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Abstract

Metal halide perovskites are exciting materials for low-cost optoelectronic devices
such as solar cells and LEDs. At present, perovskite materials still suffer from sub-
stantial non-radiative decay, particularly under solar illumination conditions, and are
therefore yet to reach their full potential. In this thesis, we demonstrate the use
of light and atmospheric treatments on polycrystalline perovskite films, resulting in
minimal non-radiative losses and properties approaching those of perovskite single
crystals and even the best crystalline semiconductors reported to date. We show
that by combining light and atmospheric treatments, we can increase the internal lu-
minescence quantum efficiencies of polycrystalline perovskite films from 1% to 89%,
with carrier lifetimes of 32 us and diffusion lengths of 77 pum, comparable with per-
ovskite single crystals. Remarkably, the surface recombination velocity of holes in
the treated films is 0.4 cm/s, approaching the values for passivated crystalline sili-
con, which has the lowest values for any semiconductor to date. The enhancements
translate to solar cell power-conversion efficiencies of 19.2%, with a near-instant rise
to stabilized power output, consistent with suppression of ion migration. Also, we
use in-situ microphotoluminescence measurements to elucidate the impact of light-
soaking individual methylammonium lead iodide grains while immersing them with
different atmospheric environments. We show that emission from each grain depends
sensitively on both the environment and the nature of the specific grain, i.e., whether
it shows good (bright grain) or poor (dark grain) luminescence properties. We find
that the dark grains show substantial rises in emission, while bright grain emission is
steady when illuminated in the presence of oxygen and/or water molecules. We find
that oxygen molecules bind particularly strongly to surface iodide vacancies which,
in the presence of photoexcited electrons, lead to efficient passivation of the carrier
trap states that arise from these vacancies. This thesis reveals a unique insight into
the nature of nonradiative decay and the impact of atmospheric passivation on the
macro- and micro-scale properties of perovskite films.

Thesis Supervisor: Vladimir Bulovi¢
Title: Professor of Electrical Engineering and Computer Science
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Macro- and Micro-photoluminescence Enhancements of Thin Films un-
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emission stability of the films in dry air before and after the treatment,

respectively, with excitation at 532-nm at intensity equivalent to 10 sun. 40

Enhancements in Film Photoconductance Determined from Time-Resolved

Microwave Conductivity Measurements (a) Photoconductance mea-
surements for a MAPDI;3 film after storage in dry air and after being
subjected to light soaking for 30 min in humid air (40% humidity)
under a constant photon flux similar to solar conditions. The TRMC
trace taken after storing the same sample in a nitrogen glove box for
a week after the treatment is also shown. The TRMC decays were
recorded by photo-exciting the samples in dry Ny with pulsed illumi-
nation at 500 nm and an excitation density of 5x 10*cm™2. (b) TRMC
decays (normalized to absorbed flux) of the treated samples with the
initial charge excitation density as indicated. (c) Dashed lines are fits
to the data using the trap model summarized in (c), where G, is the
generation rate and kr and kp are the trapping and trap recombina-
tion rates, respectively. (d) Diffusion lengths of the electrons and holes

before and after the treatments. . . . . . . . . . . . .. ... ... ..
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Enhancements in Solar Cell Device Performances (a) Light and dark
J-V curves of champion devices for the devices containing untreated
(stored in dry air) and treated (light soaked in humid air) films mea-
sured under AM1.5 100 mW /cm? simulated sunlight. (b) Stabilized
power output of the devices presented in (a) measured by holding the
devices at their maximum power point (as determined from J-V curves)

for 5O S. . . .,

Mechanism of Photobrightening (a) Schematic showing non-radiative
recombination (k,) dominating owing to shallow surface states, which
are removed in the treatment to lead to radiative-dominant (kg) recom-
bination. (b-d) Untreated MAPbI; films (b) containing non-radiative
trap states that are passivated by exposure of MAPbI3 to (c) light and
oxygen and (d) light, oxygen, and water. . . . ... . ... ... ...

Microscale photoluminescence properties in dry and humid nitrogen.
(a) Confocal PL map of a MAPbI3 perovskite film in dry nitrogen nor-
malised to the maximum intensity. (b, ¢) Monitoring the PL intensity
(emission count rate) over time under illumination from (b) a bright
grain (blue circle in a) and (c) a dark grain (pink circle in a) under dry
nitrogen and under humidified ( 45% relative humidity) nitrogen. The
PL intensity for each trace over time is given relative to the starting
value for the bright grain in nitrogen, which is normalised to 1. (d,
e) PL decays from the same (d) bright and (e) dark grains under dry
nitrogen, and before and after light soaking in humidified nitrogen.
Samples were photoexcited with a 405 nm laser with a repetition rate
of 0.5 MHz and a fluence of ~ 1 puJ/cm?/pulse (~500 mW /cm?), and
this same laser was used for local light-soaking (total photon dose of

~150 J/em?). Lo
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3-2  Microscale photoluminescence properties in dry and humid air. (a)

Confocal PL map of a MAPbI3 perovskite film in dry air normalised to
the maximum intensity. (b, ¢) Monitoring the emission (PL count rate)
over time under illumination from (b) a bright grain (blue circle in a)
and (c) dark grain (pink circle in a) under dry air and under humidified
( 45% relative humidity) air. The PL intensity for each trace over time
is given relative to the starting value for the bright grain in air, which
is normalised to 1. (d, e) PL decays from the same (d) bright and
(e) dark grains under dry air before and after the light-soaking. (f, g)
PL decays from the same (f) bright and (g) dark grains under dry air,
humidified air, and after the light-soaking in humidified air. Samples
were photoexcited with a 405 nm laser with a repetition rate of 0.5
MHz and a fluence of ~1 pJ/ cm?/pulse (~500 mW /cm?), and this
same laser was used for local light-soaking (total photon dose of ~150

J/em?). o
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3-3

Local grain emission stability after humidity exposure. (a) Confocal
PL map of a MAPDI;3 perovskite film in dry air following exposure to
humid air for 60 minutes, normalised to the same intensity value as Fig.
3-2A to allow direct comparison. (b) Monitoring the emission intensity
(count rate) from various bright and dark grains denoted in (a) over
time under illumination, normalised to the intensity of the same grain
as in Fig. 3-2b. Inset: emission from the same grains under continuous
illumination before the exposure to humidity. (c¢) Confocal PL map of
a MAPDI; perovskite film in dry nitrogen following exposure to humid
nitrogen for 60 minutes, normalised to the same intensity value as Fig.
3-la. (d) Monitoring the emission intensity (count rate) from various
bright and dark grains denoted in (c) over time under illumination,
normalised to the intensity of the same grain as in Fig. 3-1b. Samples
were photoexcited with a 405 nm laser with a repetition rate of 0.5
MHz and a fluence of ~1 pJ/cm?/pulse (~500 mW /cm?), and this
same laser was used for local lightsoaking (total photon dose of ~150

Jlem?). Lo

Surface atomic and electronic structures. Schematic of the local atomic-
scale configurations of the surface termination layer (top row) and cal-
culated band structures (bottom row) for the (110) surface of MAPbDI;.
(a) Pristine uncharged surface, (b) negatively-charged iodine vacancy
into which the following molecules are adsorbed; (c) Ny, (d) HoO and
(e) Oq. Key: purple - iodine, grey - lead, blue - nitrogen, red - oxygen,
white - hydrogen. We note that our calculations explicitly included
excess electrons; hence the Fermi level (red line) is above any trap
states because those states are filled. See Figures B-6 to B-9 for other

configurations. . . . . . . ... L
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Schematic of the recombination and generation pathways in the kinetic
model (a) with photon recycling and (b) when excluding the effects of
photon recycling. G, is the generation rate, kg is the radiative bimolec-
ular rate, k, is the non-radiative bimolecular rate, kr is the trapping
rate, kp is the trap depopulation rate, NV; is the deep trap density, pg
is the background hole density [39], 7.s. is the escape probability of
photons [68]. . . . . . . ..

(a-d) External PLQE 7),,cqs measurements over time under illumina-
tion with a 532-nm laser at an excitation intensity equivalent to ~2
sun (~150 mW/cm?) in (a) dry nitrogen, (b) dry compressed air, (c)
humidified compressed air, and (d) after returning to dry compressed
air. (e-h) show the same plots but after converting the external values

to internal PLQE n. . . . . . . ...

Time-resolved PL decays of the (a) untreated (dry Ny) and (b) treated
(humid air + light, where light is equivalent to 1 sun illumination
intensities) samples. Samples were excited with a 405-nm pulsed laser
with the stated excitation densities (realized through use of optical

filters) and a repetition rate of 20 kHz. . . . . . ... ..o
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to ~10 sun under dry Nj. (c-d) Show the same measurements under
dry air. PL maps were collected by photo-exciting with a 405-nm laser

with a repetition rate of 0.5 MHz and a fluence of ~1 pJ/cm?/pulse.

(a) Emission of the films in Figure A-4a and c in dry air and dry nitro-
gen during the light-soaking with excitation at 532-nm and intensity
equivalent to ~10 sun. (b, c¢) Histograms showing the distribution of
average lifetimes corresponding to the respective maps in Figure A-
4. (d, e) Histograms showing the distribution of emission intensities

corresponding to the respective maps in Figure A-4. . . . . . . . . ..

14

76

7

78

79



A-6

A-8

(a) Emission of the films in Fig. 2-1d-h during the light-soaking with
excitation at 532-nm and intensity equivalent to ~10 sun under the
stated atmospheric conditions. (b) The PL decays summed across the
map before the treatment (cf. Fig. 2-1d) and after the treatment with
light, air and humidity (cf. Fig. 2-1g). The corresponding distributions

of the average lifetime and intensity are shown in (c) and (d), respectively. 81

PL stability immediately after the treatment (red) and after 3 weeks
of storage in a nitrogen-filled glove box for a (a) bare film and (b) film

coated with a spin-coated layer of PMMA. . . . . ... .. ... ...

In-situ confocal PL maps measured in (a) dry air, (b) humidified air,
(c) after returning to dry air (i.e. without any light soaking). PL maps
were collected by photo-exciting with a 405-nm laser with a repetition
rate of 0.5 MHz and a fluence of ~1 pJ/cm?/pulse. (d) Histograms of
the intensity distribution of each map. These distributions should be
compared to those in Figure A-6, where illumination under humidity

leads to substantial increases in the intensity. . . . . . . . . . .. ...

External PLQE 7,,,c.s measurements over time under illumination with
a 532-nm laser at an excitation intensity equivalent to ~2 sun (~150
mW /cm?) in nitrogen (black) and compressed air (red) under (a) dry
conditions, (b) humid conditions, and (c) after returning to dry condi-
tions. The effects are far better retained for the sample light-soaked in

air and humidity. . . . . . . ... oo
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A-11 (a) Photoconductance measurements for a MAPDbI; film after storage
in dry nitrogen and then after being subjected to light-soaking for 30
minutes in dry nitrogen under a white light LED source generating
a similar photon flux to AM1.5 sunlight. The TRMC decays were
taken by photo-exciting the samples in dry Ny with pulsed illumina-
tion at 500 nm and an excitation density of 4.75 x 10“cm™=3. The
inset shows the half lifetimes of the corresponding decays at different
excitation densities (other decays not shown here). The other pan-
els show similar measurements but under the stated atmosphere and
conditions, i.e. (b) humid nitrogen (40% relative humidity) (excita~
tion density of 4.93 x 10cm™3), (c) dry air (excitation density of
3.87 x 10Mem™3) and (d) humid air (40% relative humidity) (excita-
tion density of 5.07 x 104cm™2). Panels b and d also show the decays
taken after storing the same sample in a nitrogen-filled glove box for

various times after treatment. . . . . . . . . . .. ... ... 86

A-12 Excitation-dependent TRMC decays of the (a) untreated samples and
(b) samples 1 week after treatment (with storage in a nitrogen-glove
box in between), with the initial charge excitation density (pulsed il-
lumination at 500 nm) as shown in the legends. Dashed lines are fits
to the data using the trap model described in Chapter 2. The corre-
sponding data for the freshly-treated sample are shown in Figure 2-2b 87

A-13 The effective TRMC decay curves for each stated treatment for elec-
trons (dashed lines) and holes (solid lines) decoupled using the rate
equations in the trapping model incorporating electron traps N; [7]
(Scheme A-1) when including photon recycling (k57 = negckn + k)

(a-c) and when subtracting off the effects of photon recycling (ki* =
kr+ky) (d-f). . . o o oo 88



A-14 Half lifetime of the electron and holes extracted from the decays in
Figure A-13a-c with photon recycling (a) and Figure A-13d-f without
photon recycling (b). We use these lifetimes to calculate the resulting
diffusion length of each carrier using Lp = \/W, where kg is
the Boltzmann constant, T' the temperature, e the electron charge and
i the mobility extracted from the photo-conductance measurements.
The diffusion lengths are shown with (c¢) and without photon recycling
(d). The diffusion lengths in the former case are interpreted as the cu-
mulative diffusion length of a charge carrier including photon recycling
events (but not including distance travelled by photons until reabsorp-
tion), while the latter is interpreted as the diffusion length of a charge

carrier from initial excitation to first recombination event. . . . . . .

A-15 (a) Light and dark J-V curves of champion devices for the devices
containing acetonitrile-based films stored in dry air, humid air (45%
relative humidity), and light-soaked under dry air and humid air for
20 minutes with a white light LED array with an intensity similar
to simulated sunlight. Device measurements were taken under AM1.5
100mW /cm? simulated sunlight and the presented scans were measured
scanning from 1.4 V to 0 V (open-circuit to short-circuit, OC-SC). The
comparison of the curves scanning from OC-SC and then from SC-OC
are presented in (b), showing that there is some hysteresis in the devices

under these scan conditions but this effect is reduced for the treated



A-16 (a-d) Device performance statistics for devices containing acetonitrile-

based films stored in dry air in the dark (DAD), light-soaked in dry air
(DAL), stored in humid air (45% relative humidity) in the dark (HAD)
and light-soaked under humid air (45% relative humidity) (HAL). The
light-soaking treatments were performed in the stated conditions by
illuminating with a white-light LED array with an intensity similar to
simulated sunlight for 20 minutes. Device measurements were taken

under AM1.5 100mW /cm? simulated sunlight. . . . .. ... ... ..

A-17 Stabilized maximum power output for devices containing acetonitrile-

based films stored in (a) dry air in the dark (DAD), (b) light-soaked
in dry air (DAL), (c) stored in humid air (45% relative humidity) in
the dark (HAD) and (d) light-soaked under humid air (45% relative
humidity). The light soaking treatments were performed in the stated
conditions by illuminating the half-constructed devices with a white
light LED array with an intensity similar to simulated sunlight for 20
minutes. The measurements were taken by holding at the maximum
power point voltage and measuring current under AM1.5 100mW /cm?

simulated sunlight. . . . . . ... ... .. oo

A-18 (a) Light and dark J-V curves of champion devices for the devices con-

taining acetonitrile-based films stored in dry air in the dark (DAD) and
light-soaked in humid air (45% relative humidity) for 20 minutes with
a white light LED array with an intensity similar to simulated sunlight
(HAL). The measurements were taken fresh after the treatments and
then after storage in a nitrogen-filled glove box for 3 weeks and 8 weeks.
Device measurements were taken under AM1.5 100mW /cm? simulated
sunlight. (b) External quantum efficiency (EQE) measurements on the
devices stored for 8 weeks showing the integrated currents match those

obtained from the current-voltage curves. . . . . . . .. .. ... ...
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A-19 Light and dark J-V curves of champion devices for the devices con-
taining acetate/HPA-based films stored in dry nitrogen (DND), dry
air (DAD), humid air (45% relative humidity, HAD), and light-soaked
under dry nitrogen (DNL), dry air (DAL) and humid air (HAL) for
20 minutes with a white light LED array with an intensity similar to
simulated sunlight. Device measurements were taken under AM1.5

100mW /cm? simulated sunlight. . . . . ... ... ... ... .. ...

