0.2 um PTFE syringe
filter. After that, the filtered solution was pipetted onto each designate substrate and spun in the
same spinning sequences for MAPbI; films. However, dry chlobenzene was used as an anti-solvent to
polish the Csg.17FA0.s3Pbls films. Each polished film was spun and annealed at 70 °C for five minutes and

100 °C for five minutes under a nitrogen environment.

Cso.17FA0.33Pb(lo.sBro2)s photoabsorber films were prepared by mixing 137.62 mg PbBr; powder, 461 mg
of Pbl, 44.2 mg of Csl and 155 mg of FAIl into a mixture solvent of 71 pul of DMF and 636 ul of DMSO
(7:3 volume ratio). The spinning and annealing processes of Csg.17FA0.s3Pb(losBro2)s films were keptin

a similar fashion to that of Cso.17FAOg3Pbls films.

3.1.9. Spiro-OMeTAD films fabrication

The spiro-OMeTAD solution was prepared with respect to the study made by Bryant et al. 134, The HTM
solution was made by dissolving 72 mg of spiro-OMeTAD powder in anhydrous 1 ml of chlobenzene.
For the study concerning lead trihalide perovskite based solar cell devices, additional of pl of Li-TFSI
precursor solution (175 mg of Li-TFSI powder in 1 ml of acetonitrile) and 10 pl of 4-tert-butylpyridine
(TBP)) was added in the spiro-OMeTAD solution. The solution was left to stir for 30 minutes and
filtered with a 0.2 um PTFE membrane filter. After that, the solution was pipetted onto the designated
substrate and spun at 4,000 rpm, 4,000 roms* for 40 seconds. The films were then exposed under

dark with excess dry air overnight.

3.1.10. Au electrode vapour deposition

The Au counter electrode was deposited on top of the spiro-OMeTAD via chemical vapour deposition.

Au plasma was formed within a thermal evaporation chamber under a pressure of 5 x 10 Torr. The
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active area of each solar cell was 0.25 cm?2.The fabricated device pictured from bottom to top: = 150
nm of ITO electrode, = 500 nm of mp-TiO,/perovskite photoabsorber, 100nm of the perovskite
overlayers, = 550 nm of spiro-OMeTAD (overlapping with the mp-TiO; thickness) and =70-100 nm of

gold electrode.

3.2. Optical and Physical Characterisation

3.2.1. Ultraviolet-visible light Spectroscopy (UV-vis)

The UV-vis spectra has relevant parameters such as transmittance (T), absorbance (A(A)) and
extinction coefficient €(A). UV-vis is one of the most commonly characterised methods used to study
how photoabsorber specimens interact with light from UV to visible light ranges. In some cases, the

observed wavelength can be extended into the infrared region.

The term transmittance is defined by the equation shown below.

- 7)

Where T is the transmittance, | refers to transmitted light, and Iy is the incident light before it is shined

on the sample.

On the other hand, absorbance is denoted as a function of transmittance of some sort which is

dependent on a specific wavelength. The function can be described according to Beer-Lambert’s law.

AD) = —logT() = cle(D) (8)

Where c stands for the concentration of the tested molecule in solution, | is the optical path length

and € is the extinction coefficient.

Throughout this thesis, Uv-vis absorbance measurements were carried out using a UV-vis
spectrometer (PerkinElmer Lambda 750 UV-vis-n-IR absorption spectrometer fitted with an
integrating sphere) in a wavelength range from 400 nm to 900 nm with a scan speed of 480 nm per

minute with 1 nm data intervals and cycle time of 1 second. The slit width was set as 1.0 nm.

3.2.2. Photoluminescence Spectroscopy (PL)

3.2.2.1. Steady-state Photoluminescence Spectroscopy

Photoluminescence emission spectra were measured at room temperature using a Horiba Jobin Yvon
Flurolog-3-spectrometer. The perovskite based films were scanned from 550nm to 800 nm with 520

nm excitation wavelength with 1 nm interval. The slit width was set as 10 nm.
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3.2.2.2. Superoxide probe testing
Superoxide probe testing was achieved by dissolving 10 ml of stock solution (31.7 uM) of the
hydroethedine (HE) probe in 10 ml dry toluene. Sonication was used to facilitate miscibility. Perovskite
films were submerged into this solution. Photoluminescence spectra were recorded with excitation
wavelength of 520 nm and slit width of 10 mm on a Horiba Jobin-Yvon Fluorolog-3 spectrofluorometer.
Each perovskite film was illuminated by a visible light source through a 400 nm long pass optical filter
throughout the experiment. The illumination was provided by a tungsten halogen lamp. The light

intensity was approximately 20 mWcm™,

3.2.3. X-Ray Diffraction, Energy-dispersive X-ray spectroscopy (EDX)
X-ray diffraction patterns were obtained from a PANalytical X’Pert ProMRD diffractrometer using Ni
filtered Cu Kqradiation at 40 keV and 40 mA. SEM-EDX measurements were performed on a JEOL 6400
scanning electron microscope operated at 20 kV. The samples were sputtered coated with
approximately 10 nm chromium prior to the measurement in order to enhance their surface

conductivity.

3.2.4. Scanning Electron Microscopy (SEM)
SEM images were acquired on a LEO 1525 Field Emission Scanning Microscope operated at 5kV using
an In Lens detector. Similarly, the samples were coated with approximately 10 nm of chromium prior

to the SEM measurement.

3.2.5. Atomic Force Microscopy (AFM)

AFM is a technique that reflects topography of the test subjected by tracking an atomic tip needle that
is traced along each sample surface. Generally, the needle vibrates vertically as it is dragged along the
tested surface. This is known as contact mode. For the soft surface where it is easily scratched, tapping

mode is employed in order to minimise contacts between the tip and the sample surface.

AFM measurements were employed to obtain the surface profile of each perovskite based film. The
measurements were obtained in air at room temperature with Agilent 5500 AFM/SPM (Agilent

Technologies) operating under both contact tapping modes with an atomic sharp silicon tip.

3.2.6. Nuclear Magnetic Resonant (NMR) spectroscopy
The NMR spectra were recorded on a 400 MHz Bruker spectrometer using Topspin software. The test
solution was set up by dissolving methylammonium iodide (MAI) in dry ethanol and potassium
superoxide (KO3) 1*3. Some deuterated acetone was added in order to calibrate the NMR spectrum

properly. 1%,
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3.2.7. Transient Absorption Spectroscopy (TAS)

Transient absorption spectroscopy is the time-dependent pump probe technique that is used to
investigate the interaction of short-lived charge species of tested subjects. The samples are excited
via a short specific laser pulse resulting in a generation of these excited electronic species. They are
then guided via secondary probe light while having their absorbance measured before and after the
excitation (AOD, optical density). AOD is described via Beer Lambert’s law, as stated earlier with either
positive or negative value. Positive values of AOD represent a photo-absorption of the specimen while
negative AOD mean the sample is photo-bleached which typically results in a depopulation of the
ground state in that specimen. It is entirely possible that wavelength regions of the positive and
negative value of AOD overlap. Thus, careful control measurements are required to track individual
contributions of each component within tested solar cells. Commonly, polarons and triplet excited
states are tracked with micro-second TAS 1131447146 Figyre 14 shows schematic of micro-second TAS

along with two operational modes used to monitor changes in polaron concentration of each

perovskite based sample.
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Figure 14: Schematic diagram shows how transient absorption spectroscopy operates. The specimen
is illuminated with a specific laser pulse (pump) while being continuously measured at microsecond
time scales. The pulse is guided by a secondary specific probe wavelength via a monochromator to a
detector unit. The detected probe light is measured with respect to incident light before the pulse
interacts with the sample. The measured results reflect how long these generated charges ‘live’ before
a recombination reaction takes place. During each measurement, each perovskite sample was flushed
with a constant flow of nitrogen (1 Ipm) to ensure no photodegradation was taking place.

Generally, there are two operational modes in TAS 1#7: 1.) oscilloscope with a continuous probe beam

to measure the transient absorption spectrum (constant time) 2.) a specific probe beam with a time-

resolved delay (constant A).
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For polarons species in organic component within perovskite based films, their decay mechanism
happens right after these polarons generate via laser pulse. They travel through random walk from
one molecule to another until they encounter an opposite charged polaron and subsequently

recombine. The charge decay in microsecond TAS is described by the equation shown below:

ap (9)
— « np = k.np = kp?

ot p p p

k refers to a constant, n refers as anion concentration and p denotes polaron concentration. Under

the assumption that opposite pairs recombination is the only loss process and polarons are generated

by the dissociation of excited state via laser pulse, ni=p; (known as the charge neutrality rule).

TAS allows the rate of change of the polarons concentration to be monitored. By integrating the

equation above, the relationship between AOD and time after the excitation can be found.

Throughout this thesis, TAS measurements were performed with a 510 nm dye and a GL-301 dye laser
(Photon Technology International, TSI) through an oscilloscope (TG330 Function generator with 3
MHz-Generator, 120 MHz counter/sweep). The frequency of the laser pulse was 4 Hz. The pulse was
generated with a light source (Bentham IL 1 illuminator) and a voltage of approximately 12.3 V
(Bentham 605). The signal size was filtered with a long pass filter monochromator (Thorlabs) and an
optical shielding filter. Each measurement was measured at 10 ms time scales for 64 averages for ten
times with a pulse power of 25 pJem™. The aged sample was illuminated against the tungsten halogen
lamp (Thorlabs) with an approximate power of 20 mWcm™ with a 400nm long pass optical filter
throughout the experiments. Each sample was also purged with dry compressed air (< 10 ppm

moisture) during the ageing conditions.

3.2.8. JV measurements

JV curves were obtained by placing the samples in the measuring chamber to isolate each sample from
the atmosphere. The unit was then measured using a 2400 series source meter (Keithley Instruments)
under AM. 1.5G sunlight at approximately 100 mWcm“Zirradiance. In this experiment, a backward scan
starting from 1.2 V to -0.2 V was performed on all perovskite solar cells. The scan direction and scan
range during each JV measurement needs to be kept consistent due to the presence of the hysteresis

caused by positive mobile ions.
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4. Atmospheric Stability Assessment of Methylammonium Lead

Triiodide Perovskite Photoabsorber

4.1. Abstract

In chapter two, it was discussed that combination of oxygen and light was required to decompose
methylammonium lead triiodide (CH3NHsPbls, or MAPbIs) perovskite film via superoxide formation and
deprotonation reaction of organic cation. In this chapter, studies are performed to improve the
fundamental understanding of this degradation pathway through the interrelationships among three
spectroscopy techniques namely: Ultraviolet-visible light (UV-vis) spectroscopy, Photoluminescence
(PL) emission and microsecond transient absorption (TAS) spectroscopy. These spectroscopy
measurements were performed while each perovskite photoabsorber was deposited on an either an
electron insulating or electron transporting mesoporous metal oxide layer (mp-Al.O3 and mp-TiO,

respectively) as the series of environmental conditions were varied. It was found that

1.) Increasing superoxide formation in the CH3sNH3Pbls based films caused both of their
absorbance and the hole recombination lifetime in CH3NHsPbls —spiro-OMeTAD to
drop. In particular, a drop in TAS signal of the non-stable lead trihalide perovskite
based films began to surface upon contact of the films with oxygen and light much
earlier than a drop in the absorbance.

2.) mp-TiO; supressed superoxide formation within CHsNHsPbl; film. Subsequently, the
photoabsorber exhibited less drop in its absorbance spectra when the samples were
subjected to a constant oxygen-light ageing. In addition, a longer hole recombination
lifetime was found in the spiro-OMeTAD of the mp-TiO,/ CH3NH3Pbls/spiro-OMeTAD
sample than that with mp-Al,Os/ CH3NH3Pbls/spiro-OMeTAD.

3) The presence of moisture surrounding the CHsNH3Pbls samples could be treated as a
catalyst which does not severely alter either light harvesting performance or charge

recombination lifetime as long as it is kept between 10 ppm and 60 %RH.

Towards the end of this chapter, JV measurements were performed for the bulk heterojunction
CHsNHsPbls-spiro-OMeTAD solar cells. The drop in the PCE of the device with an insulating

mesoporous alumina reinforced the (ii) findings.

4.2. Introduction

With the absence of moisture, it was stated in chapter two that combination of oxygen and light are
two primary factors that decompose CH3zNH;Pbls into Pbl; along with other volatile by-products such

as iodine via superoxide formation and organic cation deprotonation 33, In addition, an alternative
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method was undertaken in order to showcase that it is possible for CHsNH3Pbls based solar cell devices
to degrade under the dark as long as electrons were forcefully injected into the device together with
oxygen 3%, Both works pinpoints the same conclusion that superoxide is the main cause that needs to
be minimised in order to enhance air and light stability of the CH3NH3Pbl; photoabsorbers. However,
to date, the interrelationship of decomposition rate of the photoabsorber, its superoxide formation
rate and its changes in charge recombination lifetime still remain unexplored despite the fact they
interplay closely with one another. Understanding these interrelations would lead us to be able to
extend the operational lifetime without compromising the effectiveness of the charge carrier lifetime

of CH3NH3Pb|3 films.

Based on this idea, three spectroscopy techniques namely UV-vis, PL and TAS were employed to
monitor the relative changes in the CH3NH;Pbls films when photoelectron extraction capability within
each photoabsorber differed. More specifically, the electron extraction capability at the
photoabsorber/ETL interface was altered with different mesoporous metal oxides such as
mesoporous titiania or alumina. Mesoporous alumina acted as an electron insulator layer that
hindered photogenerated electrons from being transported out of the perovskite layer whereas
mesoporous titiania allowed these photogenerated electrons to be extracted out of the system and
thus lower the probability of them reacting with oxygen and light to generate superoxide within the
photoabsorber. It was found that mp-TiO,/ CHsNHsPbls samples exhibited a more constant trend in
their absorbance, superoxide formation and charge carrier lifetime compared with those found in mp-
Al,03/ CH3NH3Pblz samples over time when exposed to oxygen and light. These findings led to the
conclusion that mesoporous titiania helped to minimise the superoxide generation rate without
shortening the recombination pathways of photogenerated electrons. As a result, mp-TiOy/
CH3NHsPbls films were more air and light stable than mp-Al,0s/ CHsNH3Pbls samples. The PCE
measurements of mp-Al,0; and mp-TiO, based CHsNH3Pbls perovskite solar cells also converged
towards the same conclusion. Towards the end of chapter four, three spectroscopy measurements
were repeated with the photoabsorber samples exposed under air, light and surrounding moisture
(~60 %RH). These measurements were then compared to the previous set of experiments. The
absorbance spectra comparisons between these two sets of experiments showed that the drop in
absorbance of both set of sample under the subjection of oxygen and light was similar while more
noticeable drops, yet perhaps insignificant in TAS signals, were measured for the lead trihalide
perovskite based samples exposed under air, light and surrounding moisture. It was then concluded
that between the ranges of ~10 ppm-60 %RH, relative moisture content could affect hole
recombination lifetime of the metal oxide/CH3sNH3Pbls/spiro-OMeTAD films to some extent but do not

affect them to the point that their decolouration and their absorbance would differ significantly.
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4.3. Experimental
Three spectroscopy techniques namely UV-vis, PL and TAS were employed to mesoporous metal
oxide/ CH3NH3Pbl; samples under different environmental exposure conditions to confirm that the
combination of oxygen and light affected the operational lifetime of the photoabsorbers. In particular,
spiro-OMeTAD was used as HTM on top of each photoabsorber in the TAS experiments in order for
photogenerated holes to be generated, transported and monitored. The experiments were then
repeated under constant exposure to moisture, light and oxygen. The surrounding relative moisture
(RH) for the testing site was 60 %RH. The illumination source used for the oxygen-light degradation
reaction to all perovskite films was roughly 20 mWcm™. However, the AM 1.5 G light sources were
used to measure PV performances for each CHsNH3Pbls based solar cell. The full details each

spectroscopy and characterization techniques was stated in chapter three.

4.4. Results and discussions

The oxygen-light degradation to MAPbI; films

Eight identical glass-MAPbl; samples were degraded under different surrounding conditions. This
degradation experiment were performed while presence of oxygen, illumination exposure and
presence of moisture were differed among each sample for 48 hours'**. Each absorbance against

wavelength curve of all eight sample were plotted in Figure 15.
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Figure 15: Absorbance of eight MAPbI; films deposited on glass before and after (48 hours) dry air-
light ageing in various testing conditions (see labels). The photographs of the films before (left) and
after (right) the ageing were also shown next to each absorbance graph. This figure was adapted from
the paper of Aristidou et al. 34, * represents degraded MaPbls films when they were subjected to dry
airand AM 1.5 G illumination for 48 hours.

