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ABSTRACT OF THE DISSERTATION

Defect Passivation towards Highly Efficient and Stable Metal Halide Perovskite Solar Cells

by

Rui Wang

Doctor of Philosophy in Materials Science and Engineering

University of California, Los Angeles, 2020

Professor Yang Yang, Chair

Metal halide perovskite material had emerged as a rising star in the photovoltaic application due to its
excellent optoelectronic properties. Perovskite solar cells with power conversion efficiency of over 25%
have been demonstrated within a few years. However, the stability issues of this material still prohibit

the commercialization of perovskite solar cells because of the low ion-migration activation energy, phase
instability at room temperature, and sensitivity to the external environments. Attacked by the external
environments through the defects in the perovskite has been considered one of the most critical issue of the
instability of perovskite solar cells. Since the defects are preferred formed at the surface and grain
boundaries of the perovskite, developing facile and effective strategies to passivate the defects at surface

and grain boundaries is essential to enhance the stability and efficiency of perovskite solar cells.

In Chapter two, 1,3,7-Trimethylxanthine, a commodity chemical with two conjugated carboxyl groups

better known by its common name caffeine, improves the performance and thermal stability of perovskite



solar cells based on both MAPbI3 and CsFAMAPbI; active layers. The strong interaction between
caffeine and Pb?" ions serves as a "molecular lock" that increases the activation energy during film
crystallization, delivering a perovskite film with preferred orientation, improved electronic properties,
reduced ion migration, and greatly enhanced thermal stability. A champion stabilized efficiency of
19.8% and retain over 85% of their efficiency under continuous annealing at 85°C in nitrogen. Later on,
in Chapter three, CuBr2 was introduced into the all-inorganic perovskites to control the crystallization
and passivate the grain boundary defects, therefore a power conversion efficiency of over 16% was

realized.

Apart from grain passivation by modulating the crystallization process of perovskites, a facile surface
induced secondary grain growth by utilizing the surface anisotropic was developed to enlarge the grain
size to reduce the grain boundaries. As a result, grain size as large as 4 microns was realized through the
oleylammonium treatment, the power conversion efficiency of 16.58% was achieved with 4,000-hour

shelf stability.

In Chapter 5, the chemical environment of a functional group that is activated for defect passivation was
systematically investigated with theophylline, caffeine and theobromine. When N-H and C=0O were in an
optimal configuration within the molecule, hydrogen-bond formation between N-H and I assisted the

primary C=0 binding with the antisite Pb defect to maximize surface-defect binding. A stabilized power

conversion efficiency of 22.6% of photovoltaic device was demonstrated with theophylline treatment.
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Chapter 1 Introduction to the stability issues of perovskite solar cells

Global energy consumption has been gradually increasing. Limited sources of fossil fuels are
demanding the research on sustainable and renewable energy resources. The conversion of
sunlight into electricity is one of the most promising studies to meet the increasing energy
demands for future generations without the negative impact of the global climate. Solar cell
technology provides an eco-friendly and renewable energy route to convert photon energy into
electricity directly.l!! Now a day’s scientist intends to design photovoltaic devices with high
efficiency, low cost, and large-scale fabrication but unfortunately did not succeed yet. However,
the efficient establishment of solar cell technology on a global scale requires an efficient
improvement concerning materials and devices to reduce the fabrication cost and increase the

power conversion efficiency!®l.

Perovskite solar cells (PSCs) have recently been universally promoted as an economically and
environmentally feasible renewable technology option to traditional solar cell technologies for
addressing global challenges in the area of energy generation and climate change?!. The organic-
inorganic perovskite with an ABX3 structure where A is Cesium (Cs), Methyl Ammonium (MA),
or formamidinium (FA); B is Pb or Sn; and X is Cl, Br, or I, have recently emerged as an
intriguing class of semiconductors.’] There are various techniques in which perovskites can be
processed such as spray coating, a nozzle is used to disperse tiny liquid droplets onto substrates
the perovskite layer can also be deposited by ultrasonic spraying.¥! Dip coating, a non-
conventional method to create the meniscus edge, is pulling a substrate out of a precursor ink and
sheering a cover plate over the deposition substrate,! 2-step deposition'é! in which the lead halide

thin film is first deposited then converted to the perovskite by reaction with organic halide salts.



[5a] Chemical vapor deposition!”! (CVD) has been used to deposit FAPbI; thin films on 5 cm x 5

cm substrates and to fabricate 12 cm? modules with a PCE of 9%!®]. Ink-jet printing nozzles are

used to disperse the precursor ink, with fine control of the droplet size and trajectory. Small-area
PSCs (0.04 cm?) have been fabricated using inkjet printing.!”) PSCs fabricated by blade coating
has demonstrated PCEs >19%.!'% And screen printing method has good patterning ability with a
lateral resolution of 75~100 um.!'!l Perovskites have exceptional properties such as absorption
over a wide spectrum,'?! a direct band gap,'*! charge carrier diffusion lengths in the micrometer
range,!'* and defect tolerance.!'>) An unprecedented rise in the efficiency from 3.8% to 25.2%
was achieved in only a few years, which extremely outperformed many proven commercial

photovoltaic technologies, e.g., Si, GaAs, and CdTe-based solar cells.[*®]

Massive technologies have been developed to improve the performance of the PSCs, including
solvent engineering, interfacial engineering, bandgap engineering, etc.['”! Reported by Gritzel
group in 1991, Dye-Sensitized Solar Cell (DSSC) has been paid intensive attention in the passing
decades. Up to now the certified highest PCE of DSSC has reached 11.9%!'®! presenting excellent
market competitiveness and commercial prospect. In 1998, M. Gritzel from Switzerland firstly
reported a hole-transporting material (HTM), 2, 2, 7, 7-tetrakis (N, N -di-methoxy-phenyl amine)-
9, 9-spirobifluorene (spiro-OMeTAD), to replace the conventional liquid-state electrolyte and
developed a solid-state DSSC (ss-DSSC).["”! From 1998 to 2011, the PCE of ss-DSSC fast
increased from 0.74% to 7.2%, but still much lower than that obtained by liquid-state electrolyte
based DSSCs.?% In late 2012, a remarkable breakthrough was made by using CH3NH;3Pbl;
(MAPDI3) perovskite nanocrystals as the light absorber to fabricate a solid-state mesoporous
perovskite solar Cell (MPSC) with a PCE of up to 9.7%.12!! Etgar et al. fabricated an efficient

HTM-free TiO2/MAPbI3/Au solar cell with an efficiency of 10.49%.122] After that Snaith’s group
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reported a planar thin-film architecture PSC with a PCE of 12.3%./%*! In 2014, the PCE increased
to a certified 17.9% and then 20.1%.%* And a low-temperature and solution processable ionic
liquid, [BMIM]BF4, is recently utilized to act as an effective electron modification layer and a
protective layer for fabricating high-performance indoor and outdoor PSCs. The device delivered
an impressive PCE of 19.30% at 1 sun illumination, and a record indoor PCE of 35.20% under a

fluorescent lamp with 1000 lux, which was the highest value reported so far for indoor PSCs.[?*]

At present, the most challenging issue in perovskite solar cells is the long-term stability, which
must be cleared up before putting it into practical applications. As we know that the stability of
perovskite solar cells upon the severe environment, e.g., thermal treatment, light illumination,
humidity, etc., appears to be the bottleneck that impedes their further commercialized.*!
Amongst them, the humidity is demonstrated to be one of the possible causes for the degradation
of perovskites.[*”) Zhou et al. reported that exposure to a low level of humidity (RH =30%) during
solar cell fabrication was capable of controlling the perovskite crystal formation and aided them
in enhancing the PCE to 19.3%.?®! Bass et al. reported how humidity could speed up the
perovskite crystallization.!*”! These studies suggest that rationally controlled amount of H,O
could assist the grain growth of perovskite then result in the film with high quality, carrier
mobility and lifetime film, though the excess moisture will damage the crystallinity once the
films are prepared.®! To entirely keep away from any ambient exposure before finishing the
device, about all groups performed the perovskite deposition in a dry atmosphere and endeavor to
avoide exposure to humidity. Generally, PSCs have two architectures, (i) mesostructured device,
and (ii) planar device. In a mesostructured device, the perovskite is used to sensitize the
mesoporous Titania (TiO2) layer.’!! Whereas, the planar device has a comparatively simpler

structure and gives better cell performance. Gradual improvement of the perovskite film quality
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improved the overall cell efficiency.[*!-%

PCSs have recently attracted much attention due to their high PCE, cheap starting material and
ease of fabrication.’?! However, device stability has still been a severe hurdle towards
commercialization of perovskite-based solar cells. The instability of the device comes mostly
from the degradation of the perovskite materials. the instability has been linked to the
organometallic absorber toward humidity!*>!, and their overall poor long-term thermal stability.!
Many attempts have been made to achieve better stability of PSCs, such as two-dimensional
perovskite structure designing,*”) cation engineering,*®! and an additive in the hole and electron

[39

transfer layer was used to enhance the stability of the PCSs.*”! Solving instability problem of

perovskite material is the critical strategy to upgrade the long-term stability.

The degradation of PSCs in a humid environment is a challenging issue. Among different factors,
moisture has been considered one of the biggest challenges. The moisture instability originates
due to the hygroscopic nature of amine salt.[**) Both MAPDbI;,Cl, and MAPbI; endure similar
moisture assisted degradation process in which the methylamine group is lost via sublimation and
Pbl; is formed.!''*] The highly hydrophilic properties of perovskite could lead to the materials to
readily absorb water from the surrounding environment and induce the formation of hydrate
products similar to (CH3NH3)4Pbls.2H,0.?”! Previous work reported that PCSs are severely
affected due to moisture and oxygen environmental sensitivity since degradation of perovskite by

hydrolysis reaction and represented by following chemical equations.

CH3NH;3PbIs(s) <> Pbls (s) +CH3NHsI (aq) (1)

CH:3NH;I (aq) <> CH3NH: (aq) + HI ((aq). )



4HI (aq) + O2 (g) <> 2Ix (s) + 2H20 (I) (3)

2HI (aq) <> H2 (2) + L2 (5) 4)

The hydrogen bond between organic and inorganic units in a perovskite, it attributes to the
structural ability, and it is strongly affected by the high polarity of a water molecule.*?! Previous
works reported that the presence of mesostructured TiO2 could be helpful for device stability and

a device without mp-TiO2 exhibit profound sensitivity to ambient conditions.

Efforts have been dedicated to developing the moisture tolerance of perovskite materials without
degradation of their optoelectronic properties.**It is contrary to the thought that water or
moisture is harmful to the fabrication of perovskite solar cells. Bass et al. reported better film
formation of MAPbIz and MAPbBr3 while they are spin-coated in the surrounding of air at 58.2%
RH.") Snaith group reported that the optimal RH of 50% produces a PCE of more than 14%

because of the elimination excess of MA™ [44]

, the damage of MAPbI; by water vapor is
reversible.[*! This behavior is thought to be due to reversible infiltration of the perovskite lattice

during production and postproduction. ¢!

In recent years, 2D PSCs have begun to gain attention because of their better stability.[*”! Cao et
al. studied 2D homologous perovskites (CH3(CHz2);NH3)2(CH3NH3)n-1Pbalsni1 solar cells.[*®]
Recently, Tsai et al. prepared mixed-dimensional (MD) perovskites (CH3(CH2);NH3)2(MA)n-
1Pbulsni1 (n==3, 4) which shows a PCE of 12.52% and high light and stability.[*”) Organic
ammonium salt provides good self-assembly and film reforming properties. The combination of
the inorganic framework and different ammonium salt may produce new performances in optical,

electrical, and magnetic by changing organic and inorganic components.*”! Although there are
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many reports about the high stability of 2D perovskites.*’*"] Dai and his team reported that
(CsHsCH2NH3)2(FA)sPbolos quasi-2D perovskite film and the device display high stability in a
moist environment. After exposure to RH 80% air for 500 h, the (CsHsCH2NH3)2(FA)sPbolzg film
only slightly decomposes, and the device maintains 80% of its starting PCE.!! They also suggest
that the hydrophobicity of different ammonium salts can determine moisture resistance of 2D
perovskite materials.’!l Adding a small amount of 2D perovskite into 3D perovskite improve not
only moisture stability but also suppress nonradioactive recombination via passivating the surface
defect and/or bulk tarps of 3D perovskite.’?) Also, negligible hysteresis can also be achieved by
grain preferred orientation growth engineering,*” and in-situ nonstoichiometric precursor
engineering.>*! According to the report on FA,PEA..Pbl; used for inverted PSC showing a PCE
of 17.7%, bulky organic cations can terminate perovskite lattice and thereby lead to the quantum
well (QW) structure. A bulky organic cation can control the number of inorganic perovskite
layers (width of QW).’¥ The experimental results give important insight into the design of
2D/3D mixed perovskite to have a high carrier transport with less chance of recombination. Wang
et al. incorporated BA into FAos3Cso.17Pb(IyBriy)s 3D perovskite to produce 2D-3D
heterostructured BA—Cs—FA lead halide perovskite for normal planar PSCs. 2D platelets were
formed perpendicularly, and these could drive the vertical growth of 3D perovskite. Grain growth
perpendicular to the substrate is expected to be favorable for charge transport, accompanied by
longer charge diffusion length and lifetime as proved by significantly increased PL studies.!>**!
1D-3D hybrid perovskite materials were also proposed for the improvement of stability, where
(1H-pyrazole-1-yr)pyridine (PZPY) was introduced into 3D Cso.04MAo.16FA08PblossBro.is

perovskite.>!

It is found that 2D perovskites with general formula (RNH3)2An-1MnXsn+1 had appealing
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environmental stability.l>®! Actually, 2D perovskites are derived from the archetypal AMX; 3D
structure by inserting bulky organic cations between the atomic layers. The hydrophobic nature of
the organic spaces and relatively stable structure of 2D perovskite improve the stability of PSCs.
Two dimensional (ZnPc)osMAn.1Pbnlzn+1 was successfully constructed within the GBs of MAPbI3
film achieving a GBs suture for passivating the defects in GBs.I*”] The moisture stabilities of the
PSCs were tested in air at room temperature with humidity of about 45% as shown in Figure 1.1.
The modified perovskite retained over 95% of its original efficiency after 2000 h. In contrast, the
device with pure perovskite film first exhibited a fast degradation rate by remaining only <65%
of the initial efficiency under the same conditions, and the best efficiency was improved up to
20.3%.557] Peng et al. reported that the synthesized PCBM/Al,03-ZnO dramatically improves the

stability of CH3NH;3Pbl; against the ambiance and even against liquid water.>®!

The effects of moisture on CH3NH3Pbls is of great interest because of its role in the degradation
of perovskite solar cell performance.’! To avoid exposure to humidity during solar cell
fabrication, nearly all groups carry out perovskite deposition in a dry atmosphere and take pains
to avoid exposure to humidity following device fabrication. Zhou et al. investigated that exposure
to a low level of surrounding humidity (30% RH) during solar cell fabrication process, controlled
the perovskite crystal formation, assisted them in boosting PCE to 19.3%.[**) And Bass et al.
demonstrated how humidity could facilitate crystallization.[*”) Kamat and his team explored the
stability of perovskite solar cells stored at 0- 90% RH, to characterize how the PV performance is
affected by humidity. *71 The interaction between CH;NH;3Pbl; and HO vapor is investigated by
characterizing the ground state and excited state optical absorption properties and probing
morphology and crystal structure. Figure 1.2 shows top-down scanning electron micrographs of

films stored in 0%, 50%, and 90% RH for 14 days. Before water exposure, all of the perovskite
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films display a somewhat rough surface as seen in Figure 3A-C. After being aged in 90% RH for
14 days, (Figure 1.2F) the perovskite went through a recrystallization process, becoming smooth
and highly ordered. Films stored under 0% and 50% RH also show a similar trend, though less
severe, structural changes over this period (Figure 1.2D and 1.2E). Same as reported for
CH;3NH;IPbI;-<Clx films stored under Ar.[®”) Yang co-workers revealed that a mild moisture
environment has a positive effect on perovskite film formation, and the devices showed an

average PCE of 17.1%.[°1]

Niu and his team observed that perovskite is sensitive to moisture, and the degradation process
was monitored with UV-vis spectroscopy and XRD.[®2l As for as the stability of the device is a
concern, Snaith’s group showed the enhanced stability of (HC(NH2)2)0.83Cs0.17Pb(lo.6Bro.4)3
perovskite over 3420 h under continuous 1 sun illumination in the air with an efficiency as high
as 18.3%.[%%1 Chen and his team observed that with optimized casting temperature (70 °C) and
precursor concentration (1.2 M), the best PCE of 19.54% with J of 22.70 mA cm?, Vo of 1.11

V and FF of 0.78 are achieved with the planar PVSC of ITO/NiOy/MAPbIs/ PCBM/BCP/Ag.

The device performance exhibits excellent thickness insensibility and maintains the PCE over
19% in the wide range of the active layer thickness from 700 to 1150 nm. The unsealed device
also shows good stability and remained 80% of its initial efficiency after 30 days storage in the

air with an RH of 50%.!°*I Table 1.1 portrays the PSCs performance under moisture exposure.

Unlike stability issues associated with moisture, another important factor influencing the stability
of perovskite solar cells is UV light exposure. As with multiple solar cell technologies,
illumination becomes the reason for degradation in perovskite solar cell.[®*) When perovskite

films are subjected to both light and dry air the perovskite layer rapidly decompose into
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methylamine, Pbl,, and I» as reaction products.[%®! The photogenerated electrons on the perovskite
reacted with molecular oxygen to form superoxide, which further reacts with MA of the
perovskite absorber. It suggested that replacing the methylammonium component CH3NH3Pbls
with species without acid protons could improve tolerance to oxygen and enhance stability.[”]
Leijtens et al. reported that a perovskite solar cell with the TiO» layer is susceptible to UV
induced degradation. This was investigated by measuring Sh efficiency decay curve, measured
under 1 sun AM 1.5G illumination for devices with and without encapsulation and a UV filter.
The results showed that encapsulated devices decayed more rapidly than non-encapsulated

device, which indicated that the degradation not just start from the active layer but also the meso-

Ti0,.1 The degradation in the film caused by exposure to light has been explained as'**!

7] > 2% (5)
3CH;NH:" < »  3CH:;NH+3H' (6)
[+ +3H e +—> 3HI (7)

First, the TiO; extracts the electron from I" and then breaks the perovskite structure amounting to
the production of I,. Finally, the extracted electrons between TiO; and methylammonium lead
iodide could return to minimize I, and the HI produced evaporates quickly because of its low

boiling point.l4!!

There are various strategies to retard the UV induced instability of the PVSK devices have been
reported. Several groups have demonstrated around 1000 hours stability under illumination with
slightly or no drops in performance. Saliba et.al demonstrated MA-free PVSK solar cells with

1000 hours illumination stability via composition engineering.[®”! Arora et al. utilized inorganic
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material CuSCN as HTL. After aging at 60 °C under 1 sun illumination for 1000 hours, the

corresponding device still preserved its 95% of PCE.I""]

Thermal stability of PSCs also raises a serious concern, that subjects to a high temperature
causing degradation of the device.’!l Some researchers say that the instability of perovskite is
linked to the grain boundaries (GBs) or surface,l’” to cap these GBs with suitable protective
materials is the attractive strategy to improve the stability of perovskites.”’! It is a well-known
fact temperature has a great effect on crystal structure and phase of perovskite. Previously
reported that phase change from tetragonal to cubic occurs at 54°C-56°C. '3 Solar modules will
be exposed to elevated temperature during operation as per international standard (IEC 61656
climatic chamber tests). The solar cell must require thermal stability up to 85 °C that is
corresponding to 0.093 eV.">! Coings et al. found that perovskite could be decomposed into Pbl,
while heated in nitrogen at 85 °C for 24 hours. They reported the soft matter nature of perovskite
layer by investigating morphological, electrical, chemical and optical characteristics of this new
class of material. This experiment was performed in pure dry N, pure dry O and at ambient
atmosphere with 50% relative humidity for 24 h in the dark.”®! The formation energy of MAPbI;
i1s 0.11-0.14 eV which is very close to 0.093 eV suggesting the possible degradation of MAPDI; at
continuous exposure to 85 °C.[*% Philippe et al. investigated thermal stability, the measurements
were performed at room temperature, 100 °C, and 200 °C for 20 minutes. They observed MAPDbI;
started to decompose into Pbl, with an increase in temperature from room temperature to 100 °C
and then to 200 °C (given equation show the reaction). The estimated I/Pb and N/Pb ratios gained
from hard X-ray photoelectron spectroscopy (HAXPES) results, revealed that MAPbI3 to Pblx
ratio modified from 85: 15 to 70: 30 and to 0: 100, respectively.””) The decomposition

temperature of perovskite CH;NH3PBI, has been reported as being between 100 °C to 140 °C.1*!