A-20 L(a-d) Device performance statistics for devices containing acetate-
based films stored in dry nitrogen in the dark (N2D), light-soaked in
dry nitrogen (N2L), dry air in the dark (DAD), light-soaked in dry air
(DAL), stored in humid air (45% relative humidity) in the dark (HAD)
and light-soaked under humid air (45% relative humidity) (HAL). The
light soaking treatments were performed in the stated conditions by
illuminating with a white light LED array with an intensity similar to
simulated sunlight for 20 minutes. Device measurements were taken

under AM1.5 100mW /cm? simulated sunlight. . . . .. ... ... ..

A-21 Stabilized maximum power output for devices containing acetate/ HPA-
based films stored in (a) dry nitrogen in the dark (DND), (b) light-
soaked in dry nitrogen (DNL), (¢) dry air in the dark (DAD), (d)
light-soaked in dry air (DAL), (e) stored in humid air (45% relative
humidity) in the dark (HAD) and (f) light-soaked under humid air
(45% relative humidity). The light soaking treatments were performed
in the stated conditions by illuminating the half-constructed devices
with a white light LED array with an intensity similar to simulated
sunlight for 20 minutes. These measurements were taken by holding
the full devices at the maximum power point voltage and measuring

current under AM1.5 100mW /cm? simulated sunlight. . . . . . . . ..
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A-22 Electronic structure of MAPbI3 (001) surface calculated by density
functional theory. (a) band structure and D.O.S. for (001) surface
containing an iodine vacancy occupied by a photogenerated electron
showing shallow trap states below the conduction band. (b) band
structure and D.O.S. for (001) surface containing an iodine vacancy
occupied by a photogenerated electron into which an O, molecule is
chemisorbed and reduced to form a superoxide species O, . The sub
gap shallow trap states indicated in (a) are now significantly reduced

indensity. . . . . .. 97

A-23 (a) PL measurements over time under illumination with a 532-nm laser
at an excitation intensity equivalent to ~2 sun (~150 mW /cm?) in dry
air (blue) and humidified air (red). (b) X-Ray Photoemission Spec-
troscopy (XPS) measurements of the (b) 13d, (b) Ols, (d) Nls, (e)
Cls, (f) Pbaf signatures in the regions of the sample light-soaked (light)
and regions of the same films without light-soaking (dark). The atomic
percent of oxygen species is labelled for each treatment. We find an
increase in the O content after light-soaking in dry air, a substantial
further increase in O when bringing into humid air, and a further in-
crease again after light-soaking in humid air for 1000 seconds. We note
that these Ols peaks are broad and likely consist of a range of species
including, among others, superoxides and hydroxides. We do not ob-
serve dramatic changes in the other species, nor in the peak positions

of each species. . . . . . . . .. 98



A-24 Atomic force microscopy (AFM) images of the films for (a) a film stored

in dry air without any light and (b) a region illuminated in humid air
for 10 minutes with a 532-nm laser at an excitation intensity equivalent
to ~2 sun (~150 mW /cm?). The root-mean-square (RMS) variations
of the surface over larger scan areas excluding pin-holes is 40.2 4+ 4.0
nm (dry air) and 44.5 £ 4.5 nm (humid air + light). This represents a
negligible change in roughness though potentially a very slight textur-

ing after exposure to humidity and light. We note that this increase

could not explain the increased external PLQE measurements we observe. 99

A-25 (a) PL measurements over time under illumination with a 532-nm laser

B-1

at an excitation intensity equivalent to ~2 sun (~150 mW /cm?) in dry
air. (b-c) In-plane grazing incidence X-Ray Diffraction (IP-GIXD) for
the (b) light-soaked region of a and (c) another region of the same sam-
ple without light-soaking (dark). (d-f) The same series but with humid
air conditions. We do not find any significant changes after treatment
in atmosphere or light for the short soaking periods in which we see
the PL enhancements, suggesting we are not substantially perturbing
the surface crystallinity or creating crystalline surface material. Sig-

nificantly, no Pbl2 is detected (expected ~ 12.5°). . . . . . . . . ...

PL decays from the same bright and dark grains shown in Figure 3-1a,
before and after light soaking in dry nitrogen. Samples were photoex-
cited with a 405 nm laser with a repetition rate of 0.5 MHz and a
fluence of ~1 pJ/cm?/pulse (~500 mW /cm?), and this same laser was

used for local light-soaking (total photon dose of ~150 J/cm?). . . . .
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B-2

B-3

B-4

Compressed air storage over time in the dark. Confocal PL map of
MAPDI; films prepared in a nitrogen glove box and maps acquired
(a) in dry nitrogen, and in dry air after (b) 1 hour, (c¢) 24 hours and
(d) 48 hours in dry compressed air. (e) A film stored for 48 hours
in dry air but then measured in dry nitrogen after 1 hour storage in
dry nitrogen, suggesting the oxygen pre-soaking (loading) effects can
be removed. The map intensities are given relative to the maximum
value in (a), which is normalised to 1. Samples were photoexcited with
a 405 nm laser with a repetition rate of 0.5 MHz and a fluence of ~1
pd/em? /pulse (~500 mW /cm?). (f) Total summed intensity of each
map relative to the summed intensity of (a), which is normalised to 1.

The blue symbol corresponds to the map in (e). . . . . .. ... ...

PL from a MAPDI; film measured in-vacuo (pressure < 10~% mbar)
under continuous illumination with a 532-nm laser with excitation den-

sity similar to solar illumination conditions (~2 sun, 150 mW /cm?). .

(a) Confocal PL map of a MAPbI3 perovskite film in dry air nor-
malised to the maximum intensity. (b) Monitoring the emission inten-
sity (count rate) from various bright and dark grains denoted in (a)
over time under illumination in dry air. The PL intensity for each trace
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Chapter 1

Introduction

The human’s population demand for energy has increased almost two-fold in the past
30 years [12| and shows no sign of slowing down. At the same time, climate change,
largely due to human CO, emissions from fuel sources has threatened the way of
life for future generations [50]. In order to meet the energy demand and mitigate
climate change, renewable energy sources must become predominant in the future.
Photovoltaic devices represent one of the key renewable energy sources since the sun
is the largest source of energy available to humans. The International Energy agency
estimates that the total global energy consumption by 2035 will be approximately 20
TW, which could be easily satisfied if we harnessed even a fraction of the 89,000 TW
of power from the Sun incident on Earth [41].

Crystalline silicon dominates the current photovoltaic market as the main semi-
conductor used for absorbing solar energy, but its complex and high temperature
production methods lead to high module costs and limit its competitiveness in the
energy market [50, 55|. Therefore, research into new photovoltaic technologies which
utilise less material and have higher absorption in the solar spectrum. Metal halide
perovskites have emerged as a new material which could disrupt the crystalline sili-
con market, due to its high absorption coefficient, ability for low temperature solution
processing, high tolerance to defects and compatibility with flexible substrates [79].
Furthermore, the power conversion efficiency (PCE) of perovskite photovoltaics has

increased from 3% to over 23% in the span of 8 years, while crystalline silicon photo-
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voltaic devices took 30 years to reach this mark|62].

Nevertheless, perovskite devices are still far from their potential. They suffer from
non-radiative recombination which hinders them from reaching the thermodynamic
efficiency limit of ~ 30% power conversion efficiency [49]. In addition, perovskite thin
films exhibit heterogeneous radiative efficiencies from crystal grain to crystal grain in
the microscale, indicating that certain grains present more non-radiative recombina-
tion possibly due to increased trap densities [19]. In this thesis, we explore through
confocal microscopy and supplemental techniques how a specific combination of air,
moisture and light can lead to the elimination of most non-radiative recombination
pathways and radiative heterogeneity. Also, we investigate how other gases such as
nitrogen, oxygen or lack thereof impact the radiative properties of crystal grains in

the microscale.

1.1 Confocal Microscopy

Confocal microscopy is a well-known imaging technique for fluorescent samples that
offers high-resolution and contrast, reaching close to the limits of resolution due to
diffraction. Furthermore, since these microscopes collect fluorescence from small re-
gions, it allows for two or three-dimensional micron-scale maps of fluorescent samples
by movement of the sample stage or parts of the optical system|88]. As such, it has
been extensively used in biological applications to image dynamic processes through
the use of fluorophores|71].

Nevertheless, we can use confocal microscopy for more than biological applica-
tions. In this case, we can study the photoluminescence (PL) micro-structure of
semiconductor thin films that are used in optoelectronic applications, specifically
methylammonium lead halide perovskites semiconductors. PL is a significant figure
of merit to analyze since significant variations in PL intensities and lifetimes between
grains in the micro-scale are indicative of a significant presence of trap-states that act
as non-radiative recombination sites, even for high-performing films in optoelectronic

devices|19]. Non-radiative recombination limits their performance in photovoltaic
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Figure 1-1: Standard confocal microscope setup as depicted by Semwogerere et al.[71].

and light emitting devices, since thermodynamic limits of efficiency are only achieved
when all recombination is radiative [49]. As such, we can study the effect of different
surface passivation methods on perovskite thin films in the micro-scale, in our case
moisture and oxygen, in order to determine whether these techniques can lead to
reaching thermodynamic limits of performance.

A standard confocal microscope setup is shown on Figure 1-1[71]. In these mi-
croscopes, both the detector and the illumination source are placed at the conjugate
plane (focal plane) of the microscope with completely equivalent optical paths after
the beam splitter. In the setup shown on Figure 1-1, a pinhole is placed in front of
the illumination source in order to obtain an Airy disc diffraction pattern to obtain a
uniform illumination profile regardless of the alignment of the illumination source. In
this case, even if the illumination source becomes misaligned, the illumination profile
will remain the same and only the intensity of the illumination will change. In our
setup, detailed in the experimental methods section, we utilize a coherent laser beam

with a width of about 3mm which is then further focused down to ~600nm for the
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first radial null of the Airy disc pattern. As such, we do not utilize a pinhole aperture
to create a uniform illumination profile. Instead, the Airy disc pattern arises from the
fact that the lenses in the system have a finite width, which is equivalent to passing
a coherent light source through a circular aperture followed by an ideal lens|88]. The
purpose of the second pinhole aperture in front of the photodetector is to limit the
collected fluorescence to only that coming from between the first maxima and minima
of the Airy disc pattern produced by the lenses and thus limit any stray fluorescence.
In our setup, we utilize an avalanche photodiode with a 50um active area, which
doubles as the PL detector and a square pinhole since it only collects light incident

upon its active area.

The improved resolution of the confocal microscope compared to other optical
microscopes comes from the use of the same optical lens system to both illuminate
and collect the fluorescence from the sample. The regular Rayleigh criterion states
that, in order to resolve two distinct images without considering aberration, the first
maxima of one diffraction pattern must coincide with the first minima of the other [88].
Assuming and Airy disc diffraction pattern, the first minima and thus the minimum
resolvable length happens at r = %, where NA = nsin(0) is the numerical aperture
and is a dimensionless measure of the angular behavior of the light cone, € is the half
angle of the light cone converging to an illuminated spot and n is the refractive index
of the optical system [88]. As such, the higher the NA, the better resolution we can get
from an optical system. Nevertheless, this exact resolution criterion does not apply
to confocal microscopy. Let p(p,&) be the three-dimensional intensity distribution
for an Airy disc, where p = 2%‘"NA and £ = %NA% describe the three dimensional
position, such that along the imaging plane p(p, £ = 0) = @ where J; is the Bessel
function of the first kind [88]. Since we are illuminating with an Airy disc pattern,
the emitted fluorescence from this illuminated region will have the same pattern and

after going through the same optics again then the fluorescence intensity distribution

on the photodetector will appear like[88]:

Peons = (P, &) X p(p; &) (1.1)
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The intensity distribution for the regular Airy disc is shown alongside the intensity
distribution for p,s on Figure 1-2. As we can see, the first null for pe,,s does not
occur at the same point as for the regular Airy disc intensity pattern and instead
occurs at reonf = %, which means that we can resolve smaller objects compared
to the regular Rayleigh criterion|88|. Furthermore, pen,s offers much better contrast

since much of its energy lies within the central peak, therefore dim objects that might

appear in our intensity distribution contribute less to background light [88|. In our

Figure 1-2: Left: Airy Disc intensity distribution. Right: Intensity distribution pee,
for a typical confocal setup. Plots from Robert H. Webb|[88§].
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system, we obtain even better resolution through the use of an oil lens, which means
that we place the sample on a lens covered by paraffin oil with a high refractive index
(n ~ 1.5) in order to increase the NA of the optical system. We also filter out any
scattered laser light by employing a dichroic filter which only reflects wavelengths of
interest towards the detector. This is achieved by utilising a laser that has a spectrum
which does not overlap with the emission spectrum from the sample.

Finally, we can use this system to create fluorescence maps by acquiring the signal
at a single point and then sequentially scanning through the area of interest of the
sample to form an image. Since our system employs an inverted microscope with
fixed optical components apart from the microscope objective, we perform sequential
scanning by moving the sample itself. High movement accuracy and repeatability are
desired, thus we utilize an xyz piezo stage (Physik Instrumente, P-733.3CL) which

offers nanometer resolution and repeatability.

1.2 Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) is a method through which we can
measure the amount of time that it takes for a photo-excited carrier to radiatively
recombine, thus emitting a photon. This can be done by measuring the time interval
between a laser pulse and the arrival of a photon on the photodetector, as depicted on
figure 1-3[86]. In this way, we can build a histogram of arrival times of photons over
time in order to form what is known as a PL lifetime decay. However, photons will go
uncounted in the histogram if they arrive before the TCSPC system has had time to
re-initialize to detect a new photon after a photon count event has happened, known
as the dead time. Typical dead times for these systems are in the tens of nanoseconds
[86]. As such, we need to adjust the fluence of the laser to be low enough such that
the probability for the sample to emit a single photon between laser pulses is low.
This is normally done experimentally by adjusting the photon count rate per second
to be below 10% of the laser repetition rate. If not, skewed photon statistics will be

collected, where early arrival times will have an artificially high count of photons, an
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a) b)

Figure 1-3: a) Scheme for measuring photon arrival times. b) Histogram built from
the photon arrival times [86].

effect which is known as pile-up. The setup for a TCSPC system is shown on Figure
1-4(86].