The complete photodegradation reaction of MAPbI; film was observed only when combination of
oxygen and visible light was present (green and dark purple lines marked with * in Figure 15).

However, considerably less time was required for PSCs to malfunction and cease to work as a
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photodiode. Hence, TAS was used as a monitoring tool to track the charge interactions at hole-electron
extraction interfaces. The intensity of the experimental light source was also dropped down to ~20

mW/cm?from here onwards.

Superoxide measurements

Figure 16 demonstrated that superoxide formation on the MAPbIs layer could be suppressed when
mp-TiO; was deposited underneath the photo-absorption layer 133, Based on this finding, interrelation

of this trend with the change in TAS decays and UV-vis absorbance were investigated.

14
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—a— Light-O, : glass/mp-TiO,/MAPDI,
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L(t)/1(t,)
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Figure 16: Normalised fluorescence intensity at 610 nm (excitation wavelength of 520 nm) of the
superoxide HE probe (31.7 uM) mixed into dry toluene solution. I¢(t) is the maximum PL intensity at
time t while Ig(to) is the background fluorescence intensity at probe at t = 0. The ratio between the two
is the superoxide generation yield as the absorber film degraded under constant exposure of light and
oxygen. Both PL emission trace were collected individually (see labels). Each film was submerged
under (~*20 mWcm™) and dry air (less than 10 ppm H;0). Then the PL emission of toluene probe

solution was tested over the course of 1 hour with 10 minute interval between each measurement.

This figure was adapted from the paper of Aristidou et al. 133,

Control experiment

The initial UV-vis spectra of six c-TiO,/mesoporous metal oxide/ CH3NH3Pbls (black line in Figure 17)
were measured before being exposed to either constant illumination of a tungsten light source (~20
mWcm2) or dry air (less than 10 ppm of H,0) for 24 hours. Then, their degraded UV-vis spectra were
acquired (red line in Figure 17) and compared with each of their initial UV-vis spectrum under the
same identical testing conditions. The UV-vis results confirm that without combination of both light

and oxygen, CH3NHsPbls films remained stable.
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Figure 17: Absorbance of MAPbIs deposited on top of two different metal oxide layers. Initial (black
line) and 24 hours-aged (red line) absorbance spectra of each perovskite sample was measured.
Without the combination of both light (~20 mWcm™ tungsten halogen lamp) and oxygen, there were
no apparent changes observed in MAPbI; absorbance curves for any given experimental conditions.

The similar set of experiments was performed while having their initial and one hour-light or dry air

aged TAS signal measured (Figure 18}. Each sample was photoexcited via 510 nm laser pulse with an

energy density of approximately 25 pcm™ under an excess dry air flow (0.1 litre per minute). It was

found that TAS decays of all MAPbl; samples were not altered without the combination of dry air and

light.
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It was noted that each set of samples used for UV-vis and TAS were not identical. An additional layer

of spiro-OMeTAD is required on top of the absorber in order to ensure charge transfer at the interfaces

of the electron-hole extraction layer.
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Figure 18: Transient absorption kinetics as a function of ageing time probed at 1,600 nm for spiro-
OMeTAD located of top MAPbIs- metal oxide (see legend). All six film were aged either under 20
mW/cm? or under presence of constant flow of dry air (0.1 lpm). Laser photo excitation was done at
510 nm with an energy density of approximately 25 pw/cm?. Without the combination of dry air and
light, there are no apparent changes in the TAS absorption kinetic.

The unchanged TAS and UV-vis signals after light or dry air ageing ensured us that the presence of

both light and oxygen were required in order to degrade lead trihalide perovskite photoabsorber films.
Combination of light-oxygen MAPbI; degradation with/without moisture

Moisture was included as another value along with the light-oxygen degradation process. Each MAPbl3
samples were exposed to two opposite extreme of relative moisture content alongside light and
oxygen exposure. The condition that lacks relative moisture is called the ‘dry air’ condition (<10 ppm
H,0) while the other condition where moisture is readily available is called ‘open air’. Approximately,

the relative humidity during UV-vis and TAS measurement were kept at 60 % relative humidity (RH).

Figure 19 showed that when combination of (both dry and open) air and light was exposed to the
CHsNHsPbls films, a signal drop in UV-vis was found (see label). For the sake of comparisons, a vertical

480 nm trace of UV-vis was plotted in Figure 20.
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Figure 19: UV-vis absorbance spectra of MAPbI; deposited on top of either mesoporous Al,0s or TiO;

(see legend) under different relative humidity conditions. Dry air contains 10 ppm or less H,0 content

while open air contains approximately 60 percent relative humidity content. The samples were

constantly bathed under 20 mWcm™ tungsten halogen lamp and (dry/open) air (see label).
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Figure 20: 480 nm UV-vis trace of metal oxide/MAPbI; samples deposited on top of different metal

oxide mesoporous substrate (see legends). This 480 nm UV-vis trace was derived from the Figure 19.
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The 480 nm UV-vis trace showed that the mp-TiO,/ MAPbI; samples were visually more stable when
being exposed under air and light compared with those of mp-Al,0s/ MAPbI; films regardless of the
amount of relative moisture surrounding all MAPbIls samples. Similarly, a drop in TAS signals was
monitored while each metal oxide/MAPbl; sample was subjected to the same environmental
conditions for the UV-vis experiment shown previously. Here, both TAS decays (fix probe wavelength
while vary the decay time as shown in Figure 21a and 21b) and TAS spectra (vary probe wavelength
while fix decay time as shown in Figure 21c and 21d) were plotted. The TAS spectra indicated hole
transfers within spiro-OMeTAD via the laser pump excitation. The TAS decays became more noticeable
when mp-TiO2/MAPbI; were subjected to combination of light, oxygen with or without presence of
moisture. This implied the difference in relative moisture content could affect the hole recombination
lifetime in MAPbIs/spiro-OMeTAD. However, within the range of 10 ppm to 60 %RH, the UV-vis

absorbance spectra of the photoabsorber remain relatively unchanged.
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Figure 21: Transient absorption signal at 1600 nm of (a) Al,O3/MAPbIs/spiro-OMeTAD and (b)
TiO,/MAPDbIs/spiro-OMeTAD films with (black) and without (red) HTM (spiro-OMeTAD). Transient
absorption spectra of (c) Al,03/MAPbIs/spiro-OMeTAD and (d) TiO,/MAPbIlz/spiro-OMeTAD films
under N3 (black) and dry air and light (red). Laser excitation energy density = 25 pJem2 at 510 nm.
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It was established in Figure 22 that oxygen-light stability of MAPbIs can be accessed by comparing TAS
decay (probed at 1600 nm) plotted against ageing time. TAS decay experiment were carried out on
identical set of MAPbI; UV-vis samples (shown in Figure 22). Then, all normalised TAS signal at 10 ps
of these MaPbl; samples was plotted in Figure 23 to compare its oxygen-light stability among each
other. Figure 23 indicated that the longer operational lifetime of the MAPbI; photoabsorber deposited
on the electron extraction layer (mp-TiO;) than that for the electron insulator layer (mp-Al,0s). The
conclusion further enhanced the theory that the presence of suitable metal oxide could slow down

the oxygen-light degradation rate of MAPbIs; which will be addressed in chapter five.
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Figure 22: Transient absorption kinetics as a function of ageing time probed at 1,600 nm of
Al>03/MAPbI3/spiro-OMeTAD degraded under (a) open air or (b) dry air and TiO,/MAPbls/spiro-
OMeTAD films degraded under (c) open air or (d) dry air. All films are aged under constant 20 mW/cm?
illumination of halogen lamp and excess flow of dry air or open air. Laser photo excitation was done
at 510 nm with an energy density of approximately 25 pJ/cm?.
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Figure 23: Normalised TAS decays at 10 ps versus oxygen-light ageing time taken from Figure 22 were
shown (see labels). All films are aged under constant 20 mW/cm? illumination of halogen lamp and
excess flow of dry air or open air. Laser photo excitation was done at 510 nm with an energy density
of approximately 25 p/cm?.

Section 4.4 also focuses on identifying the oxygen-light degradation by-products after MAPbI;

completely cease to function as a photoabsorber. Thus, various characterisation techniques such as

EDX, XRD and SEM are employed.

Energy-dispersive X-ray spectroscopy (EDX)

EDX was performed as another characterisation technique used to ensure that both mp-Al,0s/MAPbl;
and mp-TiO,/MAPbI; samples experienced the same photodegradation pathways. EDX/SEM spectra
(Figure 24 and Table 3) showed the change of atomic |:Pb ratio before and after the degradation of
both metal oxide samples. The I:Pb atomic ratio in all samples changed from ~3.5 to ~2.2 on averages.
This strongly indicated the presence of Pbl, which was one of the photo-degraded by-products of
MAPbDlI;.
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Figure 24: EDX/SEM spectra for MAPbI; deposited on two metal oxides. The inset shows the I:Pb
atomic ratio of MAPbIs measured under air and light (see legend).

Table 3: I:Pb atomic ratio of initial, 120 hours light-air aged (under dry air or open air) derived from

Figure 24.
Csamples | Pbatomicrato |
Dry air-light Open air-light
MAPbl;initial 3.41+£0.08 3.48 £ 0.08
Degraded mp-Al,0s/MAPblI; 2.11 +£0.07 2.26 £ 0.08
Degraded mp-TiO,/MAPbI; 1.93+0.08 2.39+0.04

EDX spectra indicated the change in atomic level as MAPbI; degrades under air and light and both
Al,03-MAPbI; and TiO,-MAPbI; photo-degraded films (for both dry air and open air cases) implied that

moisture content surrounding the photoabsorber did not alter the degradation pathway for MAPblIs.
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X-ray diffraction spectroscopy

X-ray patterns which were plotted in Figure 25 showed no apparent changes in the light and oxygen
aged sample of MAPbI; regardless of relative moisture content presented. A mixture of rhombohedral
and hexagonal Pbl, was one of the final products of the MAPbIl; degradation pathway. The XRD
patterns further reinforced that the moisture content did not alter the photodegradation pathway of
MAPbI;. Furthermore, XRD patterns of both Al,O; based films were more scattered than mp-
TiO,/MAPbI; samples when aged under dry air or open air. This was attributed to less remaining Pbl,
material on top of the mp-Al,O; layer compared to that for the TiO; layer. To verify this hypothesis,

top view SEM images of these 4 samples were performed.
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Figure 25: XRD patterns of (a) initial and 120 hours oxygen-light aged glass/MAPbl; and (b) initial and
120 hours oxygen-air aged mp-Al,03/MAPbI; and mp-TiO,/MAPbI;. Both samples were either exposed
under dry air (10 ppm H,0) or open air (60 %RH) for 120 hr (see legends).
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Scanning Electron Microscopy (SEM)
Top view SEM images of MAPbI; were also shown in Figure 26. There was less coverage of metal
oxide/MAPbl; photo-degraded samples exposed under dry air than under open air for 120 hours.

Perhaps, some of the by-products such as I escaped from the mesoporous surfaces.

More MAPbI; is being degraded

Figure 26: Top view SEM images of initial and 120 hours light-air aged mesoporous metal
oxide/MAPDblI; (see labels).

On aged MAPbIs, there were more islands or clusters of MAPbI; over layers on top of each metal oxide
layer. This led to the hypothesis that the presence excess MAPbls; overlayer accelerated its light-oxygen
degradation pathway:.

Chapter four ends with the PCE comparison study between two bulk heterojunction solar cells with
different mesoporous metal oxide layer (ITO/c-TiO,/mp-metal oxide /MAPbIs/spiro-OMeTAD/Au).
Both mp-Al,03/MAPbI; based and mp-TiO,/MAPDblI; solar cells were exposed under constant and AM

1.5 G illumination and dry air.
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JV-measurements

The criticality of the photo-stability of MAPbI; perovskite was even more crucial on the functioning
solar cell device perspective. Each Initial metal oxide/MAPbI; based devices was tested simultaneously
to ensure the same environmental conditions of both samples. After two hours of constant
illumination of AM 1.5 G and dry air (less than 10 ppm of H,0), the PCE of the ITO/c-Al,03/mp-
Al,03/MAPbIs/spiro-OMeTAD/Au (Al,0s-MAPbIs) device decreased rapidly and ceased to function as
a working solar cell while the PCE of ITO/c-TiO,/mp-TiO,/MAPbIls/spiro-OMeTAD/Au (TiO,-MAPbIs)

solar cell still exhibited a similar value under the same conditions (Figure 27 and Table 4).
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Figure 27: Current density-Voltage curve of (a) of ITO/c-TiO2/mp-Al,0s/MAPbIs/spiro-OMeTAD/Au
devices (b) of ITO/c-TiO,/mp-TiO,/MAPbls/spiro-OMeTAD/Au devices. Both samples were illuminated
under AM 1.5 G sunlight at approximately 100 mWcm™ irradiance. In this case, a backward scan from
1.2 Vto - 0.2 V was performed. It was noted that six different devices each of (a) and (b) were tested
were exhibited identical JV performance when being subjected under the same environment.

Table 4: ), Vo, FF and PCE of Al,03-MAPbIlz and TiO,-MAPbIs; based solar cell devices before and the
after two hours of oxygen-light degradation derived from Figure 27. Both samples were illuminated
under AM 1.5 G sunlight at approximately 100 mWcm™ irradiance. In this case, a backward scan from
1.2 V to - 0.2 V was performed. The total of six identical devices from each category were being
measured simultaneously.

I I B

Initial Degraded Initial Degraded

15.24 +0.05 2.58+0.03 14.55+0.01 14.26 £ 0.02

V. (V) 0.71+0.05 0.58 £ 0.03 0.94+0.01 0.91+0.01
0.37 £ 0.04 0.11+0.02 0.58+0.01 0.56+0.01
PCE (%) 4.03+0.1 0.17 £ 0.05 7.83+0.01 7.3+£0.02

The backward PCE scan of both type of PSCs indicated that a suitable metal oxide (mp-TiO;) could

indeed slow down the photodegradation process under dry air and visible light. The superoxide
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evolution yield within the photoactive layer of TiO,-MAPbI; based solar cell devices took place on a
much slower pace compared with Al,03-MAPbI; based devices. Photocurrent (Ji) of the alumina
devices suffered severely only when the devices were bathed under constant light-dry air degradation
conditions. This corresponded with the rapid reduction in TAS decays shown previously. The mass lost
in MAPDbI; coverage and Pbl; cluster formations shown on the top view SEM images of photo-degraded
perovskite films shown in Figure 26, explained the reduction of V.. and FF of the PSCs when the devices
were photo-degraded continuously. Even though the one JV curve of the Al,O; and TiO, based device
were shown in Figure 27 and Table 4, six device of were tested and exhibited identical JV behaviours
after being oxygen-light degraded continuously for two hours.

It was noted that the light intensity used in the JV experiment was nearly five times brighter than the
tungsten halogen lamp used in TAS experiments. Therefore, it was not a big surprise when the solar
cells ceased to function in the JV experiment much earlier than when they were reflected in TAS. On
the other hand, the presence of the gold electrode which was deposited on top of the spiro-OMeTAD,
acted as a physical barrier that slowed down superoxide evolution rate with the MAPbDI;
photoabsorber. Therefore, TAS experiment should not be considered as an extension of JV
experiments.