10



76]

CH3NH3Pblzs —» Pblo + CH3NH> + HI ~ (8)

To avoid decomposition due to high temperature, the use of thermally resistant materials is the
most suitable option. Researchers are trying to achieve a highly efficient and stable perovskite
solar cells. Many attempts have been made to improve the stability of perovskite solar cell. Thus
far, scientists have succeeded to achieve the stability of more than one year in perovskite solar
cells.5241 Methylammonium lead tribromide (CH;NH3;PbBr; or MAPbBr3) is a light absorber
compound with a PCE of 7.11%. It also has attracted geometrical stability, maintaining 93% of
its initial PCE even after aging of 1000 h.[””l The CH3NH3PbInBrs ., perovskite has reported
achieving a PCE of 8.54%, with improved stability compared to CH3;NH3Pbl3.l”8 Replacement of
MA organic cation with a smaller size (MA: 2.17 A) by HC (NH,)2+ (FA: 2.53 A) can push the
tolerance factor of 0.99, which could potentially enhance the thermal stability.[”®! A substantial
effort has been now focused on formamidinium lead iodide (FAPbI3) perovskite which exhibits
an ideal bandgap (~1.48 eV) and significantly enhanced thermal stability.®” Jin et al. reported
that FAPbI; is more thermally stable as compared to MAPbI; or any other perovskite.®!! Park’s
team reported good thermal stability in FAPblz perovskite at an annealing temperature of 25 °C
for 15 min.®¥ Although two-dimensional perovskites have demonstrated over 1000 h device
stability.’? 831 In a quasi 2D perovskite by controlling the orientation, they produced a thin film
of near single crystalline quality, photovoltaic efficiency 12.52% with no hysteresis, improved
stability when subjected to light, humidity, and heat stress test. With device encapsulation, the
layered devices show a constant value under AM1.5G illumination or humidity for more than

2000 h.1#!
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Thermal stability was also explored by thermogravimetric analysis (TGA) measurement.® The
TGA curves in Figure 1.3 revealed that both the 3D perovskite CH3NH3Pdl3 and 2D perovskite
(CH3NH3)3Pd,17 were thermally stable up to 250 °C, comparable to other hybrid perovskites.[’>*
851 Smith et al. reported that a layered 2D perovskite-based on PEA and MA with n = 3 exhibited
better stability than the archetypical MAPbIz, with a much lower photovoltaic efficiency (4.7%).
This was due to the low carrier mobility on the vertical direction caused by these insulating large
organic cation layer supposedly parallel to the electrodes.®® Dai fabricated three mixed-
dimensional (MD) perovskites by non-toxic transition metal cations (Zn>", Mn,", and Ni>") at 3 %
to partially replace lead cations in MAPbI5.2”) The MD devices could, respectively, retain 81 %,
80 %, and 74 % of their original PCE values under about 50 % RH for 800 h. The PCE of MD
perovskite devices maintained 84 %, 85 %, and 76 % of their starting values at 60°C for 100 h.!87]
Leyden demonstrated that solar cells fabricated with FAPbI3 as active layer had better thermal
stability than those of MAPbI;. Modules consisted in 6 series connected sub-cells with
mesoscopic structure (FTO/Compact-TiO2/Ti0;-scaffold/FAPbIz/Spiro/Au). FAI (or MAI which
was used to fabricate the reference modules) was deposited on Pbl> films through CVD technique
which permits to control the deposition area by masking.’®! The PCE of modules was lower with
regards to small cells (from 10.4% to 9.5%, for the best devices) as a result of issues in the
patterning of the spray pyrolysis TiO2 compact layer and growth of the perovskite over large
areas. Recently, Lin reported that CSCNT: PEI based device obtained outstanding stability,
sustaining over 94% of original efficiencies after 500 h storage in ambient air and 90% of that
after 500 h thermal treatment at 60 °C. The devices also showed good stability exposed to
moisture under thermal stress (60 °C, 60% RH), remaining over 70% of original PCEs after 500

h, which could be further raised to 85% while encapsulating the devices with PMMA layer.
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Kitamura et al. studied thermal stresses using an ionic liquid-based electrolyte and a Pt-coated Ti
foil as counter-electrode. The performance was not affected by the upscaling processes as
demonstrated by comparing cells of both (50 x 50) mm? and (55 x 300) mm? and sub-module
composed by series inter-connecting two or five (55 x 300) mm? cells. Accelerated endurance
tests were carried out according to JIS-C8938 on the smallest cell. The best cells demonstrated
excellent overall stability both in the 1000 h test at (85 °C,85% RH) conditions as shown in

Figure 1.4 and in the 200 cycles thermal stress test (heat-cool cycles, between -40 and 90 °C).[*®]

The PSCs with modified perovskite structure ((ZnPc)o.sMAn-1Pbalsn+1) offered improved heating
stability (Figure 1.5b), device lost only 10% of its original efficiency beyond 1000 h (Figure
1.5¢). The control device with only perovskite film lost over 90% of its original efficiency within
250 h. The color variety of corresponding perovskite films was also prepared to further
demonstrate the presence of excellent thermal and moisture stability (Figure 1.5d)!"”]

81 if someone estimates the lifetime of the

The outdoor environment would be unpredictable,!
device from the indoor test.”® Hole-conductor-free PSCs based on a triple-layer architecture
employing carbon as a back contact was subjected to hot weather in Saudi Arabia desert for one

week. No degradation was observed during these outdoor tests. Together with heat exposure

during three months at 80-85°C these tests were encouraging.[*!]

The mixture of organic cations (methylammonium (MA) and formamidinium (FA)) and mixed
halides was used to get a more stable and efficient device. Unfortunately, MA/FA compositions

were sensitive to the processing conditions because of their intrinsic structural and thermal
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instability. Purely inorganic cesium leads trihalide perovskites to exhibit excellent thermal
stability.’”) Adding small amounts of inorganic cesium (Cs) in a “‘triple cation’> (Cs/MA/FA)
configuration resulted in highly monolithic grains of more pure perovskite. Harvesting this
strategy, efficiencies up to 21.1% (stabilized) and an output of 18%, even after 250 hours of aging
under operational conditions were achieved. Choi et al. present Cs/MA mixtures which prove, in
principle, that embedding small amounts of Cs in a MAPDbI3 structure could result in a stable

perovskite film reaching 8% in PCE.* Yi et al. explained the improved structural stability.[*3?!

Among the various factors that can affect the stability of perovskite materials, the crystal
structure is also an important parameter. There have been several reports that perovskite
compounds with organic molecule were unstable in the presence of moisture, oxygen, light, and
heat.”#! Therefore, the improvement in the stability of the crystal structure was a critical issue.
Various tools and indicators could facilitate the evaluation of crystal structures. Such as, the
concept of tolerance factor was proposed to describe the structural stability of the perovskite
materials. Goldsmith tolerance factor (7) is a reliable empirical index to predict which structure is
in preference to be formed.”! Tolerance factor was defined as = (Ra+ Rx)/V2 (Rs+ Rx) where ra
is the radius of the A cation, rp is the radius of the B cation, and rx is the radius of the anion. If
the value of ¢ is in a certain range, then the crystal present perovskite structure. The value of ¢
should be between 0.8 and 1 for perovskite structure.”®! Nonperovskite structures are formed
when the tolerance factor is higher than >1 or lower than <0.71.°! Advance solar cell
technologies towards their maximum efficiency require fragile control over the structural
parameters. The rule was developed for oxide perovskite, but the trend is still valid for organic-
inorganic hybrid halide perovskite materials. 71 The correlation between the perovskite structure

and the tolerance factor is illustrated schematically in Figure 1.6. The organic-inorganic hybrid
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halide perovskite materials tend to form a hexagonal structure when ¢ >1, orthorhombic structure

when 7<0.8, cubic structure when 0.8< ¢ < 1P7°1,

Recent experimental and theoretical studies showed that the perovskite (FA-Cs)Pblz alloying
absorbers with effective tolerance factors around 0.94—0.98 have the best device performance.**!
The most investigated lead halide perovskite is MAPDbI3, which offers tolerance factor 0.91.
Weber et al. investigated the relationship between temperature and the structure of
methylammonium trihalide MAPbX3 (X=CIl, Br, I). At room temperature, both MAPbBr3; and
MAPDBCI; present a cubic structure. However, MAPbI3 becomes a tetragonal structure when the
temperature increases to 327.4 K.®! Replacing MA cation (MA: 2.17 A) by HC(NHz2)," (FA:
2.53 A) can increase the tolerance factor of 0.99, which could enhance the thermal stability.
FAPDI; does not discolor even at 150 °C under ambient conditions, while MAPbI3 discolors in 30

79991 One of the most interesting things is that the FAPbI; could be apt to show the

minutes.|
yellow phase (8-phase),!'°’l and the tolerance factor is larger than 1, which showed instability, to
overcome this problem smaller cations should be incorporated like Cs or Rb could be
incorporated into the alloy with FA.1'%!! The doping could lead to the enhancement of thermal
stability. The improved stability has been deemed as the enhanced crystallinity of the perovskite

layer, the role of tuning the tolerance has not been realized.!''® 102!

A more stable new kind of perovskite, (PEA), (MA): Pbslio (PEA=C¢Hs(CH2):NH;3",
MA=CH;NH;3" has also been reported.®’®l Sargent et al. adopted (PEA)(MA)n1Pbnlsn:i
structure, which keeps its almost three-dimensional structure also shows significantly improved
stability.['%®! According to Goldschmidt’s rule, it is reasonable to assume that the tolerance factor

was larger than 1 for hexagonal 6-FAPbI3. Yamamoto et al. proposed that the stability strongly
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depended on the identity of the A-site cation. Cs(B, B")I3 structures are stabilized by a mixture of
divalent cations, such as Pb, Sn, and Ge, at the B site. Concerning the stabilization mechanisms,
Coulomb energy gain seems to be the origin of the structural stability in A=Cs structures. MA(B,
B")I3 are stabilized by the combination of divalent and trivalent cations, such as the In-Sn and In-
Bi systems.!' The small-size Cs* cation results in a tolerance factor too low to sustain a cubic
perovskite structure. The photoactive a-CsPblz with a bandgap of 1.77 eV is usually attained at a
temperature higher than 300 °C.'%! Zhu and co-workers proposed a general chemical
composition design protocol to stabilize the perovskite structure, by balancing a material having a
large tolerance factor with a material having a small tolerance factor, through solid-state alloying.
They reported that the tolerance factor could be tuned by alloying the large-tolerance-factor
FAPDI3 and small-tolerance factor CsPbls so that a-phase was stabilized in the mixed perovskite.
High humidity can trigger the a-to-OH phase transition in FAPbI3 films, but not in the Cs-doped
FAo.85Cs0.15Pbl3 films, showing the importance of phase stability in FAPbIz-based materials. Due
to the stabilized structure, FAo.85Cso.15Pbl3 alloy solar cells showed better performance and device
stability against their FAPbI; counterparts.i***! Fluorine (F) was introduced into the X-site of
ABX3 to modulate bulk-phase heterostructures and tolerance factors of inorganic CsPbBrl,.xFx

with significantly enhanced PCE and stability.[%]

Given the Goldschmidt tolerance factor, partial substitution of iodine by fluorine in the ABX3
structure enlarges the low index to stabilize the a-CsPbBrl; structure. The CsPbBrl; 78Fo.22 offered
superior PCE of up to 10.26% and structural stability. It was also evidenced that CsPbBrl; sFs
PSCs withstanding constant temperature and humidity retained 69.81% of the initial PCE after 10
days. For lead-free iodide perovskites, MASnl3, CsSnl3, MASrlz, MABiSI;, MABio5Tlosl3, and

MACals have been suggested to be promising candidates by first-principles calculation.!%”]
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Theoretical results indicated that both MACal; and MASrI; form stable phases with similar

107¢

formation energies and cell parameters compared to MAPbI;.['%¢l Wang et al. investigated the

811 They calculated that phase stability diagrams

structural reconstruction by the first principle.!
concerning the chemical potentials of component elements showed that KO (001), O (110), and
KO> (111) surface terminations possessed the largest stability domain, indicating that they were
more likely to be formed compared with other surface terminations. McMeekin and Yi et al.
mixed both cations and halides, delivering the possibility of long-term stability through first
principle computations. The majority of blending-ion strategies abide by the tolerance factor
within the range of 0.81-1.11. However, the structural stability is still affected by the volatile and
hygroscopic nature.[*3® 106 191 Marshenya et al. reported better structural stability, moderate
thermal expansion and high conductivity for the using of PrBaCoi.9Alo.10¢-s cobaltite in various
high-temperature solid state electrochemical devices.[!'l Table 1.2 illustrate the stability of
perovskite solar cells with different tolerance factor.

Unlike traditional photoactive materials such as silicon, the organic-inorganic hybrid perovskite
materials show significant ionic characteristics, which restricted the long-term stability of the
perovskite materials, owing to the relatively low activation energy for ion migration within
perovskite layer.''!! It has been observed that the ion diffusion will become severe when the
device subjected to thermal stress, external electric bias or under the illumination.[''?] For
example, I" ions will easily migrate through the polycrystalline PVSK grains and even out of the
PVSK layer to interfere with the metal electrode, which generates defects which detrimentally

function as non-radiative recombination sites at the grain boundaries.[!!3!

Tremendous strategies have been utilized to mitigate the ion migration to improve the long-term

stability of the PSCs. Liao et al. incorporated graphitic carbon nitride into active layer to improve

17



the crystallinity perovskite layer and minimize the defect density further suppressed ion
migration, an average PCE of 19.14% was achieved.''¥ Yang et al. utilized phenylethyl
ammonium iodide to stabilize the black phase pure FAPbI3, the activation energy of ion migration
determined by the temperature-dependent conductivity enhanced within the presence of 2D
perovskite in the grain boundary compared with the bare FAPbIs.l''*] The suppression of ion

diffusion ensured a PCE as high as 21.07% and an operational stability of 500 hours.
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Device configuration Test conditions Stability

FTO/c-TiO2/meso-TiO2/MAPbI;.Bry/Spiro- R.H. =40% 14 d, 93% PCE
OMeTAD/Ag remained
FTO/c-TiO2/meso-TiO./MAPbI;/Spiro- R.H.=24+2% 7d, 16% PCE
OMeTAD/Au remained
ITO/PEDOT:PSS/MAPbI;/PCs BM/Al R.H. 30-50% 5 d, 0% PCE remained
FTO/c-TiO2/meso-TiO/MAPbI3/Spiro- R.H. 60% 18 h, 20% PCE
OMeTAD/Au remained
ITO/PEDOT:PSS/MAPbI;«Cl/PCeiBM/Ag Under 275 min, 0% PCE
Ambient remained
conditions

Table 1.1. PSCs performance under moisture exposure
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Materials Toleranc PCE Stability
e factor
Csx(MAo.17FAo.33)1-x) Pb(l0.83Br0.17)3 0911 21.1% 85% for 250 h
MAPD(I;+Bry)s 0.919 12.3%
stable for 480 h, 55% humidity
MAPb(I,xBrx)syCly 0.925 11.1% 80% for 720 h
MAPbBI;.«(SCN)x 0.834 15.1%
85% for 500 h, 70% humidity
FAPbI3 0.987 16.0%

Thermally stable at 230°C,
light stable in humid conditions

Table 1.2. Stability of perovskite solar cell with a different tolerance factor
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Chapter 2 Caffeine Improves the Performance and Thermal Stability of
Perovskite Solar Cells

Organic-inorganic hybrid halide perovskite (PVSK) materials have attracted considerable
attention due to their unique photoelectric properties which can be applied to an extensive variety
of applications.!® Particularly, PVSK materials have been applied to photovoltaics with
promising results and have shown rapid development.””!! Within only a few years, the power
conversion efficiency (PCE) of PVSK solar cells has been enhanced from 3.8% to 23.3%.!%715
Despite the tremendous achievements that have been made towards pushing the efficiency, long-
term stability is still the challenge for the commercialization of PVSK solar cells.'®?!
Specifically, the black phase of Cesium (Cs)- and Formamidinium (FA)-based PVSKs are
thermodynamically unfavorable at room temperature,’>?> such that Methylammonium (MA)-
based PVSK may be the ideal candidate for the commercialization of PVSK solar cells, since the
tetragonal black phase of MA PVSKSs are stable at low temperatures.>* However, the intrinsically

volatile nature of the MA organic cation will lead to the rapid decomposition of PVSK and

precipitate trigonal Pbl, at elevated temperatures.”>*® In the meantime, there are numerous

under-coordinated ions in the PVSK as is common in most ionic crystal.?” For example, I ions
will easily migrate through the polycrystalline PVSK grains and even out of the PVSK layer to
interfere with the metal electrode when exposed to thermal energy.?® This generates defects
which detrimentally function as non-radiative recombination sites at the grain boundaries.?® Also,
the randomly oriented PVSK crystallites may result in poor charge transport in the vertical

direction, a consequence of the fast and uncontrollable growth process of the PVSK film.?%!

To date, most reported strategies to realize remarkable thermal stability focused on the device

architectures.’** Park et al. included atomic layer deposition (ALD) aluminum doped zinc oxide,
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achieved 500 hours thermal stability at 85°C in air.** Seo et al. utilized a novel fluorene-
terminated hole transporting materials realizing 500 hours of stability at 85°C in air.*® Impressed
stability has also been shown in architectures that are “hole-conductor free”, made by infiltrating
porous layers of carbon, ZrO», and TiO2.*¢ Studies focus on improving the quality of PVSK layer
itself to overcome these demerits.?”*® Increasing the activation energy for thermal decomposition

of the PVSK film is significant to prolong the long-term thermal stability of PVSK solar cells.

On the other hand, many attempts have been made to obtain high-quality PVSK films that
mitigate these challenges by utilizing various specific functional group which can interact with
PVSK. Park et.al, introduced dimethyl sulfoxide (DMSO) with S=O group to retard the crystal
growth via the Lewis base-acid adduct method.?® Han et. al introduced PCBM to eliminate Pb-I
defects by forming fullerene-halide radicals.*’ Niu et.al utilized conjugated small molecule with
carboxyl and cyano group to passivate grain boundaries.*! There are also several studies that
incorporated volatile or non-volatile small molecules or polymer additives with similar functional
groups to passivate the trap defects and improve the device performance.***> However, it remains
difficult to slow down the crystal growth and control the orientated crystals for the purpose of
simultaneously boosting the device PCE and long-term stability without sacrificing its electronic

properties.*®

Herein, we introduced a small molecule 1,3,7-Trimethylxanthine (Figure 2.1a), popularly known
as caffeine, into the MA-based PVSK. By utilizing the carboxyl groups in the different chemistry
environment,*’ caffeine served as a “molecular lock” that interacted strongly with Pb** ions to
slow down the PVSK crystal growth and induced a preferred orientation by increasing the

activation energy. The superior crystallinity of the PVSK films with caffeine showed a reduced
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defect density and better vertical charge transport, achieving a champion PCE as high as 20.25%.
In parallel, the excellent film quality suppressed ion migration and the non-volatile caffeine
interacted with the PVSK again during the degradation process to improve the thermal stability of
the device. Ultimately, the caffeine-based devices were shown to be thermally stable at 85 °C for

over 1300 hours.

2.1 Effects of caffeine on the perovskite film crystal growth

Figure 2.1b shows the Fourier transform infrared spectroscopy (FTIR) spectra of caffeine,
pristine MAPbI; and MAPDbI; with caffeine. The stretching vibrations related to the two C=0
bonds stretching in pure caffeine appear at 1652 cm™ and 1699 cm 'respectively.*” Upon adding
caffeine into MAPDI; film, it is observed that only the C=0 stretching with lower frequency (due
to the conjugation with C=C bond resulting in the electron delocalization) shifted from 1652 cm’!
to 1657 cm’!, while the vibration mode of C=0 at 1699 cm™! maintain its original value,. This
indicates the existence of caffeine in the PVSK film after annealing, and caffeine likely formed
an adduct with MAPDI; via the interaction between Pb?" in perovskite and one of the C=0O bonds
in caffeine.*® The FTIR spectra of pure Pbl, and Pbl,: Caffeine were also measured to further
verify that caffeine interacted with the Pb*"to form a strong Lewis acid-base adduct.” (Figure
A2.1, Supporting Information) The shifts of the two characteristic C=0O stretches followed the
same trend as that of the PVSK case. This interaction was further confirmed by the shift of the Pb
4f orbital in the X-ray photoelectron spectroscopy. (Figure A2.2, Supporting Information) To
study the role of caffeine in perovskite crystal growth, we additionally conducted the FTIR on the
Pbl,-MAI-DMSO-Caffeine adduct, and observed that the same C=0 stretching vibration shifted
from 1652 cm™! to 1643 cm™'. (Figure 2.1c) Therefore, this strong interaction of C=0 in caffeine
with the Pb*" ions is expected to serve as a molecular lock to increase the activation energy of

nucleation, which retarded the perovskite crystal growth and improved the crystallinity of the
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perovskite films with a preferred orientation. More importantly, the residual molecular lock
possibly interacted with the amorphized PVSK again upon heating, which can play a crucial role
in prohibiting the thermal-induced decomposition.

Figure 2.2a shows the cross-sectional scanning electron microscopy (SEM) of the caffeine-
incorporated PVSK film. Then, we conducted steady-state photoluminescence (PL) and time-
resolved photoluminescence (TRPL) decay measurements to study the film quality and charge
recombination dynamics, as shown in Figure 2.2b and 2.2¢, respectively. The PL intensity of the
caffeine-incorporated PVSK film was enhanced by six times compared to that of the pristine
PVSK film. Simultaneously, the peak position was blue-shifted from 770 nm to 763 nm, which
further confirmed that the number of trap states was reduced upon the addition of caffeine.
(Figure S3, Supporting Information) Bi-exponential rate law model was employed to fit the PL
decay. Both the pristine MAPDI; and the caffeine-incorporated MAPDI3 films showed relatively

faster decay time (t1) and relatively slower decay time (12).*’

The faster decay is likely related to
non-radiative recombination induced by charge-trapping defect states. On the other hand, T
represents the bi-molecular recombination in the bulk film. With the addition of caffeine, the
fraction of the fast decay phase lifetime decreased from 57.8% to 41.9%, and the lifetime
increased from 7.4 ns to 21.98 ns. Notably, the slow decay phase lifetime enhanced from 51.9 ns

to 114.3 ns. These results further demonstrate the lower trap density and better electronic

properties of the caffeine-incorporated PVSK film.