TCSPC is a useful measurement to determine radiative and non-radiative lifetimes
for most semiconductors. These lifetimes provide us with an indication of the quality
of the material as well as which process (radiative or non-radiative) dominates in
the material. By knowing the initial carrier density in the material, which can be
determined from the laser flux and the absorptivity of the material, we can fit a set

of rate equations to extract radiative and non-radiative rates as well as trap densities

ND filter
sample
laserhead | - - - - -—=4 %
|
[———1 cutoff filter
|
PMT j\
I I
diode laser driver timing electronics

SynC Out Sync I H . —

Figure 1-4: Typical TCSPC setup as detailed by Michael Wahl. An ND filter is used
to reduce the intensity of the laser and a cutoff filter (normally a dichroic filter) to
remove any scattered light from the laser and only collect the wavelengths of interest
[86].
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in the material. This is further elaborated upon in Appendix A.

1.3 Thesis Outline

This thesis is structured in two main chapters that deal with different atmospheric
combinations and their effects on perovskite thin films. Chapter 2 explores the use of
air, moisture and light in order to improve the radiative and conduction properties of
lead halide perovskites. We show the experimental findings of the improvements and
then propose a model that explains the mechanism of photobrightening in the mate-
rial. Chapter 3 explores the exposure of perovskite thin films to different atmospheric
conditions such as nitrogen, oxygen with and without moisture as well as vacuum
conditions. We show how these conditions effect the photoluminescent properties of
perovskite grains in the microscale and explain the mechanisms through the aid of
density functional theory. Appendices A and B provide supplemental information to

chapters 2 and 3, respectively.
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Chapter 2

Metal Halide Perovskite
Polycrystalline Films Exhibiting
Properties of Single Crystals

2.1 Introduction

Metal halide perovskites are an exciting class of materials that possess many of the
attributes desirable for optoelectronic applications, with certified power-conversion
efficiencies of perovskite based photovoltaics reaching 22% |70, 95]. Despite impressive
device performance, perovskites are still far from their full potential. For instance, the
photoluminescence quantum efficiency (PLQE) of thin films used in highly efficient
devices is still far from unity |75]; typical external PLQE values are 1% at excitation
intensities equivalent to solar illumination, which corresponds to internal PLQE values
of 10% after accounting for losses from photon recycling and poor light out-coupling
[68]. These low values are consistent with a sizable density of sub-gap trap states that
act as non-radiative recombination centers [76, 46, 89|. In order for a solar cell or

light-emitting device to reach its theoretical performance limits, luminescence should

Chapter 2 1is adapted with permission from Brenes et al., Metal Halide Per-
ovskite Polycrystalline Films FExhibiting Properties of Single Crystals, Joule (2017),
http://dx.doi.org/10.1016/j.joule.2017.08.006
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be maximized with all non-radiative recombination eliminated [49].

Perovskite single crystals have been reported to exhibit superior properties to
polycrystalline thin films, with 2-4 orders of magnitude lower trap densities 73, 13].
This leads to long charge-carrier lifetimes and diffusion lengths of tens of microseconds
and micrometers, respectively[59, 7|, and surface recombination velocities as low as
3 cm/s [29]. However, controlled growth of single crystals into devices does not lend
itself to the many advantages offered by solution-processing polycrystalline thin films
such as roll-to-roll depositions. Recently, the use of surface treatments to passivate
deep trap states in polycrystalline films has been reported, yielding reductions in trap
density by an order of magnitude [60, 21]. However, it is unclear what impact these
surface treatments might have on other properties of the film such as the transport
properties, interfacial energies, and grain stability. The illumination of perovskite
materials has also been shown to achieve reductions in trap density [22], and these
improvements depend on the light dose [22] and can be boosted further in the presence
of oxygen [82]. However, these reports have shown only limited local luminescence
enhancements with the effects being reversible on a timescale of ~10 hr and not lead-
ing to spatially uniform emission over large areas of a high-quality film. In this work,
we use a combination of light and atmospheric post-treatments on methylammonium
lead iodide (MAPbDI;) perovskite thin films that lead to permanent and exceptionally
large enhancements, with the resulting optoelectronic properties approaching those

of single crystals.

2.2 Results

2.2.1 Macro- and Micro-photoluminescence Enchancements

Thin films (250 nm thickness) of MAPbI; perovskite were solution processed on glass
(see Appendix A) [100]. In Figures 2-1a-c, we show the internal PLQE values (1) of
films in different atmospheric conditions while under continuous-wave (CW) illumi-

nation with excitation densities close to solar illumination conditions. The internal
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values are calculated from the measured external PLQE values (9eqs, Figure A-2)
following the methods of Richter et al. [68]. (see Appendix A). The film illuminated
in dry nitrogen shows a small rise in emission, and the internal PLQE reaches a value
of n = 12% (Figure 2-1a). When the film is instead illuminated in dry air, the photo-
luminescence (PL) rises substantially and the internal PLQE approaches n = 48% and
continues to slowly rise (Figure 2-1b). When the film is light soaked in humidified air
(45% relative humidity), the internal PLQE plateaus at n = 89% (Figure 2-1¢). This
is approaching PLQE values in which almost all of the non-radiative decay processes
are eliminated, despite starting with internal PLQE values of n ~ 1%. We find that
the enhancements are retained with only a small drop in PLQE to n = 84% when
returning the film to dry air (Figure A-2), with the small drop appearing to corre-
late with the desorption of water molecules from the film surfaces upon drying [54].
We also find corresponding enhancements in carrier lifetime from time-resolved PL

measurements (Figure 2-1c inset), which show radiative bimolecular kinetics (Figure

A-3).

In Figures 2-1d-h, we present a progression of confocal PL. maps corresponding to
the treatment of light soaking under humidified air (see Figures A3 and A4 for other
conditions). Under dry air conditions (Figure 2-1d), we clearly see a grain-to-grain
heterogeneity in emission intensity. There is an increase in the PL baseline intensity
when moving to humidified air (Figure 2-1e), which is consistent with earlier reports
of the beneficial effects of humidity on film fabrication [27, 5|. However, there is
then a substantial increase in intensity of all grains after light soaking for 10 min
under excitation with a 532-nm laser at an excitation equivalent to 10 sun (Figure 2-
1f). When comparing the film after the treatment (Figure 2-1g) with that before the
treatment (Figure 2-1d), we find that there has been a net increase in the emission
intensity, PL lifetime, and spatial homogeneity (Figure A-6). Furthermore, there
is a near-instant rise to stabilized emission output for the treated film in dry air
(Figure 2-1g inset) compared with the slow rises in the corresponding untreated film
under the same conditions (Figure 2-1g inset). In recent work, a strong correlation

between the slow transient PL rises and photo-induced ion migration was found [22].
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Figure 2-1: Macro- and Micro-photoluminescence Enhancements of Thin Films under
Solar Illumination Conditions (a—c) Internal PLQE 7 measurements over time under
illumination with a CW 532-nm laser at an excitation intensity equivalent to 2 sun
(150 mW /cm?) in dry N2 (a), dry air (b), and humid air (c). Inset: Time-resolved
PL decays of the films after the stated treatment with pulsed excitation at 405 nm
(excitation density of 5.4 x 10%c¢m™3). (d-h) In situ confocal PL maps with 405-nm
excitation measured in (d) dry air, (e) humidified air, (g) after light soaking for 10
min under excitation with a 532-nm laser equivalent to 10 sun under humid air, (g)
after returning to dry air, and (h) measured the next day with storage in dry air.
Insets to (d) and (g): emission stability of the films in dry air before and after the
treatment, respectively, with excitation at 532-nm at intensity equivalent to 10 sun.
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Therefore, the elimination of the transient PL rises under illumination suggests that
photo-induced ion migration has been inhibited after the treatment [75]. There is
a negligible decrease in the enhancements when measured the next day (Figure 2-
1h) and even 3 weeks after treatment when the film is encapsulated with a layer of
the polymer poly(methylmethacrylate) (PMMA) (Figure A-7). We stress that the
combination of light, air, and moisture is essential to exploit all of these beneficial
effects (Figures A7 and A8), but longer exposure times to this combination lead to

degradation (Figure A-10) [45, 3].

2.2.2 Enhancements in Film Photoconductance and Diffusion

Length

In order to assess the impact of the treatments on charge transport, we performed
time-resolved microwave conductivity (TRMC) measurements. This technique moni-
tors the photoconductance AG on pulsed illumination, giving a direct measure of the
charge-carrier yield, lifetimes, and mobilities [40, 66]. Figure 2-2a shows AG of the
films after storage in dry air (untreated, black curve) and after light soaking for 30
min in humid air (40% relative humidity) under a white light LED source generating
a similar photon flux to AM1.5 sunlight (treated, red) (see Figure A-11 for other
conditions). Importantly, we see a profound increase in the lifetime of the charge
carriers after the treatment, which is retained even after storage of the bare film in a

nitrogen glove box for a week (redried, blue curve).

In Figure 2-2b, we show TRMC decays of the treated films with initial photo-
excited charge densities varying over three orders of magnitude (see Figure A-12 for
other treatments). The resulting half lifetimes of the excitation-dependent decays
712 (time taken to decay to half of the initial value) for different excitation densities
are shown in the inset of Figure 2-2a. Most importantly, we see a substantial increase
in the lifetimes of the charge carriers at each excitation density in the treated film
compared with the untreated film, with the lifetime at the lowest fluences increasing

from 6.2 ms to 32.3 ms after treatment. We note that the lifetimes (1-6 ms) and
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Figure 2-2: Enhancements in Film Photoconductance Determined from Time-Resolved
Microwave Conductivity Measurements (a) Photoconductance measurements for a
MAPDI; film after storage in dry air and after being subjected to light soaking for
30 min in humid air (40% humidity) under a constant photon flux similar to solar
conditions. The TRMC trace taken after storing the same sample in a nitrogen glove
box for a week after the treatment is also shown. The TRMC decays were recorded
by photo-exciting the samples in dry Ny with pulsed illumination at 500 nm and an
excitation density of 5 x 10Mem™3. (b) TRMC decays (normalized to absorbed flux)
of the treated samples with the initial charge excitation density as indicated. (c)
Dashed lines are fits to the data using the trap model summarized in (c), where G,
is the generation rate and ky and kp are the trapping and trap recombination rates,
respectively. (d) Diffusion lengths of the electrons and holes before and after the
treatments.

42



Table 2.1: Summary of Parameters from TRMC Measurements and Fits for Thin
Films of MAPbI3 Untreated and Treated

Sample | g1 + gy, (cm?V—'s™Y) [ k577 (10" Mem®s™t) | (%) | k& (10" Mem®s™!) |
Untreated 87 26.0 1 26.2
Treated 87 7.60 84 28.5

mobilities (y ~70-90cm?V 's™!) of carriers even in the untreated film are already as

large as in the highest-quality perovskite thin films reported [21, 42].

We can describe the observed behavior based on a kinetic model that incorpo-
rates the presence of a density N; of deep electron trap states and is summarized in
Figure 2-2¢ (see Appendix A for details) |76, 39|. If the photo-excitation generation
density exceeds the deep trap density N, the charge-carrier decay kinetics are domi-
nated by bimolecular recombination of electrons and holes, but at low fluence when
many electrons are immobilized into these trap states, the recombination appears
pseudo-monomolecular [76]. Richter et al. [68] recently proposed that the bimolecu-
lar recombination constant is actually comprised of a radiative (k) and non-radiative
(k) component. This leads to an effective (external) bimolecular recombination rate
constant that can be extracted from fits to the TRMC data given by an expression

encompassing the effects of photon recycling and light out-coupling:
kgff = Nesckr + kn (2.1)

where 1., = 12.7% is the escape probability of a photon from a bare perovskite
film on glass for the film thickness in this work [68].

We fit this model to the set of excitation-dependent decays and show the fits for
the treated films as dashed lines in Figure 2-2b (see Figure A-12 for other treatments,
Tables 2.1 and Al for parameters, and Appendix A for discussion on sensitivity of
the analysis). We find a remarkably low deep trap density for these samples, which
only changes negligibly for the sample light soaked in humid air (N; = 6.0 x 10'3¢m ™3

reducing to 5.5 x 10¥cm™?), suggesting that the treatments are primarily affecting the
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radiative and non-radiative components of the bimolecular recombination constant.
Furthermore, the mobility values for the electrons and holes remain similar upon the

treatment, indicating that the bulk properties have not changed significantly.

We find that the k5 decreases from 26.0 x 10 'cm3s™! when untreated to
7.60 x 10" em®s ™! with the treatment. With the measured internal PLQE 7 values, we
extract the internal bimolecular rates k4", which we find to be almost unchanged from
the untreated (26.2 x 107 em?®s™!) to treated (28.5 x 10cm3s™!) samples (see Ap-
pendix A for details). This suggests that the rate of recombination collisions between
electrons and holes is unchanged on treatment. However, the treatments increase the
fraction of these collisions that are radiative compared with the fractions that are
non-radiative. This means that each carrier is more likely to be re-generated due to
a photon recycling event [63], which is only possible with radiative recombination,
prolonging the effective lifetime of the carriers. This leads to the conclusion that the
increase in carrier lifetimes with treatment is primarily due to an increased fraction

of radiative recombination, in turn leading to enhanced recycling of carriers.

We use the kinetic model to extract the individual carrier lifetimes and use these
to calculate the resulting diffusion lengths of each carrier using Lp = \/W,
where kp is the Boltzmann constant, 7' the temperature, e the electron charge, and u
the carrier mobility extracted from the photoconductance measurements (Figures 2-2d
and A12) [7]. We find remarkable hole diffusion lengths of 76.5 ym in the treated film
at low excitation fluences at which the electron traps are still not completely saturated,
and therefore the majority of the electrons are immobilized in trap states, while we
find electron diffusion lengths reaching 28.7 pm at intermediate charge densities in
which all of these electron traps are filled. We note that these diffusion lengths
are the average cumulative distance that charges diffuse, including recycling through

reabsorption events (Figure A-14).

The exceptional diffusion lengths, carrier lifetimes, mobilities, and low deep trap
densities show that these polycrystalline thin films possess properties only previously
demonstrated in single crystals |7, 16]. In fact, the lifetime (71,2 = 32.3us) of the

treated film already exceeds that seen in single crystals under similar conditions (15
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us), and the deep trap densities are comparably low |7]. The surface recombination
velocity (SRV) in unpassivated perovskite polycrystalline films and single crystals has
been reported to be 1,000 cm/s [96], which can be reduced to 3 cm/s for passivated
single crystals [29]. We calculate SRV ~ L /27 /5 = 0.4cm/s for the holes at low charge
densities in treated films in which 7/, = 32.3us and L = 250 nm is the film thickness
(see Appendix A) [29, 92|. This is an order of magnitude lower than passivated
perovskite single crystals and comparable with the lowest value ever reported for
any semiconductor in <111> crystalline silicon (0.15 cm/s) [92, 10|, which is truly

remarkable when considering that these are solution-processed polycrystalline films.