Soon after, another set of extensive PCE experiment was undertaken and plotted in Figure 28 in order
to establish the direct relation between superoxide generation yield and a drop in PCE of MAPbI; bulk

heterojunction solar cells.
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Figure 28: (a) Steady-state photoluminescence spectra of MAPbI; based films along with a MAPbI;
reference sample (with 485 nm excitation wavelength) (b) Normalised fluorescence intensity at 610
nm (with 520 nm excitation) of HE probe solution to detect the relative amount of superoxide
generation within one hours. I¢(t) is the probe fluorescence intensity maximum at time t whereas I¢(to)
is the background fluorescence intensity of the probe att = 0. The I¢(t): I¢(to) hereafter refers to relative
yield of superoxide generation (c) Normalised power conversion efficiencies (PCE) of MAPbI; based
solar cells are measured under different conditions (see legends). The samples are measured under
AM 1.5 G powered by equivalent white LED array equipped with UV blocking filter. Dry air comprised
of approximately 20.95 % O, and 78.09 N,. This data is adapted from the paper published by Bryant
etal. 134,

In 2016, Bryant et al. reported a drop in PCE of three MAPbI; based solar cell devices : (1) fluorine
doped tin oxide (FTO)/ compact TiO; (c-TiO,)/ mesoporous TiO, (mp-TiO2)/MAPbIs/spiro-OMeTAD/Au
(2) FTO/c-TiO2/MAPbI3/spiro-OMeTAD/Au (3) FTO/c-TiO2/mp-Al,03/MAPbIs/spiro-OMeTAD/Au when
they were subjected to a constant AM 1.5 G illumination and dry air flow. The author also contributed
to the discussion in this paper via steady state photoluminescence spectra and superoxide
measurements of the corresponding pseudo- MAPbIs solar cell device configuration (without the Au
counter electrode) shown in Figure 28-a and b in order to rationalise this observation. In particular,

Figure 28-a suggested that electron extraction capability at the perovskite-ETL interfaces can be

adjusted manually by using mp-TiO, over planer c-TiO, or mp-Al,0; which is considered to be an
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electron insulating layer. It was shown in Figure 28-b that the degree of instability of the tested devices
correlated well with the relative yield of superoxide generation when these pseudo devices (device
(1)-(3) without Au counter electrode) were immersed into HE probe solution and exposed to visible
light and oxygen for one hour. All these observations pinpoint that superoxide formation is indeed

responsible for MAPbI; degradation.

In addition, Bryant et al. induced the degradation reaction by manually injecting electons into the
MAPbIs based devices 13 (shown in Figure 28-c). Mainly, an additional test was performed to the FTO
/c-TiO2/mp-TiO2/MAPbIs/spiro-OMeTAD/Au devices while being subjected to injected electrons and
oxygen **, The MAPbI; based solar cells were tested in the dark under forward bias (Vpias = 0.9, J= 20
mAcm™) while exposed to either N, gas or dry air 34 In between, the devices were PCE measured
under light and oxygen while the environmental exposure was kept to a minimum. It was found that
devices could degrade in the dark with a combination exposure of excess injected electrons and
oxygen %, On the other hand, the devices remained relatively stable when both conditions were not

met 134,

4.5. Conclusions

Chapter four established interrelation between oxygen-light stability, superoxide generation yield and
charge recombination lifetime of the MAPbI; films. This interrelation was made possible by comparing
the absorbance spectra, PL spectra and microsecond TAS decay as a function of oxygen-light aging
time. As the MAPbI; film oxygen-light degraded, its UV-vis absorbance dropped, superoxide formed
which in turn decreased its charge recombination lifetime. In particular, the perovskite films started
to lose their charge generation properties even before any optical changes to the films began to
surface visually. The degradation sign was confirmed via EDX, XRD patterns and top view SEM images
of each MAPbI; before and after the oxygen-light degradation. Afterward, JV measurements were
employed to compare the difference between alumina and titiania based MAPblI; solar cells. It was
shown that within two hours of constant light and oxygen ageing, the J,. of alumina based devices
dropped sharply while its FF and V,. exhibited some substantial drop during this experimental period.
The enhancement in oxygen-light stability of the titiania-MAPbI; based device was observed because
the suitable energy alignments for TIO; devices allowed highly energetic charges to be extracted. This
retained their photodiode performances under the light-oxygen photodegradation within the test
duration. Chapter four was concluded by implementing the method to minimise superoxide formation
within MAPDbI; based solar cells during the oxygen-light degradation process. This was made possible

by increasing TiO,-MAPbI; interfacial areas of the PSCs.
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5. Establishment of an Electron Transporting Layer Design Guideline
to Enhance Oxygen-light Stability for Lead Triiodide Perovskite

Films and Solar Cells

5.1. Abstract

In recent years, the recorded photovoltaic performances of perovskite solar cells (PSCs) has risen
rapidly from a few percent to over 22 % **8, However, there has been very little study regarding photo
stability of PSCs which impedes their practical applications and mass industrialisations. Based on the
background knowledge that a combination of oxygen and visible light establishes two of the

environmental factors that causes perovskite solar cells to cease to function as photodiodes 133134,

In chapter four, it was shown that superoxide was responsible for the oxygen-light degradation of
MAPDIs. In fact, the superoxide generation yield of each can be estimated by performing PL emission
of the hydroethedine probe solution. In addition, the superoxide generation yield at ETL-MAPbI;
interface was minimised when the suitable electron extraction layer such as mesoporous-titiania was

implemented.

Therefore, an electron transporting layer (ETL) design guideline is established in this chapter in order
to maximise operational lifetime of the PSCs without affecting their overall photovoltaic
performances. Here, the proposed ETL guideline is made for methyl lead triiodide perovskite
(CHsNHsPbls or MAPbIs) photoactive layers. This chapter consists of three main methods to enhance
air and light stability of the MAPbI; films and bulk heterojunction solar cell devices: 1.) Select suitable
electron extraction layers 2.) Maximise the MAPbls-mesoporous metal oxide interfacial area 3.) Select
more air stable absorber layers. The most optimum MAPbI; based solar cell (ITO/c-SnO,/mp-
TiO,/CsFAPbIs/spiro-OMeTAD/Au) can last over 80 hours under constant exposure of illumination of
AM 1.5 G and a dry air environment, while the non-optimized ITO/c-TiO,/mp-TiO,/MAPbIs/spiro-

OMeTAD/Au reference solar cell device ceases to function as a working solar cell in less than an hour.

5.2. Introduction

There are a number of environmental factors that affect the operational lifetime of lead trihalide

120,128-130 121-123 In

perovskite solar cells, namely moisture 129125126 temperature and UV illumination
chapter four, it was shown that moisture content from 20 ppm to 60 %RH did not play an important
role in to MAPbI; visual stability. A combination of oxygen and light on the other hand, presented the

two key components required to photo-degrade lead trihalide perovskite readily. The mechanism of
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this oxygen and light degradation mechanism involved three main steps **3. The visible light generates
photo-excited electrons upon contract with MAPbIs. Then, these highly energetic electrons interact
with oxygen in the open atmosphere and form superoxide. Finally, this superoxide is shown to attack
the material by deprotonation of the methylammonium cation which leads to the formation of lead
trihalide by-products such as lead iodide, iodine and methylamine. Furthermore, the PCE comparison
study between titiania-MAPbI; and alumina-MAPbI; bulk heterojunction solar cells at the end of
chapter four showed us that by increasing electron extraction rate at metal oxide-perovskite
interfaces, air-light stability of MAPbI; films and solar cells improve dramatically. The electron
extraction was performed physically by replacing an electron insulating layer (Al,0s) with an electron
conductive layer (TiO,). This metal oxide substitution further enhanced extraction of photo-generated
electrons from the photoabsorber layer before they could interact with oxygen in the atmosphere to

form superoxide, thus it subdued superoxide formation and deprotonation of organic cation.

These observations and conclusions in chapter four indicated highly light-air stable perovskite films
and solar cells can be achieved by maximising the electron extraction rate from the photoabsorber to
the electron transporting layer and enhancing the intermolecular attraction between cation ions and
lead ions. These two concepts can be implemented in a number of ways. Based on these 2 concepts,
this chapter presents three main approaches to create ETL design guidelines to achieve more air-light

stable methyl lead trihalide films and working solar cells.

1.) Selecting an appropriate metal oxide electron extraction layer — the PCE comparison study
between Al,03 and TiO,-MAPbI; based solar cells made in chapter four lead me to believe that
a suitable metal oxide extractor plays an important role which results in highly air-light stable
solar cell devices. In chapter five, three different metal oxide extractor were selected and
compared namely zinc oxide (ZnO), tin oxide (SnO;) and titiania (TiO,). This metal oxide
replacement offers the direct benefit of fine tuning the conducting band of metal oxide-
MAPDbI; in which it will maximise electron extraction capability between the ETL and the
perovskite photoabsorber layer.

2.) Maximising interfacial area at MAPbIs;-mp-TiO; interfaces — This study involved varying an
interfacial area between mp-TiO,; and MAPbIs. This was practically achieved by increasing the
metal scaffold thickness while maintaining the same volume of the perovskite photoabsorber.
As the interfacial areaincreased, the electron extraction rate from the absorber also escalated
which in turn subdued superoxide formation.

3.) Applying 1.) and 2.) to caesium formamidinium lead triiodide perovskite films and solar cells

— By substitution of monovalent organic cation (MAI) with inorganic cation such as Cs* and
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formamidinium (FA), stronger intermolecular attraction between cation and lead ions 3. As
a result, the absorber operational lifetime was maximised under constant exposure of dry air
and light. This is considered as a stepping stone in order to reach the radiative PV efficiency

limit.

After each individual factor is optimised, a highly stable lead trihalide solar cell was achieved. At
the end of this chapter, a PCE comparison study of non-optimized and optimized bulk hetero

junction PSCs will be made.

5.3. Experimental
As in chapter four, UV-vis was also used in order to track and access any visual variation in each
MAPbI; film while TAS was used to observe the change in charge kinetic as each perovskite based
film started to photo-degrade. Without the combination of oxygen and light, it was shown that
there would be no change in both UV-vis and TAS. The rate of signal reduction became vivid as
the film was subjected to both visible light and oxygen constantly. The reduction in microsecond
TAS decays started to show much earlier than any visual change had started to surface on MAPbI;

films.

The superoxide formation of each MAPbI; perovskite film was accessed via photoluminescence
(PL) of the hydroethedine (HE) probe at 610 nm with an excitation wavelength of 520 nm. Each
perovskite sample was submerged in a mixture of dry toluene and HE solution, as stated in chapter
three while exposed under a constant halogen light source (20 mWcm™) under dry environment
(less than 10 ppm H;0). The solution was tested with PL at ten minute intervals over a course of
one hour. The PL signal growth relative to its background represents superoxide formation of each

perovskite sample.

At the end of chapter five, a PCE comparison study among the reference MAPbI; bulk
heterojunction solar cells (ITO/c-TiO2/mp-TiO2/MAPbIs/spiro-OMeTAD/Au) and two other
CsFAPbI; based solar cells (ITO/c-TiO,/mp-TiO,/CsFAPbIs/spiro-OMeTAD/Au) and (ITO/c-
Sn0,/mp-TiO,/CsFAPbIs/spiro-OMeTAD/Au) was made. Each JV curved for each specimen was
plotted while they were being subjected to a constant A.M 1.5 G illumination and dry air (less than

10 ppm H;0) simultaneously.
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5.4. Results and discussions

In this chapter, three main approaches were implemented to this ETL design guidelines for PSCs to

optimise their operational lifetime under constant exposure of visible light and dry air.
1.) Selecting an appropriate metal oxide electron extraction layer (ETL)

Three candidates were selected to maximise the electron extraction capability at the electron
transporting layer (ETL)-MAPDbI; interfaces after the photoexcitation reaction had taken place.
Compact layers of ZnO, SnO; and TiO, were used individually to alter their energy offset between the
photoabsorber and each ETL. Intrinsically, these three ETLs have a different HOMO-LUMO levels as

illustrated in Figure 29.
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Figure 29: Energy level of MAPbI; as well as the HOMO and LUMO of three different compact electron
transporting layer; namely zinc oxide (ZnO), titanium dioxide (TiO3), tin oxide (SnO;).

The different energy offset between each ETL and MAPbI; altered its photo-generated electron
extraction capability as MAPbl; absorbed light. Deeper LUMO localisation in the electron extraction
layer with respect to the MAPbI; equated to a larger driving force for the electron extraction reaction
to become more energetic and feasible, thus decreasing their superoxide evolution. In turn, this
enhanced the PSCs operational lifetime under constant exposure of dry air and light. To confirm this
rationalisation, UV-vis, superoxide evolution comparison experiments via PL emission and TAS were
performed and plotted in Figure 30-32, respectively. In addition, the spectra traces of each ETL-MAPbI;

film was plotted and overlaid as the electron extraction layer varied (Figure 33).
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Figure 30: Absorbance spectra of glass/with and without ETL/MAPbI; samples (see labels) under
constant exposure of a halogen tungsten lamp (~ 20 mWcm™2) and dry air (less than 10 ppm H,0).

Three different ETLs were tested namely c-ZnO, c-TiO, and c-SnO..

The absorbance spectra of a reference MAPbI; sample along with three glass/ETL/MAPbI; samples

were plotted side by side when all samples were subjected to a constant exposure of halogen light

source (20mWcm™) and dry air (less than 10 ppm H20). As the energy offset at ETL-MAPblI; started to

increase (ZnO, TiO; and Sn0,, respectively), less alteration in its absorbance over ageing time was

observed. This effect implied that the c-SnO,/MAPbI; film exhibited a better visual stability than c-

TiO,/MAPbI; and c-ZnO/MAPDbIs, respectively. To prove that c-SnO,/MAPbI; generated less superoxide

species as hypothesized earlier, a superoxide evolution test was performed on identical set of samples

via comparing their PL emissions (Figure 31).
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Figure 31: PL emissions as a function of ageing time. Both reference and glass/ETL/MAPbl; samples
were submerged in a mixture of dry toluene and hydroethedine (HE) probe solution (31.7 uM) under
constant exposure of halogen light and excess dry air individually. Each PL emission of the toluene
solution was measured at 10 minute interval over the course of one hour.

For the next step in order to compare the recombination lifetime of the hole species, TAS spectra of
these three tested samples (glass/ ETL/MAPbIz/spiro-OMeTAD) were plotted and compared in Figure
32. Here, each TAS signal on each tested sample was probed at 1,600 nm. In order to track
recombination lifetime in spiro-OMeTAD, the laser photo pulses excitation that was at 510 nm with

an energy density of approximately 25 plecm™. The full experimental conditions were stated back in

chapter three.
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Figure 32: Microsecond transient absorption kinetic as a function of ageing time when each specimen
(c-ETL/MAPDbI3/spiro-OMeTAD) was probed at 1,600 nm to trace the recombination lifetime of hole
species in spiro-OMeTAD that deposited on each MAPbI; photoabsorber (see label). All samples were
aged under constant 20 mWcm™ illumination of a halogen lamp and excess flow of dry air (~1 lpm).
The signal was probed at 1,600 nm for spiro-OMeTAD and the laser photo pulses excitation was at 510
nm with an energy density of approximately 25 plcm™.
After UV-vis (Figure 30), PL emission (Figure 31) and TAS spectra (Figure 32) on each tested sample
with different ETL was obtained. The vertical traces were normalised and overlaid for the sake of

comparison (Figure 33). Here, oxygen-light stability of MAPBI; deposited on top of each ETL was

reflected.
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Figure 33: (a) 700 nm UV-vis trace of MAPbI; samples deposited on three different electron extraction
layer (ETL) (see legend). (b) Superoxide measurement of hydroethedine probe (HE) which was highly
emissive at 610 nm via excitation wavelength of 520 nm. I¢(t) was the maximum PL intensity at time t
while I¢(to) was the background fluorescence intensity at the probe at t = 0. The ratio between the two
represented the superoxide generation yield. Each specimen degraded under a dry environment and
constant halogen light source (~20 mWcm™). (c) Normalised Transient absorption spectra trace at 10
us as electron extraction layers are differed (see legend). All samples were aged under constant 20
mWcm2illumination of a halogen lamp and an excess flow of dry air (~1 Ipm). The signal was probed
at 1,600 nm for spiro-OMeTAD and the laser photo pulses excitation was at 510 nm with an energy
density of approximately 25 plem™2.

Figure 33-a clearly shows that c-Sn0O,/MAPbI; retained a better visual stability, while it produced
relatively less superoxide generation yield than c-TIO,/MAPbIl; and ¢-ZnO/MAPDblIs, respectively. The
drop in absorbance spectra was due to the conversion of MAPbI; (black) to Pbl; (yellow) along with
other by-products. This effect can be explained with the trend observed on the PL emission traces at
610 nm of each tested toluene/HE probe solution. The relative ratio of PL emission (l¢(t):I¢(to))
increased according to the relative amount that the HE probe captures the generated superoxide
molecules. This ratio also implied that relatively more superoxide was formed in systems such as c-

ZnO/MAPbI; and c-TiO,/MAPbI; than the c-SnO,/MAPbI3 sample. Therefore, c-ZnO and c-TiO, cannot
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extract photogenerated electrons as efficiently and as quickly as c-Sn0,. As a result, these two systems

exhibited a much lower degree of oxygen-light stability compared to the c-Sn0O,/MAPbIs.