To examine the crystal structure, we conducted thin-layer X-Ray Diffraction (XRD)
measurements for the PVSK films deposited on ITO substrate. (Figure 2.2d) The diffraction peak
at 12.5°, assigned to the (001) planes of the hexagonal Pbl,, was not detected for both the

MAPDI; and MAPbDI;: Caffeine films. Both films showed the same tetragonal PVSK phase with
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the dominant (110) lattice reflection at 13.9°, which is the preferred orientation for the PVSK
films. The ratio of the (110) peak intensity at 13.9° to the (222) peak intensity at 31.8° increased
from 2.00 to 2.43 upon incorporation of caffeine. This suggests that the (110) grains grew faster
by consuming the randomly-oriented neighboring crystals. I calculated the crystallite size using
the Scherrer’s equation and by taking the full-width half-maximum (FWHM) of the (110) peak.
At the optimized ratio of caffeine added, the crystallite size increased from 37.97 nm to 55.99
nm, consistent with the surface SEM images of the PVSK films. (Figure A2.4, Supporting
Information) Obviously, the caffeine-incorporated PVSK showed an overall crystallinity
enhancement, which was further confirmed by two-dimensional (2D) grazing incidence wide-
angle X-ray diffraction (GIWAXS) analysis. Figure 2.2e shows the normalized azimuth angle
plots along the (110) plane of pure MAPbI; and caffeine-incorporated MAPbI3 (1wt%) films,
which were integrated from the 2D GIWAXS patterns (Figure A2.5, Supporting Information). At
the azimuth angle of 90°, the caffeine-incorporated PVSK film shows a very sharp peak
compared with the pristine PVSK film. The narrower FWHM suggests that the incorporation of
caffeine assisted the growth of the perovskite grains along the in-plane direction, which would
enhance the charge transport of the device.*

2.2 Device performance and TPC/TPV analysis

The photovoltaic devices were fabricated with a n-i-p planar structure. Indium tin oxide (ITO)
was used as the anode. Tin oxide nano-particles®® were employed as the electron transporting
layer. Pure MAPbIz and MAPbI3: Caffeine at various concentrations were employed as the active
layer. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) doped with 4-Isopropyl-4'-
methyldiphenyliodonium Tetrakis (pentafluorophenyl) borate (TPFB)®' was employed as the
hole transporting layer. Silver (Ag) was used as the cathode. Figure 2.3a shows the J-V curves

of the champion devices based on pure MAPbIz and MAPDI;: Caffeine measured under reverse
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scanning, as illuminated by an AM 1.5G solar simulator with an intensity of 100 mW cm 2. The
ratio of caffeine added was varied from 0 wt % to 2 wt%. With increasing amounts of caffeine
from O (reference) to 1 wt%, the open-circuit voltage (Voc), short-circuit current (Js), fill factor
(FF) and reproducibility were systematically enhanced. (Figure A2.6 Supporting Information).
The highest PCE achieved for the pure MAPDbI; devices was 17.59%. (Voc: 1.074 'V, Jse: 22.29
mA/cm? and FF: 73.46%). In contrast, a PCE of 20.25% (Voc: 1.143 V, Js: 22.97 mA/cm? and
FF: 77.13%) was achieved for the optimized devices with 1 wt% caffeine. The enhanced Vo and
FF may be associated with decreased non-radiative recombination and crystal defects owing to
the passivation effect induced by the incorporation of caffeine, consistent with the PL and TRPL
results. The Jic was also enhanced from 22.29 mA/cm? to 22.97 mA/cm?, which was confirmed
by the external quantum efficiency (EQE) spectra of devices based on pure MAPbI; and MAPbI3:
Caffeine. (Figure 2.3b) The calculated Jsc values obtained from the integration of the EQE
spectra were close to the measured values with the AM 1.5G reference spectrum. (Average
Mismatch is below 5%, Table 2.1) The quantum efficiency enhancement in the long wavelength
region was consistent with the ultraviolet—visible (UV—vis) absorption spectra. (Figure A2.7,
Supporting Information). The absorption enhancement may have resulted from the larger crystal
size and better crystallinity of the caffeine incorporated devices, which has been proved to
enhance the light-harvesting efficiency caused by enhanced light scattering. The steady-state
PCE:s of the best-performing devices were 17.04% and 19.76% for the devices without and with
caffeine, respectively (Figure A2.8). J-V hysteresis between the reverse and forward scan

directions was also decreased with the addition of caffeine. The hysteresis index

(PCER”;:ZSEE_PCEF orwardy decreased from 0.157 to 0.097 upon addition of 1 wt% Caffeine (Figure
Reverse

A2.9 and Table B2.1, Supporting Information). To demonstrate the universality of caffeine, we

examined the device performance of the devices based on mixed A-site cations and mixed halide
A+



perovskite (CsFAMAPDI«Br3«). The J-V curves under both reverse and forward scan directions
and the steady state output efficiency are shown in Figure A2.10 and Table B2.2. The perovskite
solar cells with caffeine shown enhanced photovoltaic performance than the reference, which

indicates this approach could be effective and universal.

To gain further insight into the performance enhancement resulting from the use of caffeine, we
characterized the charge-transfer kinetics and charge recombination in the pure MAPbI3 and
MAPbI;: Caffeine solar cells.’ I used transient photovoltage decay (TPV) under the open-circuit
condition to characterize the solar cells and found that the charge-recombination lifetime (t;) of
the MAPDI3:Caffeine based device was substantially longer than that of the device based on pure
MAPDI; (285 us versus 157 us) (Figure 2.3c), consistent with the slowed charge recombination
in the MAPbI3: Caffeine film as concluded from the TRPL measurement. This indicates a lower
defect concentration and hence superior electronic quality in the caffeine-incorporated perovskite
bulk film, consistent with the higher V.. of the corresponding devices. Meanwhile, transient
photocurrent decay (TPC) under the short-circuit condition was conducted to investigate the
influence of caffeine on the charge transfer in the devices. Although the addition of caffeine did
not affect the band structure of the PVSK (Figure A2.11, Supporting Information), the charge
transfer lifetime (1) of the caffeine-containing PVSK decreased from 2.67 us to 2.08 us. The
enhanced charge transfer might have resulted from the reduced interfacial defects and the better

crystal orientation of the MAPbI3: Cafteine films.

2.3 Thermal stability and TGA analysis

To prove the molecular locking effect of caffeine on the corresponding PVSK devices during the
thermal degradation process, we conducted a continuous thermal stress stability test for the

devices based on bare MAPbIz and MAPDI;: Caffeine at 85°C in a nitrogen atmosphere. The
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device with caffeine showed excellent thermal stability, preserving 86% of its original PCE after
1300 hours. The represented J-V curves before and after being subjected to the thermal stability
test are shown in Figure A2.12, Figure A2.18 and Figure A2.19. The controlled device only
retained 60% of its original PCE after 175 hours, which may be due to ion migration, poor crystal
quality and phase instability of bare MAPDbI3 at high temperatures. Furthermore, to evaluate the
operational stability, all the devices were encapsulated under a nitrogen atmosphere and exposed
to continuous illumination (90 £10 mW, without UV filter) under open-circuit condition (Figure
A2.13). Caffeine can also effectively enhance the operational stability of the perovskite solar cell.
To understand the mechanism of the enhanced thermal stability of the caffeine-incorporated
devices in the context of ion migration and phase decomposition, we first conducted XRD
analysis on the devices after the thermal stability test. (Figure 2.4b) For the reference device,
there was a strong peak at 12.5°, attributed to the (001) planes of hexagonal Pbl,. The extremely
weak diffraction at 13.9° suggests a complete degradation of the PVSK crystal. Not surprisingly,
there was a relatively strong diffraction signal at 38.5°, assigned to the (003) plane of Pbl.
Although there was a peak at 12.5° in the target device, the (110) plane signal was still strong.
The superior crystallinity of the caffeine-incorporated PVSK might have resulted in the
suppression of ion migration during heating. Thermogravimetric analysis (TGA) on caffeine and
the adduct powders was conducted to analyze the phase stability and thermal properties of
caffeine and the intermediate adduct phase. Figure 2.4c and 2.4d indicate the weight loss and heat
flow of the powders based on caffeine, pure PVSK and -caffeine-incorporated PVSK,
respectively. Caffeine decomposed completely at around 285 °C, demonstrating its superior
thermal stability at temperatures below 200 °C. (Figure A2.14, Supporting Information) From
Figure 4c, there are three main steps of the weight loss at around 70 °C, 340 °C and 460 °C for

the pure PVSK powders. These three steps are correlated with the sublimation of DMSO, MAI
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and Pbl, respectively.*> For the caffeine-containing PVSK adduct powders, the sublimation
temperature of MAI and Pbl, were higher than that of the bare PVSK powders, which indicates
that more energy is required to break the interaction between caffeine and the PVSK precursors.
This i1s further confirmed by the heat flow diagrams as shown in Figure 2.4d. The strong
interaction formed by the caffeine molecular lock may increase the activation energy for the

decomposition upon heating.

2.4 Microstructure analysis via cross-sectional STEM and in-situ HRTEM

To further investigate the role of caffeine in suppressing ion migration and thermal
decomposition, microstructure analysis was carried out. I first conducted cross-sectional scanning
transmission electron microscopy (STEM) and energy-dispersive X-ray (EDX) spectroscopy
analysis. (Figure 2.5) The samples were directly collected from the devices after the 1300 hours
thermal stability test via focused ion beam (FIB). Figure A2.15 shows the EDX mapping of
selective regions on both the control and target devices. The spatial distribution of the Pb and I
elements determined the PVSK active layer region. The Ag electrode was above the active layer,
separated by the PTAA HTL. For the control sample, there were significant silver signals (silver
clusters) with a similar intensity as that in the electrode region detected at the interface between
the HTL and the active layer region. It is likely that the silver diffused through the whole PVSK
region, as confirmed by the observation that the silver signals were detected even in the ITO
electrode region. More importantly, the iodine signals were clearly detected in the Ag electrode
region. lodine could accumulate at the electrode and interface. It easily reacted with silver to form
Agl, which will negatively impact the device performance. In contrast, there is no obvious
indication of such similar ion migration in the caffeine-incorporated PVSK device. To further
confirm the result quantitively, line scanning profiles were also measured. As shown in Figure

2.5g, the thickness of the Ag electrode was 50 nm, and that two sharp peaks at both the electrode
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and interface were observed, and the Ag signal was detected almost throughout the entire device.
However, the thickness of the Ag electrode in the caffeine-incorporated PVSK device maintained
its original value of 100 nm. More importantly, a sharp iodine peak was detected in the electrode
region of the control device, in agreement with the previous conclusion. Hence, from the STEM
results, the suppression of ion migration in the caffeine-containing films ensured the high thermal
resistance of the devices. I also conducted real time high resolution transmission electron
spectroscopy (HRTEM) to study the effect of caffeine on the phase transformation of the PVSK.
The electron beam (E-beam) of the HRTEM instrument was utilized as the source of the thermal
energy. Figure 2.6a-d show the HRTEM images and the corresponding fast Fourier transforms
(FFTs) of the diffraction patterns of both the caffeine-incorporated and pristine PVSKs. MAPbI3
layers with various crystallographic orientations were observed in both samples. The
representative spot diffractions (yellow circles) with an interplanar spacing of 3.1 A, which are
well-matched with the (110) diffraction of MAPbI3, are shown in Figure 6b and 6d. After
exposure to the E-beam for 5 min 30s, the environmental temperature of the samples was
elevated to around 135 °C.>? Figure 2.6e-h present the HRTEM images and the corresponding
FFTs of the diffraction patterns of the aged caffeine-incorporated and pristine PVSKs. Although
the intensity of the (110) diffraction spots of the caffeine-incorporated PVSK became weak, no
new diffraction peaks appeared. Notably, a critical alteration of the MAPbI3 layer was observed
in the control sample, with the (110) diffraction spots observed to split (red circle). On the other
hand, there was a new broad ring which appeared in the FFT at 3.9 nm™!, and new diffraction
spots were observed at the same place. These morphological characteristics suggests that some
crystallized PVSK phase had been transferred to the amorphized phase with precipitated trigonal
Pbl, grains at this region, which agrees with a previous study that the thermal degradation of

PVSK is often considered as the reverse process of the perovskite film growth.>* I also conducted
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in-situ TEM measurement on the other regions of the films, the results followed a similar trend as
described previously. (Figure A2.16 and A2.17, Supporting Information) From these results, we
speculate that the existence of the caffeine additive serves as a molecular lock to interact with the
amorphized PVSK phase again to increase the decomposition activation energy of the PVSK,
which locks the amorphized phase of the PVSK, thereby preventing the degradation of the PVSK

when exposed to high temperatures.
2.5 Conclusion

In conclusion, we employed caffeine, a conjugated Lewis base with two carboxyl groups, to serve
as a molecular lock on perovskite. The strong interaction between caffeine and the Pb** ions
increased the growth activation energy of the PVSK film, which facilitated the growth of high-
quality films that showed preferred orientation and superior electronic properties. Consequently, a
PCE as high as 20.25% was achieved for the champion device. In the meantime, the superior film
quality suppressed the migration of ions. Also, the residual conjugated molecular lock effectively
prevented any form of thermal degradation (the reverse of the PVSK synthesis process), which

realized PVSK: Caffeine-based solar cells that were thermally-stable for over 1300 hours at 85°C.
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Figure 2.1. a. Lewis Chemical Structure and 3D structure of 1,3,7-Trimethylxanthine (Caffeine)
b. FTIR spectra and fingerprint regions of pure caffeine, caffeine-PVSK and the pristine PVSK
films. The triangles indicate the stretching vibration peaks of C=0 in the two films. ¢. FTIR

spectra and fingerprint regions of pure caffeine, Pbl,-MAI-DMSO-Caffiene adduct film. The

triangles indicate the stretching vibration peaks of C=0 in the two films.
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Figure 2.2. a. Cross-sectional SEM of caffeine-containing perovskite film. b. Photoluminescence
(PL) and c. Time-resolved PL spectra of PVSK films without and with caffeine. d. X-ray
diffraction patterns of as-cast PVSK films with or without caffeine. e. Radially integrated
intensity plots along (110) crystal plane from the 2D grazing incidence wide angle X-ray

diffraction (GIWAXS) patterns in MAPbIz and MAPDI3: Caffeine films.
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Figure 2.3. a. J-V curves of the champion PSC of pristine PVSK and caffeine containing PVSK
in reverse scan direction. b. EQE spectra and integrated current densities from the EQE spectra of
PVSK devices with or without adding caffeine. ¢. Normalized Transient photovoltage (TPV)
decay and d. Normalized Transient photocurrent (TPC) decay in MAPbI; and MAPbI;: Caffeine

based perovskite solar cells.
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Figure 2.4. a. Devices thermal stability upon 85°C continuous annealing in nitrogen box. b. XRD
patterns of aged device based on pure MAPbI; and MAPbI; with caffeine. Thermogravimetric
analysis (TGA) analysis of ¢. weight loss and d. heat flow of pristine caffeine, MAI-Pbl,-DMSO

adduct powder and MAI-Pbl.-DMSO-Caffeine adduct powder.
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Figure 2.5. Energy-dispersive X-ray spectra (EDX) mapping of the aged pure PVSK device: a.
Ag b. I and c. Pb. And the aged caffeine-containing PVSK device: d. Ag e. I and f. Pb. EDX line

scans of g. aged pure PVSK device and h. aged caffeine-containing PVSK device
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Figure 2.6. High resolution transmittance electron microscopy (HRTEM) of a. fresh caffeine
containing PVSK; ¢. fresh pure PVSK; e. aged (5 min 30 s) caffeine containing PVSK and g.
aged (5 min 30 s) pure PVSK. Corresponding Fast Fourier transforms (FFTs) of b. fresh caffeine
containing PVSK; d. fresh pure PVSK; f. aged (5 min 30 s) caffeine containing PVSK and h.

aged (5 min 30 s) pure PVSK.
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Table 2.1. Average and the best device data based on MAPbI; with various concentration of caffeine.

Calculated PCE (%)
Jsc
Caffeine Concetraion Voc (V) Jsc FF (%)
(mA cm?) average best
(mA cm?)

0 wt% 1.071£0.01  21.78+0.31 20.58 72.52+1.32  16.92+0.40 17.59
0.5 wt% 1.107£0.01  21.77+0.54 20.89 73.60+1.48 17.74+0.17  17.98
1 wt% 1.134+£0.01  22.774+0.30 21.53 76.90+1.13  19.87+0.22  20.25
2 wt% 1.1324£0.01  22.16+0.26 21.24 73.21+£1.22  18.40+0.37  18.82
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Chapter 3 Tailored Phase Transformation of CsPbI:Br Films by Copper (II)
Bromide for High-Performance All-Inorganic Perovskite Solar Cells

Organic-inorganic hybrid perovskites are regarded as promising next-generation photovoltaic
materials owing to their excellent semiconducting properties such as suitable band gap, high
carrier mobility and long charge diffusion length. With these merits, the power conversion
efficiency (PCE) of organic-inorganic hybrid perovskite solar cells (PSCs) has skyrocketed from
3.8% to 23.3% within the past decade.!> However, the organic parts such as methylammonium
(MA) and formamidinium (FA) make the hybrid perovskite materials te suffer from poor thermal,

optical and moist stabilities.>> Although the instability issue could be partially addressed by

9,10 11-13

substitution,®® cation-exchange,”! additives, and encapsulation,'*!> the intrinsic instability of
organic-inorganic hybrid perovskite materials is still a serious challenge for commercial
application of PSCs. Recently, all-inorganic based perovskites by replacing the organic

component with cesium (Cs) have drawn much attention owing to their intrinsic stability.'®13

For example, the inorganic perovskite CsPbX3 (X= Cl, Br, I) are reported to exhibit better
thermal stability than the organic-inorganic based one.'®!8 Particularly, CsPbls in the cubic phase
(o phase) possesses an appropriate optical energy band gap (E,) of 1.73 eV, which is beneficial
to configure a tandem device by combining it with other low band gap solar cells.?>>* Recently,
several groups have reported CsPbls-based PSCs with PCE exceeding 15%.2°%° Unfortunately,
CsPbls film suffers from serious phase instability since a-CsPbls is just stable over 330 °C and
prone to be converted into a non-perovskite phase (8-CsPbls) at room temperature.?’ In contrast,
CsPbBr3 has a stable orthorhombic phase at room temperature. It can be easily transformed into
high-symmetry tetragonal and cubic phase by annealing at 88 and 130 °C, respectively. 2

However, the larger bandgap (~2.3 eV) restricts its absorption in the visible light region. This
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causes low short-circuit current density (Jic) and thus low PCE in single-junction cells.?”’
Alternatively, mixed-halide inorganic perovskites, CsPblz.xBrx are feasible materials to possess
low phase transition temperature and tunable band gap by a I/Br composition engineering.>%34
For examples, Lau et al. reported a PCE of 6.3 % in all-inorganic PSCs based on CsPbIBr; with
an E, of 2.05 eV.>° Yang et al. developed a polymer-passivated CsPbl,Br film with an E, of 1.82
eV, giving an PCE over 12% in corresponding PSCs with a large V,. up to 1.32 V.3! Liu et al.
designed inorganic PSCs based on 3D-2D-0D CsPbl,Br multiple graded heterojunction with a
PCE of 12.39%.% These promising achievements indicate that the mixed-halide inorganic

perovskites have great potential in realizing highly-efficient and long-term stable all-inorganic

PSCs.

High-quality polycrystalline all-inorganic perovskite films with good morphology and large grain
size are desirable for realizing high-performance devices. Unfortunately, defects and traps are
inevitable in most solution-processed perovskite films.’>*¢ Similar with the organic-inorganic

hybrid perovskites,*’*

various methods for traps passivation among grain boundaries and/or on
surfaces, such as partial substitution and/or incorporation of metal cations anions, have been
developed in mixed-halide inorganic PSCs.****” However, the cell efficiency in mixed-halide
inorganic PSCs is still far below that of organic-inorganic hybrid based ones. Therefore, further
strategies of reducing the defects and traps in mixed-halide inorganic perovskite films are
necessary. Herein, we reported a facial passivation route for CsPblBr films by a direct
incorporating of copper bromide (CuBr2) into perovskite precursor. Bromine salt is selected to
avoid additional incorporation of impurities into the perovskite films. CuBr2 incorporation plays

an important role in improving the CsPbloBr crystallization with large grain size and full film

coverage by retarding the crystalline dynamics process. As a result, the fabricated all-inorganic
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perovskite solar cells employing CsPbl,Br:CuBr» as the absorber layer exhibit a maximum PCE

of 16.15% with a V,. of 1.18 V, a J,. of 16.95 mA cm™ and a FF of 0.80.

3.1 CuBr:-Doped CsPbI:Br films

CsPbbBr precursor solution was prepared by dissolving Csl:CsBr:Pbl>:PbBr2 (1:0.5:1:0.5) in
dimethylsulfoxide (DMSO) with a 0.8 M concentration. CsPbl,Br:CuBr, composite perovskite
films were deposited in N> glovebox by spin-coating CuBr2-incorporated CsPbl,Br precursor
onto compact TiO> layer with desired doping ratios. The samples were treated with

chlorobenzene drop-casting during spin-coating and subsequently annealed at 260 °C for 10 min.

To clarify the effect of CuBr2 incorporation on the electrical structure and chemical states of
CsPbl,Br, X-ray photoelectron spectra (XPS) of corresponding pristine and composite perovskite
films are evaluated. Figure 3.1a plots the XPS results of Cs 3d5, Pb 4f, Br 3d and I 3d5 core
levels in pristine CsPbl;Br and CsPbLBr:CuBr; (0.2 wt%) films. Compared to the pristine
CsPbLBr film, the core level peaks of all four elements in CsPblaBr: CuBr2 composite film are
seen slightly blue shifted by 0.36 eV, 0.47 eV, 0.39 eV and 0.41 eV for Cs 3d5, Pb 4f, Br 3d and [
3d5, respectively. I ascribe these shifts to the doping of CsPbl,Br by CuBr; since simple blending
would not cause a large change of chemical state.***® To further inspect the electronic structure of
the CsPbl,Br:CuBr; (0.2 wt%) perovskite, the perovsite film was scraped off and the obtained
power was put onto a copper gird for evaluation. The selected area electron diffraction (SAED)
patterns of CsPbl,Br and CsPbl,Br:CuBr; (0.2 wt%) perovskites are shown in Figure A3.1a and
A3.1b, respectively. It is found that the both samples are composed of some single crystals due to
their distinct electron diffraction patterns. Figure A3.1c and 1d shows the high-resolution

transmission electron microscope (HRTEM) images of dispersed CsPbl;Br and CsPbl2Br:CuBr»
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(0.2 wt%) perovskite scraped form their films. The lattice parameter of CsPbLBr films was
determined to be 0.31 nm, matching well the spacing of (100) crystal planes in the cubic
CsPbBrly crystal structure.*” In contrast, CsPbl,Br:CuBr, (0.2 wt%) sample has a slightly
decreased lattice parameter of 0.30 nm, which is correlative with the lattice distortion caused by
the smaller atomic radius of Cu compared with Pb. Meanwhile, the imperceptible change in

lattice parameter resulted from insufficient CuBr2 doping.