2.2.3 Enhancements in Solar Cell Device Performance

To validate the treatments in devices, we constructed planar heterojunction per-
ovskite solar cell devices in the configuration of FTO (fluorinated tin oxide) / SnO, /
CH3NH;3Pbl; / 2,2°)7,7'-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(spiro-OMeTAD) / Au, where the perovskite was deposited using an acetonitrile-
based solution-processing route [61]. We performed the treatments on the bare
perovskite in half-constructed devices before depositing the hole transporter (spiro-
OMeTAD) and Au electrodes for testing. We show in Figure 2-3a the current-voltage
(J-V) curves and in Figure 2-3b the stabilized power output of champion devices
incorporating the untreated films and the treated films that have been exposed to
humid air with light soaking (see Figure A-15 for other treatments and Figure A-
16 for device statistics). We see an increase in the short-circuit current from 22.6
to 23.4 mA /cm? and the open-circuit voltage from 1.04 to 1.13 V, both consistent
with the reduction in non-radiative decay and subsequent increase in carrier diffusion
length and lifetime after the treatments. This yields champion device efficiencies of
19.2% (treated) and 17.8% (untreated), with stabilized power output of 18.4% and
17.4%, respectively. Although hysteresis is still present (Figure A-15), we find that
the extent of the hysteresis is reduced with the treatment and this finding is accom-
panied by a noticeable increase in the steady-state efficiency of the devices (Figure

2-3b). Importantly, the time to rise to stabilized power output is much faster in the
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Figure 2-3: Enhancements in Solar Cell Device Performances (a) Light and dark J-V
curves of champion devices for the devices containing untreated (stored in dry air)
and treated (light soaked in humid air) films measured under AM1.5 100 mW /cm?
simulated sunlight. (b) Stabilized power output of the devices presented in (a) mea-
sured by holding the devices at their maximum power point (as determined from J-V
curves) for 50 s.
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treated film, with near-instant rise to stable output compared with the slower 10-20
s rise in the untreated films with the same device structure (see Figure A-17 for other
treatments). These findings are consistent with the PL output in the treated films
instantly reaching their maximum value without a slow rise time (cf. Figure 2-1g,
inset). They are also consistent with the assertion that ionic migration, the origin of
the slow transient rises [26], is impeded in the devices with treated films. The device
performance enhancements remain after 3 weeks of storage in a nitrogen glove box and
still remain superior to the controls after 8 weeks of storage (Figure A-18). We also
find enhancements when using the acetate-based method (Figures A18-A20), sug-
gesting that the post-treatments are capable of improving perovskite films processed
in different ways. We note that the optically implied open-circuit voltages [81] from
an internal quantum efficiency of 89% should lead to voltage losses of only a few meV,
indicating that there are still non-radiative losses introduced from the contacts [28§],
insufficient light out-coupling from the devices or partial removal of the treatment
following deposition of the top layers. We also note that the light-soaking enhance-
ments are not as evident when performed on the full device stack rather than the half
stack, and we speculate that this is because the hole transporting layer prevents the

crucial interaction of the atmospheric molecules with the perovskite surface.

2.2.4 Mechanism of Photobrightening

In order to explain the observations, we propose that there is a distribution of shallow
surface states, and the carriers in the bands can easily transfer into and thermally
out of these states (Figure 2-4a). We depict these as shallow electron states just
below the conduction band, but these could equally be shallow hole states above
the valence band. We propose that the radiative bimolecular recombination (kg) is
band-to-band recombination while the non-radiative bimolecular component (k,) is
electron-hole recombination mitigated through these shallow surface states (Figure
2-4a). If such states remained mostly unoccupied, this non-radiative recombination
would be bimolecular because the rate would depend on the concentration of both

electrons (and hence the density of trapped electrons) and holes. The treatments then
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decrease the density of these shallow states, leading to a greater fraction of electron-
hole collision events being radiative kr than non-radiative k, and hence significantly
increasing the PLQE (Figure 2-4a). We note that we distinguish these shallow states
from the deep trap states, which solely mitigate non-radiative recombination through
irreversible electron trapping and which are of very low density in the samples studied
here (N; =~ 103cm™2) and appear to be mostly unaffected by the treatments.

The nature of these shallow states that promote non-radiative recombination but
do not affect charge mobility is unclear. Since the mobility and therefore bulk charge
transport (including grain-to-grain transport) is mostly unaffected by the surface
treatments, we propose that the shallow states primarily reside on the surfaces as
opposed to the grain boundaries. However, we note that we cannot exclude the addi-
tional presence of deep traps and/or low densities of shallow traps on grain boundaries
in the bulk. Here, we explore the case of a density of shallow defects associated with
iodide vacancies [97], but we note that other explanations are also possible such as
surface traps due to electron-phonon coupling [90] or surface structures with an in-
direct band gap [40]. Recently, we reported experimental and theoretical evidence
that oxygen diffusion into MAPbI3 films is accompanied by photo-induced formation
of superoxide species (O, ) at iodide vacancies over the timescales relevant to the
enhancements we report here [3|. Here, we use density functional theory calculations
to show that, as a result of O, reduction to O, at surface vacancies occupied by pho-
togenerated electrons, the sub-gap states shift down into the valence band (Figure
A-22), removing the shallow states. The passivating effect of oxygen is consistent

with an increase in surface oxygen content after the treatments (Figure A-23).

2.3 Discussion

We summarize the proposed mechanism for the treatments in Figures 2-4b—d. First,
an untreated MAPDI; sample containing surface states (Figure 2-4b) is exposed to
light and oxygen. This reduces the density of surface states and leads to photobright-

ening (Figure 2-4c) through the formation of passivating superoxide species. This

48



Shallow = — a -

states T

Treatment

Untreated
. . .\morphous She”
Figure 2-4: Mechanism of Photobrightening (a) Schematic showing non-radiative re-

combination (k,) dominating owing to shallow surface states, which are removed in
the treatment to lead to radiative-dominant (kg) recombination. (b-d) Untreated
MAPbDI; films (b) containing non-radiative trap states that are passivated by expo-
sure of MAPDI; to (c) light and oxygen and (d) light, oxygen, and water.
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process is reversible on a timescale of hours if the sample is then kept in the dark.
Second, when an untreated sample is briefly exposed to light, H,O, and Oy (Figure 2-
4d), the density of shallow states decreases to an even greater extent due to complete
removal of the states at the surface by forming a nanometer-thin amorphous shell of
inert degradation products [38]; these shells could be indicated by a minor texturing
of the surfaces after the treatment (Figure A-24) but no detectable changes in the
crystalline properties of the surface (Figure A-25). This process is mostly irreversible;
the shell of degraded material acts as a containing barrier through which the oxygen
species only slowly de-gas from the film (an encapsulating impermeable polymer such
as PMMA is even more effective). The treatments inhibit ion migration, since oxy-
gen occupies iodide vacancy sites involved in the migration process, and the degraded
shell introduces a partial barrier to ionic transport in the intergrain regions.

We expect that further optimization of these scalable treatments, along with
deeper understanding of the nature of these shallow surface states and resulting recom-
bination pathways, will lead to solar and light-emitting device efficiencies approaching

the theoretical limits with minimal ionic migration.

2.4 Experimental Procedures

2.4.1 Sample Preparation

Glass substrates were washed sequentially with soap, de-ionized water, acetone, and
isopropanol, and finally treated under oxygen plasma for 10 min. Thin films of
MAPDI; were solution processed by employing a methylammonium iodide (MAI) and
lead acetate Pb(Ac), - 3H,O precursor mixture with a hypophosporous acid (HPA)
additive [100]. MAI (Dyesol) and Pb(Ac), - 3H,O (Sigma-Aldrich) were dissolved in
anhydrous N,N-dimethylformamide at a 3:1 molar ratio with final concentration of 37
wt% and HPA added to an HPA:Pb molar ratio of 11%. The precursor solution was
spin coated at 2,000 rpm for 45 s in a nitrogen-filled glove box, and the substrates

were then dried at room temperature for 10 min before annealing at 100°C for 5 min.
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All samples were then stored in a nitrogen-filled glove box until used.

2.4.2 Macro-photoluminescence Measurements

PL measurements were acquired by photo-exciting perovskite films on coverslips en-
closed in a custom-built flow chamber capable of flowing ultra-high purity gases in
ultra-dry or controllably humidified form (40%-50% relative humidity for all humid-
ified measurements). The samples were photo-excited with a 532-nm CW laser at
intensities approximately equivalent to the photon fluxes of 2 sun irradiation (150
mW /cm?). The PL was collected using fiber-coupled collecting optics and the emis-
sion detected using an Ocean Optics USB4000 fiber-coupled spectrometer.

The external PL quantum efficiency (7eqs) Was measured using an integrating
sphere in a nitrogen-filled glove box using a 532-nm excitation laser at an illumination
intensity of 150 mW /cm?. The PLQE was computed using well-established techniques
[18]. The internal PLQE 7 was calculated by accounting for collection losses in the
measured values 7),,..s due to photon recycling and poor light out-coupling at the

perovskite/air and perovskite/glass interfaces, given by:

~1

TIGSC

Tmeas = 77(— — (Nese — 1)) (2.2)
T]meas

where 7., = 12.7% is the escape probability of a photon from a bare perovskite

film on glass for the film thickness in this work [68]. The PLQE measurements in

other environments were then determined with respect to the PLQE values measured

directly in dry nitrogen.

Macroscopic time-resolved PL. measurements were obtained on the treated films
in dry nitrogen using an Edinburgh LifeSpec spectrometer equipped with a single-
photon counter. The films were excited at 405 nm with a picosecond pulsed diode

laser (Hamamatsu, M8903-01) at a repetition rate of 20 kHz.
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2.4.3 Micro(Confocal)-photoluminescence Measurements

Confocal PL maps were acquired using a custom-built time-correlated single-photon
counting confocal microscope (Nikon Eclipse Ti-E) set up with a 1003 oil objective
(Nikon CFI PlanApo Lambda, 1.45 NA). The samples were measured in the custom-
built flow chamber with the desired gas and/or humidity level. The coverslip samples
were photo-excited through the glass side using a 405 nm laser head (LDH-P-C-405,
PicoQuant GmbH) with pulse duration of <90 ps, fluence of 1 mJ/cm?/pulse, and
a repetition rate of 0.5 MHz. The PL from the sample was collected by the same
objective, and the resulting collimated beam passes through a long-pass filter with
a cutoff at 416 nm (Semrock Inc., BLP01-405R-25) to remove any residual scattered
or reflected excitation light. Light soaking was achieved by coupling a green 532-nm
laser diode (Thorlabs) into the microscope, yielding a soaking spot size of ~10 ym and
a power of ~2 uW. A single-photon detecting avalanche photodiode (APD) (MPD
PDM Series 50 mm) was used for the detection. The sample was scanned using a
piezoelectric scanning stage. The measurements were acquired using the commercial

software SymphoTime 64 (PicoQuant GmbH).

2.4.4 Time-Resolved Microwave Conductivity Measurements

For the TRMC measurements, the treatments to the perovskite films were performed
in a glove bag using controlled atmosphere and humidity. For light soaking, we applied
an LED white light source (LuxSpot LS17-002D55) generating a similar number of
photons in the visible as simulated sunlight (100 mW /cm?, AM1.5). The treatment
was performed in a glove bag with a humidity meter. The bag has two gas purges:
one introduces dry gas and the other introduces a water bubbler that is connected
to the gas source. The relative humidity was controlled to be ~40%-50% for any
treatments involving humidity. The treatment time was fixed at 30 min for all. After
the treatment, the samples were immediately transferred into a Ny glove box and
then mounted in a sealed microwave resonance cavity for TRMC measurements.

The TRMC technique monitors the change in reflected microwave power by the
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loaded microwave cavity upon pulsed laser excitation. The photoconductance (AG)
of the samples was deduced from the measured laser-induced change in normalized

microwave power (AP/P) by

~KAG(t) = % (2.3)

where K is the sensitivity factor. The yield of generated free charges ¢ and mobility
> 1= (pe + pn) were obtained by:

AG
6 p= T 5eF, (2.4)

where [ is the number of photons per pulse per unit area, 3 is a geometry constant of
the microwave cell, e is the elementary charge, and F4 is the fraction of light absorbed

by the sample at the excitation wavelength of 500 nm (0.73).

2.4.5 Device Fabrication and Characterization

FTO-coated glass sheets (7 Qcm™'; Hartford Glass) were etched with zinc powder and
HCI (3 M) to obtain the required electrode pattern. The sheets were then washed
with soap (2% Hellmanex in water), deionized water, acetone, and isopropanol, and
finally treated under oxygen plasma for 10 min to remove the last traces of organic
residues. All chemicals were purchased from Sigma-Aldrich and used as received
unless otherwise stated. A compact layer of SnOy was then deposited using a slight
modification of the process reported by Anaraki et al. [2]. A first layer of SnO, was
deposited onto the cleaned FTO substrate by spin coating a layer of SnCl, - 5H,O
(17.5 mg/mL) diluted in anhydrous isopropanol (3,000 rpm), followed by annealing
at 180°C for 60 min. The substrates were then immersed in an acidic chemical bath
of SnCl, - 2H50 for 180 min at 70°C. The substrates were then briefly sonicated in
deionized water before being transferred to a hotplate and annealed at 180°C for
a further 60 min, after which they were allowed to cool down naturally to room

temperature. After cooling, a 0.5 M solution of 1:1.06 MAI (Dyesol) to Pbl, (TCI
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Chemicals, 99% purity) in the ACN/MA solvent was prepared as described by Noel et
al. [61]. The solution was then spin coated onto the substrate at 2,000 rpm for 45 s in
dry air, resulting in the formation of a smooth, dense, perovskite layer. The substrate
was then heated at 100°C for 60 min. After annealing, the substrates were allowed
to cool to room temperature. For lead-acetate-based devices, lead acetate trihydrate
and methylammonium iodide were dissolved in dimethylformamide at a 1:3 molar
ratio, such that the resulting solution was 30 wt% with respect to perovskite salts.
Hypophosphorous acid was added according to the method described by Zhang et al.
[100]. The precursor solution was then spin coated onto the substrates at 2,000 rpm
for 45 s in an inert atmosphere. The substrates were then dried at room temperature
for 10 min before being annealed at 100°C for 5 min. After annealing, the substrates

were allowed to cool down naturally to room temperature.

The light- and atmosphere-soaking treatments were performed on these half-
constructed devices under the stated atmospheric conditions by illuminating with a
white light LED array with an intensity similar to simulated sunlight for 20 min. The
hole transporting material spiro-OMeTAD was then dissolved in chlorobenzene with
additives at a concentration of 30 mM lithium bis(trifluoromethanesulfonyl)imide and
80 mM tert-butylpyridine and spin coated at 2,000 rpm (45 s) on top of the samples
in a nitrogen glove box. The devices were then stored in a dry air desiccator overnight
before the deposition of the electrodes. Lastly, 80-nm-thick gold electrodes were evap-
orated onto the devices through a shadow mask, using a thermal evaporator. Devices

were stored in nitrogen-filled glove box between measurements.