The 10 ps trace in TAS spectra of each tested sample provided an additional insight regarding the
recombination lifetime of the hole species within spiro-OMeTAD for each specimen. Any rapid signal
drop in both lifetime and yield often indicated a sign of oxygen-light instability on that tested subject.
The PCE trends shown in Figure 33-c corresponded well with both the UV-vis and PL-emission trends
shown in Figure 33-a and Figure 33-b. Here, the lifetime of the hole species in the c-
Sn0O,/MAPbIs/spiro-OMeTAD sample was altered at a much slower pace compared with the lifetime
of the c-TiO2/MAPbIs/spiro-OMeTAD and c-ZnO/MAPDbIs/spiro-OMeTAD samples. In addition, the
change in TAS signal often occurred much earlier compared to the two other trends observed via UV-
vis and PL: This indicated that MAPbI; could cease to function as a working photovoltaic devices before

any visual instability could be observed.

All results shown section 5.4 led to the same conclusion: that c-SnO; is the most efficient electron
extraction layer out of the three tested candidates. Its low lying LUMO caused any relatively extra
photo-generated electrons at MAPbls-metal oxide interfaces to be most energetic and feasible, thus

stabilising the absorber layer the most compared with c-TiO; or c-ZnO based samples.
2.) Maximising interfacial area at MAPbIs;-mp-TiO, interfaces

An additional solution to maximise electron extraction capability at the ETL-MAPbI; interface was
utilised to maximise the photoabsorber-metal oxide interfacial areas. In section 5.4, four different
pseudo solar cell devices were tested and compared. Practically, the metal oxide-MAPbl; interfaces
were enhanced by varying the degree of porosity of a mesoporous titiania (TiO;) thickness while
relatively retaining similar overall thickness among these four specimens. Each pseudo-solar cell

architecture of a MAPblIs is shown in Figure 34.
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Figure 34: Schematic shows (a) MAPblI; (b) c-TiO2/MAPDbIs (c) c-TiO2/mp-TiO2/MAPbI; with overlayer
(d) c-TiO2/mp-TiO2/MAPbI; without the overlayer. The absence of excess MAPbI; overlayer indicated
that interfacial area between the absorber and mesoporous titiania was maximised.

Similarly to chapter three and four, the UV-vis PL emission and TAS spectra of these four tested

samples were plotted and compared in Figure 35, Figure 36 and Figure 37, respectively.

Approximately, a 20 mWcm™ halogen lamp and excess dry air was exposed to all specimens. At fixed
intervals, each UV-vis absorbance graph was measured for each individual sample (Figure 35). Since
for absorbance of the photoabsorber for each sample was directly proportional to its thickness, these
relatively similar UV-vis signals on all four samples clearly indicated that their overall thickness must

also be similar.
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Figure 35: Absorbance curves of four MAPbI; based specimens as each metal oxide-photoabsorber
interfacial area (between MAPbI; and mp-TiO;) increased (a) MAPbI; (b) c-TiO2/MAPbI; (c) c-TiO2/mp-
TiO2/MAPbI; with an excess overlayer (d) c-TiOy/mp-TiO2/MAPbl; without excess overlayer
(optimised). The absence of MAPbI; overlayer indicated that the interfacial area between the absorber
and mp-TiO; was maximised. All 4 specimens were under constant exposure of a halogen lamp (20
mWcm™) and dry air (less than 10 ppm H,0).

Superoxide measurements shown in Figure 36 was also performed in similar fashion as described in

Figure 31 in order to relate superoxide generation yield with reduction in UV-vis absorbance spectra.
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Figure 36: Superoxide measurements of toluene and hydroethedine probe solution which was highly

emissive at 610 nm via the excitation wavelength of 520 nm. l¢(t) was the maximum PL intensity at

time t while I¢(to) was the background fluorescence intensity at probe at t = 0. The ratio between the

two represents the superoxide evolution yield as the absorber film degraded under a combination of

constant halogen light (~20 mWcm™) and a dry environment (less than 10 ppm H,0).

By increasing mp-TiO,-MAPbI; interfacial areas to the MAPbI; samples, more stable absorbance

spectra were retained while each sample was subjected to constant light and dry air exposure (Figure

37a). In addition, the relative superoxide evolution yield in the MAPbIl; sample containing highly

mesoporous titiania was massively supressed compared to that for a bilayer sample (c-TiO2/MAPbIs)

or a reference sample (glass/MAPblIs) as shown in Figure 37b.
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Figure 37c strongly indicates that photo generated electrons were extracted at a much faster pace
when the ETL-MAPbIs interfacial areas were maximised. Approximately ten times less superoxide
concentration was detected in the HE probe solution for the optimised sample compared with the
reference sample (glass/MAPDbIs). Steady state PL was also performed for all four samples before the
superoxide test was carried out. The lower PL intensity often related to the fact that the most photo
generated excitons were quenched more efficiently from the perovskite to the titiania when the metal

oxide-photoabsorber was maximised.
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Figure 37: (a) absorbance trace at 750 nm of 4 different MAPbIl; samples with different interfacial area
between the MAPbI; and the mp-TiO; (see legend) (b) Superoxide generation traces at 610 nm of the
mixture of toluene and hydroethedine probe (31.7 uM) with a 520 nm excitation wavelength (c) a
steady state PL emission curves as the mp-TiO,-MAPbI; interfaces was enhanced.

By using microsecond-TAS (Figure 38), much earlier signs of hole recombination occurred in the bilayer
MAPbI; sample and reference sample compared with the bulk heterojunction MAPbI; based sample.
After constant exposure to dry air and a halogen lamp, the hole recombination lifetime for the

optimised MAPbIl; sample was still relatively similar while signs of photo-instability occurred on the

other two non-optimised samples at a much faster pace (a few minutes compared with 24 hours).
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Figure 38: Transient charge kinetic of MAPbIs based films (a) c-TiO2/MAPbIs/spiro-OMeTAD (b) c-
TiO2/mp-TiO2/MAPbIs-with excess overlayer/spiro-OMeTAD (c) c-TiO2/MAPDbIz-without
overlayer/spiro-OMeTAD (d) Normalised TAS decay at 1 us versus oxygen-light ageing time .All
samples are aged under constant 20 mWcm™illumination from a halogen lamp and an excess flow of
dry air or open air. The signal was probed at 1600 nm for spiro-OMeTAD. Laser photo excitation was
at 510 nm with an energy density of approximately 25 plcm™.

To confirm the presence of the MAPbI; excess overlayer, top view and cross sectional SEM images

were performed (Figure 39).
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Figure 39: (a) top view and (c) cross sectional SEM images of c-TiO,/mp-TiO,/MAPbIs with the excess
overlayer. (b) top view (d) cross sectional SEM of the optimised c-TiO,/mp-TiO,/MAPblIs.

From this additional information, it was hypothesised that existence of an overly thick MAPbI3
overlayer which was not in contact with mp-TiO, might impede any photogenerated electrons to
transport back to the ETL. On the other hand, in terms of the PV performance aspect, some excess
overlayer of MAPbI; was still essential and required to prevent the working solar cells from short
circuiting. Therefore, it was important to optimise the overall thickness of the mp-TiO; as well as the
photoabsorber thickness to maximise both the device operational lifetime and its overall photovoltaic

performances.
3.) Applying 1.) and 2.) to caesium formamidinium lead triiodide perovskite films and solar cells

This approach focused on enhancing intermolecular attraction between cations and the lead ions
within the perovskite structure. The weakest link components within MAPbI; crystals that often
detached first was the organic group (MeNHs*). Many literatures reported that the average bond
length between lead ions and cation/halide ions became shorter when Cs* or FA* were to replace MA*
component *°'5% For example, Cs-X (halide) average bond length of CsPbls and MAPbI; 3.9 A and 4.5

149-151  This was attributed to the considerably smaller ionic radius of Cs ion when

A, respectively
compared with MA ions (1.81 A in Cs* compared with 2.70 A in MA or 2.79 A for FA) %152, As a result,
by replacing the relatively weak-linked organic group of MANH;* with a stronger bonded organic
Cso.17FA033NH3* component, the superoxide generation yield of the photoabsorber should reduce

dramatically 3%%4° Here, MA* ions was substituted with a stronger bond inorganicion (Cs*). This effect
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should in turn stagnate the conversion reaction of a lead trihalide perovskite photoabsorber to its

subsequent by-products upon constant exposure to light and oxygen. Therefore, CsFAPbI; perovskite

film was hypothesized to resist the oxygen-light degradation better than MAPbI; photoabsorber.

In a similar fashion to the first ETL optimisation guideline where three different compact layers were

studied (c-Zn0O, c-TiO, and ¢c-Sn0y), four different types of Csp17FA0 s3Pbls (which will be referred to as

CsFAPbI; from now on) based perovskite films were investigated: namely 1.) reference CsFAPbI; 2.) c-

ZnO/CsFAPbI; 3.) c-TiO,/CsFAPbIz 4.) C-Sn0O,/CsFAPbls. Firstly, UV-vis trace was plotted in Figure 40

followed by superoxide generation yield measurement as shown in Figure 41.
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Figure 40: Absorbance curves of (a) CsFAPbl; (b) c-ZnO/CsFAPbl; (c) TiO,/CsFAPbI; (d) c-

Sn0,/CsFAPbIs. All the samples were aged under constant illumination of halogen light (20 mWcm™)
and dry air exposure (less than 10 ppm H;0).
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Figure 41: Superoxide measurement of mixture of dry toluene and hydroethedine (HE) probe solution
(31.7 uM) after submerging each CsFaPbl; sample while each sample was exposed to a constant
exposure of halogen light and excess dry air. The tested solution was highly emissive at 610 nm via an
excitation wavelength of 520 nm upon superoxide formation. I¢(t) is the maximum PLintensity at time
t while Ig(to) is the background fluorescence intensity at probe at t = 0. The ratio between the two is
the superoxide yield as the absorber film degrades under a constant light-oxygen environment.

The absorbance spectra of superoxide generation yield of four CsFAPbI; based samples were plotted
in Figure 40 and 41, respectively. Afterwards, the absorbance trace at 750 nm of each ETL/CsFAPblI;

sample along with the reference CsFAPbI; film was plotted side by side with superoxide generation

trace at 610 nm for each case of metal oxide-CSFAPbIs in Figure 42.
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Figure 42: (a) absorbance traces at 750 nm of MAPbl; and CSFAPbIs; deposited on three difference
compact layers of metal oxide (see legend) (b) Superoxide generation traces of the tested toluene
mixed with HE probe solution (31.7 uM) at 610 nm with 520 nm excitation wavelength. Each c-
ETL/CsFAPbI; contain three different compact metal oxides along with a reference CsFAPbI; sample
(see legend) (c) raw steady state PL emission intensity of four different c-ETL/CsFAPblIs.

In general, the much slower drop in absorbance of c-ETL/CsFAPblI; as a function of oxygen-light ageing
time indicated that a stronger cation bonding between caesium formamidinium cation and lead ions
prolong visual stability of the photoabsorber. Figure 42a also compares a different degree of light-
oxygen stability between a MAPbIls and a CsFAPbl; sample. The CsFAPbI; film remained as a
photoabsorber roughly six times longer than the MAPbI; reference sample when they were exposed
to nearly identical testing conditions. Similar to the first guideline, the oxygen-light stability of the

CsFAPbI; based sample differed according to which compact metal oxide was inserted underneath the

photoabsorber.

Figure 42 also shows that with appropriate compact metal oxide and appropriate photoabsorber, its
air-stability can be enhanced dramatically (c-SnO, c-TiO, and c-ZnO,/CsFAPbls, respectively). The

superoxide generation yield in the CsFAPbl; absorber was minimised while its electron extraction
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capability at the absorber-metal oxide interface was enhanced. These two effects complimented each

other and resulted in an even greater oxygen-light stable sample.

The next focus on section 5.4 is about combining all three established ETL design guidelines together
in order to maximise the operational lifetime of the lead trihalide perovskite films and working solar
cells while still retaining relatively high PV performances. Here, UV-vis absorbances, PL emission
spectra of the toluene and HE probe solution along with TAS signals of three different c-ETLs/mp-
ETLs/CsFAPbI; films and the CsFAPbI; reference sample were measured in the same manner as chapter
four (Figure 43, 44 and 45, respectively). Lastly, the vertical trace of each individual spectra obtained
from three separate experiments was plotted and compared side by side in Figure 46 in order to
observed the effect of charges kinetic in the optimised structure.
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Figure 43: Absorbance curves over ageing time of (a) c-ZnO/mp-TiO,/CsFAPbIz (b) c-TiO,/mp-
TiO,/CsFAPDI; (c) c-SnO2/mp-TiO,/CsFAPbIs .All the samples were aged under constant illumination of
light (~20 mWcm2) and dry air exposure (less than 10 ppm H0).
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Figure 44: Superoxide measurement of hydroethedine probe solution which was highly emissive at
610 nm while excitation wavelength was at 520 nm for each CsFAPbI; based samples (see legends).
Ie(t) is the maximum PL intensity at time t while I¢(to) is the background fluorescence intensity at probe
att = 0. The ratio between the two is the superoxide yield as the absorber film degrades under a dry
environment. Superoxide measurement of MAPbl; sample wasincluded in (d) for comparison.
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Figure 45: Transient charge kinetic of MAPbI; based films (a) c-ZnO/mp-TiO,/CsFAPblz/spiro-OMeTAD
(b) c-TiO2/mp-TiO2/CsFAPbIs/spiro-OMeTAD /spiro-OMeTAD (c) c-SnO,/mp-TiO,/CsFAPbIs/spiro-
OMEeTAD (d) TAS vertical trace at 10us of its optical density of CsFAPbIl; deposited on 3 different
compact metal oxides. All samples were aged under constant 20 mWcm illumination of a halogen
lamp and excess flow of dry air (less than 20 ppm H,0). The signal was probed at 1,600 nm to track
hole recombination lifetime in spiro-OMeTAD. Laser photo excitation was undertaken at 510 nm with

an energy density of approximately 25 plcm™.

From this, UV-absorbance vertical traces at 750 nm, superoxide generation yield trace at 610nm and

PL emission peak is plotted next to each other for the sake of valid comparison as shown in Figure 46.
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Figure 46: (a) Normalised of UV-vis absorbance trace at 750 nm of c-ETLs/mp-TiO,/CsFAPbI; (where
ETL were namely ZnO, TiO; and c-Sn03) (b) relative superoxide generation yield (I¢(t):I¢(to))at 610 nm
of c-ETLs/mp-TiO2/CsFAPbI; (c) raw steady state emission peak of c-ETLs/mp-TiO,/CsFAPbI; (d)
Transient absorption trace at 10 ps of of c-ETLs/mp-TiO,/CsFAPbIz/spiro-OMeTAD where each sample
consisted of a different compact metal oxide (see legend). All of the optimised photoabsorbers were
deposited on mesoporous titiania in order to maximise electron extraction at the absorber-
mesoporous metal oxide interfaces.

By following all three of the ETL design guidelines in order to create a highly air-light stable solar cell,
the optimised solar cell was constructed. The optimum bulk heterojunction solar cell devices that were
solution processable consisted of ITO/c-SnO,/mp-TiO,/CsFAPbIs/spiro-OMeTAD/Au. The optimum
conditions were reached by maximising photo-electron extraction capability at the metal oxide-
perovskite photoabsorber and minimising superoxide generation within the photoabsorber layer.
Evidently, ITO/c-SnO,/mp-TiO,/CsFAPbI; film has the least drop in its absorbance trace at 750 nm
compared with other test specimens, while its superoxide generation yield stayed at minimum when
the sample was submerged in toluene and HE probe solution with a constant exposure to light and
oxygen. In addition, the most stable sample retain the longest hole recombination lifetime.

As shown in Figure 47 and Table 5, the most light-air stable lead trihalide perovskite device under a

constant exposure of constant dry oxygen and AM 1.5 G xenon light still lived as a working photodiode
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over six to eight times longer than the heterojunction reference solar cell (ITO/c-TiOy/mp-
TiO,/MAPbI3/Spiro-OMeTAD/Au) (roughly 80 hours compared with 10 hours for the optimised and the
reference solar cell, respectively). It was speculated that a drop in FF of the ITO/c-SnO,/mp-
TiO,/CsFAPbI; sample due to the porosity optimization effect could be regarded as a compromise to
trade a slight drop in its PV performances to gain a massive improvement for air-light stability. After
each solar cell sample was bathed under an AM 1.5 G xenon lamp and dry air continuously, Jsc values
of all tested samples tended to drop drastically over time as the superoxide species started to form at
the absorber layer. Since one of the light-oxygen degradation by-products is water molecules, this will

cause a self-catalytic reaction to occur. Therefore, each perovskite sample could absorb less light and
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generate a lesser amount of exciton overtime under the test conditions. Thus, a rapid fallout in PCE in

PSCs tends to take place eventually.