A comparison of photophysical properties of pristine CsPbl2Br and composite CsPbl2Br:CuBr»
films was further investigated. Figure 3.1b presents the absorbance spectra of CsPblBr and
CsPbLBr:CuBr2 (0.2 wt%) films. CsPbl:Br:CuBr; film showed obviously enhanced optical
absorption in the whole region beyond 630 nm compared to the pristine perovskite film. The
Tauc plot shown in the inset of Figure 3.1b indicated that the band gap of CsPbloBr was increased
from 1.88 eV to 1.95 eV after doping 0.2 wt% CuBr2. To further clarify the doping effect of
CuBr; on the electronic structure of CsPblbBr, density functional theory (DFT) calculations based
on the exchange-correlation functions of Generalized Gradient Approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) were executed. The calculation was carried out based on
CsPbLaBr orthorhombic phase with space group of Pnma. One Cu atom substitutes one Pb atom
from 16 equivalent sites is shown in Supporting Information Figure A3.2. The simulation results
give a similar trend of increased band gap in CsPbl:Br by CuBr; doping. Interestingly, this
phenomenon is different from the case of organic-inorganic hybrid perovskite in which Cu*"
doping reduced the band gap of CH3NH3Pbl3.*° In planar structure PSCs, the band gap of
perovskite absorber layer and the energy levels of interfacial layers are the main factors to
determine the Vo of the devices. Figure 3.1c presents a schematic of the energy levels of used
materials in pristine CsPbl,Br and CsPbl,Br:CuBr; based PSCs. Obviously, the V. is expected to

be increased owing to the enlarged E; by CuBr2 doping.
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The effects of CuBr> doping on the crystalline and morphological properties of CsPblbBr films
were further evaluated. Figure 3.2a shows the top-view scanning electron microscopy (SEM)
images of CsPbl:Br:CuBr: films with varied doping ratios (0-0.3 wt%). Compared to pristine
CsPbDBr film, the grain size in CsPblbBr:CuBr; films is enlarged with CuBr> doping ratio. The
statistical distribution of the grain size in each film is plotted in Figure 3.2b. The average grain
size in pristine CsPbl:Br, CsPbLLBr:CuBr> (0.1 wt%), CsPblBr:CuBr; (0.2 wt%), and
CsPbl;Br:CuBr; (0.3 wt%) films was 643, 848, 1051 and 1255 nm, respectively. Although the
grain size was enlarged, the CuBr; doping did not deteriorate the film morphology largely

(Supporting Information, Figure A3.3).

Figure 3.2¢ shows the X-ray diffraction (XRD) patterns of corresponding CsPbl2Br:CuBr; films.
All samples exhibited a typical perovskite after a high temperature annealing process at 260 °C.
The main diffraction peaks at 15.37° and 30.18° were assigned to (100) and (200) planes of
CsPbLLBr §-phase.®? Obviously, the diffraction peak intensities in CsPblBr:CuBr, films were
stronger than that in pristine CsPbL:Br film, indicating an improved crystalline quality by CuBr2
doping. The diffraction peak of Pbl> was clearly observed in the magnified illustration shown in
the right of Figure 3.2c. Furthermore, the intensity of Pbl> was increased with the CuBr2 doping

ratio. According to previous studies,’!

appropriate amount of Pbl, could effectively passivate
the perovskite film with reduced defects and traps, whereas excessive Pbl. would lower the
crystalline quality of perovskite films. In addition, (100) peak was shifted to higher degree,
indicating an incorporation of smaller Cu atoms into the lattice sites of CsPblBr.>*>* The high
crystalline quality of CsPbl.Br:CuBr; film was further revealed by grazing incidence X-ray
diffraction (GIXRD) measurements. The inset of Figure 3.2d plots the 2D GIXRD profiles of
pristine CsPblbBr and CsPbl:Br:CuBr; (0.2 wt%) films. Compared to the pristine film, the

appearance of strongly scattered secondary spots and rings in CsPbl,Br:CuBr; film suggests that
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the polycrystalline film was grown with good orientation relative to the substrate plane. The
preferred orientation in the CsPbl,Br:CuBr film was further proven by the plots of azimuthally
integrated scattering intensities for two samples as shown in Figure 3.2d. Obviously, the peak
intensity at 90° azimuth in CsPblbBr:CuBr; film was higher than that in pristine CsPbl,Br
perovskite film, indicating a highly ordered orientation along (100) plane.’®>>° The preferred
crystalline orientation means less defects and traps, which would improve the charge transport

along the preferred direction and reduce the carrier recombination.

Furthermore, combined evaluation of SEM and XRD on typical steps during the formation of
perovskite films is carried out to investigate the role of CuBr: in assisting the crystallization
dynamics process of CsPbl,Br. As shown in Figure 3.3, the freshly spin-coated CsPbl,Br:CuBr;
film presented poor crystalline quality with smaller grain size compared with pristine CsPbl2Br
film. At a yellow phase before annealing, two new peaks at 12° and 32° were observed in both
samples, indicating that the samples possess an intermediate phase. Noticeably, CsPbl,Br:CuBr»
film showed improved crystallization with larger grain size. However, more pinholes and voids
were observed. After annealing, both films demonstrated compact morphology with excellent
crystallization. Similar with Figure 3.2, CsPbl2Br:CuBr: film exhibited superior crystallization
with larger grain size compared with pristine CsPblxBr film. The growing of perovskite film from
initial small grain size to final large grain size suggests a slower crystallization dynamic process
in CsPbl:Br:CuBr; film. It means that CuBr; played an important role in retarding the
crystallization rate of CsPb2Br film. The direct comparison of photographs between the colors of
CsPbLBr and CsPbl:Br:CuBr; films further revealed the slow crystallization process in CuBr2-
doped CsPbL:Br film (Supporting Information, Figure A3.4). To further understanding the effect
of CuBr; doping on the stability of perovskite phase, Figure 3.3 shows the XRD patterns of

perovskite films with or without CuBr; doping after exposure to ambient for more than 24 hours.
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Exposure to ambient restores the films to the yellow phase. Nevertheless, CsPblbBr: CuBr; film
kept part o-phase with weak intensities of (100) and (200) peaks, indicating improved stability in

CsPbbBr by CuBr; doping.

3.2 Photovoltaic Performance

To investigate the effect of CuBr2 doping on photovoltaic performance, n-i-p PSCs with a
structure of FTO/Ti02 /CsPblxBr:CuBr,/Spiro-OMeTAD/MoO3/Ag were fabricated (the area of
device is 0.09 cm?). Figure 3.4a shows the CuBr» ratio dependent J-V characteristics of
CsPbbBr:CuBr; based PSCs under the AM 1.5G illumination with the light intensity of 100 mW
cm. The main cell parameters are summarized in Table 3.1. The reference device without CuBr»
doping presented a PCE of 13.24%, a short-circuit current density (Ji) of 16.18 mA ¢cm™, a V. of
1.12 V and a fill factor (FF) of 0.73. The positive effect of CuBr2 incorporation was very obvious
even at very small amount. By doping 0.1 wt% CuBr2, V,c and Jsc were increased to 1.16 V and
16.92 mA cm, respectively. At an optimized doping ratio of 0.2 wt%, the device approached a
maximum PCE of 16.15% with a Vo of 1.18 V, a J. of 16.95 mA cm™ and an FF of 0.80. In
addition, the cell was aged for 150 hours under continuous illumination with full intensity and
maximum power point tracking (MPPT) in a nitrogen atmosphere (Figure A3.5), the device
retained more than 80% of its initial performance. Figure 3.4b plots the changes of V. and Js.
with CuBr; doping ratio. Js achieved the maximum at the optimized doping ratio of 0.2 wt%.
However, V,. reached a maximum of 1.19 V when the doping ratio was further increased to 0.3
wt%. The incident-photon-to-current efficiency (IPCE) spectra of the reference device and the
champion device are displayed in Figure 3.4c. In the absorbance range from 420 to 640 nm,
almost all of EQE values are exceeding 85%. From IPCE values, the integrated current density is

16.78 mA cm?, which agrees well with the value from J-V curve. Figure 3.4d gives the steady-
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state photocurrent and PCE values measured over a period of 900 s at the maximum power point
of 0.87 V, these devices are very stable with the PCE of 15.93% for over 900 s in ambient. To
verify the reproducibility of high efficiency, 40 individual CsPbl,Br:CuBr; based devices were
fabricated. The histograms of PCE distributions are plotted in Figure 3.4e. The PCE distribution
exhibits a small deviation with an average value of 14.6%, indicating a better device
reproducibility.

Besides the device efficiency, the cell stability is another critical concern for perovskite solar
cells. The device reliabilities of CsPbl:Br and CsPbl;Br:CuBr; based PSCs were evaluated
without encapsulation in ambient at room temperature and < 20% relative humidity. Figure 3.4f
shows PCE decay as a function of time for one month. The reference device presents a poor
stability during the test. The PCE reduces to 92% of the initial value after 18 days’ aging. After
that, the degradation rate increased with a rapid drop in PCE. It further deteriorated to 73% after
30 days continuous degradation. In contrast, CsPbl,Br:CuBr, based device exhibits an excellent
stability by remaining 95% of the initial value after one month aging. This means that the
incorporation of CuBr; could play a very positive role in improving the cell stability of CsPbl,Br

based all-inorganic PSC.

To clarify the positive influence of CuBr; on the cell performance, a detailed investigation on the
elements distributions and carrier dynamic process in the device was executed. Figure 3.5a and
3.5b gives the time-of-flight secondary ion mass spectroscopy (TOF-SIMS) depth profiles
including CN, Ag, Pb, Cs and Cu elements in CsPblBr and CsPbl,Br:CuBr> based PSCs. The
insets show the 3D distribution for these elements. As expected, Cu elements are distributed
homogeneously throughout the perovskite film similar as Pb and Cs elements. The energy-
dispersive X-ray spectroscopy (EDS) mapping of Cu and Br elements further verifies the uniform

distribution of CuBr; in CsPblxBr:CuBr; film (Supporting Information, Figure A3.6). In addition,
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there was no evident shift of the TOF-SIMS depth profiles of Pb and Cs elements in two devices,
suggesting that the incorporation of CuBr; did not change the distribution of other elements. To
explore the degradation origin of CsPblxBr:CuBr; film during a long-time operation, TOF-SIMS
was performed to detect changes chemical composition in a sample of
FTO/Ti10,2/CsPbl;Br:CuBr;. The sample was kept in ambient with 60% humidity over 24 h until
it completely transformed into a yellow phase. As shown in Supporting Information Figure A3.7,
there is no obvious diffusion of Cu element as the sample transforms into a yellow phase on
aging. The depth profiles of TOF-SIMS provided the direct information of key elemental
distributions in the device before and after degradation.

The diode behavior was evaluated by getting rid of other possible interference induced by light,
typical dark J-V characteristics in CsPblbBrand CsPblbBr:CuBr> PSCs are shown in Figure 3.6a.
Compared to the reference device, the CuBr>-doped device exhibited lower leakage current. In

the exponential behavior regime, the ideal factor n can be derived from®°

In()) = In(Jy) + (%)k;%v ................... (1)

where J is the current density, Jy is the reverse saturation current density, ¢ is elemental charge,
ks is the Boltzmann constant, 7 is the temperature. By fitting the dark J-V curve, the ideal factor n
is extrapolated to be 3.4 and 2.5 for CsPbl:Br and CsPbl,Br:CuBr; based device, respectively.
The large decrease of ideal factor indicates that the incorporation of CuBr; could enable the
device deliver a better diode junction quality.®® The electron extraction dynamics process in
CsPbl;Brand CsPbl,Br:CuBr; films were further investigated by steady-state photoluminescence
(PL) and time-resolved photoluminescence (TRPL) spectra (Supporting Information, Figure
A3.8). CsPbLaBr:CuBr: film demonstrated stronger PL quenching than the pristine CsPbl>Br film.

The blue-shift of PL emission peak and the decreased Stokes shift in the CsPbl,Br:CuBr film
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suggests the positive role of CuBr, incorporation.’!*> The shortened PL lifetime from 14.93 to
3.16 ns further confirmed the fast charge extraction in CsPblbBr:CuBr; film compared with the
pristine CsPblbBr film. I ascribe it to an excellent grain boundary passivation by CuBr; with

reduced defect states.

To compare the trap states in CsPbl2Br and CsPbl;Br:CuBr; based devices, the charge transport
characteristics in two devices were evaluated. Figure 3.6b shows the J-V curves by double-
logarithmic plots of CsPbl:Br- and CsPblBr:CuBr2-based hole-only and electron-only devices.
Typical J-V shapes with three regions, Ohmic current, trap-fill limited (TFL) current and space
charge limited current (SCLC),%**% were observed in four devices. The trap densities (1) could be
calculated by n = (2VypL€€0)/eL?, where Vrry is the trap-fill limit voltage, L is the thickness of
CsPbDBr active layer, ¢ is the relative dielectric constant of CsPblBr, & is the vacuum
permittivity, and e is the electron charge. As shown in Table 3.2, CuBr2-doped CsPbl,Br films
show significantly reduced trap density regardless in hole-only or electron-only devices. The hole
and electron mobilities were further calculated according to Mott-Gurney’s equation y =
(8JL3)/(9e5,V?)%7% in the SCLC region. By CuBr> doping, the hole and electron mobilities
were increased from 0.92 to 1.55 cm? V' S and from 0.23 to 0.99 cm? V™' S™!, respectively. The
reduced trap states and improved carrier mobilities were attributed to the improved crystal quality
of CsPbl»Br films by CuBr2 doping. I see this as the main reason for the largely improved device

performance in CsPblbBr:CuBr» based devices.

3.3 CONCLUSION

I have demonstrated a high-performance all-inorganic perovskite solar cell by using CuBr-

mediated CsPbL:Br film as the absorber layer. CuBr; is directly incorporated into the CsPblLBr
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precursor by controlling the perovskite crystallization with suppressed nucleation rate during the

annealing process. The retarded crystalline dynamics process results in a high quality all-

inorganic perovskite film with enlarged grain size, improved carrier mobilities and reduced trap

states. Accordingly, the cell efficiency is largely increased from 13.24% to 16.15% owing to

simultaneous enhancements in the cell parameters of Vo, Jsc and FF. In addition, the resulting

devices also present an excellent stability by retaining 95% of the initial value after one months

aging. This simple strategy opens a new route to realizing highly efficient and stable all-inorganic

perovskite solar cells.
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Figure 3.1. (a) XPS spectra for Cs 3d5, Pb 4f, Br 3d and I 3d5 in CsPbl,Br and CsPbl>Br:CuBrn
(0.2 wt%) perovskite films. (b) UV-Vis spectra of CsPbl;Br and CsPblBr:CuBr: (0.2 wt%)
perovskite films. (c) Schematic energy level diagram of CsPbl,Br and CsPblbBr:CuBr; -based

perovskite solar cells.
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Figure 3.2. (a) Top-view SEM images (scale bar, 400 nm) and (b) grain size statistical
distribution of CsPbl:Br films with various CuBr; ratio (0, 0.1, 0.2 and 0.3 wt%). (¢) XRD
profiles of corresponding CsPbLoBr:CuBr: perovskite films. (d) Radially integrated intensity plots
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Insets are the corresponding GIXRD patterns.
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based device. (f) Long-term stability of CsPbl,Br:CuBr; (0.2 wt%) based devices without

encapsulation.
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Table 3.1. Cell parameters of CsPbloBr:CuBr2 based perovskite solar cells with various CuBr»
doping ratio.

Perovskites (VV"; Jse (mA/cm?) FF I()OCA)I;:
Pristine perovskite 1.12 16.18 0.73 13.24
With CuBr2: 0.1 wt% 1.16 16.92 0.79 15.45
With CuBr2: 0.2 wt% 1.18 16.95 0.80 16.15
With CuBr2: 0.3 wt% 1.19 16.20 0.77 14.89
With CuBr2: 0.4 wt% 1.14 16.59 0.74 13.99
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Table 3.2. Electronic properties

solar cells.

of CsPbl;Br and CsPbl;Br:CuBr; (0.2 wt%) based perovskite

: Tave Tt—e Tt—h Ue Up
Device (ns) (cm™) (cm™) (cm?V''s™) (cm?V''s™)
Pristine perovskite 14.93 8.60x10'6 8.60x10'6 0.23 0.92
With CuBr: .2 wt% 3.16 5.90x10' 4.55x10'° 0.99 1.55
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Chapter 4 Crystalline Liquid-like Behavior: Surface-Induced Secondary
Grain Growth of Photovoltaic Perovskite Thin Film

Surface effects play a dominant role in regulating the properties of a solid when the size reaches
the nanoscale regime ™. For micron or submicron thin films, which are the most commonly
employed thicknesses in microelectronics industry, the surface effect on the internal properties of
the entire film will usually be negligible. However, for “soft” matters such as polymers, or taking
the extreme, liquids, due to their highly deformable or flowable character, they can be highly
responsive to an external field, upon which the depth scale affected by the surface can
dramatically increase to the microscale or even larger >~’. Halide perovskite semiconductor
materials were recently reported to be inherently “soft”-structured 8!, which can be described as
a crystalline liquid with both crystalline solid and liquid-like behaviors. The soft nature of halide
perovskites offers the possibility of regulating their micron-scale thin film behavior via a simple
tuning of surface features. Among typical industrial electronic device fabrication techniques,
secondary grain growth is a powerful strategy for the fabrication of polycrystalline thin films with
grain sizes much larger than the film thickness or even towards single crystal thin films !>, The
resulting reduced grain boundaries not only improve the electronic or photoelectronic behavior
but also suppress device degradation pathways resulting from grain boundaries !’-?°. The driving
force (AF) of secondary grain growth stems from the existence of one or a set of crystallographic
textures that minimize the surface free energy such that the grains will grow larger along the

orientation to minimize the free energy of the system, which is shown below '*:

Z(AV) ﬁ)/gb
AF = Fp—Fj= ———+—

where F; and Fy is the energy per unit volume before and after the secondary grain growth,

respectively; Ay is defined as surface energy anisotropy (¥ — ¥Vmin); h is the film thickness; S is
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a geometric factor (typically equals to 0.85 when using a cylinder geometry model); yg, is an
average grain boundary energy per unit area. The state-of-art techniques for secondary grain
growth commonly involve harsh and complicated conditions, such as elevated and/or cyclic
temperature annealing, chemical doping, and high-pressure plastic straining, to obtain the driving
force to trigger grain boundary migration 2!~ The “soft” liquid-like nature of perovskite offers a
way to take advantage of the surface effect on the inner film properties for secondary grain
growth. Hence, here we demonstrate a surface-induced secondary grain growth (SISG) technique,
where surface modification induces post-crystallization grain growth in the entire perovskite thin
film. This strategy sheds light on a new perspective for the perovskite research community,
offering a novel methodology for property manipulation of perovskite thin films: changing the

surface can induce the property evolution of the perovskite thin film as a whole.

4.1 Theoretical modeling of the driving force

For investigation of SISG in perovskite thin films, we chose the CsPbl:Br perovskite as a model
compound, since it is a relatively pure and simple system that contains only inorganic
components. Organic components were left out because they will interfere with the elemental
analysis and add complexity to the study of chemical interactions in the system, which will
obfuscate the investigation of the underlying mechanism. Furthermore, compared with the pure
iodine-based CsPblz perovskite, CsPbl,Br shows an enhanced phase stability rendering it more
promising towards commercialization. For surface manipulation, we chose three organic
ammoniums with varying carbon lengths, i.e. n-butylammonium (BA), octyl ammonium (OCA),
and oleylammonium (OLA), all of which potentially can lower the surface energy of the

perovskite (100) plane when anchored to the void of the corner-sharing Pbl¢* octahedron. I first
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used density functional theory (DFT) to examine the surface energies of the organic ammonium
terminated low-index planes of the perovskite based on a slab model (Fig. 4.1 and Table B4.1.
The detailed calculation method can be found in the Supporting Information). The surface free
energies of the Cs, BA, OCA, and OLA-terminated (111) planes were found to be similar, while
those of (100) plane were determined to be 4.30, 3.23, 2.14, and 1.97 eV/nm™, respectively. The
surface energy differences between (100) and (111) planes are summarized in Fig. A4.1,
demonstrating an increasing surface energy anisotropy in the following order: Cs, BA, OCA, and

OLA. This indicated a corresponding increasing driving force for the secondary grain formation.

4.2 Characterizations of the grain growth and film properties

Following theoretical predictions, the three organic ammoniums were evaluated in the
preparation of perovskite films via a sequential two-step procedure. CsPbl,Br perovskite film was
fabricated using a one-step method consisting of spin-coating Pblo/PbBr2/Csl mixed perovskite
precursors on the substrate followed by annealing at 300 °C for 10 min. The substrate was then
cooled down to room temperature, yielding black perovskite thin film, which indicates the
formation of the CsPblbBr cubic phase. For the targeted film, an ammonium iodide isopropanol
solution was subsequently spin-coated onto the crystallized perovskite thin film followed by
heating to 100 °C for 5 min to remove the excess solvent. For the reference film, pure
isopropanol was spin-coated onto perovskite film followed by the same annealing process as the
organic ammoniums to examine the effect of isopropanol and heat. The scanning electron
microscopy (SEM) images of the fabricated films are shown in Fig. 4.2A. Crystal grains in the
reference film were of almost the same size as the ones in the as-fabricated film without any post
treatment (Fig. A4.2), indicating that isopropanol and heat did not induce the grain growth of
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perovskite. However, films that underwent surface treatment using organic ammoniums showed
much enlarged grains. The average grain sizes of films with different post-treatment conditions
shown in Fig. 4.2B are 769 nm, 1277 nm, 1287 nm, and 1846 nm for reference, BA, OCA and
OLA, respectively. I attribute this secondary grain growth process to the decrease in surface
energy of a crystal facet that provides the driving force of surface anisotropy Ay. On the one
hand, the grain had an orientation, i.e. plane (100), that could minimize the surface energy of the
film due to the existence of the organic ammonium on the surface. On the other hand, the low
activation barrier of ion diffusion in perovskite facilitated by soft lattice modes can facilitate the
grain boundaries rearrangement during the out-of-plane crystalline reorientation process (the
orientation will be further discussed in detail) '°. From another aspect, the highly anharmonic
lattice with low-frequency modes and small elastic modulus renders the perovskite highly
“flowable” and, thus, highly responsive to the influence from the surface '®2%. Thus, the original
perovskite grains were able to grow further in that favorable direction to reduce the energy of the
whole system (Fig. 4.2C). The lower the surface energy, the larger the grain could grow. As a
result, OLA, which gave the lowest surface energy, induced secondary grain growth with the
largest resulting average grain size of up to 4 um (Fig. A4.3). Muti-phase field model was also
employed to simulate the grain growth for the film with and without OLA, which showed a
significant increase of the grain size for the film with OLA (Fig. A4.4). This demonstrates that
SISG is a powerful strategy towards precise control of perovskite grain size or even perovskite

single crystal thin film given that the surface energy is rationally manipulated.