The current density-voltage (J-V) curves were measured (2400 Series SourceMeter,
Keithley Instruments) under simulated AM 1.5 sunlight at 100 mWem ™2 irradiance
generated by an Abet Class AAB sun 2000 simulator, with the intensity calibrated
with an NREL calibrated KG5 filtered Si reference cell. The mismatch factor was
calculated to be less than 1%. The solar cells were masked with a metal aperture
to define the active area to be 0.0925 cm?. The devices were held at 1.4 V under
illumination for 5 s before the current-voltage scans were taken. The sweeps were

taken from 1.4 V to 0 V, then from 0 V to 1.4 V. The scan rate was 0.15 V per
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second. All devices were tested under ambient conditions.
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Chapter 3

The Impact of Atmosphere on the
Local Luminescence Properties of

Metal Halide Perovskite Grains

3.1 Introduction

Metal halide perovskites have ushered in a paradigm shift for optoelectronics, with the
potential to fabricate solar photovoltaics (PV) and light-emission devices which are
both high performance and inexpensive [79]. One unique feature is their remarkable
tolerance to defects, allowing thin films to be fabricated by relatively crude solution-
processing methods whilst still achieving high crystallinity [78|, strong absorption
[20] and long charge carrier diffusion lengths|77, 37|. Although recent mixed-cation,
mixed-halide alloyed configurations have shown enhanced stability and performance,
methylammonium lead iodide (MAPbDI3) represents the archetypical perovskite sys-
tem for understanding material and optoelectronic behaviour [70]. Perovskite-based
PV devices on small laboratory prototype scales have demonstrated power conver-

sion efficiencies (PCE) exceeding 22% [95], which is approaching those of established

Chapter 3 is adapted with permission from Brenes et al., The Impact of Atmosphere on the
Local Luminescence Properties of Metal Halide Perovskite Grains, Adv. Mater. 2018, 30, 1706208.
https://doi.org,/10.1002/adma.201706208
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thin-film technologies. Light-emitting diodes (LEDs) have shown external quantum
efficiencies between 8-12 % over several emission colours [91, 87, 17|, and lasing prop-

erties have also been demonstrated [80].

Nevertheless, despite impressive progress, the performance of these perovskite
films are still limited. For instance, the photoluminescence quantum efficiency (PLQE)
of thin films corresponding to high device performances are still far from unity, with
typical measured values on the order of ~1-10% at excitation intensities equivalent
to solar illumination [75]. This is consistent with a sizeable density of sub-gap trap
states that act as non-radiative recombination centers but can be filled with charge
carriers at higher intensities |23, 6, 1, 76, 56]. These trap states are heterogeneously
distributed on the microscale [24] leading to a grain-to-grain heterogeneity in opto-
electronic properties such as photoluminescence [19], photocurrent and photovoltage
[44, 101, 31]. In order for a PV or LED to reach its theoretical performance lim-
its, recombination should be entirely radiative with all non-radiative recombination
eliminated [49].

A thorough understanding of what factors influence the non-radiative decay path-
ways (i.e. what makes a ‘dark’ grain poorly luminescent), as well as elucidating ways
to remove these unwanted phenomena, will be critical in taking this technology to-
wards commercialisation. Previous work has demonstrated that light-soaking films
could lead to reductions in trap density and enhancements in luminescence properties
[76, 22, 82, 93]. These enhancements correlated with a photo-induced migration of
iodide species away from the illuminated region, suggesting that the traps are related

to halide species and/or their corresponding vacancies [52].

Tian et al. [82] and Galisteo-Lopez et al. [30] recently reported that the photo-
brightening effects were further enhanced in the presence of oxygen. Other groups
reported that exposure of the films to moisture during preparation or through a post-
treatment was crucial in obtaining reasonable luminescence and device performance
[65, 54, 98, 27|. In Chapter 2, we showed that particular combinations of wide-area
light soaking with atmospheric exposure could lead to remarkably high macroscopic

internal PLQE values which approach 100%. These results are consistent with recent
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reports on perovskite single crystals in which the surface photoluminescence properties
were shown to be modulated by the adsorption of oxygen and water molecules |29, 34].
In other work, oxygen has been reported to be detrimental to the photoluminescence
properties and also the device and material stability, particularly with exposure over
hours to days in the presence of light [3, 4]. Likewise, moisture is known to be
detrimental to perovskite stability by acting on the highly hygroscopic organic cation
(e.g. methylammonium)[47]. Finally, some reports have found that light exposure
actually decreases the PL of the film [33, 58|. Many of these results are conflicting
and the community has not yet reached a consensus on the impact that light, in
conjunction with each specific environment, has on the optoelectronic properties. It
will be particularly crucial to understand these phenomena on the microscale level,
a length scale in which we see substantial local luminescence losses that must be

eliminated.

In this chapter, we explore the impact of light-soaking individual MAPbI3 grains
in polycrystalline films while immersing them with different atmospheric treatments.
We use in situ micro-photoluminescence (PL) measurements to show that the response
of each grain to continuous illumination depends sensitively on both the atmospheric
environment and the nature of the specific grain, i.e. whether it shows good (bright
grain) or poor (dark grain) luminescence properties. We find that both bright and
dark grains show a small decrease in emission intensity under illumination over time
in dry nitrogen. If they are instead illuminated in the presence of oxygen or moisture,
the emission from the more defect-rich dark grain rises substantially while the emis-
sion from the less-defective bright grain is constant. For the synergistic combination
of illumination during exposure to both air and humidity, the properties of the dark
grains approach those of the bright grains, leading to extremely stable and highly lu-
minescent grains. We explain our results using density functional theory calculations
to compute the adsorption energies of each molecule on the perovskite surfaces. We
find that oxygen molecules bind particularly strongly to iodide vacancies which, in
the presence of photo-excited electrons, leads to passivation of the carrier trap states

that arise from these vacancies. Our work resolves the seemingly conflicting literature
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to date and reveals the strong influence of atmospheric molecules on the perovskite

emission properties.

3.2 Results

3.2.1 Local Grain Luminescence Under Ny

High quality thin films (~250 nm thickness) of MAPbI3 perovskite were deposited
on cover slip glass by spin-coating a lead-acetate-based precursor solution containing
a hypophosporous acid additive, followed by annealing of the films (see Methods)
[100]. A confocal PL map of the resulting film measured under dry nitrogen is shown
in Figure 3-1a, clearly showing the grain-to-grain heterogeneity in emission. In a
nitrogen atmosphere, we light-soak the grains highlighted with the circles in Figure
3-1a over 5 minutes (total photon dose of ~150 J/cm? for all measurements herein),
and we show the PL count rate over time under illumination in Figure 3-1b for a
bright grain (blue circle in a) and in Figure 3-1c for a dark grain (pink circle in a).
Under dry nitrogen, both bright and dark grains show an initial drop in emission
over several minutes that eventually stabilises at a lower PL level and slowly rises
over longer periods. There is a negligible change in local lifetime for these grains
light-soaked in dry nitrogen (see Appendix B, Figure B-1). When the sample is now
exposed in-situ to humidified nitrogen ( 45% relative humidity), we see strikingly
different behavior. The bright grain now shows a rise over time under illumination,
while the baseline level of the dark grain increases in the presence of moisture (~ 2x
the initial value) and also continues to rise over time under illumination. We show
the local PL decays of the same grains in Figure 3-1d and e. The lifetime of the
bright grain (Figure 3-1d) increases after exposure to humidified nitrogen but does
not substantially change after additional light soaking. The dark grain (Figure 3-
le) has a very short initial lifetime, which is increased upon exposure to humidity
and further increased with light soaking, with the final lifetime approaching that of
the bright grain. The net effect of light soaking in humidity is that the dark and
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Figure 3-1: Microscale photoluminescence properties in dry and humid nitrogen. (a)
Confocal PLL map of a MAPbDI3 perovskite film in dry nitrogen normalised to the
maximum intensity. (b, ¢) Monitoring the PL intensity (emission count rate) over
time under illumination from (b) a bright grain (blue circle in a) and (c) a dark grain
(pink circle in a) under dry nitrogen and under humidified ( 45% relative humidity)
nitrogen. The PL intensity for each trace over time is given relative to the starting
value for the bright grain in nitrogen, which is normalised to 1. (d, ) PL decays from
the same (d) bright and (e) dark grains under dry nitrogen, and before and after light
soaking in humidified nitrogen. Samples were photoexcited with a 405 nm laser with
a repetition rate of 0.5 MHz and a fluence of ~ 1 pJ/cm? /pulse (~500 mW /cm?), and
this same laser was used for local light-soaking (total photon dose of ~150 J/cm?).

bright grains reach similar intensities and lifetimes. We note that the increase in
both local PL lifetime and local PL intensity is consistent with reduced non-radiative

recombination in that local area [94].

3.2.2 Local Grain Luminescence Under O,

In Figure 3-2, we show the same measurements but now performed in the presence of
oxygen molecules (compressed air) instead of pure nitrogen. In the case of dry air, we
now find that bright grain exhibits stable PL over time (Figure 3-2b), while the dark
grain, which likely has a higher defect density than the bright grain, shows significant
PL enhancement under illumination and eventually reaches the same intensity as the
bright grain (Figure 3-2c). This is also reflected in the larger increase in the PL
lifetime following the illumination dose for the dark grain (Figure 3-2e) than for the
bright grain (Figure 3-2d). Upon introducing water molecules to the system (~45%

relative humidity), we see an initial baseline increase (i.e. before any light-soaking)
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Figure 3-2: Microscale photoluminescence properties in dry and humid air. (a) Con-
focal PL map of a MAPDI3 perovskite film in dry air normalised to the maximum
intensity. (b, ¢) Monitoring the emission (PL count rate) over time under illumination
from (b) a bright grain (blue circle in a) and (c) dark grain (pink circle in a) under
dry air and under humidified ( 45% relative humidity) air. The PL intensity for each
trace over time is given relative to the starting value for the bright grain in air, which
is normalised to 1. (d, e) PL decays from the same (d) bright and (e) dark grains
under dry air before and after the light-soaking. (f, g) PL decays from the same (f)
bright and (g) dark grains under dry air, humidified air, and after the light-soaking
in humidified air. Samples were photoexcited with a 405 nm laser with a repetition
rate of 0.5 MHz and a fluence of ~1 uJ/ cm?/pulse (~500 mW /cm?), and this same
laser was used for local light-soaking (total photon dose of ~150 J/cm?).

62



in the emission intensity for both bright (Figure 3-2b) and dark (Figure 3-2¢) grains.
By contrast, we note that a baseline increase in the dark in dry air conditions is only
observed when the samples are stored in compressed air for periods of hours (Fig-
ure B-2), suggesting that the impact of oxygen molecules in the dark is much more
slowly acting than water molecules in the dark. The emission from both bright and
dark grains in humid air then slowly rises over time under illumination, again with
a greater relative increase for the dark grain than the bright grain. The local PL
lifetimes for the bright grain (Figure 3-2f) increase upon humidity exposure but then
do not substantially increase further under illumination, while the dark grain (Figure
3-2g) shows an additional increase after illumination. These collective observations
highlight that the presence of molecules such as oxygen or moisture is vital for sub-
stantial net PL enhancement of grains under illumination, and that the presence of
both oxygen and moisture under light are synergistic. In contrast, illumination in a
nitrogen environment without any other atmospheric (oxygen or humidity) exposure
during processing or as a post-treatment leads to net decreases in emission (cf. Figure
3-1). We note that the PL intensity drops even more substantially and continually
under light in vacuo (i.e. in the absence of any atmospheric molecules, Figure B-3).
We also note here that these enhancements are seen after just brief exposure to oxy-
gen, humidity and light (on order 10 minutes), but longer term exposure to oxygen,
humidity and light (on order of hours to days) leads to degradation [3, 4]. We also
reiterate that such significant enhancements require illumination of either local grains

or many grains, highlighting the key role of light in these brightening processes [22].

3.2.3 Local Grain Luminescence After Humidity Exposure

In Figure 3-3a, we show the confocal PL map of the same sample as in Figure 3-
2a but now after exposure to humid air (45 % relative humidity) for 60 minutes
and then returning to dry air, revealing an increase in the baseline PL intensity and
more uniform emission distribution compared to before the humidity exposure [27].
Remarkably, we find that individual grains now show exceptional PL stability after

this exposure, regardless of whether they were dark or bright or previously illuminated
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Figure 3-3: Local grain emission stability after humidity exposure. (a) Confocal PL
map of a MAPbI3 perovskite film in dry air following exposure to humid air for 60
minutes, normalised to the same intensity value as Fig. 3-2A to allow direct compar-
ison. (b) Monitoring the emission intensity (count rate) from various bright and dark
grains denoted in (a) over time under illumination, normalised to the intensity of the
same grain as in Fig. 3-2b. Inset: emission from the same grains under continuous
illumination before the exposure to humidity. (c¢) Confocal PL map of a MAPbI;
perovskite film in dry nitrogen following exposure to humid nitrogen for 60 minutes,
normalised to the same intensity value as Fig. 3-la. (d) Monitoring the emission
intensity (count rate) from various bright and dark grains denoted in (c) over time
under illumination, normalised to the intensity of the same grain as in Fig. 3-1b.
Samples were photoexcited with a 405 nm laser with a repetition rate of 0.5 MHz
and a fluence of ~1 pJ/cm? /pulse (~500 mW /cm?), and this same laser was used for
local lightsoaking (total photon dose of ~150 J/cm?).
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or not (Figure 3-3b; grain highlighted by green circle was not previously light-soaked).
This can be compared to the PL of the same grains before the humidity exposure in
which the darker grains in particular exhibit slow transient rises under illumination
(Figure 3-3b inset and Figure B-4). By contrast, this same PL stability is not observed
when the humidity exposure is performed in nitrogen rather than air (Fig. 3-3c and d).
This suggests that the combination of both air and humidity is essential for attaining
exceptional grain luminescence stability, where the introduction of humidity in general
leads to less reversible effects. We note that the absolute emission intensity is also
increased if exposed to light during the humidity exposure (cf. Fig. 3-1 and 3-2).
We also note that the grains are not always stable while light-soaking in humid air
conditions, though after drying the system even these grains retain excellent stability

(Figure B-5).

3.2.4 Density Functional Theory Calculations

In order to understand these PL observations at the atomic scale we performed density
functional theory (DFT) calculations involving the adsorption of Ni, Oy and H,O
molecules onto the (110) and (001) surfaces of MAPbI3. Previous studies on MAPbI;
surfaces have examined the (001) and (110) surface structures [36, 72| with recent
atomic-scale structural and simulation studies on molecular interactions at perovskite
halide surfaces [57, 35, 51, 32, 43]. Ab initio simulation work of Zhang and Sit [99]
considered the role of excess electrons and oxygen in the degradation of MAPDbI;
with the creation of superoxide species which react with the (110) surface to form
Pb-O bonds. However, there is currently no report of a systematic comparison of
the adsorption energetics and surface electronic structures for Ny, Oy and H,O on
MAPDI; surfaces.

To simulate the effect of illuminated and dark conditions we allowed each surface
to have three charge states: positively charged, negatively charged and neutral (dark
conditions, no photoexcitation). Since it is well known that the surface regions of
MAPDI; can contain high numbers of iodine vacancies [36], we have considered both

defect-free (Pbl,y-terminated) and iodine-vacancy-rich surface terminations. We note
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that the absolute halide vacancy concentration will be higher in the illuminated case

due to photo-induced halide migration away from the illuminated surface [22].