Figure 47: JV curves of (a) ITO/c-TiO2/mp-TiO2/MAPbIs/spiro-OMeTAD/Au (b) ITO/c-TiOy/mp-
ITO/TiO2/MAPbIs/spiro-OMeTAD/Au  (c) ITO/c-SnO2/mp-TiO,/CsFAPbIz/spiro-OMeTAD/Au  (d)
Normalised PCE for perovskite derived from (a), (b) and (c). Both samples are exposed under AM 1.5
G with approximately 100 mWcm2irradiance powered by equivalent white LED array equipped with
UV blocking.
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Table 5: PV parameters of three different bulk heterojunction solar cells: 1TO/c-TiO>/mp-
TiO,/MAPbI3/spiro-OMeTAD/Au,  ITO/c-TiO2/mp-TiO,/CsFAPbIz/spiro-OMeTAD/Au  and ITO/c-
Sn0,/mp-TiO,/CsFAPbIs/spiro-OMeTAD/Au. The total of six devices from each category were being

measured simultaneously.

ITO/c-TiOy/mp- ITO/c-TiO2/mp- ITO/c-Sn0O,/mp-
TiO>/MAPbIz/Spiro- TiO,/CsFAPbI3/Spiro- | TiO,/CsFAPbI3/Spiro-
OMeTAD/Au OMeTAD/Au OMeTAD/Au

PCE 9.07 £ 0.05 10.15+£0.1 9.16 £ 0.05

Jsc 16.70+£0.03 18.18 £ 0.05 19.45+0.01

Voc 0.91+0.01 0.93 £0.02 0.99+0.04

FF 0.59+0.01 0.60+0.02 0.47 +0.03

5.5. Conclusions
Chapter five introduced three ETL design guidelines of the perovskite photoabsorber films in order to
suppress its superoxide generation yield during the oxygen-light degradation process: 1.) select a
suitable electron extraction layer 2.) maximise interfacial areas at the absorber-mesoporous metal
oxide 3.) apply 1.) and 2.) to caesium formamidinium lead triiodide perovskite films and solar cells
which tolerate oxygen-light degradation much better than MAPbI; perovskite. Figure 48 summarised
and compared visual stability of organo/inorgano-lead triiodide perovskite. The reduction in
absorbance of each lead perovskite film sample was directly related with superoxide generation yield
as the oxygen-light degradation process took place shown in Figure 48a and 48b, respectively. In
particular, when appropriate ratio of Cs* and FA* was implemented in the perovskite crystal structure
over the MA*ions, a stronger intermolecular attractions between cation ions and lead/halide ions was
formed which in turn reduced superoxide generation in the perovskite photoabsorber films during
oxygen-light degradation. Chapter five concluded that c-SnO,/mp-TiO,/CsFAPbls/spiro-OMeTAD/Au
was the most oxygen-light stable solar cell device going forward. This was made possible by following

the three design guidelines that were established previously.
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Figure 48: (a) absorbance spectra trace at 750 nm of lead trihalide perovskite films (see legends) (b)
Superoxide generation yield trace at 610 nm (with 520 nm excitation wavelength) of HE probe
solution.
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6. Oxygen-light Stability Enhancement of CsFAMAPDbI; Based
Perovskite Films and Working Solar Cells with PC70BM Dopant

6.1. Abstract

In chapter five, the ETL design guideline set out how to maximise oxygen and light stability of MAPbI3
and CSPAPbI; perovskite films and solar cells. Predominantly, the main concepts in chapter five
revolved around maximising photo-generated electrons extraction capability at ETL-perovskite
interface during the light harvesting process by adjusting the conduction band edge of the ETL with
respect to the perovskite photoabsorber. In addition, the intermolecular attraction within the organo-
lead perovskite crystal structure was raised by replacing a weak-linked MANH;* with FANHs*and Cs*
ions. The most oxygen-light stable perovskite solar cells remained in operational condition as a
working photodiode approximately six to eight times longer than the titiania based reference device.
In chapter six, the oxygen-light stability of CsFAPbIs perovskite films and bulk heterojunction solar cells
are investigated. An alternative method to further extract any photo-generated electrons at the
perovskite/ETL interfaces is to dope the photoabsorber CsFAPbI; solution with a solution containing
an appropriate amount PCBM. Both PCsBM and PC;,BM doped perovskite films were investigated
and compared to undoped CsFAPbI; perovskite films. PC70BM doped CsFAPbI; films showed a higher
degree of oxygen-light tolerance when an appropriate amount of the electron acceptor was
incorporated into the perovskite structure. Practically, the most optimal PC70BM concentration was
found by doping the perovskite precursor solution with 40 pl of 0.2 mgml™ of PC;0BM: DMSO doping
solution. The UV-vis and PL emission spectra of the most optimised PC70BM doped CsFAPbI; perovskite
sample indicated that PC;0BM acted as an additional source to extract photo-generated electrons from
the perovskite to the ETL layer. The recombination lifetime of hole species of spiro-OMeTAD that
deposited on top of the doped sample shown with TAS transfer kinetic were almost identical to a non-
PC70BM doped film. Therefore, the presence of PC70BM did not hinder or alter the photogenerated
charge transportation processes. At the end of this chapter, bulk heterojunction solar cells consisting
of PC7;0BM doped CsFaPbls as a photoabsorber were fabricated. The doped devices resisted oxygen-
light degradation approximately two times longer than the un-doped bulk heterojunction CsFaPbls
reference device. The photoabsorber PB;oBM doped CsFAPbDI; films in particular exhibited a much
higher oxygen-light stability. Much less relative superoxide generation yield was detected with the

PC70BM-doped CsFAPbDI; films.

Therefore, the further oxygen-light stability enhancement of the CsFAPbI; absorber layer was

implemented by doping the absorber layer with an appropriate amount of PC;0BM dopant. The dopant
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was hypothesized to migrate to any available vacancy sites (for examples. grain boundaries), and
increase highly energetic charge from the absorber to the dopant. This can further reduce the
superoxide formation yield within the absorber and results a high tolerant oxygen-light photoabsorber
film. In this chapter, CsFAPbI; absorber solution was doped with an appropriate amount of PC¢cBM
and PC7;0BM solution. PC;0BM doped-CsFAPbIs, in particular, exhibited outstanding oxygen-light
stability. Itis noted that appropriate PC70BM doped CsFAPbI; does not change the crystal structure of

the absorber or its degradation pathway or obstruct its charge transfer after photo absorption.

6.2. Introduction
Phenyl-C61-Butyric acid methyl ester (PCesoBM) and [6,6]-Phenyl-C71-butyric acid methyl ester
(PC70BM) are widely used as electron acceptors in OPVs 1°371%¢, As explained previously in chapter two,
PCs0BM and PC7,BM have many desirable properties when incorporated with P3HT (and many other
electron donor polymers) to create sufficient energy offset in order to separate excitons after the
photoexcitation process in P3HT:PCBM OPV systems. Here, PCBM also acted as electron accepting
material to transfer the separated charges to the designated electrode. In this chapter, PCBM was
incorporated as an additional electron accepting source in order to maximise the PSCs operational
lifetime under constant exposure of visible light and oxygen. In general, PCBM has many desirable
properties when used as a doping agent material for the perovskite system: 1.) The PCBM molecule is
quite bulky, thus it does not alter the perovskite crystal structure (901.9 gmol™ and 1030.99 gmol™ for
PcsoBM and Pc70BM, respectively **7) 2.) PCBM itself has an appropriate LUMO and HOMO level to act
as an intermediate source to extract any excess photogenerated electrons (-6.1 eV and -3.7 eV for
HOMO and LUMO level of PcgoBM while-5.9 and -3.9 eV are HOMO and LUMO energy level for PC;0BM,
respectively %) 3.) PCBM molecules do not aggregate when it is heated below 100 °C *81%° 4.) PCBM
can be dissolved in DMSO mixture solution which is one of the solvents used to dissolve CsFAPbI;
perovskite precursor solution (~0.2 mg of PCBM in 1 ml of DMSQ%%1¢%). According to all four desirable
traits of PCBM, both PCsBM and PC;0BM were used as a dopant for the CsFAPbI; perovskite solution
before the annealing step of the photoabsorber layer. Therefore in this chapter, a different amount
of PCBM dopant solution (0.2 mgml™ in DMSO) for each CsFAPbIs precursor solution from 0 pl to 100
ul with 20 ul interval increment was investigated and compared. The aim of chapter six is to find the
optimal amount of PCBM dopant which will enhance light-oxygen stability of CsFAPbI; films and solar

cells without altering the crystal structure of the perovskite.
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6.3. Experimental
UV-vis, steady state PL measurement and TAS transfer kinetic spectra were also plotted and compared
as each CsFAPbI; precursor solution was doped with a different amount of PCBM (0.2 mg in 1 ml of
DMSO solution) from 0 pl to 100 pl with 20 pl increments. All CsFAPbI; based films were subjected to
constant halogen lamp illumination (~20 mWcm™) and excess dry air flow throughout the entire
experimental period. The superoxide measurement were not made possible in this part of the thesis

due to the fact that PCBM is soluble in toluene solution.

Other characterisation techniques namely XRD, EDX and SEM, were performed for all fresh and air-
light aged CsFAPbI; based samples to ensure that all lead trihalide films/solar cells underwent the
same degradation pathway. In addition, there should not be any major initial crystal or phase change

as the PCBM dopant was added to the photoabsorber films.

This chapter concludes with a PCE measurement comparison study between a reference CsFAPbI3
(ITO/mp-TiO,/CsFAPbIs/spiro-OMeTAD/Au) and the most optimally PCBM doped bulk heterojunction
solar cells (ITO/mp-TiO2/PCBM-CsFAPbIz/spiro-OMeTAD/Au).

6.4. Results and Discussions
In chapter six, 0.2 mg of either PCs0BM or PC70BM was added in 1 ml DMSO solution in order to make
a dopant solution. Firstly, the effect of dopant addition of PCsBM to the oxygen-light stability of
CsFAPDbI; was monitored via UV-vis absorbance (Figure 49 and 50a) and steady state PL (Figure 50b)

comparison studies.
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Figure 49: Absorbance spectra of c-TiO,/mp-TiO,/CsFAPbIl; with and without PC¢oBM/DMSO solution
dopant (0.2 mg of PCsBM in 1 ml of DMSO). Each sample was doped with (a) 0 pl PCsoPM (b) 10 pl
PCs0PM (c) 20 ul PCsoPM (d) 30 pl PCeoPM (e) 40 pl PCeoPM doped dopant solution.
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Figure 50: (a) UV-vis absorbance trace at 750 nm of c-TiO,/PCsoBM-CsFAPDIs (b) steady state PL
emission of c-TiO,/PC60BM-CsFAPbIs. Each CsFAPbI3 based film was doped with a different volume of
the PCsoBM DMSO solution.

Figure 50-a was derived from using an absorbance trace at 750 nm on each CsFAPbI; specimen. Figure
49-50 showed that the amount of the dopant does not help to remove any photo-generated electrons
at the CsFAPDbIs-ETL interfaces. It was hypothesized that the PCsoBM molecule is too bulky to fit in
between the grain boundaries or other bulk defects within the CsFAPbI; structure. As a result, the
PCsoBM molecules impeded and stagnated any photogenerated electrons from transporting to the
mp-TiO; layer. Therefore, the visual stability of PCsoBM doped CsFAPbl; samples decreased as more

dopant concentration was added into the CsFAPbIs precursor solution.
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However, Kakavelakis et al. reported the air stable planer invert perovskite solar cell with reduced
graphene oxide doped PCBM that could function as an electron transporting layer 1. Here, the 5 %
reduced graphene oxide-PCBM exhibited approximately 38 % more PL quenching compared to
pristine PCBM films 6, Perhaps, the reason why the PCsoBM molecules did not assist the CsFAPbIs
photo-generated electron to be quenched in this case was because the LUMO level in PCsoBM was

slightly higher than that for PC;0BM (-3.9 eV compared with -3.7 eV).

On the other hand, PC7;0BM molecules could efficiently extract photogenerated electrons from the
CsFAPDI; to the mp-TiO; layer. In order to pinpoint the optimum PC;BM dopant concentration, a

wider dopant variation range was performed via UV-vis and steady-state PL emission which are shown

in Figure 51.
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Figure 51: (a) absorbance traces of c-TiO,/mp-TiO,/CsFAPbI; films doped with different amounts of
PC70BM at 750 nm (see legend). All samples were degraded under constant exposure of illumination
and dry air (less than 10 ppm H;0). (b) steady state PL emission of 0-100 ul PC70BM doped CsFAPblI;
based samples. Here, the amount of the dopant concentration corresponded with the photo-
generated electron extraction capability at the CsFAPbls-mp-TiO, interfaces. (c) steady state PL
emission of 120-200 ul PC70BM (0.2 mg in 1ml of DMSO) doped CsFAPbI; based samples. Here, the
peak of PL emission of the heavily PC7,0BM doped sample started to become blue-shifted. (d) maximum
PL intensity vs the normalised absorbance linier relation graph after 216 hours of a constant tungsten
halogen light (~20 mWcm™) and oxygen ageing. The Raw UV-vis absorbance data is supplemented in
the Sl sections.
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The trends of absorbance instability were clearly separated into two groups. The appropriate amount
of 40 ul PC70BM dopant into a CsFAPbI; precursor solution was found to be an optimal amount that
retained the visual stability of the perovskite film via maximisation of photogenerated electron
extraction capability at CsFAPbls-mp-TiO; interfaces. Figure 51-b and Figure 51-c clearly display an
opposite trend in photo-generated electron quenching ability for each sample. In addition the blue-
shifted in steady state PL emission took place when too much PC;,BM dopant solution was added into
the perovskite precursor solution. In this particular case, this effect induced more light and oxygen-
instability to the CsFAPbI; films. In particular, 40 ul of PC;0BM dopant (0.2 mg in 1 ml of DMSO) was
concluded to be an appropriate amount of PC;0BM that assists ETL to further enhance photo-
generated electron to be extracted from the perovskite photoabsorber layer. From all these findings,
the TAS transfer kinetics of 0-100 ul doped PC;0BM —CsFAPbI; based samples were measured and

compared in Figure 52.
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Figure 52: Transient charge kinetic of c-TiO,/mp-TiO,/PC70BM doped CsFAPbIsspiro-OMeTAD as the
dopant amount and oxygen-light ageing time was varied (see labels). All CsFAPbl; based samples were
aged under constant 20 mWcm2illumination with a halogen lamp and an excess flow of dry air. The
signal was probed at 1,600 nm to track the hole recombination interaction in spiro-OMeTAD. Laser
photo excitation was set at 510 nm with an energy density of approximately 25 pJecm™

Figure 52 clearly shows the hole recombination lifetime increased by approximately one order of
magnitude after the appropriate amount of PC;0BM was added into the perovskite precursor solution.
In fact, a greater presence of PC70BM molecules within the CsFAPbI; film reduced the probability of
the hole species to recombine with photogenerated electrons being transported from the CsFAPbI; to
mp-TiO; layer. This experiment also indicated that the presence of PC70BM molecules within the
CsFAPbDI; did not impede charge extraction and the transportation process. In contrast, the dopant

helped improve electron extraction capability at the photoactive-ETL interfaces which in turn helped
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extend hole recombination lifetime when an appropriate volume of dopant solution was added into

the CsFAPbI; based samples.

The XRD patterns for fresh and 648 hours of constant light-oxygen ageing on c-TiO,/mp-TiO,/PC70BM-
CsFAPbI; samples doped with different amounts of PC70BM were measured and overlaid (Figure 53).
The identical XRD patterns of the undoped and doped PC70BM samples ensured that the incorporation
of PC70BM did not alter the crystal structure of the CsFAPbIs perovskite. In addition, Figure 53 also
reinforces the previous findings via the UV-vis and PL experiment that 40 ul of PC70BM dopant solution
(0.2 mg in 1 ml DMSO) was the optimal dopant concentration. An additional XRD peaks from 20 to 40
°20 indicated various oxygen-light by-products of CsFAPbIs such as Pbl,, Csl and CsPbls.
(a) (b)
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Figure 53: XRD patterns of (a) initial c-TiO>/ mp-TiO,/CsFAPbI; with different Pc;oBM dopant content
(see legend) (b) 648 hours light-oxygen aged c-TiO,/ mp-TiO,/CsFAPbIz under constant exposure of dry

air and illumination (~20 mWcm™).