In situ real time Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) was performed to
obtain an in-depth insight into the SISG of the perovskite thin film. The X-ray diffraction signal
measurement was initiated once the organic ammonium isopropanol solution was drop-cast onto

the pristine perovskite thin film triggering the SISG (Fig. A4.5). Fig. 4.3A shows the time-
90



dependent diffraction peak evolution at ¢, value of around 10 nm™!, which is a characteristic peak
corresponding to the (100) plane of the cubic phase of perovskite ?’. During the SISG process, the
peak position gradually shifted to a lower ¢, value, indicating a gradual decrease in lattice
constant that possibly results from the strain relaxation during the grain growth. The initial peak
splitting phenomenon can be attributed to the partial halide segregation in perovskite, which was
commonly observed in the CsPbL,Br film ?%. At a later stage, the dual-peak behavior gradually
disappeared, suggesting that the SISG that caused the strain relaxation, as well as, better
crystallinity of the secondary perovskite grains, might also suppress the halide segregation, which
could be beneficial to the long-term stability of the perovskite device (more details will be
provided in the device description part) 2%. Such phenomenon was not observed in the reference
film eliminating the effect of solvent and heat on the grain size growth in the perovskite film (Fig.
A4.6). Fig 4.3B and 4.3C show the two-dimensional GIWAXS patterns of the perovskite film
with and without SISG, respectively. The azimuth angle plots in Fig. 4.3D were obtained from
the patterns by cutting along the (100) plane of the perovskite films. At the azimuth angle of 90°,
the perovskite film with SISG showed a very sharp peak with a half peak width of 9.30°, much
lower than that of the reference film (10.66°), demonstrating that SISG produced a more
preferred out-of-plane orientation of the secondary perovskite grains. This is consistent with the
growth mechanism we proposed earlier suggesting that the presence of organic ammonium on the
surface lowers the surface energy of the (100) plane of perovskite and generates a driving force
for the grain growth in that direction to minimize the energy of the system. High-resolution X-ray
photoelectron spectroscopy (XPS) patterns of the Pb 4f of the reference and targeted films are
shown in Fig. 4.3E. For the targeted film, two main peaks located at 138.14 and 143.00 eV were
observed corresponding to the Pb 4f 7/2 and Pb 4f 5/2, respectively. For comparison, the

reference film showed two main peaks at 138.76 and 143.42 eV. The peaks from Pb 4f shifted to
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higher binding energies in the film after the SISG process based on OLA, indicating the
interaction between organic ammonium on the surface and the Pb in the perovskite lattice 2°. The
spatial distribution of OLA in the perovskite film with SISG was characterized by time-of-flight
secondary-ion  mass  spectrometry (TOF-SIMS) with a device structure of
ITO/SnOy/perovskite/MoOx/Au. As shown in Fig. 4.3F, the C and N profiles, which are the
characteristic signals of OLA, exhibited a very narrow distribution (similar to the depth profile of
Mo) with little overlap with the depth profile of Pb, which is a representative signal of perovskite.
This signifies the existence of OLA only on the surface of the perovskite. The resulting organic
ammonium-terminated perovskite film with SISG was further confirmed to have a lower surface
energy (38.38 mN/m) than the reference film (59.78 mN/m) via contact angle measurements (Fig.
A4.7, and Table B4.2). In order to further evaluate the perovskite film quality, the X-ray
diffraction patterns of the perovskite film after the SISG process based on OLA were obtained
(Fig. A4.8). They exhibited much higher peak intensity than that of the reference, suggesting
enhanced crystallinity of the secondary perovskite grains. UV-Vis absorption spectrum (Fig.
A4.9) demonstrates that the perovskite film with SISG showed higher absorption than the
reference, which can be attributed to the enlarged grain sizes and thus enhanced light scattering
30 The perovskite film after the SISG process exhibits much improved film quality necessary for

enhancing the device performance.

4.3 Device performance and stability

I further assessed the photovoltaic performance of the perovskite films prepared with and without
the SISG process by fabricating devices with the ITO/SnO>/perovskite/PTAA/Au configuration,
wherein PTAA refers to poly[bis(4-phenyl)(2,4,6-trimethylphenyl) amine]. Current density-
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voltage (J-V) curves of the photovoltaic devices with and without SISG are compared in Fig.
4.4A, in which the highest power conversion efficiency (PCE) of the target device reached
16.58% with negligible hysteresis (open circuit voltage (Voc): 1.23 V, short circuit current (Jsc):
16.85 mA cm 2, fill factor (FF): 0.80), while a PCE of only 13.09% was achieved with the control
device (Voc: 1.11V, Jsc: 15.32mA cm 2, FF: 0.77). To the best of our knowledge, this is the
highest PCE reported in the CsPbl,Br system. External quantum efficiency (EQE) spectra of the
devices were compared in Fig. A4.10A. An integrated Jsc of 16.44 mA cm? from the target
device matched well with the value measured from the J-V scan (<5% discrepancy), while a
control device showed an integrated Jsc of 14.98 mA cm 2. A stabilized PCE of 16.04% was
achieved with the target device when biased at 1.06 V, while that of the control device was
12.36% when biased at 0.94 V (Fig. A4.10B). The remarkably enhanced Voc (by up to 0.12 V) in
the device based on SISG can be attributed to the enlarged grain size and, thus, decreased grain
boundaries, which usually provide a non-radiative recombination pathway for the carriers due to
trap states 2%3!. This is consistent with the transient photovoltage measurements (TPV) under
open circuit condition. As shown in Fig. 4.4B, the device based on SISG exhibited a photovoltage
decay time constant of 2.16 ms, which was longer than that of the reference device (1.31 ms),
indicating less non-radiative recombination sites *2. In addition, electrochemical impedance
spectroscopy (EIS) characterization was performed to demonstrate the carrier transport processes
under illumination at the interface (Fig. 4.4C). The middle frequency zone of the EIS semicircle
should be dominated by the junction capacitance and recombination resistance related to the
interfaces between the transport materials and the perovskite. According to Fig. 4.4C, the SISG-
based device has a smaller impedance than that of the reference, signifying a substantial
suppressed recombination at the interface, which most probably originates from the preferred

orientation of the perovskite secondary grains that enable improved carrier flow between
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perovskites and carrier transport layers *3. Moreover, the hydrophobic tails of the OLAs on the
surface of the perovskite could enhance the compatibility of the surface with the upper layer,
PTAA, resulting in a better interfacial contact. The improved carrier dynamics can also be
reflected in the measurement of transient photocurrent decay. As shown in Fig. 4.4D, the device
with SISG had a shorter decay time constant of 0.91 ps compared to that of the reference device
(1.23 ps), suggesting a faster carrier collection efficiency, which is consistent with the improved

Jsc in the targeted device *2.

Not only does the photovoltaic efficiency significantly benefit from the SISG strategy, but also
the device stability showed remarkable improvement in all aspects, including thermal stability,
phase stability and, thus, operational stability. In Fig. 4.4E, the changes in PCE of the
unencapsulated devices in a nitrogen atmosphere at 85 °C were tracked over time to test the long-
term thermal stability. While the reference device degraded by 30% in 500 h, the target device
maintained 90% of its initial efficiency during this time. Although the all-inorganic perovskite
has been reported to show superior thermal and light stability to that of their organic-inorganic
counterparts, it is well-known to suffer from a rapid phase transition to the non-perovskite phase,
especially when exposed to moisture in ambient atmosphere 2. However, the phase stability of
the device based on SISG was noticeably enhanced, maintaining over 90% of its original PCE
when stored under ambient conditions with 20-30% humidity at 25 °C for 4000 h. In contrast,
the reference device lost >50% of its initial efficiency within 900 h (Fig. 4.4F). The operational
stability of the devices was also compared in Fig. 4G. The reference device underwent fast
degradation, while the device based on SISG maintain >90% of its initial efficiency over the
course of 1000 h. Generally, we attribute the dramatically improved stability to two factors
resulting from the SISG processing. On the one hand, high-quality perovskite films with reduced

grain boundaries and higher crystallinity suppresses the degradation pathways either through
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grain boundaries or ion migration, which is also one of the motivations towards single crystal
perovskite thin films**. On the other hand, the hydrophobic nature of the small molecules shields
the interface from moisture. Therefore, the SISG strategy demonstrates a good example of the
possibility to affect and regulate the properties of the entire thin film by tuning of surface states.
The surface agents can play a dual functional role of enabling the evolution of the underlying film
properties and regulating the interface at the same time to produce improved interfacial contact

with the upper layer and thus enabling improvement in both device performance and stability.

To demonstrate the universality of this strategy, we further applied it to the organic-inorganic
hybrid perovskite system. As shown in Fig. A4.11, the post-treatment of OLA can induce the
secondary grain growth in the formamidinium (FA)-based perovskite thin film as well. The
surface energies of the low-index planes of FA-based perovskite with and without OLA were
investigated computationally to confirm that the (100) plane became more energy favorable after
the surface treatment (Fig. A4.12). The resulted photovoltaic devices showed an improved PCE

from 20.04% to 22.13% (Fig. A4.13).

4.4 Conclusion

The demonstration of surface-state-tuning enabling secondary grain growth over the entire
perovskite thin film sheds light on a new research angle in the area of perovskite thin films in
regard to surface states by taking advantage of the unique soft nature of perovskites. In contrast to
the widely reported strategies of regulating the properties of perovskite thin films via composition
tuning, additive incorporation, solvent engineering and so on, a new methodology basis is
proposed: changing the surface is a powerful tool to induce the property evolution of the entire

perovskite thin film. Since the surface treatment process is after the formation of the perovskite
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film, it strategically avoids the limitation of conventional methods in choosing agents/additives
that are appropriate with high annealing temperatures of crystallization. Additionally, many of the
additives incorporated into perovskite precursors to control the nucleation/growth kinetics, which
is often a requirement for high quality films, always serve as a carrier recombination or
degradation centers due to the heterogeneous microstructure In contrast, the surface agents that
did not penetrate into the perovskite bulk film will not induce the formation of these undesirable
centers within the perovskite film. Furthermore, the surface agents provide a versatile platform to
tune the interface between the perovskite film and the top layer, which can be regarded as a bi-
functional interfacial agent. On the one hand, they induce the evolution of the perovskite layer at
the bottom, and on the other hand, they serve as an interconnecting layer that improves the
contact with the upper layer. Moreover, the utilization of our methodology does not have to be
limited to mechanical properties, in which perovskites exhibit low elastic modulus as a reflection
of their “soft” nature as demonstrated in this report. I expect the reach of this strategy to extend to
the properties in all aspects, such as electronic properties, in which perovskites exhibit low
electric modulus rendering them highly vulnerable to an electric field 3°. A possible example
might be introducing surface dipoles to modify the internal electric field and, thus, change the
energy levels/band structures of the thin films as a whole. Hence, we hope this strategy will
provide a new direction towards high-quality perovskite thin films with tunable and desirable

properties and pave the way to the commercialization of perovskite photoelectric devices.
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Fig. 4.1. The effect of organic ammoniums on surface servicing as the driving force of

surface induced secondary grain growth.
Optimized (100) slab model of perovskite with (A) BA, (B) OCA, (C) OLA termination by DFT-

D3 method; Optimized (111) slab model of perovskite with (D) BA, (E) OCA, (F) OLA

termination by DFT-D3 method.
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Fig. 4.2 Demonstration of the surface induced secondary grain growth.

(A) Top-view SEM images of perovskite film with various treatments (IPA, BA, OCA and OLA).
(B) Grain size statistical distribution of perovskite films with various treatments (IPA, BA, OCA
and OLA). (C) Schematic demonstration of the process of surface induced secondary grain

growth.
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Fig. 4.3 Characterization of Perovskite film with the surface induced secondary grain
growth by OLA.

(A) Evolution of the (100) peak position of perovskite film with OLA extracted from real-time in-
situ GIWAXS measurement. (B and C) 2D GIWAXS patterns of perovskite films (B) without
OLA treatment and (C) with OLA treatment. (D) Radially integrated intensity plots along (100)
crystal plane from the 2D GIWAXS patterns in perovskite films with or without OLA treatment.
(E) XPS data for Pb 4/ 7/2 and Pb 4f 5/2 core level spectra in perovskite films with or without

OLA treatment. (F) Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) depth profile

of perovskite film with OLA treatment.
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Fig. 4.4 Enhanced photovoltaic performance and long-term stability of perovskite film with
surface induced secondary grain growth by OLA.

(A) Current density—voltage (J-V) curves of perovskite solar cells with or without OLA treatment.
(B) Normalized transient photovoltage decay of perovskite solar cells with or without OLA
treatment. (C) Nyquist plots of perovskite solar cells with or without OLA treatment measured in
the dark and at corresponding open-circuit voltages. (D) Normalized transient photocurrent decay
of perovskite solar cells with or without OLA treatment. (E) Evolution of power conversion
efficiency (PCE) of perovskite solar cells with or without OLA treatment. The devices were
stored under nitrogen with controlled temperature (85 °C). (F) Evolution of power conversion
efficiency (PCE) of perovskite solar cells with or without OLA treatment. The devices were
stored under dark with controlled humidity. (G) Evolution of the PCEs measured from the
encapsulated perovskite solar cells with or without OLA treatment exposed to continuous light

(90 + 5 mW cm 2) under open-circuit condition.
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Chapter 5 Constructive molecular configurations for surface-defect

passivation of perovskite photovoltaics

Metal-halide perovskite has emerged as a promising photovoltaic absorber due to its intriguing
optoelectronic properties.(/—5) The long standing efforts towards the power conversion efficiency
(PCE) enhancement have witnessed the significance of effective defect passivation in the
reduction of the charge recombination in polycrystalline perovskite thin film photovoltaics.(6—11)
The ionic nature of the perovskite lattice gives rise to unique passivation approaches such as
molecular passivation through coordinate binding based on Lewis acid-base chemistry.(/2—15) A
variety of organic molecules containing functional groups interacting with the defects have been
reported to enhance the PCE and stability of perovskite solar cells via defect passivation.(/6—18)
However, selection of the correct configuration within a tremendously large molecule pool and
the lack of in-depth understanding of the corresponding passivation mechanism pose a significant
challenge to perovskite research community: the dire need for molecular design rules for effective
defect passivation.(/9) For instance, molecules containing the carbonyl group, well-known as a
Lewis base, have been reported as effective passivation agents in perovskites.(20, 21) However,
while the rich chemistry in organic molecules enables the structural tunability, it also adds up to
the complexity to finding the most effective passivating molecules.(22) A problem arises that
there are a variety of molecules containing carbonyl groups, but what kind of molecular structure
will show the most effectiveness is often difficult to judge. This brings out the significance of
investigation on the chemical environment of the effective functional groups and its effect on

defect passivation.
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Herein, we demonstrate high efficiencies for FA\MA1.xPblxBrs.x perovskite photovoltaic devices
via rational design and comprehensive investigation of the chemical environment around the
active functional group for defect passivation. A set of small molecules sharing the identical
functional groups but with strategically varying chemical structure were designed: namely
theophylline, caffeine and theobromine, which are the commonly found components in tea, coffee
and chocolate, respectively. These molecules are easily accessible and therefore it is another step
towards perovskite commercialization. The chemical structures of the molecules are shown in
Fig. 5.1A. In order to investigate the properties of defect passivation, defect identification is the
prerequisite.(23) After intensive studies, the interior defects of perovskite have become negligible
compared to the surface ones due to now available high-quality perovskite polycrystalline thin
film fabrication of monolayered perovskite grains.(24-26) Utilizing the first-principles density-
functional theory calculations, we first compared the formation energies of selected native defects
that form on the perovskite surface. Pb and I involving point defects, Pb vacancy (Vpp), I vacancy
(Vi) and Pb-I antisite (Pbr and Ipp, corresponding to I site substitution by Pb, and Pb site
substitution by I, respectively) were particularly taken into consideration because the band edges
of perovskite were reported to be composed of Pb and I orbitals.(27, 28) As confirmed by X-ray
photoelectron spectroscopy (XPS), the surface of the as-fabricated perovskite thin film using a
two-step method was Pb-rich. (Fig. AS5.1) Therefore, we focused on the (100) surface with Pbl>
termination in a Pb-rich condition. The types of surface defects studied, and their corresponding
top layer view of atomic structures are shown in Fig. 5.1B. The formation energies of the defects
were calculated using PDE-D3 method and are summarized in Table B5.1. The defect formation
energies (DFE) of Vpy, Vi, Pby, and Ip, on the surface were calculated to be 3.20 eV, 0.51 eV,
0.57 eV and 3.15 eV, respectively. Compared to the values reported in bulk perovskite, Vpp, Vi

and Ipy defects show similar DFE,(29) while the Pb; antisite defect exhibited particularly lower
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formation energy than that in the bulk. This indicated that Pb; antisite defect is more easily
formed and becomes more dominant when it is on the surface. Vi was not considered even though
the DFE is as low as Pbj, because the interaction of molecules with the Vi turned out to be not
energy favorable. (Fig. B5.2) Based on that, we focused on the interaction between the surface

Pby antisite defect and candidate molecules for defect passivation.

I incorporated theophylline onto the surface of perovskite thin film using a post-treatment
method, and a PCE enhancement from 21.02% to 23.48% was observed in the photovoltaic
devices with ITO/SnO»/perovskite/Spiro-OMeTAD/Ag structure. The current density-voltage (J-
V) curves of the photovoltaic devices with and without theophylline treatment are compared in
Fig. 5.1C and Table B5.2, in which the control device showed an open circuit voltage (Voc) of
1.164 V, a short circuit current (Jsc) of 24.78 mA cm 2, a fill factor (FF) of 72.88%, while the

target device showed a Voc of 1.191 V, a Jsc of 25.24 mA cm 2, a FF of 78.11%. The significant

enhancement in the Voc is attributed to the surface passivation by theophylline via the Lewis
base-acid interaction between C=0O group and the antisite Pb. As shown in the surface structure
model of perovskite with theophylline (Fig 5.1B), the C=0O group on theophylline showed a
strong interaction with the antisite Pb. Noticeably, the neighboring N-H on the imidazole ring
also interact with the I of Pbls>" octahedron through a hydrogen bond, which strengthened the
absorption of theophylline onto the Pb; defect, resulting in an interaction energy (defined as
Ermolecule-perovskite-Eperovskite-Emolecule) as strong as -1.7 eV. This observation suggested that the
neighboring hydrogen bond between the xanthene molecule and the Pbl¢* octahedron can
contribute to the defect passivation. A methyl group was added to the N on the imidazole ring of

theophylline (resulting in caffeine) to eliminate the effect from hydrogen bond between the N-H
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and 1. The interaction of caffeine with surface Pb; defect is shown in Fig 5.1B. While the C=0 of
caffeine still interacted with the Pb antisite, as in the case of theophylline, the missing hydrogen
bond between N-H and Pble¢> octahedron resulted in a weakened interaction resulting in a less
favorable interaction energy of -1.3 eV. This leads to a lesser PCE enhancement with caffeine-
treated perovskite photovoltaic device compared to that of the theophylline (Fig 5.1C). A lower
PCE of 22.32% along with a lower Voc of 1.178 V, Jsc of 25.04 mA cm 2, FF of 75.76% was
observed due to less effective surface defect passivation. As comparison, when the N-H is
located next to the C=0O group on the same six-membered ring, producing a shorter distance
between the C=0 and the N-H (i.e. theobromine), the spatially effective interaction between the
N-H and I was disabled as C=O is bound to antisite Pb, resulting in an even weaker interaction
energy of -1.1 eV (Fig. 5.1B). Although both C=0O and N-H are coexisting, the lack of
appropriate coordination of I to the molecule leads to ‘spatially destructive’ molecular
configuration. In this configuration, the theobromine-treated devices showed a decrease in PCE to
20.24% with a lower Voc of 1.163 V, Jsc of 24.27 mA cm 2 and FF of 71.58% compared with the
reference device. This emphasizes the significance of not only the co-existence of N-H with C=0,
but also the constructive configuration of the relative position of them to enable the cooperative

multi-site interaction and synergistic passivation effect.