We summarise the molecular adsorption energies for Ny, O, and HyO onto an
iodine vacancy on a Pbls-terminated (110) surface of MAPbI3 (see Table B.1 for
adsorption energies for binding to Pb*" on the Pbl,-terminated surface and Table
B.2 for the (001) configuration). The adsorption energy is relative to the reference
situation of infinite separation between the surface and molecule; a negative value
indicates a favourable interaction. Three general features are readily apparent from
this data. First, the adsorption energies for nitrogen are around —0.15eV and suggest
physisorption, in which the interaction with the surface is relatively weak (absolute
value typically less than 0.3 ¢V) [48]; here we find that there is no significant bond
formation between the Ny molecule and perovskite surface. Second, adsorption of
H50 is slightly more favourable, with adsorption energies in the range of —0.46eV to
—0.66eV, in good agreement with other computational work [43] and suggesting weak
chemisorption including hydrogen bonding. Finally, we find strong adsorption ener-
gies (absolute value > 1.3 eV) for Oy on surfaces where excess electrons are available,
such as negatively charged surfaces or those with neutral iodine vacancies. O, adsorp-
tion onto iodine vacancies where electrons are available is the most favourable (- 3.94
eV). This suggests strong chemisorption of Oy at MAPDbI3 surfaces in which O, acts as
an electron scavenger; this is associated with a favourable electron transfer process at
the perovskite surface to form superoxide (O ) species. Indeed, a lengthening of the
O3 bond is found, which is indicative of superoxide (O3 ) formation. Although there
are currently no experimental energies for direct comparison, the magnitude of our
values are highly consistent with data found for the physisorption and chemisorption
of simple molecules on solid surfaces [11, 9].

Given these adsorption energy results, we then calculated the surface band struc-
ture to examine the effect of adsorption on the electronic structure, and these results
are summarised for the (110) configuration in Figure 3-4 (see Figures B-6 to B-9 for
all (110) results and Figures B-10 to B-15 for the (001) results). We define trap

states as electronic states with energies greater than k7" (~25 meV) below the Fermi
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Table 3.1: Adsorption energies of Ny, H,O, and Oy molecules onto iodine vacancies on
a Pbly-terminated (110) surface of MAPbDI;, with the vacancy in three possible charge
states due to photoexcitation. See Table B.1 for adsorption energies for binding to
Pb** on the Pbl,-terminated surface and Table B.2 for the (001) configuration

]Adsorbate‘Surface site‘Charge state‘Adsorbtion energy (eV)‘

v, -1 -0.12

Ny VY 0 -0.14

% 1 -0.15

V) -1 -0.66

H,0 VY 0 -0.46
% +1 -0.54

V) -1 -3.94

0, VY 0 -2.48

% 1 0.72

level, which can act to effectively localize charge [84| and trap the carriers, leading
to non-radiative decay pathways |75, 56]. Previous computational work on defects in
MAPDI; [36, 25, 14| have found that the iodine vacancy induces electron and hole

trapping levels inside the bandgap region.

For the defect-free surface in the dark there are few trap states near the bottom
of the conduction band (Fig. 3-4a). For a surface containing a high concentration
of iodide vacancies and with excess electrons (Fig. 3-4b) our calculations indicate
trap states at the bottom of the conduction band, evidenced by their occupancy in
the presence of excess electrons and the shift of the Fermi level (red line) into the
conduction band. When Ny or HyO is adsorbed there is very little change in the
surface band structure (Figs. 3-4c,d). In contrast, when O is adsorbed there is a
large reduction in the number of trap states, which shift down to the top of the valence
band (Fig. 3-4e), indicative of chemisorption. Recent work [3] has shown that this is
due to the O2 becoming reduced to a superoxide ion (O3 ), which is of a similar size
to the iodide ion; this species effectively replaces the vacant site, thus restoring the

full octahedral coordination of Pb.
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Figure 3-4: Surface atomic and electronic structures. Schematic of the local atomic-
scale configurations of the surface termination layer (top row) and calculated band
structures (bottom row) for the (110) surface of MAPDbI;. (a) Pristine uncharged
surface, (b) negatively-charged iodine vacancy into which the following molecules are
adsorbed; (c) Na, (d) HoO and (e) Oy. Key: purple - iodine, grey - lead, blue -
nitrogen, red - oxygen, white - hydrogen. We note that our calculations explicitly
included excess electrons; hence the Fermi level (red line) is above any trap states
because those states are filled. See Figures B-6 to B-9 for other configurations.

3.3 Discussion

These results suggest that adsorption and reduction of Oy can effectively remove
the trap states introduced by excess electrons and vacancies on the surface and in
the bulk. The process will be rate-limited by two general factors: (i) illumination
that causes photo-induced migration of iodide ions down the illumination profile [22]
leading to a gradient of additional iodide vacancies decreasing in density from the
surface into the bulk, and (ii) diffusion of Oy onto these surface and bulk iodide
vacancies and the capture of an electron on these sites. Both of these factors may be
responsible for the relatively slow PL rises observed in O, environments even in very
low oxygen concentrations [53|. In particular, the dark grains are expected to have
a larger starting density of vacancies than the bright grains, and are perhaps more
susceptible to photo-induced vacancy generation; this would lead to lower initial PL

levels but larger relative enhancements for the dark grains than the bright grains.

By contrast, the calculations suggest that HoO adsorption does not cause any

significant change in the surface electronic structure and unlikely to be responsible for
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the rapid baseline PL rise seen in the experiments in humid conditions. We conclude
that the rapid baseline PL increases upon H,O exposure for grains in both dark and
light conditions is not due to an adsorption “defect-healing” process similar to that
seen for O, . Instead, we suggest that HyO converts the surface region into a hydrate
phase. Leguy et al. [45] have shown that this process of hydrate formation occurs very
rapidly. The surface trap states would then be removed by such a conversion reaction,
in which a very thin layer of the surface converts to an amorphous shell (of Pbl, or
PbO)[15]|. This shell eliminates the surface vacancies and explains the less reversible
nature of the effects after exposure to humidity, particular humid air (cf. Fig. 3-3)
as in Chapter 2. We note that there is a very slow rise on top of the rapid baseline
rise in humid conditions (Fig 3-1.b,c), which may be due to residual trace oxygen in
the humidity source or the action of hydroxide ions in filling positively-charged iodine

vacancies.

For the case of Nj, the calculations suggest that it has little effect upon the
surface electronic structure and the photoluminescence, due to it being unable to
undergo either redox activity (like Oy) or promote conversion reactions (like HyO).
Nevertheless, the presence of adsorbed nitrogen molecules still gives more favourable
conditions for luminescence than in vacuo in which the PL drops continually over

time under illumination (cf. Fig. B-3).

Finally, we note that the adsorption energies and density of states data for the
(110) surface are very similar to the (001) surface (Figures B-10 to B-15 and Table
B.2). It has been reported that the crystal facets of MAPbDI3 can display different
photovoltaic properties [44]. The data presented here suggest that the effectiveness
of the treatment by atmospheric molecules will depend upon the intrinsic concen-
tration of trap states present at a given facet. Finally, we note that here we are
comparing in-situ the luminescence of local grains in different environmental condi-
tions under identical excitation conditions (e.g. pulse fluence, wavelength, repetition
rate). Future work will be required to explore the potentially large impact of these
excitation parameters on the relative luminescence rise or decay in each atmosphere,

as well as to investigate whether the enhancements in the presence of atmospheric
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molecules and light can be maximised if selectively light-soaking defective grains or
when light-soaking the entire film.

In conclusion, we have used confocal photoluminescence measurements to show
that the PL properties of MAPbI3 perovskite grains under continual illumination de-
pend sensitively on the type of grain (bright or dark) and type of adsorbed molecules.
We find that dark grains show substantial enhancements under illumination in the
presence of oxygen and/or water molecules, while bright grains show less of an effect.
In nitrogen conditions, illumination leads to a net drop in PL over time, and this is
further exaggerated in the absence of any molecules (in vacuo). We perform DFT
calculations to show that oxygen, in the presence of photo-excited carriers, binds
very strongly to iodide vacancies and reduces to superoxide. This removes the sub-
gap electron trap states associated with the iodide vacancies, regenerating a band
structure similar to the pristine case. We propose that moisture forms a thin passi-
vating shell on the surfaces of the grains, in turn also eliminating the vacancies by
converting the surfaces to benign amorphous species. In the absence of passivating
molecules, continual illumination generates defects unabatedly. Our work provides
a microscale view to resolve the seemingly conflicting literature in the field relating
to the beneficial |22, 82, 30, 29| and detrimental 33, 58| effects of light-soaking on
the optoelectronic properties of perovskite films, and also provides crucial insights
into the elimination of non-radiative decay in these exciting semiconductors. The
work also suggests that future work should include searching for other molecules that
could have similar passivating effects to Oy and HoO but do not lead to longer-term

degradation of the films.

3.4 Experimental Section

3.4.1 Photoluminescence Measurements

Confocal photoluminescence (PL) maps were acquired using a custom-built time-

correlated single photon counting (TCSPC) confocal microscope (Nikon Eclipse Ti-E)
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setup with a 100X oil objective (Nikon CFI PlanApo Lambda, 1.45 NA). The samples
were measured in the custom-built flow chamber with the desired gas and /or humidity
level, where ultra-high-purity dry gases (Airgas) were used and then controllably
humidified. The cover slip samples were photo-excited through the glass-side using
a 405 nm laser head (LDH-P-C-405, PicoQuant GmbH) with pulse duration of <90
ps, fluence of ~1 puJ/cm?/pulse, and a repetition rate of 0.5 MHz. The PL from the
sample was collected by the same objective and the resulting collimated beam passes
through a long-pass filter with a cut-off at 416 nm (Semrock Inc., BLP01-405R-25) to
remove any residual scattered or reflected excitation light. A single photon detecting
avalanche photodiode (APD) (MPD PDM Series 50 mm) was used for the detection.
Light soaking was achieved by directing the diffraction-limited pulsed laser spot onto
a grain and collecting the emission for a period of time. The sample was scanned using
a piezoelectric scanning stage. The measurements were acquired using the commercial
software SymphoTime 64 (PicoQuant GmbH).

In-vacuo measurements were acquired with the sample in a cryostat (Janis ST-
100) at a pressure of < 10~* mbar. The samples was photo-excited with a 532 nm CW
laser at intensities approximately equivalent to the photon fluxes of ~2 sun irradiation
(~150 mW /cm?). The PL was collected using fiber-coupled collecting optics and the
emission detected using an Ocean Optics USB4000 fiber-coupled spectrometer.

3.4.2 Ab-initio Calculations

Density functional theory calculations were performed using the numeric atom-centred
basis set all-electron code FHI-AIMS (8, 67|. Light basis sets were used with tier 2
basis functions for C, N, H and O. Electronic exchange and correlation were modelled
with the semi-local PBE exchange-correlation functional [64]. A gamma point offset
grid at a density of 0.04 A™" was used for k-point sampling. For the treatment of
spin orbit coupling we used an atomic zeroth-order regular approximation (ZORA)
[8]. Van der Waals forces were accounted for by applying a Tkatchenko-ShefHler elec-
trodynamic screening scheme [83|. Molecules were adsorbed onto an 8 layer surface

slab of tetragonal MAPbI; containing 96 atoms with a vacuum gap of 20A. Charged
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surfaces were compensated using the virtual crystal approximation [69]. Structures
were relaxed with convergence criteria of 10~* eV /A for forces, 10 electrons for the

electron density and 10~7 eV for the total energy.
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Chapter 4

Conclusion

In this thesis, we demonstrated that the combination of air, moisture and light could
lead to surface passivation of perovskite thin films which led to internal PLQEs ap-
proaching unity. Remarkably, this represents the first report, to the best of our
knowledge, of internal PLQEs for perovskites above 90% and with surface recombi-
nation velocities comparable to the best passivated silicon wafers, approaching the
properties of single crystal perovskites. As such, we have shown that perovskite thin
films have the potential to join gallium arsenide as one of the best optoelectronic
semiconductors in terms of absorption and emission.

Furthermore, we showed how nitrogen, oxygen and moisture interact with per-
ovskite films in order to affect their luminescent properties. We resolved conflicting
results in literature regarding PL rises and falls for perovskite thin films by reveal-
ing the strong atmospheric dependence of PL emission and stability. Further studies
are required to determine their interaction with these atmospheres at different il-
lumination intensities, especially at higher powers where bimolecular recombination

processes dominate over mono-molecular recombination.

73



74



Appendix A

Supplementary Information to

Chapter 2

A.1 Kinetic Model

In our model, we assume electron traps, in line with the consensus in the field [89],
though we note that the analysis holds for either electron or hole traps. Scheme A-1
shows the recombination and generation pathways (and associated rate equations) af-
fecting the populations of free photo-generated electrons n, and holes nj and trapped
photo-excited electrons n;. Upon photo-excitation, electrons are generated in the con-
duction band with generation rate G, and rapidly immobilize into these traps. The
corresponding valence band holes contribute to the photoconductance until these free
holes recombine with the trapped electrons. In the case of photon recycling (Scheme
A-1a), the additional generation from photon recycling leads to an effective measured
rate constant k;f F = Nesckr + k. When photon recycling is excluded (Scheme A-1b),
the additional generation term is effectively removed and recombination is governed
by the internal rate ki = kg + k,.

We note that all recombination constants as defined here are second order. How-
ever, at low fluence in which many electrons are trapped the recombination is limited
by the untrapped electrons and appears effectively pseudo-monomolecular [76]. At

higher fluences in which many of the traps are filled, bimolecular recombination domi-
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Figure A-1: Schematic of the recombination and generation pathways in the kinetic
model (a) with photon recycling and (b) when excluding the effects of photon re-
cycling. G. is the generation rate, kg is the radiative bimolecular rate, k, is the
non-radiative bimolecular rate, ky is the trapping rate, kp is the trap depopulation
rate, N, is the deep trap density, po is the background hole density [39], 7es. is the
escape probability of photons [68].

nates. We report the extracted parameters in Table A.1. We note that there is a small

3q—1

change in the emptying rate of these traps kp, which decreases from 8.0 x 107%cm3s~
before the treatment to 3.2 x 1071%m3s™! after the treatment. Although the slower
trap emptying would effectively lead to more traps remaining filled for a given exci-
tation density, these changes cannot explain the large increase in emission quantum

efficiency observed for the treated samples.
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Figure A-2: (a-d) External PLQE 7),,c.s measurements over time under illumination
with a 532-nm laser at an excitation intensity equivalent to ~2 sun (~150 mW /cm?)
in (a) dry nitrogen, (b) dry compressed air, (¢) humidified compressed air, and (d)
after returning to dry compressed air. (e-h) show the same plots but after converting
the external values to internal PLQE 7.
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Figure A-3: Time-resolved PL decays of the (a) untreated (dry Nj) and (b) treated
(humid air + light, where light is equivalent to 1 sun illumination intensities) samples.
Samples were excited with a 405-nm pulsed laser with the stated excitation densities
(realized through use of optical filters) and a repetition rate of 20 kHz.
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Figure A-4: In-situ confocal PL maps measured in (a) dry No, and (b) after light
soaking for 10 minutes under excitation with a 532-nm laser equivalent to ~10 sun
under dry Nj. (c-d) Show the same measurements under dry air. PL maps were
collected by photo-exciting with a 405-nm laser with a repetition rate of 0.5 MHz and
a fluence of ~1 pJ/cm?/pulse.
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Figure A-5: (a) Emission of the films in Figure A-4a and ¢ in dry air and dry nitrogen
during the light-soaking with excitation at 532-nm and intensity equivalent to ~10
sun. (b, ¢) Histograms showing the distribution of average lifetimes corresponding
to the respective maps in Figure A-4. (d, e) Histograms showing the distribution of
emission intensities corresponding to the respective maps in Figure A-4.
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Figure A-6: (a) Emission of the films in Fig. 2-1d-h during the light-soaking with
excitation at 532-nm and intensity equivalent to ~10 sun under the stated atmospheric
conditions. (b) The PL decays summed across the map before the treatment (cf. Fig.
2-1d) and after the treatment with light, air and humidity (cf. Fig. 2-1g). The
corresponding distributions of the average lifetime and intensity are shown in (¢) and
(d), respectively.
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Figure A-7: PL stability immediately after the treatment (red) and after 3 weeks of
storage in a nitrogen-filled glove box for a (a) bare film and (b) film coated with a
spin-coated layer of PMMA.