The top view SEM images (Figure 54) were carried out on fresh c-TiO,/ mp-TiO,/CsFAPbl; samples that
were either undoped or doped with a different concentration of the PC70BM (from 0 ul to 100 pl) in
order to rationalise and reinforce the previous UV-vis, TAS and XRD findings. In addition, the average
crystal size of the MAPbIs grains were recorded in Table 6.
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(b)

164.1 nm

Figure 54: Top view SEM images of c-TiO2/mp-TiO,/CsFAPbIs; while PC70BM dopant solution (0.2 mg of
PC70BMin 1 ml of DMSOQ) is varied (see legend). The dopant is dissolved in DMSO solution at 0.2 mgml"
!, The crystal size increases upon dopant addition.

Table 6: Average crystal size of the CsFAPbI; upon PC70BM dopant addition (0.2 mg in 1 ml of DMSO).
The average crystal sizes were maximised with 40 pl of the PC7;CM dopant solution put into the
CsFAPbDIs precursor solution prior to the spin coating process of the photoactive layer.

PC70BM dopant volume in DMSO (0.2mg/ml) Average crystal size (nm)

Reference 181.4 £ 2.09
20 pl 161.0+1.93
40 pl 287.0+1.42
60 pl 164.7 £ 1.60
80 ul 207.9+1.79
100 pl 211.5+0.99

The average crystal size on the CsFAPbI; perovskite samples was obtained by taking an average of 10
different measurements of each top view SEM image for PC70BM doped and undoped PC;0BM
CsFAPbIs samples. 40 pl — (0.2 mgml™ in DMSO)-CsFAPbIs displayed largest average crystal size within
the tested top surface compared to other doped samples. The increment in average CsFAPDbI; crystal
sizes reflected the relative light-oxygen stability of the CsFAPblsperovskite layer. It was hypothesized
that the presence of PC70BM molecules might assist CsFAPbIs to grow relatively larger compared with

the undoped CsFAPbI; sample.

Chapter six is concluded by comparing optimally PC70BM doped-CsFAPbI; with an undoped CsFAPblI;
bulk heterojunction solar cell (Figure 55). The reference CsFAPbI; solar cell consisted of ITO/c-
TiO2/mp-TiO,/CsFAPbIs/spiro-OMeTAD/Au while the optimally PC;0BM doped-CsFAPbIs consisted of
ITO/c-TiO2/mp-TiO2/40 pl PC70BM (0.2 mg/ml in DMSO)-CsFAPbIs/spiro-OMeTAD/Au. Both specimens

were subjected to a constant light exposure xenon lamp powered by equivalent white LED array
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equipped with UV blocking filter with A.M 1.5 G illumination (100 mWcm-2) and dry air continuously

and simultaneously.
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Figure 55 : (a) JV curves of ITO/c-TiO>/mp-TiO,/CsFAPbIz/spiro-OMeTAD/Au reference solar cells (b)
ITO/c-TiO2/mp-TiO2/CsFAPbI3-40 pl doped PC70BM (0.2 mgml™? in DMSO)/spiro-OMeTAD/Au from 0Ot
hour to 48" hour under the testing conditions (c) The continuation of JV measurement over ageing
time of the optimally doped PC70BM-CsFAPbI; based solar cell under testing conditions from 49" hour
to 71" hour (d) Normalised PCE traces of the undoped and optimally PC;0BM doped-CsFAPbI; solar
cells over ageing conditions. Both samples were exposed under constant exposure of dry air and AM
1.5 G with approximately 100 mWcm™ irradiance powered by equivalent white LED array equipped
with UV blocking filter. Each JV curve was obtained via a backward JV scan from 1.2V to -0.2 V.

For the PCE comparison measurements between an undoped and optimally PC70BM doped (40 ul of
0.2 mg PC70BM in 1 ml of DMSO)-CsFAPbIl; samples, the normalised PCE trace were plotted in Figure
55. Figure 55-d indicates that PC;0BM dopant could indeed preserve overall PV performance of the
perovskites while helping to prolong the operational lifetime of the device under constant light and
oxygen exposure by approximately two times (38 hours and 71 hours for an optimally PC70BM doped-
CsFAPbDI; devices). Table 7 compared PCE, Jc Voc and FF of the reference solar cell device and 40 ul
PC70BM doped (0.2 mg/ml in DMSO) CsFAPbI; devices.
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Table 7: Relevant PV parameters for ITO/c-TiO,/mp-TiO,/CsFAPbls/spiro-OMeTAD/Au reference solar
cell device and ITO/c-TiO,/mp-TiO,/CsFAPbIs-40 pl doped PC70BM (0.2 mg/ml in DMSO)/spiro-
OMeTAD/Au devices. Total of six identical devices from each category were being measured
simultaneously.

Initial PV parameters Reference (undoped) 40 pl PC;0BM doped (0.2
’ ’ mg/ml in DMSO) solar cell

PCE (%) 7.34 £0.05 7.74+£0.04

Jsc (MAcm??) 20.25 +0.03 22.62 +0.03

Voc (V) 0.76 £ 0.05 0.78 £ 0.07

FF 0.47+0.06 0.43+£0.03

The initial PCE parameters of both the undoped and 40 ul PC;0BM doped (0.2 mg in 1 ml DMSO)-
CsFAPbDI; bulk heterojunction solar cell device were shown in Table 7. The presence of an appropriate
concentration of PC;,0BM molecules that were imbedded within the CsFAPbI; layer helped
photogenerated electrons to be successfully extracted from CsFAPbI; to mp-TiO, more efficiently.
Hence, J of the optimally Pc;0BM doped sample showed an increase from 20.25 to 22.62 mAcm™. In
addition, the V,c and FF value of the doped CsFAPbIl; sample showed no significant shift which
reinforced the previous finding from their XRD and TAS experiment that the existence of PCBM not
only retains crystal structure of the perovskite photoabsorber but also helps extend harvested charge

recombination lifetime after the photoexcitation process had taken place.

6.5. Conclusions
Chapter six continued to uphold the three ETL design guidelines that were established in Chapter five.
In addition, chapter six provided the additional method in order to supress superoxide generation
yield during the oxygen-light degradation of the CsFAPbIs films. This was made possible by mixing
PC70BM dopant solution to the perovskite precursor before the perovskite film was spin-coated on the
designated substrate. 40 pl of PC70BM dopant solution (0.2 mgml™ DMSO) in particular assisted the
CsFAPbDI; photoactive layer to extend its visual and charge transport capability. In addition, The XRD
patterns and TAS kinetic spectra of the PCBM doped sample also provided a confirmation that the
PC70BM dopant did not either alter crystal structure or hinder the charge transportation processes to
the CsFAPbI; layer. The information provided by using top view SEM images of the PC;0BM doped
samples confirmed that the 40 ul PC7BM dopant (0.2 mgml™® DMSO) played an important role to
increase average crystal sizes of the CsFAPbI; layer which potentially helped minimise the contacts of
oxygen molecules surrounding the samples. It was hypothesized that PC;0BM migrated and imbed
themselves at any available bulk detects such as grain boundaries and act as an additional photo-

electron acceptor sources.
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7. Oxygen-light Stability Enhancement with Post Annealing
Temperature Effect on Lead Trihalide Perovskite Films and Solar

Cells

7.1. Abstract

In chapter six, the photogenerated electron extraction capability at the lead trihalide perovskite-
mesoporous titiania interfaces was assisted by incorporating PC;0BM molecules, which hypothesized
to act as an additional electron acceptor source located at the grain boundaries of the photoactive
layer in order to stagnate the oxygen-light degradation. In chapter seven, the core principle is to
maximise intermolecular attraction of cations and anions within the perovskite crystal that
surrounded each lead ion. By partially replacing some iodide ions with bromide ions to the lead
trihalide photoabsorber molecule, the crystal integrity of the perovskite photoabsorber increased

substantially; thus this led to more efficient PV devices with a better oxygen-light stability.

In addition, the effect of post annealing temperature to lead trihalide perovskite samples was
investigated due to the fact that a continuous light exposure to a photodiode often caused the its
inner temperature to rise to some extent. This phenomenon was replicated practically by varying post
annealing temperature (from room temperature to 100 °C with 20 °C increments) of the lead
perovskite trihalide tested samples while fixing all of their post annealing time to 30 minutes. Then
the optical and electrical properties of each perovskite sample was compared individually. Here, an
insight comparison of oxygen-light stability with post annealing temperature effect taken into account
on the structural, optical and electrical properties of three different lead trihalide perovskite samples
namely; MAPbls, Cso.17FA0.s3Pbls, and Cso.17FA0s3Pb (lo.sBro2)s, was made throughout this chapter. The
oxygen-light stability comparison of each lead perovskite sample was assessed via three different
spectroscopy techniques: ultraviolet-visible light absorbance spectra, photoluminescence emission of
the superoxide HE probe solution and microsecond-transient absorption spectra of perovskite/spiro-
OMeTAD. All spectra comparisons from three different experiments clearly indicated that
Cso0.17FA083Pb (losBro2)s perovskite based films exhibited a higher degree of oxygen-light stability and
tolerate a higher degree of the post annealing effect than Csg.17FAos3Pbls and MAPbIs based films,
respectively. The chapter concludes by comparing the drop of PCE for all three bulk heterojunction
lead trihalide perovskite devices. It was shown that Cso.17FA0s3Pb (losBro2)s devices exhibited higher
initial and more constant of power conversion efficiency values compared to Csp17FA0s3Pbls and

MAPDbI3 devices.
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7.2. Introduction

It is widely accepted that organic-inorganic perovskite solar cells (PSCs) have attracted significant
research attention for their high PV performance in converting solar energy into electrical power with
a Power conversion efficiency (PCE) exceeding 20 % 8. However, there are many external factors that
can diminish the PV performances of PSCs overtime such as moisture 129125126 Uy jllumination 21712,

120,128-130 g ( |astly, the combination of oxygen and visible light. Some of

and elevated temperature
these factors such as UV light and moisture can be excluded or minimised during the upscaling
fabrication process. Unfortunately, it has proven impossible to completely exclude all oxygen and
visible light to be absent during the PSC mass production processes. Thus far, the effect of oxygen-
light towards the optical and electrical stability of lead trihalide perovskite films and solar cells have
been made throughout this thesis. Here, many oxygen-light stability enhancements to lead trihalide
perovskite films/solar cells were employed. Two core principles used to maximise lead trihalide
perovskite oxygen-light stability are: 1.) Maximising photo-generated electron extraction capability at
the perovskite-ETL interfaces. 2.) Enhancing the intermolecular attractions between cations and lead

ions by replacing methylammonium lead triiodide perovskite photoabsorber with caesium

formamidinium lead trihalide perovskite photoabsorbers.

In this chapter, the effect of elevated temperature to the operational lifetime of lead trihalide
perovskite films and solar cells was also taken into account alongside the oxygen-light induced
degradation processes. During the past power conversion efficiency measurements of CsFAPbI; and
MAPDbI; based solar cells, the overall temperature within each device started to increase whenever
they were being continuously exposed to AM 1.5 G illumination for long period of time. In order to
simulate this effect and gain a better understanding on how it actually affects the optical and electrical
stability of lead trihalide perovskite films/solar cells, an additional annealing step was implemented
to three different lead trihalide perovskite films, namely MAPbI3, Cso.17FAos3Pbls and Cso17FAs3Pb
(lo.sBro.2)s after each photoactive layer was deposited. Each perovskite sample was subjected to a range
of post annealing temperature from room temperature up to 100 °C with 20 °C increments for 30
minutes. Then the extent of optical and electrical stability of all perovskite samples was reflected by
comparing their UV-vis absorbance trace, superoxide formation yield and the recombination lifetime
of hole species in transfer kinetic spectra during the oxygen-light degradation process on each
perovskite sample. The most oxygen-light stable and thermal-stable perovskite film was found to be
Cs0.17FA0.83Pb (lo.sBro2)s film. When the Csg17FA0.83Pb (losBro2)s samples were exposed to halogen light
and oxygen, the films showed substantially less change in UV-vis absorbance, superoxide formation
yield and TAS decay over 120 hours compared with those spectra changes observed in Csg17FA0s3Pbls

and MAPblI;s, films, respectively.
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Ultimately, the bulk heterojunction solar cells with each of three different perovskite photoactive
layers were PCE measured and compared over time under a constant exposure of A.M 1.5G
illumination and excess dry air flow as post annealing on each perovskite sample varies. In particular,
Cs0.17FA0.83Pb (lo.sBro2)s solar cells (CsFAPb(lo2Bros)s or CsFAPb(IBr)s in short) exhibited higher initial and
better oxygen-light stability than Csp17FA083Pbls (CsFAPDbI; in short) and MAPbIs. It was shown that the

optical and electrical stability was maximised with appropriate cation and halide substitutions.

7.3. Experimental
Perovskite based films and working bulk heterojunction solar cells consisting of one of the three
photoactive lead perovskite layers: MAPbI;, CsFAPbls and CsFAPb (losBro2)s were oxygen-light
degraded simultaneously under the identical degradation conditions. In chapter seven, three main
spectroscopy techniques were employed in order to compare visual, electrical and thermal stability of
these lead trihalide perovskite films and working solar cells: UV-vis, PL and TAS. The changes in
absorbance, PL emission and TAS decay reflecting the operational lifetime of the perovskite samples
were plotted and overlaid among each other after all perovskite samples were subjected to constant
exposure of a tungsten halogen lamp (~20 mWcm™2) and dry air. The thermal stability aspect in each
perovskite sample was practically simulated by introducing an additional post annealing step after
each photoactive film was deposited and cooled down for 30 minutes. This post annealing
temperature range for all 3 perovskite photoactive layers varied from 0 °C to 100 °C with 20 °C interval.
Each perovskite sample was post annealed for a fixed period of 30 minutes before taking each of the
sample off the hotplate and letting it cool down. The subsequent layers such as spiro-OMeTAD and/or
Au electrode were then deposited normally afterwards for the samples used for the TAS and PCE

experiment, respectively.

The exact details regarding how each lead perovskite photoactive precursor solution was prepared

and deposited on the mp-TiO; layers was stated back in chapter three.

Other characterisation methods such as XRD, EDX, and top view SEM were employed as the tools to
rationalise the visual, electrical and thermal stability for all three types of lead trihalide perovskite

films.

Chapter seven will be summarised by comparing PV performances among three different sets of the
bulk heterojunction solar cells consisting of one of the three perovskites as a photoabsorber layer : 1.)
ITO/mp-TiO2/MAPbI3/spiro-OMeTAD/Au 2.) ITO/mp-TiO,/CsFAPbIls/spiro-OMeTAD/Au 3.) ITO/mp-
TiO,/CsFAPDb(losBro2)s/spiro-OMeTAD/Au. Additionally, the perovskite photoactive layerin 1.), 2.) and

3.) were also being subjected to post annealing temperature at room temperature, 60 °C or 100 °C for
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30 minutes during the solar cell fabrication processes. All tested solar cell devices were oxygen- AM

1.5 G light degraded continuously and their PCE values were tracked and compared.

7.4. Results and Discussions
The visual stability comparison of MAPbls, CsFAPbl; and CSFAPb (losBro2)s based films was made
possible via tracking the drop in the UV-vis absorbance spectra under the subjection of post annealing
and the oxygen-light degradation effect (Sl section chapter seven). The films configuration composed
of a glass/c-TiO2/mp-TiOy/lead trihalide perovskite photoactive layer. After the samples were
completely degraded, each UV-vis absorbance was overlaid. Then, the vertical UV-vis trace at each
absorption band edge (either 700 nm or 750 nm) was plotted in Figure 56 for all three types of lead

trihalide perovskites.
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Figure 56: (a) 750 nm of UV-vis absorbance traces of glass/c-TiO2/mp-TiO2/MAPbI; with a different
post annealing temperature (see labels) for 30 minutes (b) 750 nm of UV-vis absorbance traces of
glass/c-TiO2/mp-TiO,/CsFAPbI; with a different post annealing temperature (see labels) for 30 minutes
(c) 750 nm of UV-vis absorbance traces of glass/c-TiO,/mp-TiO,/CsFAPb (losBro2)s with different post
annealing temperature (see labels) for 30 minutes. All samples were subjected to constant exposure
of a tungsten halogen lamp (20 mMWcm™) and excess dry air flow (less than 10 ppm of H,0). The insets
shown in (b) and (c) emphasize the initial oxygen-light degradation period. The raw absorbance data
of each individual perovskite sample is located at the Sl section.