The variation in the C=0 and the Pbl,-terminated perovskite surface interaction with different
molecular configurations was further studied using Fourier Transform Infrared Spectroscopy
(FTIR). As shown in Fig. 5.2A, the C=0O in pure theophylline showed a typical stretching
vibration mode at 1660 cm™!, while it shifted to 1630 cm™ upon binding to Pbl,. The downwards

shift of 30 cm™ of the C=O stretching vibration frequency resulted from the electron
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delocalization in C=0O when a Lewis base-acid adduct was formed, demonstrating a strong
interaction between Pblo and C=O in theophylline. The atomic distance between the O in C=0
and the Pb in Pbl, based on theoretical modeling was as low as 2.28 A. When the H was replaced
by a methyl group on the N of imidazole to eliminate the effect of a hydrogen bond, the vibration
frequency of C=0 in caffeine showed a shift of only 10 cm™ upon addition of Pbl, indicating a
weakened interaction between the C=0 and Pbl; (Fig. 5.2B). The atomic distance between the
corresponding O and Pb also increased to 2.32 A, further confirming the weakened interaction
due to the missing assistance of hydrogen bonding. In the case of theobromine, when the N-H
was in a closer position to C=0O, the interaction between the molecule and Pbl, became
comparable to that in theophylline, as evidenced by the large shift of C=O stretching vibration
frequency from 1655 to 1620 cm™ and the short distance between O and Pb (Fig. 5.2C).
However, this strong interaction is enabled by the free rotation of Pbl, which results in a
different configuration than that in theophylline and caffeine. Hence, when the configuration of
Pbl, is fixed and shows a 90° angle between Pb and I atom as that on perovskite surface, i.e.
Pbls* octahedron, the N-H in a ‘wrong’ position becomes unfavorable for the interaction with 1.
This would either cause weakened interaction between the molecule and the perovskite surface or
distorted Pbl¢>" octahedron, resulting in the ineffectiveness of defect passivation and perhaps
causing even more defects due to the lattice distortion (Fig. A5.3). The surface passivation effects
of the three molecules with different configuration were further studied by photoluminescence
(PL). As shown in Fig. 5.2D, the PL intensity increased noticeably with the treatment by
theophylline, implying the suppressed non-radiative charge recombination sites from defects.(20)
With the caffeine treatment, an enhancement of PL intensity was also observed, but not as strong
as that with the theophylline, suggesting a less effective passivation effect when the hydrogen

bond between N-H and Pbls>" octahedron is missing. In the case of theobromine, however, a
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decrease in PL intensity was observed compared with the reference one, which can be attributed
to the destructive molecular configuration of the passivation agents causing more charge
recombination sites. The trap density of states (fDOS) of the as-fabricated devices were also
deduced from the angular frequency dependent capacitance. As shown in Fig. 5.2E, the tDOS as a
function of the defect energy demonstrated a reduction in trap states for theophylline- and
caffeine- treated perovskite compared with the reference device. In contrast, theobromine
treatment induced more trap states, which is consistent with the decrease in PCE. The change in
tDOS with different surface treatments was also confirmed by theoretical modeling (Fig. A5.4).
In addition, electrochemical impedance spectroscopy (EIS) characterization was performed to
demonstrate the carrier transport processes under illumination at the interface. The middle
frequency zone of EIS semicircle should be dominated by junction capacitance and
recombination resistance related to the interfaces between transport materials and perovskite.
According to Fig. 5.2F, the device with theophylline surface treatment has the smallest
impedance, signifying a substantially suppressed charge recombination at the interface, which
originated from the reduced surface defect states. A larger impedance was observed in caffeine-
treated device and an even larger impedance was measured in theobromine-treated device
demonstrated the significance of the co-existing N-H bond and its constructive configuration to

enable effective defect passivation.

Further characterizations were performed to better understand the perovskite interface with
theophylline and gain more insights on the device behavior. High-resolution XPS patterns of the
Pb 4f of the reference and theophylline-treated films are shown in Fig. 5.3A for surface chemistry

comparison. For the theophylline-treated film, two main peaks located at 138.48 and 143.38 eV
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were observed corresponding to the Pb 4/ 7/2 and Pb 41 5/2, respectively. The reference film, on
the other hand, showed two main peaks at 138.27 and 143.13 eV. The peaks from Pb 4f shifted to
higher binding energies in the film with theophylline surface treatment, indicating the interaction
between the theophylline and the Pb on perovskite surface. The Ultraviolet photoelectron
spectroscopy (UPS) was employed to measure the surface band structure with and without the
theophylline surface treatment. As shown in Fig. 5.3B, the work function was determined to be -
4.77 eV and -4.96 eV with the valance band maximum (VBM) of -5.66 eV and -5.73 eV for
reference and theophylline, respectively, indicating a less n-type surface after theophylline
treatment, which might be beneficial for the hole extraction of the device. Atomic Force
Microscopy combined with Kelvin Probe Force Microscopy (KPFM) was further applied to
probe the effect of theophylline on the surface morphology and surface potential. As shown in
Fig. 5.3C, the theophylline-treated surface exhibited a higher electronic chemical potential than
that of reference film, while keeping the surface morphology unchanged. The transient
photoluminescence (TRPL) of the perovskite films with hole transporting layer was compared in
Fig. 5.3D to delineate the carrier dynamics of the devices. The perovskite film with theophylline
treatment showed a slightly longer carrier lifetime than the reference film, while a faster decay
profile was observed when adding the hole transporting layer on top of the perovskite film. This
demonstrated a better hole extraction with theophylline treatment,(25) most likely arising from
lesser recombination sites at the interface and the slightly shallower work function of the
perovskite film with theophylline. The improved carrier dynamics originating from the effective
surface passivation by theophylline was further characterized by cross-sectional electron-beam-
induced current (EBIC) measurement. In EBIC measurement, the e-beam excited carriers were
collected based on the collection probability CP (x, Lq), where x is the distance between junction

and incident beam position, and Lq is the diffusion length of the carriers (Fig. A5.5). As shown in
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Fig. 5.3E, the device with theophylline treatment exhibits higher EBIC current as compared to the
reference device. The average intensity extracted from these EBIC maps demonstrates a general
increase in the EBIC signal after treated with theophylline (Fig. AS5.6), indicating an enhanced
carrier collection efficiency.(30) Specifically in Fig. 5.3E, a representative EBIC line profile of
the reference device shows a current decay from the HTL/perovskite to the SnOo/perovskite
interface. The decay indicates that carrier collection is limited by the hole diffusion length as the
beam position moves away from the HTL/perovskite interface. In contrast, the device with
theophylline treatment displays minimal decay within the perovskite layer in the EBIC line
profile. This suggests that a longer diffusion length of holes is present in theophylline-treated
sample and balanced electron and hole charge transport and collection is achieved, which is likely

due to the reduced recombination sites at the surface of perovskite (Fig. 5.3E).

Further assessment of the performance of the photovoltaic devices based on the theophylline
surface passivation was performed. As shown in Fig. 5.4A, the devices showed a negligible
hysteresis (4.1%) due to the balanced charge collection originated from the effective surface
passivation via rational molecule design, while the reference device showed a large hysteresis up
to 7.6% (Table B5.3). External quantum efficiency (EQE) spectra of the devices were compared
in Fig. 5.4B. An integrated Jsc of 24.42 mA cm 2 from the target device matched well with the
value measured from the J-V scan (<5% discrepancy), while control device showed an integrated
Jsc of 23.56 mA cm 2. A stabilized PCE of 22.64% was achieved with the target device when
biased at 1.00 V while that of control device was 20.36% when biased at 0.98 V (Fig. 5.4C). The
histogram of solar cell efficiencies for 40 devices is shown in Fig. 5.4D, which confirms good

reproducibility of the performance improvement with theophylline (11.1% improvement in an
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average PCE from 20.36+0.53% to 22.61+0.58% with the incorporation of the theophylline). In
Fig. 5.4E, the changes in PCE of the encapsulated devices at a relative humidity of 30-40% and
temperature of 40 °C were tracked over time to test the long-term operational stability. While the
reference device degraded by more than 80% in 500 h, the target device maintained over 90% of
its initial efficiency during this time. Also, as shown in Fig. A5.7, the shelf stability of the device
based on theophylline treatment was noticeably enhanced, maintaining over 95% of its original
PCE when stored under ambient conditions with 20-30% humidity at 25 °C for 60 days. In
contrast, the reference device lost over 35% of its initial efficiency. The improvement in the
operational stability could be attributed to the strong interaction between the theophylline and the
surface defects. This stabilized the perovskite surface and suppressed the ion migration, which

usually emanates from the defect sites.(37/-33)

In conclusion, we demonstrated the so far largely ignored chemical environment around the
effective functional group for defect passivation in perovskite surfaces. The hydrogen bond
formation between N-H and I was investigated to be secondary assistance with the primary C=0
binding with Pb to maximize the surface defect passivation in perovskite. This synergistic effect
can be enabled only when the N-H and C=0O are in a constructive configuration in the molecular
structure: the sole influence of C=0 is insufficient, a neighboring N-H is needed; the co-existence
of C=0 and N-H is insufficient, a constructive structural configuration is needed. This provides
new insights on the molecular design of effective defect passivation strategy for achieving highly

efficient and stable perovskite optoelectronics.
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Fig. 5.1 Surface defect identification and constructive configuration of the C=0 group in
three different chemical environments.

(A) Chemical structures of three different passivation molecules. (top to bottom: Theophylline,
Caffeine and Theobromine) (B) Top view of the various types of surface defects. (C) J-V curves
of perovskite solar cells with or without small molecules treatment under reverse scan direction.

(D) Theoretical models of perovskite with molecular surface passivation of Pby antisite.
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Fig. 5.2 Investigation of the interactions between surface defects and the small molecules.

FTIR spectra of (A) pure theophylline and theophylline-Pbl, films; (B) pure caffeine and
caffeine-Pbl, films; (C) pure theobromine and theobromine-Pbl, films. (D) PL spectra of
perovskite films without and with small molecules treatment. (E) Trap density of states (/DOS) in
perovskite solar cells with or without small molecules treatment. (F) Nyquist plots of perovskite
solar cells with or without small molecules treatment measured in the dark and at corresponding

open-circuit voltages.
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Fig. 5.3 Characterization of perovskite films and interfaces with theophylline treatment.

(A) XPS data for Pb 4/ 7/2 and Pb 4f 5/2 core level spectra in perovskite films with or without

theophylline treatment. (B) UPS spectra of perovskite films with or without theophylline

treatment. (C) AFM and KPFM images of perovskite films with (right) or without (left)

theophylline treatment. (D) Time-resolved PL spectra of perovskite films before and after

depositing Spiro-OMeTAD without and with theophylline treatment. (E) Cross-section SEM

images and the corresponding EBIC images and line profile of the perovskite solar cells with

(right) or without (left) theophylline treatment.
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Fig. 5.4 Enhanced photovoltaic performance and long-term stability of perovskite solar cells
with theophylline treatment.

(A) Current density—voltage (J-V) curves of perovskite solar cells with or without theophylline
treatment. (B) EQE curves of perovskite solar cells with or without theophylline treatment. (C)
Stabilized maximum power output and the photocurrent density at maximum power point as a
function of time for the best performing perovskite solar cells with or without theophylline
treatment, as shown in Fig. 4A, recorded under simulated one-sun AM1.5G illumination. (D)
PCE distribution of perovskite solar cells with or without theophylline treatment. (E) Evolution
of the PCEs measured from the encapsulated perovskite solar cells with or without theophylline

treatment exposed to continuous light (90 + 10 mW cm 2) under open-circuit condition.

122



Chapter 6 Composition Stoichiometry of Cs:AgBiBrs Films for Highly

Efficient Lead-Free Perovskite Solar Cells

Although the power conversion efficiency (PCE) of lead (Pb) based hybrid organic-inorganic halide
perovskite solar cells (PSCs) has exceeded 23 %,' issues such as stability and the toxicity of Pb have
limited the real life consumption of this technology.>* Therefore, it is imperative to address these issues by
replacing the Pb content with a non-toxic element and by achieving an all-inorganic compound in which
the A-site of the unit cell is occupied by inorganic elements such as Cesium (Cs). Of all the approaches
reported to date,*!! lead-free halide double perovskites show the best promise of realizing non-toxic and
stable PSCs.*!! This class of compounds allows the expansion of the perovskite crystal lattice and the
substitution of the Pb occupying the B site with two heterovalent cations such as Ag* and Bi*".!*!® The
approach yields a double perovskite crystal lattice with a general representation of Ay B*B*"X,. However,
inferior performance has been reported so far for photovoltaic (PV) devices based on these materials.'72
This has been traced to some inherent factors such as electronic band structure which involves a wide

12-14

bandgap ~1.98 eV and an indirect bandgap character. Beyond such inherent factors, an important
external factor which has also contributed to the poor PV performance is the film quality of the halide
double perovskite layer.!®* Various approaches, such a metal alloying,'>!® lower dimension (0D, 1D and

2122 and incorporation of mixed cations and halides,” have been reported to address the

2D) compounds
aforementioned intrinsic factors. However, the alteration of the intrinsic nature of the compounds is a
complicated process. Also, the maintenance of the double perovskite crystal lattice while taking these
measures cannot be guaranteed.’* Therefore, a focus on the external factor by optimizing the thin film
deposition techniques could give an insight into advancing the PV performance of halide double

perovskite based PSCs.

Vapor deposition and solution processing have been reported in the preparation of halide double
perovskite compounds for PV applications. For instance, two-step vapor deposition was used in

the preparation of Cs;TiBre perovskites®®. Ke et al. prepared the Cs»Snls film via an aerosol
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assisted chemical vapor deposition technique.’® Very recently, Wang et al. prepared the
Cs2AgBiBrs films by a sequential vapor deposition technique.?’ Furthermore, solution processing
involving low pressure assisted annealing was utilized by Wu ef al. for the preparation of
Cs2AgBiBrs films.!” Due to the merits of easy processibility, impressive stability and non-
toxicity, Cs2AgBiBrs stands out as the most studied halide double perovskites. The optoelectronic
properties of halide double perovskites are strongly affected by the film deposition
methods.!%!417:2027 However, to date, there are no empirical reports on how different preparation
methods affect the film quality of these compounds and corresponding device performance.
Herein, we compared the pristine CspAgBiBrs thin films deposited by vacuum sublimation and
solution processing with a goal of achieving the precise composition stoichiometry in
Cs2AgBiBrs. The solution-processed CsaAgBiBrs film showed higher crystallinity, narrower
electronic bandgap, longer photoexcitation lifetime and higher mobility than the vacuum-
sublimated one. Quantitative X-ray photoelectron spectra (XPS) analysis revealed the origin of
the superior performance of the solution processed films to be a near-stiochiometric existence of
its chemical composition. The resulting perovskite solar cells delivered a champion PCE as high
as 2.51 %. To the best of our knowledge, the PCE presented in this work is the highest efficiency

in Cs2AgBiBrs-based PSCs.

6.1 Preparation of Solution- and Vacuum-Processed Cs2AgBiBrs films

The orange crystalline powder of Cs2AgBiBrg (Figure A6.1a,b,c) was synthesized by keeping the
ratio 2:1:1 of CsBr:AgBr:BiBr3; in HBr with the processes of reflux, evaporation, crystal growth,
decanting and washing. Solution-processed Cs2AgBiBrs film was deposited on TiO: layer by
spin-coating of 0.5 M Cs2AgBiBrs solution in dimethyl sulfoxide (DMSO). Vacuum-sublimated

Cs2AgBiBrs film was obtained via a multiple cycles of sequentially deposition of CsBr, AgBr and

124



BiBr; precursor materials at a base pressure of 5.0x10™* Pa (Figure A6.1d,e,f). Both the vacuum
sublimation and solution processing deposition methods yielded CsyAgBiBre films with a
translucent yellow appearance (Figure A6.1c,g). For the vacuum sublimation process,
CuBr/AgBr1/BiBr; stacks with a 2:1:1 molar ratio were sequentially deposited onto the TiO» layer
by repeating five cycles. The solution-processed films were achieved on the TiO> layer by spin-
coating 0.5 M CsxAgBiBrs solution onto the TiO» layer. Subsequent annealing at optimized
temperatures of 220 °C and 280 °C yielded optimized Cs;AgBiBrs absorber layers for the
vacuum sublimation and solution processing methods, respectively. The thickness of both films
was approximately 200 nm. A schematic diagram showing a comparison of the two different
deposition processes is given in Figure 6.1. For the vacuum sublimation process, the multilayer
stack of CuBr/AgBr/BiBr3 yielded CsxAgBiBres absorber layer by a thermally induced diffusion
reaction. This diffusion reaction was facilitated by the ultrathin nature of each precursor layer

deposited.
6.2 Crystalline Properties of Cs2AgBiBrs films

To understand the morphological properties of the Cs,AgBiBre¢ thin films based on vacuum
sublimation and solution processing, their crystallinity and surface morphology were
investigated. XRD patterns were obtained for the vacuum-processed films annealed at 180 °C,
200 °C, 220 °C and 240 °C, and solution-processed films annealed at 240 °C, 260 °C, 280 °C and
300 °C. The solution-processed films were annealed for 5 min at the given temperatures to
improve the film crystallinity while a more prolonged annealing time of 30 min was required for
the vacuum-processed films to allow a nano-scale solid state reaction. XRD results presented in
Figure 6.2a and 2b showed that the annealed thin films obtained from both deposition processes

possessed the same patterns as those previously reported.?’?%? There was an increase in peak
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intensity as the annealing temperature increased in both cases. The highest peak intensities were
observed at 220 °C and 280 °C for the vacuum- and solution-processed film, respectively. To
further confirm the optimum annealing temperature, the grain sizes of the crystallites making up
the thin films were determined by calculating the crystalline domain sizes. Full width at half
maximum (FWHM) values, obtained from the Gaussian fit of the most intense peaks of each
XRD pattern, were substituted into the Scherrer equation.

A gradual increase in crystalline domain size was observed from 180 °C to 220 °C and from 240
°C to 280 °C while the domain sizes decreased at higher temperatures of 240 °C and 280 °C for
the vacuum-and solution-processed film, respectively. Furthermore, higher degree of crystallinity
was seen in the solution-processed Cs2AgBiBrs film compared to the vacuum-processed one. The
realization of Cs2AgBiBrs phase with difference in crystallinity was further confirmed by two-
dimensional grazing incidence X-ray diffraction (GIXRD), which can evaluate the crystallinity of
thin films without interference with the underlyer (Figure 6.2¢,d). The indexed lines agreed well
with the Cs;AgBiBrs peaks on the XRD patterns (Figure 6.2a,b). This gradual increase in
crystallite size followed by a size decrease and the creation of pin-hole defects was further
observed from the SEM top images (Figure A6.2). Full coverage of vacuum- and solution-
processed Cs2AgBiBrs films were observed upto the optimized annealing temperatures of 220 °C
and 280 °C. AFM images showing the surface morphologies (Figure A6.3) further revealed the
larger crystallite grain size in the solution-processed Cs>AgBiBrs film than the vacuum-processed

onc.

6.3 Electronic Structure of Cs2AgBiBr¢ films
To investigate the origin of the superior crystalline and morphological properties of the solution-

processed Cs2AgBiBrg film, the actual molar ratios of the elemental compositions in the vacuum-
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and solution-processed films were determined via post-annealing XPS analysis. Figure 6.3 and
Figure A6.4 present the XPS spectra of Cs 3d, Ag 3d, Bi 4f and Br 3d core levels in the vacuum-
and solution-processed CsxAgBiBrs films. The composition ratios were obtained by processing
the data of Cs 3d, Ag 3d, Bi 4f and Br 3d core levels with XPSPEAK software and Casa XPS
program (Casa Software Ltd, UK). The relative sensitivity factors (RSF) provided in the Casa
XPS software library were utilized to quantify constituent elements. Table 6.1 summarizes the
detailed parameters for calculating the atomic ratios of the chemical composition of solution- and
vacuum-processed CsrAgBiBrg thin films. Figure A6.5 plots the actual atomic component ratios
in the vacuum- and solution-processed Cs»AgBiBrs films. It can be seen that the vacuum-
processed film exhibited a wider deviation from the 2:1:1:6 ratio of Cs:Ag:Bi:Br expected for the
Cs2AgBiBrs compound. Although partial Br maybe lost in the form of gaseous bromine during
annealing, the larger loss of gaseous Br in the vacuum-processed film may have resulted from the
transformation of the precursor material into vapor form during vacuum deposition. An annealing
of the vacuum-processed Cs2AgBiBrs films in a Br vapor atmosphere may mitigate this loss.
However, it should be noted that a careful modulation of the Br composition is required to
achieve high-quality Cs2AgBiBrs films with reduced low-energy-forming deep level defects. This

stems from the conflicting reports on the best crystal growth conditions for this compound. For

L 24 L 35

instances, Xiao et al.”* predicted a Br-poor/Bi-rich condition while Li et al.””> reported a Br-
rich/Bi-poor condition. Furthermore, the XRD patterns of vacuum- and solution-processed
Cs2AgBiBrs films were investigated by heating them at 100 °C in ambient for 300 hrs. Although
there was a slight reduction in the intensities for both films, no appearance of new crystal phase

and no changes of the XRD peak patterns were observed after a long time and high temperature

aging (Figure A6.6).

6.4 Photophysical properties of Cs2AgBiBrs films
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For the thin films to be suitable for PV application, it is important to understand the
photophysical properties of CsyAgBiBrs films. Therefore, UV-Vis absorption, steady state
photoluminescent (PL) spectra and time-resolved PL (TRPL) spectra of Cs2AgBiBrs films were
conducted to study their photophysical properties. Figure 6.4a shows the UV-Vis absorption
spectra for both samples. Insets are the Tauc plots extracted from the UV-Vis absorption spectra.
A sharp peak could be seen at 438 nm and 442 nm on the absorption spectra of the solution- and
vacuum-processed Cs2AgBiBrg films, respectively. Since there is no monotonic variation
between crystallite size and peak shape, the existence of such peaks did not result from quantum
confined excitonic transitions. Therefore, the peaks are ascribed to s-p transitions occurring in
bismuth (Bi). Furthermore, the Tauc plots confirmed the indirect bandgap character in the two
films. Values of phonon assisted transition energies of 1.83 eV and 2.12 eV were obtained for the
solution-processed film, indicating a bandgap of 1.98 eV. Whereas, the vacuum-processed film
presented phonon assisted energies of 1.89 eV and 2.27 eV, giving a bandgap of 2.08 eV. These
results mean that the transitions in the solution- and vacuum-processed Cs>AgBiBrs films were
assisted by phonon energies of 0.29 eV and 0.38 eV, respectively. Although the two films were
made of the same compound, the bandgaps extracted from their Tauc plots had different values.
This stemmed from the difference in the pattern of their absorption spectra. Higher absorbance
could be seen in the solution-processed film compared with the vacuum-processed one. Such
difference in pattern affected the corresponding Tauc plot parameters. Therefore, the difference in
bandgap values was associated with the difference in film deposition method. Factors such as the

12,1337 gtructural models®®3? and

differences in preparation method,'*-*® characterization techniques
disorder in atomic arrangements*® have been previously reported to be responsible for the wide

range of bandgap values of Cs»)AgBiBre. Figure 6.4b shows the Raman spectroscopies of two
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samples. The similarity in Raman peak positions indicated that both films possessed the same
elemental components.’*’! However, the observed difference in peak intensities revealed a
gradation in degree of crystallinity in the films.*>** The variation in peak intensity was ascribed
to the variation in phonon energies in the crystal lattice. There exists a monotonic relationship

between degree of crystallinity, phonon energy and peak intensity.*?