A.2 Importance of combination of light, oxygen and
humidity

Although there is a baseline increase in emission when introducing air and particularly
humidity [27, 98|, active illumination under the gas is essential for the large increases

in emission intensity and spatial redistribution of emission (Figure A-8). The effect of
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light soaking in dry atmosphere is generally reversible over a time scale of hours [22]
but the presence of humidity leads to the longer-term retention of the enhancements,
with the absolute emission level, stability and retention optimal if exposed to both

air and humidity (Figure A-9).
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Figure A-8: In-situ confocal PL maps measured in (a) dry air, (b) humidified air, (c)
after returning to dry air (i.e. without any light soaking). PL maps were collected by
photo-exciting with a 405-nm laser with a repetition rate of 0.5 MHz and a fluence of
~1 puJ/em?/pulse. (d) Histograms of the intensity distribution of each map. These
distributions should be compared to those in Figure A-6, where illumination under
humidity leads to substantial increases in the intensity.
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Figure A-9: External PLQE 7,,.4s measurements over time under illumination with
a 532-nm laser at an excitation intensity equivalent to ~2 sun (~150 mW /cm?) in
nitrogen (black) and compressed air (red) under (a) dry conditions, (b) humid con-
ditions, and (c) after returning to dry conditions. The effects are far better retained
for the sample light-soaked in air and humidity.
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Figure A-10: PL measurements over time under illumination with a 532-nm laser at
an excitation intensity equivalent to ~2 sun (~150 mW /cm?) in humidified air (45%
RH) showing a decrease in emission at longer times.
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Figure A-11: (a) Photoconductance measurements for a MAPbI; film after storage
in dry nitrogen and then after being subjected to light-soaking for 30 minutes in dry
nitrogen under a white light LED source generating a similar photon flux to AM1.5
sunlight. The TRMC decays were taken by photo-exciting the samples in dry Ny with
pulsed illumination at 500 nm and an excitation density of 4.75 x 10*cm™2. The inset
shows the half lifetimes of the corresponding decays at different excitation densities
(other decays not shown here). The other panels show similar measurements but
under the stated atmosphere and conditions, i.e. (b) humid nitrogen (40% relative
humidity) (excitation density of 4.93 x 10cm™3), (c) dry air (excitation density of
3.87 x 10cm ™) and (d) humid air (40% relative humidity) (excitation density of
5.07 x 10Mem™3). Panels b and d also show the decays taken after storing the same
sample in a nitrogen-filled glove box for various times after treatment.
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Figure A-12: Excitation-dependent TRMC decays of the (a) untreated samples and
(b) samples 1 week after treatment (with storage in a nitrogen-glove box in between),
with the initial charge excitation density (pulsed illumination at 500 nm) as shown
in the legends. Dashed lines are fits to the data using the trap model described in

Chapter 2. The corresponding data for the freshly-treated sample are shown in Figure
2-2b
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Figure A-13: The effective TRMC decay curves for each stated treatment for elec-
trons (dashed lines) and holes (solid lines) decoupled using the rate equations in the
trapping model incorporating electron traps IV, [7| (Scheme A-1) when including pho-
ton recycling (k‘gf F = Nesckr +kn) (a~c) and when subtracting off the effects of photon
recycling (k5" = kg + k,,) (d-f).
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Figure A-14: Half lifetime of the electron and holes extracted from the decays in Fig-
ure A-13a-c with photon recycling (a) and Figure A-13d-f without photon recycling
(b). We use these lifetimes to calculate the resulting diffusion length of each carrier
using Lp = \/kgT'ji11/2/e, where kg is the Boltzmann constant, 7" the temperature,
e the electron charge and p the mobility extracted from the photo-conductance mea-
surements. The diffusion lengths are shown with (c¢) and without photon recycling
(d). The diffusion lengths in the former case are interpreted as the cumulative diffu-
sion length of a charge carrier including photon recycling events (but not including
distance travelled by photons until reabsorption), while the latter is interpreted as
the diffusion length of a charge carrier from initial excitation to first recombination

event.
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Figure A-15: (a) Light and dark J-V curves of champion devices for the devices con-
taining acetonitrile-based films stored in dry air, humid air (45% relative humidity),
and light-soaked under dry air and humid air for 20 minutes with a white light LED
array with an intensity similar to simulated sunlight. Device measurements were
taken under AM1.5 100mW /cm? simulated sunlight and the presented scans were
measured scanning from 1.4 V to 0 V (open-circuit to short-circuit, OC-SC). The
comparison of the curves scanning from OC-SC and then from SC-OC are presented
in (b), showing that there is some hysteresis in the devices under these scan conditions
but this effect is reduced for the treated sample.
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Figure A-16: (a-d) Device performance statistics for devices containing acetonitrile-
based films stored in dry air in the dark (DAD), light-soaked in dry air (DAL), stored
in humid air (45% relative humidity) in the dark (HAD) and light-soaked under humid
air (45% relative humidity) (HAL). The light-soaking treatments were performed in
the stated conditions by illuminating with a white-light LED array with an intensity
similar to simulated sunlight for 20 minutes. Device measurements were taken under
AM1.5 100mW /cm? simulated sunlight.
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Figure A-17: Stabilized maximum power output for devices containing acetonitrile-
based films stored in (a) dry air in the dark (DAD), (b) light-soaked in dry air
(DAL), (c) stored in humid air (45% relative humidity) in the dark (HAD) and (d)
light-soaked under humid air (45% relative humidity). The light soaking treatments
were performed in the stated conditions by illuminating the half-constructed devices
with a white light LED array with an intensity similar to simulated sunlight for 20
minutes. The measurements were taken by holding at the maximum power point
voltage and measuring current under AM1.5 100mW /cm? simulated sunlight.
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Figure A-18: (a) Light and dark J-V curves of champion devices for the devices
containing acetonitrile-based films stored in dry air in the dark (DAD) and light-
soaked in humid air (45% relative humidity) for 20 minutes with a white light LED
array with an intensity similar to simulated sunlight (HAL). The measurements were
taken fresh after the treatments and then after storage in a nitrogen-filled glove box
for 3 weeks and 8 weeks. Device measurements were taken under AM1.5 100mW /cm?
simulated sunlight. (b) External quantum efficiency (EQE) measurements on the
devices stored for 8 weeks showing the integrated currents match those obtained from
the current-voltage curves.
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Figure A-19: Light and dark J-V curves of champion devices for the devices containing
acetate/ HPA-based films stored in dry nitrogen (DND), dry air (DAD), humid air
(45% relative humidity, HAD), and light-soaked under dry nitrogen (DNL), dry air
(DAL) and humid air (HAL) for 20 minutes with a white light LED array with an
intensity similar to simulated sunlight. Device measurements were taken under AM1.5
100mW /cm? simulated sunlight.
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Figure A-20: L(a-d) Device performance statistics for devices containing acetate-
based films stored in dry nitrogen in the dark (N2D), light-soaked in dry nitrogen
(N2L), dry air in the dark (DAD), light-soaked in dry air (DAL), stored in humid air
(45% relative humidity) in the dark (HAD) and light-soaked under humid air (45%
relative humidity) (HAL). The light soaking treatments were performed in the stated
conditions by illuminating with a white light LED array with an intensity similar to
simulated sunlight for 20 minutes. Device measurements were taken under AM1.5
100mW /cm? simulated sunlight.
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Figure A-21: Stabilized maximum power output for devices containing acetate/HPA-
based films stored in (a) dry nitrogen in the dark (DND), (b) light-soaked in dry
nitrogen (DNL), (¢) dry air in the dark (DAD), (d) light-soaked in dry air (DAL),
(e) stored in humid air (45% relative humidity) in the dark (HAD) and (f) light-
soaked under humid air (45% relative humidity). The light soaking treatments were
performed in the stated conditions by illuminating the half-constructed devices with a
white light LED array with an intensity similar to simulated sunlight for 20 minutes.
These measurements were taken by holding the full devices at the maximum power
point voltage and measuring current under AM1.5 100mW /cm? simulated sunlight.
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Figure A-22: Electronic structure of MAPbI3 (001) surface calculated by density
functional theory. (a) band structure and D.O.S. for (001) surface containing an iodine
vacancy occupied by a photogenerated electron showing shallow trap states below
the conduction band. (b) band structure and D.O.S. for (001) surface containing an
iodine vacancy occupied by a photogenerated electron into which an O, molecule is
chemisorbed and reduced to form a superoxide species O, . The sub gap shallow trap
states indicated in (a) are now significantly reduced in density.
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Figure A-23: (a) PL measurements over time under illumination with a 532-nm laser
at an excitation intensity equivalent to ~2 sun (~150 mW /cm?) in dry air (blue) and
humidified air (red). (b) X-Ray Photoemission Spectroscopy (XPS) measurements of
the (b) I3d, (b) Ols, (d) Nls, (e) Cls, (f) Pb4f signatures in the regions of the sample
light-soaked (light) and regions of the same films without light-soaking (dark). The
atomic percent of oxygen species is labelled for each treatment. We find an increase in
the O content after light-soaking in dry air, a substantial further increase in O when
bringing into humid air, and a further increase again after light-soaking in humid air
for 1000 seconds. We note that these Ols peaks are broad and likely consist of a range
of species including, among others, superoxides and hydroxides. We do not observe
dramatic changes in the other species, nor in the peak positions of each species.
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Figure A-24: Atomic force microscopy (AFM) images of the films for (a) a film stored
in dry air without any light and (b) a region illuminated in humid air for 10 minutes
with a 532-nm laser at an excitation intensity equivalent to ~2 sun (~150 mW /cm?).
The root-mean-square (RMS) variations of the surface over larger scan areas excluding
pin-holes is 40.2 £+ 4.0 nm (dry air) and 44.5 + 4.5 nm (humid air + light). This
represents a negligible change in roughness though potentially a very slight texturing
after exposure to humidity and light. We note that this increase could not explain
the increased external PLQE measurements we observe.

99



—_

0

o

o Dry air

Sy Dry air light
et

)

o

+'4000 w n I | | ’
£ 5000 iy e S s e TR .

=
- 0 , Dry air dark
0 100 200 300 - NI T
Time after lllumination (s ' N A
-Fw\ >< 1 05 o ] —M\ L-iigr;’\];u%; air_IPGIXD_incOp25_couplediPscan_22n
&0 . ¢ 171 | )
o Humid air \ I f @ Humid air light
? W\«»Jw“kwj\ 2 J“\....‘L PO N 3 A, o
UJ 1 o O TJron.iluminated pamid air_IPGIXD_inc0p2%_couplediPscan_22min_2-ThetaChi_Ph
% . Dark f
= o
=0 10 Humid air dark
0 500 1000

T T T T T T
10 2 o a0 0 6

Time after lllumination (s)

Figure A-25: (a) PL measurements over time under illumination with a 532-nm laser
at an excitation intensity equivalent to ~2 sun (~150 mW /cm?) in dry air. (b-c) In-
plane grazing incidence X-Ray Diffraction (IP-GIXD) for the (b) light-soaked region
of a and (c¢) another region of the same sample without light-soaking (dark). (d-f) The
same series but with humid air conditions. We do not find any significant changes
after treatment in atmosphere or light for the short soaking periods in which we
see the PL enhancements, suggesting we are not substantially perturbing the surface
crystallinity or creating crystalline surface material. Significantly, no PbI2 is detected
(expected ~ 12.5°).

A.3 Sensitivity of reported values

The internal PLQE peak value of 89% (Fig. 2-1c) is calculated from the measured
external PLQE value by assuming a (conservatively high) estimate for the escape
probability of 7., = 12.7%. This is assuming the same properties of the films used
by Richter et al., which is a fair assumption given that the material composition,
interfaces and film thickness are similar [68]. However, if we allowed the escape

probability to even reach 20% (extremely conservative estimate), we find the internal

PLQE still plateaus at ~ 84%.
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Table A.1: Relevant parameters extracted from the fits to the data with the kinetic
model for the untreated (Figure A-12a) and treated (Fig. 2-2b) films, and 1 week

after treatment (Figure A-12b).

Parameter

‘Untreated (dry air) ‘Treated (humid air + light) ‘Treated (1 week later)‘

kr (cm3s™h) 1.2 x 1077 1.2 x 1077 1.2 x 1077

kST (cm3s™) 26.0 x 10~ 7.60 x 10~ 11 8.50 x 10~ 11

kp (cm3s~1) 8.00 x 10719 3.20 x 10710 4.00 x 10710

N; (em™3) 6.00 x 103 5.50 x 10'3 5.50 x 1013

po (cm™3) 6.50 x 10%3 2.00 x 10%3 3.00 x 1013
Internal PLQE n(%) 1 84 78

Effective kr (cm?s~1) 0.26 x 10~ 23.9 x 10711 20.8 x 10~ 11

Effective &, (cm?s~1) 26.0 x 10~ 11 4.56 x 10~ 5.86 x 10711

kit =k, + kg (em®s~1)| 262 x 10711 28.5 x 10~ 26.6 x 1011

The kinetic parameters (listed in Table A.1) are extracted from global fits to
the data with the model shown in Scheme A-1 and described above. To keep the
five fitting traces overlapping the corresponding experimental traces, there is not a
large amount of freedom and the rate constants (e.g. k;f f ) and N; values can only
be changed by +3%. We have further constraints on the parameters in global fits
when considering that N; corresponds approximately to the excitation density at
which recombination changes from mono- to bi-molecular, and the resulting long-
lived recombination of the untrapped holes at low fluence gives an approximation for

the trap recombination rate kp.

We also note that TRMC gives a measure of the intra-grain charge transport
properties and will therefore yield values on the higher end of mobility and lifetime
distributions in a polycrystalline sample. The main structural error in the magni-
tude of the mobility values originate from the uncertainty in the K factor shown in
Equation 2.3. The sample-to-sample variation in measured mobility is ~ 5% and we
did not find differences in mobility in our films before or after treatments within this
error. The values of the mobility extracted from TRMC are consistent with values

extracted from THz measurements [39, 40, 42].
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A.4 Extracting relative fractions of k; and k,

For the intensity regime in which the deep traps states are predominantly filled, n
is determined only from the relative fractions of recombination occurring through kg

and k,, given by:

kr

kr+ E, (A1)

n

We can therefore use Eq. 2.1 and Eq. A.1 and the measured PLQE with intensities
at which deep traps are filled (Figure A-2) to extract effective rates of kg and k,, owing
to the changing fraction of recombination occurring through each pathway (see Table
A.1). We find that the treatments increase the effective radiative component kg by
two orders of magnitude from 0.26 x 107 cm?®s™! to 23.9 x 107 cm?3s~!, while
the effective non-radiative component kn decreases by an order of magnitude from
26.0 x 107! cm3s™! to 4.56 x 107! cm3s~!. The internal recombination rate, given
by k¥ = kg + k,, is almost unchanged from the untreated (26.2 x 10~ cm3s™!) to

treated (28.5 x 107! cm?®s™!) samples.