The absorbance trace for CsFAPb (losBro2)s based samples exhibited a better oxygen-light stability and
thermal stability compared with CsFAPbl; and MAPbI; based samples. This effect was attributed to the
stronger intermolecular force of cation ions (Cs* and FANH3*) and halide (Br and I) to the lead ion. As

a result, the crystal integrity of CsFAPb (losBro2)s photoabsorber was enhanced which ultimately led

to a higher tolerance of oxygen-light degradation.

Unsurprisingly, the effect of post annealing for each perovskite sample for 30 minutes did not majorly
affect the colour alteration or UV-absorbance shift of the perovskite photoactive layer. However, the

yield of superoxide formation within each set of lead trihalide perovskite samples measured via PL

131



spectra was altered differently when the effect of post annealing temperature was implemented on

the sample.

By comparing the increment of PL spectra (S| section chapter seven) at 610 nm of the HE solution
probe of all lead trihalide perovskite samples (with 520 nm excitation wavelength), different
superoxide evolution yields were detected for each set of perovskite photoabsorbers after an

additional effect of post annealing temperature was to be implemented (Figure 57).
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Figure 57: Superoxide measurement of three different set of lead trihalide perovskite based films: (a)
glass/c-TiO2/mp-TiO2/MAPbIs (b) glass/c-TiO2/mp-TiO,/CsFAPbls (c) glass/c-TiO2/mp-TiO,/CsFAPb
(lo.sBro2)s. The superoxide generation yield on each sample was derived by tracking the evolution of
luminescence hydroethedine (HE) probe solution that was highly emissive at 610 upon exposing it to
the excitation wavelength of 520 nm. I¢(t) was the maximum PL intensity at time t while I¢(to) was the
background fluorescence intensity at probe at t = 0. The ratio between the two represented the
superoxide generation yield in each perovskite photoabsorber layer. Each perovskite film was
subjected to a different post annealing temperature for 30 minutes (see labels). All perovskite
samples were submerged in HE probe solution while being exposed to a constant tungsten halogen
light (20 mWcm™) and oxygen over the course of one hour. The raw data within this figure is
supplemented in the Sl section.

Figure 57 compares superoxide generation yield of MAPbls, CsFAPbl; and CsFAPb (losBro2)s perovskite
samples when each individual sample was subjected to a different post annealing temperature for 30
minutes from room temperature to 100 °C with 20 °C increments. It clearly indicated that CsFAPb
(lo.sBro.2)s films generated a relatively lower amount of superoxide species at room temperature than
CsFAPDbI; and MAPbI;, films over the course of one hour, respectively (black trace in Figure 57-a,b and
c). In addition, CsFAPb (losBro2)s based films exhibited much higher thermal stability when the post
annealing effect was implemented than CsFAPbl; and MAPDbI;, films, respectively. Here, the growth in
superoxide formation yield upon increasing post annealing temperature to the CsFAPb (losBro2)s
sample was found to be much less than the superoxide formation yield in CsFAPbl; and MAPbIs cases.
This observation from the superoxide HE probe experiment indicated a sign of visual and thermal

instability in the photoabsorber which consisted of weak link of cation components. The effect of post

annealing temperature of oxygen-light lead trihalide perovskite became significantly clearer when the
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TAS experiment was employed (Figure 58). Here, hole recombination lifetime was tracked via
microsecond TAS spectra as each perovskite sample was subjected to constant light illumination, dry

oxygen and the post annealing effect.
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Figure 58: 10 us of vertical trace of transient absorption spectra as a function of oxygen-light ageing
time of (a) glass/c-TiO,/mp-TiO2/MAPbI; (b) glass/c-TiO2/mp-TiO,/CsFAPbI; (c) glass/c-TiOz/mp-
TiO,/CsFAPb (lo.sBro2)s. Each perovskite film was subjected to a different post annealing temperature
for 30 minutes (see labels). In addition, each sample was subjected to a constant tungsten halogen
light (*20 mWcm™) and excess dry air flow (1 Ipm). The signal was probed at 1,600 nm to track the
hole recombination interaction in spiro-OMeTAD. Laser photo excitation was set at 510 nm with an
energy density of approximately 25 plcm™. Raw TAS data for every point is located in the Sl sections.
Figure 58 shows the vertical trace at 10 ps of each microsecond TAS decay. The comparison of hole
recombination lifetime in spiro-OMeTAD which was deposited on top of MAPbls, CsFAPbI; or CsFAPb
(lo.sBro.2)s perovskite is displayed in this figure. CsFAPb (lo.sBro2)s in particular tolerates oxygen-light as
well as the post annealing effect much better than other samples which contained either CsFAPbI; or
MAPDbI; as its photoabsorber. This effect was attributed to a stronger intermolecular force between
cation and anion ions within CsFAPb (losBro.2)s perovskite structure. Thus, this increase intermolecular

attraction within the perovskite crystal structure. As a result, both oxygen-light and thermal stability

of CsFAPD (losBro2)s was found to be much higher than CsFAPbI; and MAPDbIs, respectively.

To ensure that all three types of lead trihalide perovskite were subjected to the same oxygen-light
degradation pathways, SEM/EDX spectra was employed for each sample (data was plotted in Sl section
chapter 7). Table 8 to 10 summaries |:Pb atomic ratio of MaPbls, CsFAPbl; and CsFAPb (losBro2)s
perovskite samples before and after oxygen-light degradation (120 hours) from room temperature to

100 °C, respectively.
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Table 8: Relative atomic ratio of I:Pb for c-TiO,/mp-TiO,/MAPbI; samples before and after oxygen-
light degradation (120 hours). Each EDX spectra is plotted in the Sl section.

MAPbI3 | Initial | 120 hr aged
Temperature (°C) | (at. %) Pb (at. %) 1/Pb | (at. %) Pb(at. I/Pb  Difference
%) between I/Pb

RTM 76.1 23.9 3.18 68.28 31.72 2.15 1.03
40°C 76.16 23.84 3.19 67.04 32.96 2.03 1.16
60 °C 76.8 23.2 3.31 68.91 31.09 2.22 1.09
80°C 77.16 22.84 3.38 68.59 31.41 2.18 1.19
100 °C 74.2 25.8 2.88 66.63 33.37 2.00 0.88

Table 9: Relative atomic ratio of I:Pb for c-TiO,/mp-TiO,/CsFAPbI; samples before and after oxygen-
light degradation (840 hours). Each EDX spectra is plotted in the Sl section.

Initial 840 hr aged

Temperature | (at. %) | Pb(at. I/Pb | (at. Pbat. I/Pb | Difference

(°C) %) %) %) between I/Pb

RTM 78.15 21.85 3.58 72.29 27.71 | 2.61 0.97
40°C 78.29 21.71 3.61 70.65 29.35 241 1.20
60 °C 78.21 21.79 3.59 74.21 25.79 | 2.88 0.71
80°C 78.11 21.89 3.57 71.44 28.56 2.50 1.07
100 °C 78.11 21.89 3.57 70.83 29.17 @ 2.43 1.14

Table 10: Relative atomic ratio of I:Pb for c-TiO,/mp-TiO2/CsFAPb (losBro.)s samples before and after
oxygen-light degradation (840 hours). Each EDX spectra is plotted in the Sl section

CsFAPb Initial 840 hr aged

(lo.sBro.2)3

Temperature @ Br [ Pb I/Pb | Br | Pb I/Pb Difference

(°C) between
1/Pb

RTM 23.58 55.07 21.35 258 29.18 42.38 28.44  1.49 1.09

40°C 22.56 56.07 21.37 2.62 2458 48.42 27  1.79 0.83

60 °C 23.52 55.22 21.27 | 2.60 24.12 48.73  27.14 | 1.80 0.80

80 °C 23.36 55.99 21.66 2.58 25.96 47.3 26.74 1.77 0.82

100 °C 23.38 55.43 21.19  2.62 25.2 49.6 | 25.19 1.97 0.65

Table 8, 9 and 10 summarise the changes in EDX spectra when each lead triiodide perovskite sample
was subjected to oxygen-light degradation until the sample coloration altered from black to yellow
completely. This indicated a sign of the photoabsorber degradation process. The difference between
I:Pb ratio and before and after the oxygen-light degradation process clearly confirmed a formation of
the oxygen-light by-products such as Pbly, Cs«Pbls, CsBr (which will be confirmed via XRD plotted in

Figure 59. In general, a lower value of Al/Pb ratio was found when higher post annealed temperature
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was imposed to all three types of the lead trihalide samples. This observation suggested that some of
the oxygen-light degradation by-products are volatised and have already dissipated from the

photoabsorber films after the photoabsorber was oxygen-light degraded completely.

In the next step, XRD patterns were obtained from the same set of perovskite samples consisting of
one of the three lead trihalide perovskites as a photoabsorber. The existence of non-volatile by-
products after oxygen-light degradation such as CsPbls, Csl, PbBr were detected by comparing the XRD
patterns of each degraded film to the reference XRD patterns of all by-products (Figure 59).
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Figure 59: XRD patterns of initial and fully oxygen-light aged c-TiO,/mp-TiO,/perovskite samples (see
labels). All MAPbIs, CsFAPbI; or CsFAPb (lo.sBro2)s samples were subjected to constant exposure of a
tungsten halogen lamp (~*20 mWcm™) and dry air. In addition, 30 minutes of post annealing was
imposed on each lead perovskite sample for 30 minutes from RTM to 100 °C (see legends).

XRD patterns of fresh and fully oxygen-light degraded MAPbIs, CsFAPbl; and CsFAPb (losBro2)s samples
are shown in Figure 59. The initial XRD patterns of all perovskites samples were mostly identical when
post annealing temperature of less than 60-80 °C was imposed on the perovskite samples. The
additional peaks of CsFAPbIs; and CsFAPb (lo.sBro2)s sample with 100 °C thermal annealing located from
20-30 °26 signified the formation of the meta-stable, non-volatile by-products such as Csl or Pbl,. The
XRD patterns of the fully oxygen-light degraded perovskites samples indicate that post annealing
temperature did not alter the oxygen-light degradation pathways but in fact assisted formation of the

by-products when the input thermal energy was sufficient.

In order to visualise the damage caused by post annealing temperature, top view SEM were employed

to all three lead trihalide perovskite samples (Figure 60-65).
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Figure 60: Top view SEM images of c-TiO2/mp-TiO2/MAPbIs before subjecting to oxygen-light
degradation. Each sample was post annealed at different temperature (see labels) for 30 minutes.
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Figure 61: Top view SEM images of c-TiO,/mp-TiO,/MAPbDI; after subjecting to oxygen-light
degradation (120 hours). Each sample was post annealed at different temperatures (see labels) for 30

minutes.

Figure 60 and Figure 61 compare top view SEM images of the MAPbI; before and after the oxygen-
light degradation process reached completion. An additional post annealing introduced pin-holes and
bulk defects to the perovskite layers. As a result, both oxygen-light stability of MAPbls; decreased
dramatically after a higher post annealing temperature was imposed on the sample.
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Figure 62: Top view SEM images of c-TiO,/mp-TiO,/CsFAPbl; before subjecting to oxygen-light
degradation. Each sample was post annealed at a different temperature (see labels) for 30 minutes.
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Figure 63: Top view SEM images of c-TiO2/mp-TiO,/CsFAPbI; after subjecting to oxygen-light
degradation (696 hours). Each sample was post annealed at a different temperature (see labels) for
30 minutes.

The comparison between Figure 62 and Figure 63 indicated that CsFAPbI; did tolerate oxygen-light
degradation and thermal annealling much better than MAPBI; perovskite photoabsorbers. However,
the effect of post annealing temperature still introduceed noticable suface defects to CsFAPbI; layers.
Hence, the oxygen-light degraded CsFAPblI; film with 100 °C post thermal annealing were much more

rough than any other CsFAPbI; degraded samples.
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Figure 64: Top view SEM images of c-TiO,/mp-TiO,/CsFAPb (lo.sBro.2)s before subjecting to oxygen-light
degradation. Each sample was post annealed at a different temperature (see labels) for 30 minutes.
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Figure 65: Top view SEM images of c-TiO,/mp-TiO,/ CsFAPb (losBro,)s after subjecting to oxygen-light
degradation (696 hours). Each sample was post annealed at a different temperature (see labels) for
30 minutes.

Figure 64 and Figure 65 showed that the superoxide formation yield was kept at minimum for CsFAPb
(lo.sBro.2)s samples. The top view of initial and oxygen-light fully degraded CsFAPb (losBroz)s films
looked almost identical to each other as post annealing effect was taken into account during the

perovskite fabrication process.
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Chapter seven is enclosed by comparing JV curves of bulk heterojunction solar cells with three
different lead trihalide perovskite photoabsorbers that were subjected to both oxygen-light
degradation and post annealing effect. Their PCE values were tracked individually as a function of

oxygen-light ageing time as shown in Figure 66.
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Figure 66: Normalised PCE traces over ageing conditions of (a) ITO/c-TiO2ymp-TiO2/MAPbIs/spiro-
OMeTAD/Au (b) ITO/c-TiO;;mp-TiO,/CsFAPbIs/spiro-OMeTAD/Au (c) ITO/c-TiO2ymp-TiO2/ c-TiO,/mp-
TiO,/ CsFAPD (lo.sBro2)s /spiro-OMeTAD/Au. In addition, 30 minutes of post annealing to the perovskite
photoabsorber was implemented during the device fabrication process (see legends). All samples
were exposed under constant exposure of dry air and AM 1.5 G with approximately 100 mWcm™
irradiance powered by equivalent white LED array equipped with UV blocking filter. Each JV curve was
obtained via a backward JV scan from 1.2 V to -0.2 V. Each JV curve which represents each point for
all lead trihalide bulk heterojunction devices, is plotted in the Sl section.

Then the important PV parameters such as Js,, Voc, FF, PCE along with half life on each lead trihalide

perovskite solar cells are summarised in Table 11.
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Table 11: PV parameters for three lead trihalide perovskite bulk heterojunction solar cells. Six identical
devices from each category were measured simultaneously however only the best performing devices
from each category were being shown.

Post annealing T

PIE (OC) Jsc Voc |FF PCE |sc |Voc [FF PCE [Half life (min)
rtm 16.35 |0.78 [0.56 |7.20 |5.06 |0.42 [0.26 |0.54 |8
ITO/c-TiOymp-
TiO- 60 18.03 |0.77 [0.54 |7.51 |3.31/0.35(0.28 |0.33 |8
2/MAPbls/spiro-
OMeTAD/Au (100 18.26 |0.81 (0.63 |9.35 |4.8310.43 (0.23 |0.47 |7
rtm 16.30 |0.87 |0.56 |7.90 16.77 |0.42 (0.25 |0.70 |1500
ITO/c-TiOymp-
TiO- 60 7.71 |0.76 |0.47 (2.79 |3.12 |0.31 |0.23 |0.23 |240
2/CsFAPbls/spiro-
OMeTAD/Au 100 10.25 |0.82 |0.45 |3.82 |1.98 |0.20 (0.24 (0.09 |120
ITO/c-TiOymp- |rtm 18.70 |1.07 |0.56 |11.22 |5.28 |0.58 [0.24 |0.75 |3720
TiO2/ c-TiOz/mp-
TiO,/ CsFAPb |60 19.70 |1.07 |0.53 |11.24 |0.66 |0.27 [0.26 |0.05 |3480
(|0,8BI’0,2)3 /SpiI’O-
OMeTAD/Au |100 19.19 |1.05 |0.60 |12.14 |1.89 |0.23 (0.24 |0.10 |1620

Figure 65 and Table 11 compare three oxygen-light and thermal stability of three different lead halide
bulk heterojunction solar cells : (a) ITO/c-TiOy/mp-TiO2/MAPbIs/spiro-OMeTAD/Au (b) ITO/c-TiO;ymp-
TiO,/CsFAPbIs/spiro-OMeTAD/Au (c) ITO/c-TiOymp-TiOz/ c-TiO2/mp-TiO2/ CsFAPb (losBroz)s /spiro-
OMeTAD/Au. These solar cells were subjected to a constant A.M 1.5 G illumination and excess dry air
flow in between their PCE measurements. In particular, CsFAPb (losBro2)s perovskite devices which
consisted of the strongest intermolecular bonding within their structure compared with CsFAPbl; and
MaPbl; photoabsorber, respectively. Subsequently, better oxygen-light and thermal stability was
attained for CsFAPb (lo.sBro2)s based solar cells compared to the other two perovskite photoabsorbers.
In addition, the suitable bromide substitution in CsFAPb (losBro2)s and post-thermal annealing induced
a better morphology to the photoactive layer which resulted in its higher value of V,.. However,
excess post-thermal annealing temperature beyond 60 °C led to a substantially lower oxygen-light

stability of the lead trihalide perovskite.