The PL spectra of the solution- and vacuum-processed CsxAgBiBrs films are presented in Figure
6.4c. Bandgap values of 2.01 eV and 1.99 eV were obtained from the probe wavelengths of 616
nm and 624 nm for the vacuum- and solution-processed CsxAgBiBrs films, respectively. The
values are within the range of those obtained from the Tauc plots. The PL decay kinetics of the
two films are shown in Figure 6.4d. The curves can be separated into initial rapid decay followed
by an intermediate decay and a prolonged decay. Therefore, corresponding three different
lifetime components; 71, 72, and 73, can be assigned to the photoexcited charges in the thin films.
For the solution processed film, the values obtained for 71, 72 and 73 were 0.16+0.02 ns (8 %),
5.8%1.14 ns (29 %) and 56.3+4.0 ns (63 %), respectively. Whereas, the vacuum-processed film
yielded 0.16+0.01 ns (9 %), 6.7+0.5 ns (33 %) and 39.048 ns (58 %), respectively. The lifetimes
of the rapid PL decay components of the solution- and vacuum-processed films are comparable.
The same is also seen for the intermediate decay components of both films. However, their
prolonged PL decay components exhibited a wide difference in lifetime. The rapid and
intermediate decay components likely resulted from the defects such as surface traps and/or
recombination involving less mobile excitons. However, the long PL decay component was
ascribed to the intrinsic charge carrier recombination. As a result, the long PL decay component
would give the fundamental recombination lifetime of the films.'? Therefore, using Fick’s first

law of diffusion (Equation 6.1), the room temperature diffusion coefficients (D) for both films
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were estimated from their prolonged PL decay components.

where J is the diffusion flux, D is the diffusion coefficient and dc/dx is the charge carrier
concentration gradient. Subsequent calculations using D yielded mobility values of 0.39 cm?/Vs
and 0.74 cm?/Vs for the vacuum- and solution-processed films, respectively. Compared to the
vacuum-processed film, the solution-processed film exhibited higher mobility. Moreover, the
extracted mobility values were far lower than those exhibited by the standard MAPbI;
perovskites.**> This, among other factors, is responsible for the low-performance commonly

reported for Cs2AgBiBrs-based solar cells.

6.5 Photovoltaic performance

The planar perovskite solar cells with an n-i-p structure of FTO/TiOz/perovskite/Spiro-
OMeTAD/Mo0Os/Ag (Figure 6.5a) were fabricated to investigate the photovoltaic performance of
solution- and vacuum-processed Cs2AgBiBrs films. The annealing temperature was optimized to
be 220 °C and 280 °C for vacuum- and solution-processed devices, respectively (Figure A6.7).
As shown in Figure 6.5b and Table 6.2, the champion solution- and vacuum-processed devices
presented PCEs of 2.51% and 1.41 %, respectively. The eighty devices fabricated, in each case,
confirmed the reproducibility of efficiency (Figure A6.8), producing the average PCEs of
2.48+0.03 % and 1.35+0.06 % for solution- and vacuum-processed devices, respectively. The
obtained photovoltaic parameters were far inferior to those already possessed by the lead-based
perovskites. This can be attributed to the less suitable electronic and photophysical properties of
the Cs2AgBiBrs thin film which has wide bandgap > 0.95 eV with indirect character and low
charge carrier mobility. Interestingly, there was a 78% increase in the PCE when the vacuum
sublimation method was replaced with solution processing technique to deposit the Cs2AgBiBrs
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film. As aforementioned, owing to the accurate composition stoichiometry of CsxAgBiBrs, the
solution-processed Cs»AgBiBrs film exhibited excellent optoelectronic and photophysical
properties with higher crystallinity, narrower electronic bandgap, longer photoexcitation lifetime
and higher mobility. These merits enable the corresponding perovskite solar cells to deliver a
champion power conversion efficiency (PCE) of 2.51 %. Furthermore, the external quantum
efficiency (EQE) of both devices are presented in Figure 6.5¢c. The EQE is the ratio of the amount
of current created by the solar cell to the amount of photons of a given energy from the incident
photons. It can be seen that the higher current was generated in the solution-processed device for
the same photon energy. The overall generation of current by high energy photons (with shorter
wavelength < 550 nm) was ascribed to the wide and indirect bandgap character of the absorber
layers. Figure 6.5d shows the results for the stability tests of vacuum- and solution-processed
PSCs. The devices were kept in ambient without encapsulation for 15 days. Both devices were
able to retain over 90 % of their initial PCEs. The ambient stability obtained for the two devices
are greater than those of standard MAPbI3 based devices and can be traced to the stability of the

Cs2AgBiBrs absorber layers.

6.6 Conclusion

In summary, a comparison has been executed by preparing CsxAgBiBrs halide double perovskite
via vacuum-sublimation and solution-processing. The solution-processed film exhibited higher
crystallinity, lower bandgap, longer charge carrier lifetime and higher mobility compared to the
vacuum-processed one. Optimized power conversion efficiencies of 2.51 % and 1.41 % were
obtained for the solution- and vacuum-processed films, respectively, as a result of the differences
in their optoelectronic and photophysical properties. Although, immense research is still required

to improve the performance of halide double perovskite based devices, the finding in this work
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gives a hint that a wide deviation from ideal stoichiometry is responsible for lower film quality

and device performance, whereas solution-processing film deposition technique could guarantee a

precise composition stoichiometry to form high quality multicomponent perovskite films.
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Figure 6.1. Schematic representation of the preparation of Cs2AgBiBrs thin films by vacuum-

sublimation and solution-processing.
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Figure 6.2. Annealing temperature dependent XRD patterns and peak fittings of (a)solution- and
(b)vacuum-processed CsxAgBiBrs thin films, respectively. 2D GIXRD patterns of (c) solution-

and (d) vacuum-processed Cs»AgBiBrg thin films annealed at 280 °C and 220 °C, respectively.
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Figure 6.3. Detailed XPS scans of Cs 3d and Br 3d core levels of (a) solution- and (b) vacuum-

processed Cs2AgBiBrs thin film.
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spectra.
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Figure 6.5. (a) Device structure: FTO/TiO2/Cs2AgBiBrs/Spiro-OMeTAD/MoOs/Ag. (b)J-V
curves, (¢) EQE spectra and (d) ambient stability characteristics of the perovskite solar cells

fabricated with optimized solution- and vacuum-processed Cs2AgBiBrs thin films.
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Table 6.1. Atomic ratios of the chemical composition of solution- and vacuum-processed

Cs2AgBiBrs thin films.
Core  Binding Scofield Effective Composition  Atom
Element Area
Level Energy sensitivity ~ Area (%) Ratio
3dsp 724.00 23826.66 23.80 1001.12
Cs 20.50 2.01
3d3n 738.50 19286.85 16.50 1168.90
3dsn 368.10 5773.72 10.70 539.60
Ag 10.30 1.01
RICEY) 374.10 4064.17 7.38 550.70
Solution
4f7 159.18 8314.56 13.90 598.17
Bi 10.20 1.00
4fsp 164.58 5248.90 10.90 481.55
3dsp 68.50 5319.54 1.68 3166.39
Br 59.00 5.78
3dsn 69.50 3571.68 1.16 3079.03
3dsne 724.60 27559.92 23.80 1157.98
Cs 25.20 2.03
3d3ne 738.50 16570.62 16.50 1004.28
3dsp 368.10 5989.86 10.70 559.80
Ag 12.50 1.01
RICEY) 374.10 3784.17 7.38 512.76
Vacuum
4f7 159.18 8347.09 13.90 600.51
Bi 12.40 1.00
4fsp 164.58 5051.71 10.90 463.46
3dsp 68.50 3757.19 1.68 2236.42
Br 49.90 4.02
3d3n 69.50 2372.42 1.16 2045.19
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Table 6.2. Cell parameters of Cs2AgBiBrs-based PSCs using different deposition method.

Deposition

2 )
Method Jse (MA/cm?) Voe (V) FF PCE (%)
Solution 3.82 1.01 0.65 2.51

Champion
Vacuum 2.06 1.05 0.65 1.41
Solution 3.8140.01 1.00+0.03 0.63+0.02 2.48+0.03
Average

Vacuum 2.05+0.02 1.03+£0.02 0.62+0.03 1.35+0.06
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Chapter 7 Rational Tuning of Molecular Interaction and Energy Level
Alignment Enables High-Performance Organic Photovoltaics

Organic photovoltaics (OPVs) are promising as an alternative to fossil fuels due to their light
weight, flexibility and roll-to-roll processability.'* However, the commercialization potential of
OPVs is still limited by their relatively low efficiency and instability under operational
conditions.>™ So far, tremendous efforts have been made to improve the power conversion

efficiencies (PCEs) of OPVs. 1013

Rational design of the donor and acceptor materials to realize high-performance OPV needs to
consider absorption profiles to maximize the coverage of the solar spectrum, efficient charge
separation and transport.'*"!®. Introducing the fluorine (F) atom into the end-group of the NFAs is
one of the most successful strategies to enlarge the absorption, however, the energy levels of
NFAs will downshift.!”!'® Meanwhile, the F atom will lead to a change in the molecular
interaction behavior to further influence the morphology.!® Therefore, for the rational design of
the high-performance donor/acceptor blend with fluorinated materials, apart from broadening the
absorption, to achieve efficient charge separation/transfer, two main issues need to be carefully
considered: morphology of the donor and acceptor blend and the energy level alignment between

them.

The microstructural morphology of a polymer donor and small molecule acceptor bulk
heterojunction (BHJ) was mostly related to the molecular interaction between the donor and
acceptor, the miscibility of the materials.? An optimized morphology will be crucial for

increased charge separation and transport, and therefore higher short-circuit current (Js) and fill
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factor (FF).2'2* It is significant to understand the design rule of the BHJ blend from the

perspective of the chemical structure to attain the excellent morphology desired.

On the other hand, due to the relatively low dielectric constant of organic materials, such that the
electron-hole pair formed following charge transfer at the interface experiences a Coulombic
attraction, which indicates that a driving force is necessary to overcome the Coulomb force to
realize efficient charge dissociation.’* The driving force is needed to ensure efficient charge
separation/transfer, hence, the energy level alignment of the donor and acceptor is needed to be in
consideration to achieve high-performance solar cells.?> However, the deep LUMO and HOMO
levels of most NIR acceptors will result in difficulties to match the energy levels of the wide
bandgap donors to attain the efficient driving force of charge separation and charge transfer.?®
Therefore, rational selection of the HOMOs and LUMOs of the blend should be seriously

considered.

Herein, a new NIR fluorinated small molecule with an absorption offset at 953 nm, named Y-
4F, was synthesized. To systematically study the role of fluorine on the morphology and energy
level alignment and provide a general guideline towards a rational design rule of highly efficient
donor/acceptor blends, the well-known wide gap donor PBDB-T, a corresponding fluorinated
donor PBDB-T-F and a non-fluorinated small molecule Y1 were selected as candidates in this
study. Figure 7.1a shows the chemical structures of the materials. After rationally tuning the
molecular interaction and energy level alignments of the donors and acceptors, we found that
when both donor and acceptor are fluorinated, or both are not fluorinated, high-performance
OPVs can be realized. Due to the optimized morphology and sufficient driving force for charge

separation, a PCE as high as 14.8% was achieved for the fluorinated blend (PBDB-T-F/Y 1-4F).
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7.1 Selection of the Donor/Acceptor pairs and Photovoltaic Properties

In this study, four active layer blends with fluorinated or non-fluorinated materials were selected
to investigate the role of the fluorine in the microstructural morphology and the energy level
alignment, and to then envisage a selection rule to deliver high-performance OPVs. The
absorption spectra of PBDB-T, PBDB-T-F, Y1, and Y1-4F in solution (chloroform) and in thin
films are shown in Figure A7.2 and Figure A7.3, respectively. In going from solution to film, the
maximum absorption of Y1 and Y1-4F was redshifted from 738 to 802 nm and from 758 nm to
851 nm, respectively. Compared to the Y1 film, a larger redshift (93 nm) can be observed in the
Y1-4F film, signifying that much stronger m-m intermolecular interactions are formed when
introducing the fluorine atom into the end-group. The absorption onset of Y1 and Y 1-4F films are
located at 910 and 953 nm with the optical bandgaps of 1.36 and 1.31 eV, respectively. As shown
in Figure A7.2, the polymer donors of PBDB-T and PBDB-T-F showed very analogous
absorption profiles in thin films, corresponding to the approximate optical bandgap of 1.82 eV.
The electrochemical properties of polymer donors and non-fullerene acceptors were measured by
cyclic voltammetry (CV) in anhydrous acetonitrile solutions with ferrocene/ferrocenium (Fc/Fc+)
redox couple as an internal reference. From the onset oxidation/reduction potentials in Figure
A7.4b, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels of PBDB-T, Y1, PBDB-T-F, and Y 1-4F were -5.39/-3.48 eV, -5.45/-3.95
eV, -5.50/-3.50 eV and -5.56/-4.11 eV, respectively. Fluorination of the polymer donors and non-
fullerene acceptors were found to result in both deeper HOMO and LUMO levels. The energy

level alignments of these materials are illustrated in Figure 1b.

Figure7. 2a and 7.2b show the J-V curves under forward scan direction and the external quantum

efficiency (EQE) spectra of devices based on PBDB-T/Y1, PBDB-T/Y1-4F, PBDB-T-F/Y1 and
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PBDB-T-F/Y1-4F under the illumination of an AM 1.5G solar simulator, 100 mW cm 2. The
average and the best device characteristics of PBDB-T/Y1, PBDB-T/Y1-4F, PBDB-T-F/Y1, and
PBDB-T-F/Y1-4F are summarized in Table 7.1. The average device data are calculated from 10
individual devices. (Figure S5) The average PCE of 13.0% for both the non-fluorinated OPV
(PBDB-T/Y1) with an open circuit voltage (Voc) of 0.88V, a Jic of 21.4 mA/cm? and an FF of
69.5% was achieved. However, for the PBDB-T/Y 1-4F based device, even though an enhanced
Jse (22.7 mA/cm?) was observed corresponding to the broaden absorption, the low FF of 57% and
Voc of 0.74V limited the overall PCE (9.6%). The approximate 140 mV decrease of Voc may
correspond to the down-shift of the LUMO level of the acceptor. Furthermore, the PBDB-T-F/Y 1
delivered the lowest PCE of 6.6%. Although the highest Vo of 0.92 V was achieved due to the
deeper HOMO and LUMO level of the donor materials compared with PBDB-T, the lowest Jsc
(12.9 mA/cm?) and FF (55.5%) finally resulted in the poor performance. Ultimately, both
fluorinated OPVs exhibited a remarkable average PCE of 14.4%, with the champion PCE as high
as 14.8% with a Vo of 0.838 V, a Js of 24.80 mA/cm? and an FF of 71.21%. As shown in Figure
7.2b, the trend observed in the EQE is similar to the one in the Jsc. Moreover, the J-V curves
under both reverse and forward scanning directions were performed on the PBDB-T-F/Y 1-4F
devices (Figure 7.2c), and a mismatch behavior of PCEs under different scanning directions was
observed. Since no hysteresis behavior has ever been reported for OPVs, we speculate that the
mismatch of the PCEs is due to the metastable nature of the active layer.’ Therefore, to
investigate the “real” PCE of the OPVs, we performed the steady-state output measurement on
the corresponding device, and a PCE of 13.3% was measured. (Figure 7.2d) Notably, the PCE
mismatch behavior disappeared, which indicated the reliability of this measurement. (Figure 7.2¢)

More importantly, the PBDB-T-F/Y1-4F device was sent to Newport Corporation for
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certification. A certified quasi-steady-state PCE of 12.86 = 0.33% was obtained, which is

consistent with our result measured in our lab. (Figure A7.6).

7.2 Miscibility and Microstructure Morphology of the Active Materials

To investigate the role of fluorine on the microstructural morphology of the donor/acceptor blend,
we first utilized the Flory-Huggins model via contact angle measurements to study the miscibility
and interaction between the fluorinated and non-fluorinated materials.?” As shown in Figure 7.3
and Table 7.2, we obtained the values of the surface free energy (ys) from the contact angles on
water and diiodomethane (DIM) of 38.74, 46.32, 32.86 and 44.03 mNm'' for Y1, Y1-4F, PBDB-
T, and PBDB-T-F, respectively. Moreover, the solubility parameters (d) for Y1, Y1-4F, PBDB-
T, and PBDB-T-F are calculated based on the previous literature,”® which are 22.84, 24.97, 21.03
and 24.35 MPa'”. Finally, the Flory-Huggins interaction parameters are calculated to be 0.54 for
xpeDB-T/Y1, 1.30 for ypepB-T/Y1-4F, 0.48 for ypepB-T-F/Y1 and 0.36 for ypepB-T-F/Y1-4F, Tespectively.
These results suggest that Y1 shows the better miscibility between PBDB-T as compared with
Y 1-4F, and Y1-4F shows better miscibility between PBDB-T-F than Y1, which may result in a
poor microstructural morphology for PBDB-T/Y1-4F and PBDB-T-F/Y1, and hence the
relatively low PCEs.?° To further study the effect of the poor miscibility, transmission electron
microscopy (TEM) was performed to obtain the information about the phase separation. (Figure
A7.7). Notably, the relatively large phase separation behavior was observed for PBDB-T/Y 1-4F
and PBDB-T-F/Y1, which agrees with the results of the Flory-Huggins model. It has been
reported that non-ideal phase separation may result in low carrier mobility,?’ to further confirm
that space charge limited current (SCLC)*® was conducted. As shown in Figure A7.8 and Table

B7.1, both PBDB-T/Y1-4F and PBDB-T-F/Y1 show relatively low carrier mobilities compared
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with the one for PBDB-T-F/Y1-4F and PBDB-T/Y1. The relatively low mobility may be

correlated with the low FF that we obtained from the photovoltaics performance.

To obtain detailed information regarding the molecular packing orientation and domain size,
grazing-incidence wide angle and small angle X-ray scattering (GIWAXS and GISAXS)
measurements were carried out. Figure 7.4a shows the 2D GIWAXS patterns of PBDB-T/Y1,
PBDB-T/Y1-4F, PBDB-T-F/Y1, and PBDB-T-F/Y 1-4F, respectively. In all blends, a broad peak
corresponding to the m-m stacking was observed along the out-of-plane direction at q= 1.7 A",
which is assigned to the polymer donors, while the scattering peak at q= 0.3 A™! is assigned to the
small molecule acceptors. Although the molecular packing behaviors of all the blends are similar,
the crystallinity and crystallite size of PBDB-T/Y1 and PBDB-T-F/Y 1-4F are slightly larger than
the others, which is beneficial for photon absorption and charge transport.>! (Figure A7.8).
Figure 7.4b presents the corresponding 2D GISAXS patterns. The in-plane scattering intensity
profiles are shown in Figure A7.10. The Cylinder model*? was chosen to fit the profiles to
roughly estimate the average domain size of the non-fullerene acceptor cluster. The fitted
parameters are summarized in Table B7.2. In this model, comparing the length of the cylinder,
the radius is more critical to the charge transfer in the vertical direction.®> A relatively small
radius for PBDB-T/Y1 (27.80 A) and PBDB-T-F/Y 1-4F (27.95 A) was observed, which could be
beneficial to charge transfer. However, a large domain size was observed for PBDB-T/Y 1-4F
(40.95 A) and PBDB-T-F/Y1 (29.35 A), and a relatively poor morphology may result from the
unbalanced molecular interaction induced by the fluorine atom. The faulty morphologies of the
PBDB-T/Y1-4F and PBDB-T-F/Y1 films explain the low performance of their corresponding

devices.
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7.3 Driving Force of Charge Transfer and Charge Dynamics

In parallel with the morphological investigation, the driving force for charge transfer has to be
considered as well. 1 first conducted density functional theory (DFT) calculations using the
®B97XD functional and 6-31G** basis set to get the optimized molecular geometries of PBDB-
T, PBDB-T-F, Y1 and Y 1-4F, and then to find their respective energy levels. (Figure 7.5) Based
on the optimized geometries, the frontier molecular orbital energy levels were then obtained at
the same level of theory as the geometry optimizations while the range separation parameter (®)
of the functional was optimally tuned with the implicit consideration of the dielectric
environment via the polarizable continuum model (the dielectric constant & = 4.0).>* The hole
transfer driving force (AGur) is equal to the difference between the lowest excited state (S1) of
the acceptor and the lowest charge transfer state (CT1). Thus, AGur = [HOMOA4| - HOMOp| - AEs
was calculated based on the theoretical values of HOMOs of donor and acceptor, where AE, is
the difference of the binding energies of an acceptor exciton and of a charge pair. Here, we set
AEp = 0.15 eV as with the previous work,* and the resultant values of the driving forces are
summarized in Table B7.3. Compared with the other three blends, the driving force of hole
transfer for PBDB-T-F/Y1 was approximately zero, which may have led to the lowest Js. of the

corresponding device.

To extract the charge dynamics of the blends, we measured the transient absorption spectra of the
blends with a temple resolution of ~100 fs. The pump wavelength is selected at 800 nm, which
matches the absorption of the acceptors. To avoid the effect of exciton-exciton annihilation, we
keep the excitation density in a week regime below 3 pJ/cm?. The samples are preserved in a
nitrogen atmosphere, and no degeneration is observed during the measurements. [ show the

transient absorption spectra of the PBDB-T-F/Y1-4F blend in Figure 7.6a. A bleaching signal
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around 850 nm co-exists in the neat film of Y1-4F at the same excitation condition (Figure
A7.11). This signal is consistent with the absorption peak of Y1-4F and can be naturally assigned
to the ground state bleaching (GSB) of the acceptor Y1-4F. Besides, the transient absorption
spectra of the blend also show two bleaching peaks around 630 nm and 585 nm, which match the
absorption peak of the donor PBDB-T-F. In addition, the spectra feature is also observed from the
transient absorption of neat PBDB-T-F film at 500 nm excitation (Figure A7.12), confirming the
GSB signals of the donor at 630 nm and 585 nm. The bleaching signals at 630 nm and 585 nm
are built up with the decays of bleaching signal at 850 nm (Figure 7.6b), indicating the transfer of
excitations from Y1-4F to PBDB-T-F. Considering the type-II arrangement of the HOMO and
LUMO levels between the donor and acceptor, the excitation transfer will probably create charge
transfer states with electrons in the acceptor and holes in the donor. Together with the bleaching
signals, we also observe a long-lasting excited state absorption (ESA) signal around 1000 nm,
which is not present in both the neat films of the donor and acceptor (Figure A7.11&7.12). The
ESA band around 1000 nm shows a delayed rise in the first 10 ps, which is corresponding to the
GSB signal rising of the donor (Figure 7.6b). The similar dynamics of the ESA signal and GSB
signal of the donor suggests the ESA band around 1000 nm comes from the absorption of the
charge transfer state to higher levels and can be used to exhibit the charge transfer dynamics in
the blends. The transient absorption spectra of the other three blends are shown in Figure A7.13.
Following the same analysis, the ESA bands around 1000 nm of the charge transfer state exist in
all the blends and can be used to compare the charge generation and decay dynamics of the four

blends.