We consider these extracted rate constants kr and k, as effective rate constants
given by kp = frkitrinsic and k, = (1 — fg)kintrinsic where kiptrinsic ap fintrinsic
are the intrinsic rate constants for the material that do not change with treatment,
and fg is the fraction recombining through the radiative pathway, which does change
with treatment. In the case that the radiative fractions fR are given by the internal
PLQE, we can approximate the intrinsic recombination rates as kiyrinsic g fintrinsic o
2 x 107" em3s™!. These comparable rates are consistent with the shallow state
model in which charge carriers in shallow states (non-radiative) or in the conduction
band (radiative) have equal rates of their respective recombination pathways, but the
fraction of each pathway is dictated by the number of shallow states. We note that
further work would be required to confirm whether k""s¢ ig indeed an intrinsic

material property or also changing with treatment.
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A.5 Surface recombination velocity

For the samples in the work, the diffusion length (microns) is sufficiently long com-
pared to the sample thickness L ~ 250nm. Thus, the decay of carrier density is

simply the sum of a bulk and a surface term such that:
= 4= (A.2)

where 7 is the lifetime, 75 is the bulk carrier lifetime and S is the surface recombi-
nation velocity (SRV)[92]. We expect the surface term (second term in Eq. A.2) will
dominate recombination with such thin films in which the defect densities are likely

largest at the surfaces, thus giving the approximation:
S~ — (A.3)

At low fluence in which many electrons are trapped, the carrier density decay
is dominated by holes (712 = 32us) and we find the resulting SRV for holes is
S ~ 0.4 cm/s. We note that we obtain very similar values when using other ap-
proximations for SRV in thin polycrystalline films[29, 96]. At this fluence, the corre-
sponding electron lifetime (i.e. trapping time) is ~150 ns (Figure A-14), which leads
to SRV for electrons of S = 80 cm/s. This value is still an order of magnitude lower
than other reports for polycrystalline perovskite films [96]. Further work would be
required to decouple the SRV values at higher fluence in the presence of the shallow

states.

A.6 Ab-initio calculations

DFT calculations were performed using the numeric atom-centred basis set all-electron
code FHI-AIMS [8, 67|. Light basis sets were used with tier 2 basis functions for C,
N, H and O. Electronic exchange and correlation were modelled with the semi-local

PBE exchange-correlation functional [64]. A gamma point offset grid at a density
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of 0.04 A~ was used for k-point sampling. For the treatment of spin orbit coupling
we used an atomic zeroth-order regular approximation (ZORA) [8]. Van der Waals
forces were accounted for by applying a Tkatchenko-Sheffler electrodynamic screening

scheme [83].

Molecules were adsorbed onto an 8 layer (010) surface slab of tetragonal MAPDI3
containing 96 atoms with a vacuum gap of 30 A. Charged surfaces were compensated
using the virtual crystal approximation [69]. We tested MAI and Pbl, terminated
surfaces in both defect free and iodine vacancy containing configurations. In line with
our previous work in the bulk we found that O, adsorption and reduction was most
favourable on iodide vacancies. The overall reaction for this adsorption onto iodine

vacancies can be represented by the following equation:
MAPbDI; (010) + Vi + Oy — MAPDI; (010) + O

where, in Kroger-Vink notation, the term Vi on the left represents a vacancy on
an iodine site with a negative charge and the term O} on the right represents an
oxygen molecule with a negative charge on an iodine site i.e. an adsorbed superoxide
molecule. Structures were relaxed with convergence criteria of 10~* eV /A for forces,

107% electrons for the electron density and 10~7 eV for the total energy.

A.7 Surface characterization

X-ray photoelectron spectroscopy (XPS) measurements were collected using a Thermo
Scientific K-Alpha X-Ray spectrophotometer. Peaks were fitted and analyzed using
Thermo Avantage software. The baseline was calculated using Shirley’s method and
the data were corrected assuming atmosphere carbon contamination at 285 eV. A
Gaussian mixture was used for peak fitting and surface composition and concen-
trations were calculated from the appropriate peak area. In-plane X-ray diffraction
spectra of treated and untreated samples were collected in ambient air using Rigaku

Smartlab with Cu Ka X-ray source (A = 0.1542nm) in GIXRD geometry with a
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grazing incidence angle of 0.25°.

Atomic force microscope (AFM) images of treated and untreated samples were
collected using an Agilent 5500 microscope equipped with a high-resolution scanner.
High-resolution images were obtained collecting 1024 pixel images at a rate < 0.5 Hz
in ambient environmental conditions. An uncoated Bruker AFM Antimony (n) doped
Si probe (k = 40N/m, f = 300kHz) was used. Leveling of topographical images was

performed using the Gwyddion software.

A.8 Device external quantum efficiency (EQE) mea-
surements

The External Quantum Efficiency (EQE) was measured via Fourier-transform pho-
tocurrent spectroscopy[85]. This was carried out using the modulated beam of a
Bruker Vertex 80v Fourier Transform Interferometer with a tungsten lamp source
and a Stanford Research SR570 current preamplifier. Samples were calibrated to a
Newport-calibrated reference silicon solar cell with a known external quantum effi-
ciency. The perovskite solar cells were held at forward bias (1.4 V) for 5 seconds
before measuring|74|. The solar cells were masked with a metal aperture to define an

active area of 0.0925 cm?2.
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Figure B-1: PL decays from the same bright and dark grains shown in Figure 3-1a,
before and after light soaking in dry nitrogen. Samples were photoexcited with a 405
nm laser with a repetition rate of 0.5 MHz and a fluence of ~1 pJ/cm?/pulse (~500
mW /cm?), and this same laser was used for local light-soaking (total photon dose of
~150 J/cm?).
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Figure B-2: Compressed air storage over time in the dark. Confocal PL map of
MAPDI; films prepared in a nitrogen glove box and maps acquired (a) in dry nitrogen,
and in dry air after (b) 1 hour, (c¢) 24 hours and (d) 48 hours in dry compressed air.
(e) A film stored for 48 hours in dry air but then measured in dry nitrogen after 1
hour storage in dry nitrogen, suggesting the oxygen pre-soaking (loading) effects can
be removed. The map intensities are given relative to the maximum value in (a),
which is normalised to 1. Samples were photoexcited with a 405 nm laser with a
repetition rate of 0.5 MHz and a fluence of ~1 uJ/cm?/pulse (~500 mW /cm?). (f)
Total summed intensity of each map relative to the summed intensity of (a), which
is normalised to 1. The blue symbol corresponds to the map in (e).
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Figure B-3: PL from a MAPDI; film measured in-vacuo (pressure < 10~* mbar) under
continuous illumination with a 532-nm laser with excitation density similar to solar
illumination conditions (~2 sun, 150 mW /cm?).
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Table B.1: Adsorption energies of Ny, HyO, and Os molecules on the (110) surface of
MAPDI; in three possible charge states due to photoexcitation. Favourable surface
sites are on the Pb*" on the Pbl,-terminated surface and in an iodine vacancy on
defect-rich Pbl, surface terminations.

’Adsorbate‘Surface site‘Charge state‘Adsorbtion energy (eV)‘

Pb2F -1 -0.14
PbZT 0 -0.15
N, be+ +1 -0.13
V; -1 -0.12
VY 0 -0.14
VS +1 -0.15
PbZF -1 -0.47
Pb?T 0 -0.47
H,0 be+ +1 -0.47
V; -1 -0.66
V7 0 -0.46
VS +1 -0.54
PbZt -1 -1.32
Pb?T 0 -0.28
PbZT 0 -0.61
0o ,
V; -1 -3.94
VY 0 -2.48
’ +1 -0.72
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Table B.2: Adsorption energies of Ny, HyO, and Os molecules on the (001) surface of
MAPDI; in three possible charge states due to photoexcitation. Favourable surface
sites are on the Pb*" on the Pbl,-terminated surface and in an iodine vacancy on
defect-rich Pbl, surface terminations.

’Adsorbate‘Surface site‘Charge state‘Adsorbtion energy (eV)‘

Pb2F -1 -0.12
Pb?T 0 -0.12
N, be+ +1 -0.11
V; -1 -0.16
VY 0 -0.18
VS +1 -0.16
PbZF -1 -0.48
Pb?T 0 -0.47
H,0 be+ +1 -0.44
V; -1 -0.52
V7 0 -0.52
VS +1 -0.52
PbZt -1 -1.09
Pb?T 0 -0.27
PbZT 0 -0.57
0o ,
V; -1 -3.79
VY 0 -2.21
’ +1 -0.57
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Figure B-4: (a) Confocal PL map of a MAPbI; perovskite film in dry air normalised
to the maximum intensity. (b) Monitoring the emission intensity (count rate) from
various bright and dark grains denoted in (a) over time under illumination in dry air.
The PL intensity for each trace over time is given relative to the starting value for the
highest initial intensity (blue grain), which is normalised to 1. These correspond to
the same grains as shown in Figure 3-3a and b but before the exposure to humidity
(cf. Figure 3-2). Samples were photoexcited with a 405 nm laser with a repetition
rate of 0.5 MHz and a fluence of ~1 pJ/cm?/pulse (~500 mW /cm?), and this same
laser was used for local light-soaking (total photon dose of ~150 J/cm?).
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Figure B-5: (a) Confocal PL map of a MAPbI; perovskite film in dry air normalised to
the maximum intensity. (b) Monitoring the emission intensity (count rate) from the
same grain while light-soaking in dry air (cyan), humid air (blue) and after returning
the sample to dry air (purple). This grain is unstable while light-soaking in humid air
but retains its emission stability after returning to dry air. The emission intensities
were normalised to the same initial value as the dry air measurement in Fig. 3-3c.
Samples were photoexcited with a 405 nm laser with a repetition rate of 0.5 MHz
and a fluence of ~1 pJ/cm?/pulse (~500 mW /cm?), and this same laser was used for
local light-soaking (total photon dose of ~150 J/cm?).
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MAPbI, (110)
@ (b) O ( +1

Above Pb?*

Figure B-6: Electronic structures and density of states (DOS) for the (110) surface
of MAPbI3 in the absence of any molecules. Columns 1, 2 and 3 correspond to the
vacancies being negatively, neutral, and positively charged, respectively. (a)-(c) (row
1) corresponds to surface sites above Pb*" on the Pbl,-terminated surface and (d)-(f)
(row 2) in an iodine vacancy on defect-rich Pbly surface terminations. In the band
structures the Fermi level is indicated by a red line.

MAPbI, (110) + N,
@ - (b) © (© *

Above Pb?*

(d) (e) (f)

Figure B-7: Electronic structures and density of states (DOS) for the (110) surface of
MAPbDI3 with adsorption of Ny. Columns 1, 2 and 3 correspond to the vacancies being
negatively, neutral, and positively charged, respectively. (a)-(c) (row 1) corresponds
to surface sites above Pb*" on the Pbl,-terminated surface and (d)-(f) (row 2) in an
iodine vacancy on defect-rich Pbl, surface terminations. In the band structures the
Fermi level is indicated by a red line.
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Figure B-8: Electronic structures and density of states (DOS) for the (110) surface
of MAPbI; with adsorption of HyO. Columns 1, 2 and 3 correspond to the vacan-
cies being negatively, neutral, and positively charged, respectively. (a)-(c) (row 1)
corresponds to surface sites above Pb** on the Pbly-terminated surface and (d)-(f)
(row 2) in an iodine vacancy on defect-rich Pbly surface terminations. In the band
structures the Fermi level is indicated by a red line.
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Figure B-9: Electronic structures and density of states (DOS) for the (110) surface of
MAPbDI3 with adsorption of Oy. Columns 1, 2 and 3 correspond to the vacancies being
negatively, neutral, and positively charged, respectively. (a)-(c) (row 1) corresponds
to surface sites above Pb*" on the Pbl,-terminated surface and (d)-(f) (row 2) in an
iodine vacancy on defect-rich Pbl, surface terminations. In the band structures the
Fermi level is indicated by a red line.

Figure B-10: (001) Surface atomic and electronic structures. Local atomic configura-
tion in surface termination layer (top row) and band structure (bottom row) for the
(001) surface of MAPbDI3 (cf. Figure 3-4 for (110) results). (a) Pristine uncharged
surface, (b) negatively-charged iodine vacancy into which the following molecules are
adsorbed; (c¢) Ng, (d) HyO and (e) O,. Key: purple - iodine, grey - lead, blue -
nitrogen, red - oxygen, white - hydrogen. In the band structures the Fermi level is
indicated by a red line.
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Figure B-11: Electronic structures and density of states (DOS) for the (001) surface
of MAPbDI3 in the absence of any molecules. Columns 1, 2 and 3 correspond to the
vacancies being negatively, neutral, and positively charged, respectively. (a)-(c) (row
1) corresponds to surface sites above Pb*" on the Pbly-terminated surface and (d)-(f)
(row 2) in an iodine vacancy on defect-rich Pbl, surface terminations. In the band
structures the Fermi level is indicated by a red line.
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MAPbl, (001) + N,
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Figure B-12: Electronic structures and density of states (DOS) for the (001) surface of
MAPbDI;3 with adsorption of Ny. Columns 1, 2 and 3 correspond to the vacancies being
negatively, neutral, and positively charged, respectively. (a)-(c) (row 1) corresponds
to surface sites above Pb*" on the Pbl,-terminated surface and (d)-(f) (row 2) in an
iodine vacancy on defect-rich Pbl, surface terminations. In the band structures the
Fermi level is indicated by a red line.
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MAPblI, (001) + H,0
(a) (b) (c)

Above Pb?*

Figure B-13: Electronic structures and density of states (DOS) for the (001) surface
of MAPbI; with adsorption of HyO. Columns 1, 2 and 3 correspond to the vacan-
cies being negatively, neutral, and positively charged, respectively. (a)-(c) (row 1)
corresponds to surface sites above Pb*" on the Pbl,-terminated surface and (d)-(f)
(row 2) in an iodine vacancy on defect-rich Pbly surface terminations. In the band
structures the Fermi level is indicated by a red line.

120



MAPbI, (001) + O,
(a) (b) (c)

Above Pb%*

(d) (e) (f)

Figure B-14: Electronic structures and density of states (DOS) for the (001) surface of
MAPDI; with adsorption of O,. Columns 1, 2 and 3 correspond to the vacancies being
negatively, neutral, and positively charged, respectively. (a)-(c) (row 1) corresponds
to surface sites above Pb*" on the Pbly-terminated surface and (d)-(f) (row 2) in an
iodine vacancy on defect-rich Pbly surface terminations. In the band structures the
Fermi level is indicated by a red line.
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Figure B-15: Effect of vacancy charge state on photobrightening. Effect of iodine
vacancy charge state on the photobrightening effect in an oxygen atmosphere on
the (001) surface. All three types of surface vacancy (a-c) possess trap states. The
photobrightening effect increases in the order: (d) positively charged, (e) neutral and
(f) negatively charged (where we judge the effect by the final DOS near the Fermi
level). In dark conditions all three charge states are possible but the intrinsic vacancy
concentration will be much lower due to photo-induced iodine vacancy creation in the
illuminated case.
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