140



7.5. Conclusions

Chapter seven introduced the effect of post annealing effect alongside the oxygen-light degradation
process to the MAPblIs, Cso.17FA0s3Pbls and Cso.17FA0g3Pb (losBro2)s samples. During the fabrication
process of the photoactive layer, an additional post annealing step with a range of temperature, varied
from room temperature to 100 °C (with 20 °C increment) was imposed to the perovskite samples for
30 minutes. All spectroscopic results pointed to the same conclusion, that Csp 17FA083Pb (lo.sBro.2)s film
tolerated oxygen-light and post annealing effect much better than Cso17FA0s3Pbls and MAPbI; film,
respectively. The data obtained from the PCE measurements of all three type of PSCs samples
suggested that the effect of the post annealing improve the initial PCE of lead trihalide perovskite solar

cells to some extent, however at the cost of lower long term oxygen-light stability.
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8. Conclusions

During the past two decades, the solid state bulk heterojunction solar cell has been developed as a
promising technology to conventional photovoltaics (PV). Recently, organic-inorganic lead halide
perovskite solar cells (PSCs) have generated considerable research interest because of their rapid
growth in power conversion efficiency. To date, the world record efficiency of PSCs has been updated
from under 10 % to over 20 %. However, their poor operational stability impedes any further outdoor
applications. PSCs tend to malfunction under exposure of many external factors such as moisture,
temperature, UV-visible light, and oxygen, even though some of these external factors can be
excluded relatively easy. For example, encapsulating PSCs under an inert atmosphere using glass as a
barrier layer or using UV-coating on a glass surface. Unfortunately, it is almost impossible to
completely separate oxygen, visible light and moisture from the actual fabrication processes of PSCs,
especially where a high degree of production flexibility is needed and glass encapsulations are not
viable. Therefore, the sensitivity of PSCs to environmental exposure, specifically to water and (or)
oxygen, is still a main concern. In this doctoral thesis, the effect of atmospheric stability of organo-
inorgano lead perovskite based films and solar cells under subjection to constant exposure of visible
light and oxygen was thoroughly studied. One of the main aim of this thesis has been to enhance

oxygen-light stability of these lead trihalide based perovskite films and solar cells.

It has been established that lead trihalide perovskite films required a combination of oxygen and
visible light in order to degrade and cease to function as a photoabsorber material. The proposed
oxygen-light degradation reaction involved three main steps: 1.) Photoexcitation reaction within the
lead trihalide perovskite film 2.) Superoxide formation via the interaction between oxygen molecules
and the photogenerated electrons that were yet to be harvested from the lead trihalide perovskite
film 3.) Applying the ETL design guideline 1.) and 2.) to caesium formamidinium lead triiodide
perovskite films and solar cells which exhibit a higher degree of oxygen-light tolerant. The thesis
started off by solidifying the foundation of these oxygen-light degradation reactions via three
spectroscopic techniques, namely ultraviolet-visible light (UV-vis) absorption spectroscopy,
photoluminescence (PL) emission of Hydroethedine probe solution and microsecond transient
absorption (TAS) spectroscopy. The spectroscopic changes of UV-vis, PL and TAS caused by this
oxygen-light degradation of MAPbI; based films were seen to be interrelated. It was also found that
the change in these three spectra types was at minimum when superoxide formation has been
supressed. Practically, this effect was achieved by selecting a suitable electron extraction layer (ETL)
in order to efficiently extract more photogenerated electrons from MAPbI; layer after photoexciation

reaction took place.
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Based on earlier findings and established oxygen-light degradation mechanisms, the ETL design
guidelines to fabricate lead trihalide perovskite based films and solar cells was made. The two core
principles of this ETL design guideline involved maximising electron extraction at perovskite-ETL
interfaces and enhancing intermolecular attraction between cation ions and lead ions by replacing a
methylammonium lead triiodide perovskite photoabsorber to a caesium formamidinium lead trihalide
perovskite film. The design guideline consisted of three main approaches: 1.) selecting suitable ETL
such as Sn0O; over TiO; and ZnO, respectively; this being due to the lower conduction band edge in
Sn0; 2.) maximising mesoporous titiania (mp-TiO2) — MAPbI; 3.) applying ETL designing guideline 1.)
and 2.) to a more oxygen-light stable lead trihalide perovskite, namely caesium formamidinium lead
triiodide perovskite in order to maximise the oxygen-light operational lifetime of the PSC films and
solar cells. The most oxygen-light stable lead trihalide perovskite films/solar cells were found when all
three design guidelines were incorporated. The most optimal lead trihalide perovskite bulk
heterojunction solar cells were found to resist oxygen-light degradation six times longer than the non-

optimised MAPbI; reference solar cell.

An alternative approach to maximise photo-generated electrons extraction was to introduce during
the lead trihalide perovskite spin-coating process. Here, Phenyl-C61-Butyric acid methyl ester
(PCsoBM) or [6,6]-Phenyl-C71-butyric acid methyl ester (PC;0BM) dopant solution (0.2 mgml? in
Dimethyl Sulfoxide, DMSO) was added appropriately. In particular, it was found that 40 pl of this
PC70BM dopant solution resulted in much better oxygen-light stable lead trihalide perovskite films and
solar cells. It was hypothesized that PC;0BM molecules sit at the bulk defect sites such as grain
boundaries within the photoabsorber and act as an alternate electron accepter source when the
photoexcitation process takes place within the photoabsorber layer. As a result, superoxide formation
of the PC;0BM-lead halide perovskite films/solar cells was kept at minimum. The most optimally
PC70BM doped-lead trihalide perovskite solar cell remained in operational condition as a photodiode
roughly two times longer than the undoped reference lead trihalide perovskite devices (~70 hours

compared with ~30 hours, respectively).

Lastly, the effect of the post annealing was taken into account along with the oxygen-light degradation
process for a more realistic degradation profile. Inevitably, the inner thermal temperature within bulk
heterojunction lead trihalide perovskite solar cells will rise after being subjected to an extend period
of light conversion processes. This effect was simulated to the photoactive film by post annealing each
lead perovskite sample from room temperature to 100 °C with 20 °C intervals. three types of lead
trihalide perovskite photoactive layers were compared, which were MAPDbIs, Csg17FA0s3Pbls and

Cs0.17FA0.83Pb (losBro2)s. Specially, Csop17FA083Pb (losBro2)s based films displayed a much lower drop in
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UV-vis absorbance, lower superoxide formation rate and longer hole recombination lifetime when the
photoabsorber was subjected to constant oxygen-light degradation compared with Cso.17FA0.s3Pbls and
MAPDbI; based samples, respectively. As a result, the solar cell consisting of Cso17FA0s3Pb (losBro2)s
resisted post-thermal annealing and oxygen-light degradation effects much better than solar cells with
photoabsorbers made from either Csp17FA0s3Pbls or MAPbI; (~80 hours, ~60 hours and ~2 hours,

respectively).
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9. Outlooks

Up until this point, a direct correlation has been established between superoxide generation yield of
lead trihalide perovskite films and theirs oxygen-light stability. From this correlation, the oxygen-light
stability of the lead trihalide perovskite solar cell can be enhanced based on number of techniques
such as PC70BM doping or crystal structure manipulation via the partial substitution of cadmium and
bromide within the lead trihalide perovskite. However, there are still rooms for improvement for the
studies of perovskite solar cells that are yet to be explored in the thesis due to the lack of time. For
future work, there are three main topics that should be investigated in order to elevate the studies of

atmospheric stability of the PSCs.

The first point being that lead trihalide perovskite films and solar cells should be fabricated on bigger
glass substrates. Throughout the thesis, each perovskite film and solar cell was spin-coated on the 1.2
cm x 1.2 cm instead of 1 inch x 1 inch glass substrate. In order to made the concept of upscaling the
production of perovskite solar cells more realistic, the oxygen-light degradation of lead trihalide

perovskite should be explored with the biggest substrate available in the lab.

The second point being that the atmospheric moisture content should be varied as oxygen-light
degradation of the lead trihalide perovskite took place. This concept could be made possible by
integrating the moisture vapour monitoring unit when oxygen-light degradation is happening. This will

make the degradation processes of lead trihalide perovskite more realistic.

The third point being that the atmospheric stability of alternate non-toxic PSCs material such as tin or
bismuth based perovskite solar cells should be explored. The big advantage of using more
environmental friendly based perovskite solar cells translates to a reduction of the production cost of
PSCs. It would be interesting to compare the oxygen-light stability of lead trihalide perovskite solar

cells to these alternative PSCs.
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Figure 51-a: Absorbance curves of c-TiO2/mp-TiO,/CsFAPbI; films doped with different amounts of
PC70BM at 750 nm (see legends). All samples were degraded under constant exposure of illumination
and dry air (less than 10 ppm H;0)
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Figure 56-a: UV-vis absorbance spectra of glass/c-TiO,/mp-TiO,/MAPbI; samples with a different post
annealing temperature (see labels) for 30 minutes. All samples were subjected to constant exposure
of a tungsten halogen lamp (20 mMWcm™) and excess dry air flow (less than 10 ppm of H,0).
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Figure 56-b: UV-vis absorbance spectra of glass/c-TiO,/mp-TiO,/CsFAPbl; samples with a different
post annealing temperature (see labels) for 30 minutes. All samples were subjected to constant
exposure of a tungsten halogen lamp (20 mWcm™) and excess dry air flow (less than 10 ppm of H,0).
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Figure 56-c: UV-vis absorbance spectra of glass/c-TiO,/mp-TiO,/CsFAPb (lo2Bros)s samples with a
different post annealing temperature (see labels) for 30 minutes. All samples were subjected to
constant exposure of a tungsten halogen lamp (20 mWcm™) and excess dry air flow (less than 10 ppm
of Hzo).
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Figure 57-a: Superoxide measurement of of glass/c-TiO,/mp-TiO,/MAPbIl; samples with a different
post annealing temperature (see labels) for 30 minutes. All perovskite samples were submerged in HE
probe solution that was highly emissive at 610 upon exposing it to the excitation wavelength of 520
nm. All samples were subjected to the constant exposure of tungsten halogen lamp (20 mWem™) and
excess dry air flow (less than 10 ppm of H,0) over the course of one hour.
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Figure 57-b: Superoxide measurement of glass/c-TiO,/mp-TiO,/CsFAPbl; samples with a different post
annealing temperature (see labels) for 30 minutes. All perovskite samples were submerged in HE
probe solution that was highly emissive at 610 upon exposing it to the excitation wavelength of 520
nm. All samples were subjected to the constant exposure of a tungsten halogen lamp (20 mWcm™)
and excess dry air flow (less than 10 ppm of H,0) over the course of one hour.
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Figure 57-c: Superoxide measurement of glass/c-TiO,/mp-TiO,/ CsFAPb (lp2Bros)s samples with a
different post annealing temperature (see labels) for 30 minutes. All perovskite samples were
submerged in HE probe solution that was highly emissive at 610 upon exposing it to the excitation
wavelength of 520 nm. All samples were subjected to a constant exposure of a tungsten halogen lamp
(20 mMWcm™2) and excess dry air flow (less than 10 ppm of H,0) over the course of one hour.
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Figure 58-a: Transient absorption spectra as a function of oxygen-light ageing time of glass/c-TiO2/mp-
TiO2/MAPbIs. Each perovskite film was subjected to a different post annealing temperature for 30
minutes (see labels). In addition, each sample was subjected to constant tungsten halogen light (~20
mWcm™) and excess dry air flow (1 lpm). The signal was probed at 1,600 nm to track the hole
recombination interaction in spiro-OMeTAD. Laser photo excitation was set at 510 nm with an energy

density of approximately 25 plem™.
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Figure 58-b: Transient absorption spectra as a function of oxygen-light ageing time of glass/c-TiO,/mp-
TiO,/CsFAPDI;. Each perovskite film was subjected to a different post annealing temperature for 30
minutes (see labels). In addition, each sample was subjected to constant tungsten halogen light (~20
mWcm™) and excess dry air flow (1 lpm). The signal was probed at 1,600 nm to track the hole
recombination interaction in spiro-OMeTAD. Laser photo excitation was set at 510 nm with an energy

density of approximately 25 plem™2.
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Figure 58-c: Transient absorption spectra as a function of oxygen-light ageing time of glass/c-TiO2/mp-
TiO2/CsFAPb (losBro.2)s. Each perovskite film was subjected to a different post annealing temperature
for 30 minutes (see labels). In addition, each sample was subjected to constant tungsten halogen light
(~20 mWecm™) and excess dry air flow (1 lpm). The signal was probed at 1,600 nm to track the hole
recombination interaction in spiro-OMeTAD. Laser photo excitation was set at 510 nm with an energy
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Table 8-1: EDX spectra of c-TiO2/mp-TiO2/MAPbI; samples before oxygen-light degradation took place
with different post annealing temperature for 30 minutes (see labels). The inset in EDX spectra
highlight relevant relative atomic ratio such as Pb and | on each sample.
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Table 8-2: EDX spectra of c-TiO>/mp-TiO,/MAPbI; samples after oxygen-light degradation (120
hours) with different post annealing temperature for 30 minutes (see labels). The inset in EDX
spectra highlight relevant relative atomic ratio such as Pb and | on each sample.
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Table 9-1: EDX spectra of c-TiO,/mp-TiO,/CsFAPbI; samples before oxygen-light degradation took
place with different post annealing temperature for 30 minutes (see labels). The inset in EDX spectra
highlight relevant relative atomic ratio such as Pb, | and Br on each sample.
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Table 9-2: EDX spectra of c-TiO,/mp-TiO,/CsFAPbI; samples after oxygen-light degradation took place
(840 hours) with different post annealing temperature for 30 minutes (see labels). The inset in EDX
spectra highlight relevant relative atomic ratio such as Pb, | and Br on each sample.
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Table 10-1: EDX spectra of c-TiO2/mp-TiO,/CsFAPb (losBro2)3 samples before oxygen-light degradation
took place with different post annealing temperature for 30 minutes (see labels). The inset in EDX
spectra highlight relevant relative atomic ratio such as Pb, | and Br on each sample.
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Table 10-2: EDX spectra of c-TiO>/mp-TiO,/CsFAPb (losBro2)s samples after oxygen-light degradation
took place (840 hours) with different post annealing temperature for 30 minutes (see labels). The inset
in EDX spectra highlight relevant relative atomic ratio such as Pb, | and Br on each sample.
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Figure 66-a: JV curves over ageing conditions of the ITO/c-TiOymp-TiO2/MAPbIs/spiro-OMeTAD/Au
device. In addition, 30 minutes of post annealing to the perovskite photoabsorber were implemented
during the device fabrication process (see legends). All samples were exposed under constant
exposure of dry air and AM 1.5 G with approximately 100 mWcm™ irradiance powered by equivalent
white LED array equipped with UV blocking filter. Each JV curve was obtained via backward JV scan

from 1.2 Vto -0.2 V.
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Figure 66-b: JV curves over ageing conditions of the ITO/c-TiOymp-TiO,/CsFAPbls/spiro-OMeTAD/Au
device. In addition, 30 minutes of post annealing to the perovskite photoabsorber were implemented
during the device fabrication process (see legends). All samples were exposed under constant
exposure of dry air and AM 1.5 G with approximately 100 mWcm™ irradiance powered by equivalent

white LED array equipped with UV blocking filter. Each JV curve was obtained via backward JV scan
from 1.2V to -0.2 V.
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Figure 66-c: JV curves over ageing conditions of the ITO/c-TiOymp-TiO,/ c-TiO2/mp-TiO,/ CsFAPb
(losBro2)s /spiro-OMeTAD/Au device. In addition, 30 minutes of post annealing to the perovskite
photoabsorber were implemented during the device fabrication process (see legends). All samples
were exposed under constant exposure of dry air and AM 1.5 G with approximately 100 mWcm™

irradiance powered by equivalent white LED array equipped with UV blocking filter. Each JV curve was
obtained via backward JV scan from 1.2V to -0.2 V.
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