I compare the generation dynamics of the four blends in Figure 7.6¢c. The blends of PBDB-T/Y 1-

4F and PBDB-T-F/Y 1-4F show comparable transfer rates with a lifetime of ~ 2 ps. The efficient
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charge transfer process is consistent with the large Jic of PBDB-T/Y 1-4F and PBDB-T-F/Y1-4F
devices. The charge transfer of PBDB-T-F/Y1 is much slower than the other three blends, which
probably accounts for the lowest Jsc of PBDB-T-F/Y1. In addition, to determine the decay
lifetime of the charge transfer state in the four blends, we measure the nanosecond transient
absorption spectra of the four blends at an excitation of 532 nm. The extracted decay dynamics of
the charge transfer state at the probe wavelength of ~ 1000 nm are plotted in Figure 7.6d. The
blend of PBDB-T/Y1-4F shows dramatically longer charge transfer lifetime compared to the
other three blends, which may be attributed to the larger hole transfer driving force. Besides, the
charge transfer state decays very fast in 10 ns, consistent with the poor Js. measured.
Nevertheless, the high Jsc measured for the other blends with different charge transfer lifetime
suggests a lifetime of > 40 ns may be enough for efficient charge collection in non-fullerene OPV
devices. In fullerene-based OPV devices, a driving force of > 0.3 eV is generally accepted for
efficient charge transfer.’® However, recent work has shown that this is inaccurate in non-
fullerene OPV devices.?**” In this work, we find that even though the driving force is very small
for PBDB-T-F/Y1-4F, the charge transfer can still be very efficient, on the other hand, for the
PBDB-T-F/Y1 blend, the approximately zero driving force will lead to deficient charge transfer,

which may guide the design of new donors and acceptors for higher efficiency organic solar cells.

7.4 Conclusion

In summary, we successfully synthesized a new fluorinated NIR non-fullerene acceptor with a
broadened absorption onset of 953 nm, Y 1-4F. After rationally tuning the molecular interaction
and energy level alignment, the blend with the fluorinated polymer donor PBDB-T-F achieved a
champion PCE as high as 14.8% with steady-state PCE of 13.3%. Moreover, a certified Quasi-
Steady state PCE of 12.9% was obtained from Newport Corporation, which is in excellently

consistency with the result measured in our lab. The unique energy level alignment enables a
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small but sufficient driving force of charge transfer, which could lead to an enhanced

photocurrent without sacrificing Voc. In addition, a relatively low Flory-Huggins molecular

interaction parameter of 0.36 was realized. Due to this well-matched miscibility of fluorinated

materials, an optimized morphology with desired phase separation and crystallinity was realized.

Our work provides insights into the rational design of donor/acceptor blends by considering the

morphology and energy level simultaneously.
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Figure 7.1. a. Chemical structures and b. energy level diagrams of donors (PBDB-T, PBDB-T-F),

acceptors (Y1, Y1-4F).
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Figure 7.2. a. J-V curves and b. EQE spectra of devices based on PBDB-T/Y1, PBDB-T/Y 1-4F,
PBDB-T-F/Y1 and PBDB-T-F/Y1-4F under the illumination of an AM 1.5G solar simulator, 100
mW cm 2. ¢. J-V curves of the device based on PBDB-T-F/Y 1-4F under reverse and forward scan
before Steady-State measurement. d. Steady-State measurement of PBDB-T-F/Y1-4F at Viias=

0.68V. e. J-V curves of the device based on PBDB-T-F/Y 1-4F under reverse and forward scan after

Steady-State measurement.
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Table 7.1. Average and the best device data based on PBDB-T/Y1, PBDB-T/Y1-4F, PBDB-T-

F/Y1 and PBDB-T-F/Y1-4F

Calculated PCE (%)
Jsc

Active layer Voc (V) Jsc FF (%)

(mA cm™) average best
(mA cm?)
PBDB-T/Y1 0.88+0.01 21.4+0.5 20.7 69.5+1.5 13.0+0.4 13.4
PBDB-T/Y1-4F 0.74+0.01 22.7+0.5 21.9 57.4+1.8 9.6+0.2 9.9
PBDB-T-F/Y1 0.92+0.01 12.9+0.4 12.8 55.5€2.3 6.6+0.4 7.1

PBDB-T-F/Y1-4F 0.83+0.00 25.2+0.6 24.1 68.5+2.1 14.4+0.4 14.8
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Table 7.2. The summarized surface free energy, solubility parameters and Flory—Huggins

interaction parameters of Y1, Y1-4F, PBDB-T and PBDB-T-F

i vs [mMNm™'] 5 [MPa'?] % [PBDB-T,i]  y [PBDB-T-F, i]
Y1 38.74 22.84 0.54 0.48
Y1-4F 46.32 24.97 1.30 0.36
PBDB-T 32.86 21.03 N/A N/A
PBDB-T-F 44.03 24.35 N/A N/A
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Figure A2.1 FTIR spectra and fingerprint regions of pure caffeine, caffeine-Pbl, and the pristine

Pbl; films. The triangles indicate the stretching vibration peaks of C=0O in the two films.
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Figure A2.2. XPS data for Pb 4f 7/2 and Pb 4f 5/2 core level spectra in MAPbI; and MAPbI3:

Caffeine films.
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Figure A2.3 Normalized Steady-State PL spectra of PVSK films without and with caffeine.
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Figure A2.4 Top-view SEM of the a. Pure PVSK film and b. PVSK-Caffeine film
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Figure A2.5 2D GIWAXS Patterns of the PVSK films: a. without caffeine; b. with caffeine.
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Figure A2.6 a. J-V curves of the PVSK with different concentration of caffeine in reverse scan

direction. b. The statistic distribution of PCEs versus the concentaion of caffeine.
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Figure A2.7 UV-vis spectra of PVSK films with or without caffeine.
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Figure A2.8 Steady-state PCE of the champion device based on MAPbIz and MAPbI;3-Caffeine
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Figure A2.10 a. J-V curves under Reverse Scan of the CsFAMA based devices with or without
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State output efficiencies of CSFAMA based devices c. without caffeine and d. with caffeine.
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Figure A2.11 UPS spectra of PVSK films with or without caffeine.
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Figure A2.13 Evolution of the PCEs measured from the encapsulated perovskite solar cells with or

without caffeine exposed to continuous light (90 £ 5 mW cm 2) under open-circuit condition.
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Figure A2.15 HAADF TEM data on the EDX mapping region of a. Pure PVSK device and b.

PVSK-Caffeine device.
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Figure A2.16 HRTEM data of different Region of the PVSK-caffeine film a. before and b. after

subjected to in-situ heating test.
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Figure A2.17 HRTEM data of different Region of the pure PVSK film a. before and b. after

subjected to in-situ heating test.
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Figure A2.18 Evolution of the photovoltaic parameters of the device thermal stability upon 85°C continuous

annealing in nitrogen box.
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Figure A2.19 a. J-V curves under reverse scan of fresh and aged control or caffeine devices. b. Stabilized

efficiency of aged control or caffeine devices.
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Figure A3.1. (a) CsPbLbBr and (b) CsPbl:Br: CuBr; perovskites TEM images (c) CsPblBr and (d)

CsPbLaBr: CuBr2 perovskites HRTEM images.
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Figure A3.2. Unit cell structures, calculated band gaps and densities of states of (a) CsPblBr and

(b) CsPbLLBr: CuBr: perovskites with orthorhombic phases.
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Figure A3.3. AFM top-view micrographs of (a) CsPblBr and (b) CsPbl2Br:CuBr; (0.2 wt%)

perovskite films.
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Figure A3.4. Photographs of color evolution of CsPbl2Br and CsPbLxBr :CuBr2 (0.2 wt%) films

—

annealed at 260 °C.
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Figure A3.5. The J-V and maximum power point tracking (MPPT) curves of device with CuBr»

(0.2 wt%) doping, aged for more than 120 hours in a nitrogen atmosphere.
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Figure A3.6. Energy-dispersive X-ray spectroscopy (EDS) mapping of CsPblbBr :CuBr2 (0.2 wt%)

perovskite films.
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Figure A3.7. Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) depth profiles of
CsPbl;Br :CuBr: (0.2 wt%) film as-deposited on FTO/TiO. substrates, exposed to 60% humidity

over 24 h with a complete transformation to a yellow phase.
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Figure A3.8. (a) Steady-state PL data and b) time-resolved photoluminescence (TRPL) of

CsPbL:Br and CsPbl;Br:CuBr2 (0.2 wt%) perovskite films.
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Figure A4.1. (A) The calculated surface energy y of plane (100) and (111) for CsPbl>Br slabs
terminated with Cs, BA, OCA and OLA. (B) y100- 111 for CsPbl>Br slabs terminated with Cs, BA,
OCA and OLA.
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Figure A4.2. SEM image of CsPbL:Br film without IPA treatment.
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Figure A4.3 SEM image of CsPblxBr film with OLA treatment. The grain size is as large as 4
microns.
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Figure A4.4. (A)-(B) A demonstration of the Phase-field model: analytical calculations of a 1D
grain growth with a smooth interface and two different driving forces, Ag = L/200 and Ag =
L/20, where Ag = v/u and p is taken to be unity. (A) initial condition (#=0), (B) at a later time
(=L/4). L: total length, n: interface width. (C) Snapshots of a 3D simulated grain growth of
CsPbLBr films without OLA and with OLA treatments.
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Figure A4.5 3D in-situ GIWAXS patterns of CsPbl>Br films. (A) without OLA treatment; (B) with
OLA treatment.
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Figure A4.6 Evolution of 1D GIWAXS patterns of CsPbl,Br films without OLA treatment.
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Figure A4.7 Contact angles of H>O with CsPbI>Br films. (A) without OLA treatment and (B) with
OLA treatment on H>O; and of diiodomethane (DIM) with CsPbI,Br films (C) without OLA
treatment and (D) with OLA treatment.
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Figure A4.8 XRD patterns of CsPblxBr films with and without OLA treatment.

200

50



——Ref
—— With OLA

Intensity (a.u.)

450 500 550 600 650 700
Wavelenth (nm)

Figure A4.9. UV-Vis spectra of CsPbl>Br films with and without OLA treatment.
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Figure A4.10 (A) EQE curves of the devices with or without OLA treatment. (B) Stabilized
maximum power output and the photocurrent density at maximum power point as a function of
time for the best performing perovskite solar cells with or without OLA treatment, as shown in
Figure 4A, recorded under simulated one-sun AM1.5G illumination.
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Figure A4.11 SEM image of FA-based perovskite films (A) without and (B) with OLA treatment.
Grain size statistical distribution of FA-based perovskite films (C) without and (D) with OLA
treatment.
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Figure A4.12. SEM image of MA-based perovskite films (A) without and (B) with OLA treatment.

Grain size statistical distribution of MA-based perovskite films (C) without and (D) with OLA
treatment.
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Figure AS.1 XPS full scan of the reference perovskite film, Pb 4fand I 3d peaks were integrated to
determine the surface composition.
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Figure AS.2 DFT-D3 predicted interaction energies between the molecule and slab complex for the
Vi case.
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Figure AS.3 Top view of theoretical model of perovskite with theobromine surface passivation of
Pbi antisite.
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Figure AS.4 Theoretically Predicted /DOS of the surface Pby antisite defect with or without small
molecule treatment.
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Figure AS.5 Carrier extraction probability extracted from EBIC.

209

Collection Probability



1.1 — Mean
—— Median

ROI1 ROI2 ROI1 ROI2

Figure AS.6 EBIC distribution profiles of perovskite active layers with or without theophylline
treatment.
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Figure AS5.7 Evolution of power conversion efficiency (PCE) of perovskite solar cells with or
without theophylline treatment. The devices were stored under dark with controlled humidity.
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Figure A6.1. Precursor materials and thin films of solution- and vacuum-processed Cs>AgBiBrs.
(a), (d), (e) and (f) are Cs2AgBiBrs, CsBr, AgBr and BiBr3; powders respectively. (b) is Cs2AgBiBrs

solution in DMSO. (¢) and (g) are thin films obtained by spin coating and vacuum deposition
respectively.
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Figure A6.2. Plan view SEM images of the solution-processed films annealed at (a) 240 °C, (b)
260 °C, (c¢) 280 °C and (d) 300 °C and vacuum-processed films annealed at (e) 180 °C, (f) 200 °C,
(g) 220 °C and (h) 240 °C.
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Figure A6.3. AFM images of the optimized (a) vacuum- and (b) solution-processed Cs»AgBiBrs
thin films annealed at 220 °C and 280 °C respectively.
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Figure A6.4. Detailed XPS scans of Ag 3d and Bi 4f core levels of (a) solution- and (b) vacuum-
processed Cs2AgBiBrs thin film.
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Figure A6.5. Deviation of the atomic ratios of the chemical composition of solution- and vacuum-
processed CsxAgBiBrs thin films from ideality.
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Figure A6.6. XRD patterns of freshly prepared and high temperature aged (300 hrs) Cs2AgBiBrs
thin films for (a) solution-processing and (b) vacuum-sublimation.
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Figure A6.7. J-V curve of solution- and vacuum-processed devices based on the optimization of
annealing temperature.
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Figure A7.1. Chemical structures of acceptors (Y5, Y6).
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Figure A7.2 Normalized absorption spectra of polymer donors and non-fullerene acceptors in films
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Figure A7.3 Normalized absorption spectra of non-fullerene acceptors in solution
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Figure A7.5 The statistic distribution of PCEs of PBDB-T/Y'1, PBDB-T/Y1-4F, PBDB-T-F/Y1

and PBDB-T-F/Y1-4F.
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Figure A7.6 Steady state output current density of the device with or without TiOx layer.
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Figure A7.7 Independent certification by Newport Corporation of device based on PBDB-T-F/Y1-

4F with a Quasi-Steady-State PCE of 12.86 %.
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Figure A7.8 EQE spectra of devices based on PBDB-T/YS, PBDB-T/Y6, PBDB-T-F/Y5 and

PBDB-T-F/Y6 under the illumination of an AM 1.5G solar simulator, 100 mW cm 2.
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Figure A7.10 a. Out-of-plane GIWAXS profiles b. In-plane GIWAXS profiles for PBDB-T/Y]1,

PBDB-T/Y1-4F, PBDB-T-F/Y1 and PBDB-T-F/Y 1-4F films.
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Figure A7.11. 2D GIWAXS patterns of A. PBDB-T/Y5, B. PBDB-T/Y6, C. PBDB-T-F/Y5 and D.

PBDB-T-F/Y6 films.
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Figure A7.12 1D GISAXS profiles of PBDB-T/Y'1, PBDB-T/Y1-4F, PBDB-T-F/Y1 and PBDB-T-

F/Y1-4F films along in-plane.
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Figure A7.13. 2D GISAXS patterns of A. PBDB-T/YS5, B. PBDB-T/Y6, C. PBDB-T-F/Y5 and D.

PBDB-T-F/Y6 films.
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Figure A7.14 1D GISAXS profiles of PBDB-T/YS5, PBDB-T/Y6, PBDB-T-F/Y5 and PBDB-T-

F/Y6 films along in-plane.
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Figure A7.15. (a,b) Transient absorption spectra of Y1 and Y 1-4F neat films excited at 800 nm,

respectively.
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Figure A7.16. (a,b) Transient absorption spectra of PBDB-T and PBDB-T-F neat films excited at

500 nm, respectively.
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Figure A7.17. (a-c) Transient absorption spectra of the blends of PBDB-T/Y 1, PBDB-T-F/Y1 and PBDB-
T/Y 1-4F excited at 800 nm, respectively.
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Appendix B

Table B2.1. Cell parameters in the PSCs with or without scanned from forward (FS) and reverse

(RS) directions.
Jsc
Active layer Scan Direction Voc (V) FF (%) PCE (%)
(mA cm?)

RS 1.067 22.08 74.29 17.50
w/o Caffeine

FS 1.051 21.80 64.85 14.85

RS 1.143 22.97 77.13 20.25
W Cafteine

FS 1.132 22.87 70.64 18.29
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Table B2.2 Summarized photovoltaic performance of perovskite devices with or without caffeine.

J FF PCE (%) PCE (%)
. V V sC

Devices o (V) (mA/cm’) (%) (reverse) (forward)
Average 1.1140.02  23.06£0.36 75+l 19.45+:047  18.05£0.33

CsEAMA Best 1.13 23.30 76 19.92 18.38
Average 1.14£0.01  23.54+043 75+l 20.45+0.37  19.26+0.26

+
CSFAMA+Caff g 1.14 23.97 76 20.82 19.52
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Table B4.1 Calculated surface energies based on DFT-D3 method. Ref. refers to the case where
Cs" cations are present in the top layer, whereas they are replaced by BA, OCA and OLA for the
remaining cases.

Type of Treatment 7100 (€V/nm?) 711 (€V/nm?) o (eV)
Ref. 4.33 4.03 +0.29

BA 3.23 4.09 -0.87

OCA 2.14 4.06 -1.92

OLA 1.71 4.01 -1.96
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Table B4.2. The contact angles of H>O and DIM on CsPblbBr with or without OLA treatment and
their respective calculated surface free energies.

i H,0 (°) DIM()  p[mNm]
Ref 46.3 7.4 59.78
OLA 76.1 46.3 38.38
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Table B4.3 Surface formula, number of formula per unit cell and atomic energy term that enter
y€tea for the calculation of surface energies at 7= 0 K. n is the number of formula units per unit

cell.

Slab Formula n 2A « yclean 4 ppbulk _ pslab
100 Cs,Pb,15,41Br 3 —E;

010 Cs,Pb,15,41Br 3 —E;

001 Csp,Pbyl5,Bryiq 3 —Eg,

110 Csy_1Pb,l,, By, 4 Ecs

101 Csy_1Pb,l,, By, 4 Ecs

011 Csp_1Pb,l,Bry, 4 Ecs

111 Cs,_1Pb, 15, Br, 8 Ec
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Table B4.4. Average and the best device data based on CsPblxBr treated with or without various
types of organic ammoniums.

PCE (%)
Voc Jsc FF
Type of Treatment

Y (mA cm?) (%) average best
Ref 1.103+0.02 15.1540.25 0.73+0.05 12.17+1.05 13.13
BA 1.1374+0.01 15.96+0.46 0.75+0.03 13.55+0.28 14.01
OCA 1.166+0.02 16.2940.25 0.76+0.01 14.44+0.38 14.94
OLA 1.23140.01 16.48+0.26 0.80+0.01 16.23+0.28 16.58
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Table B5.1 4H,, formation energy of neutral defects considered in this study. The energies are in
eV.

Defect type AH, (eV) Surface AH, (eV) Bulk
Ipy 3.15 3.89
Pb; 0.57 1.46
Vi 0.51 0.63
Ve 3.20 2.97
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Table B5.2 Photovoltaic parameters of average and the best perovskite solar cells with or without
various types of surface treatments.

PCE (%)
Voc JIsc FF
Type of Treatment

Y (mA cm?) average best
Ref 1.153+0.02 24.19+0.35 0.73£0.07  20.36+0.53 21.02
Theophylline 1.187+0.01 24.74+0.46 0.77+0.02 22.61+0.58 23.48
Caffeine 1.168+0.02 24.63+0.39 0.75%0.01 21.58+0.69 22.32
Theobromine 1.151+0.02 24.36+0.43 0.70+0.03 19.63+0.65 20.24
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Table B5.3 Photovoltaic parameters of best perovskite solar cells under reverse or forward scan
with or without theophylline treatment.

Voc Jsc PCE
Type of Treatment FF
M (mA cm?) (%)
Reverse (Ref) 1.164 24.78 0.729 21.02
Forward (Ref) 1.159 24.19 0.693 19.43
Reverse 1.191 2524 0.781 23.48
(Theophylline) ' ) ' '
Forward
(Theophylline) 1.191 25.23 0.749 22.51
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Table B7.1. Average and the best device data based on PBDB-T/YS, PBDB-T/Y6, PBDB-T-F/Y5

and PBDB-T-F/Y6.

Calculated PCE (%)
Jsc
Active layer Voc (V) Jsc FF (%)
(mA cm-2) average best
(mA cm-2)
PBDB-T/Y5 0.87+0.01 22.7+0.4 22.1 70.2+1.3 13.8£0.2 14.0
PBDB-T/Y6 0.72+0.02 25.0+0.5 244 62.1£1.5 10.8+0.4 11.2
PBDB-T-F/Y5 0.94+0.01 13.2+0.4 12.8 59.6+2.1 7.2+0.3 7.5
PBDB-T-F/Y6 0.84+0.01 24.7+0.1 24.6 76.7+2.1 15.8+0.1 15.9
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Table B7.2 Hole mobilities and electron mobilities of PBDB-T/Y1, PBDB-T/Y1-4F, PBDB-T-

F/Y1 and PBDB-T-F/Y1-4F.

Active layer tn (cm2 V-1 s-1) e (cm2 V-1 s-1)
PBDB-T/Y1 3.21 x 10-3 1.06 x 10-4
PBDB-T/Y1-4F 4.83 x 10-5 1.72 x 10-5
PBDB-T-F/Y1 3.64 x 10-5 1.05 x 10-5
PBDB-T-F/Y 1-4F 5.25 x10-3 3.01 x 10-4
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Table B7.3 1D GISAXS Fitted Parameters of Domain Size

PBDB-T-F/Y1 and PBDB-T-F/Y1-4F.

of PBDB-T/Y1, PBDB-T/Y1-4F,

Active layer Radius (A) Length (A)
PBDB-T/Y1 27.80 1064.65
PBDB-T/Y1-4F 40.95 746.85
PBDB-T-F/Y1 29.35 1368.20
PBDB-T-F/Y1-4F 27.95 1126.80
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