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Abstract

Compared to traditional silicon solar cells, the third generation solar cells have
many advantages, like low cost, simple fabrication and mechanical flexibility. Organic
inorganic perovskites have been one of the most promising light absorbing materials
for the third generation solar cells because of their excellent optoelectronic properties,
like broad spectral absorption, high carrier mobility and long carrier diffusion length.
In a few years, the power conversion efficiency (PCE) of perovskite solar cells (PSC)
has increased from 3.8% to more than 25%, which is close to the efficiency of high

performance silicon solar cells.

In this thesis, 2-dimentional (2D) WS, flakes with defect-free surfaces are
introduced as a template for van der Waals epitaxial growth of mixed perovskite films
by solution process. The mixed perovskite films demonstrate a preferable growth
along (001) direction on WS; surfaces. In addition, the WS,/perovskite heterojunction
forms a cascade energy alignment for efficient charge extraction and reduced
interfacial recombination. This work demonstrates that high-mobility 2D materials
can find important applications in PSCs as well as other perovskite-based
optoelectronic devices.

Then, ammonium hypophosphite is introduced into the FASnl; perovskite precursor
to suppress the oxidation of Sn®* and assist the growth of perovskite grains, leading to
improved perovskite film quality and reduced defect density, and consequently, the
device efficiency and open circuit voltage are substantially improved. More
importantly, the solar cells exhibit pronounced enhancement of long-term stability.
This work provides a facile approach for improving the performance of tin-based
perovskite solar cells by introducing ammonium hypophosphite as an antioxidant

agent in the precursor solution.

Besides, Mixed Sn-Pb perovskites with bandgaps of 1.2 —1.3 eV are ideal
candidates for single-junction solar cells according to the Shockley-Queisser limit.
However, the efficiency and stability of mixed Sn-Pb perovskite solar cells still lag
behind that of its pure Pb counterpart due to the easy oxidation of Sn®*. Here, multiple
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%nctional additive 4-hydrazinobenzoic acid (HBA) is introduced to suppress the
oxidation of Sn**. Meantime, incorporation of HBA can regulate the crystallization
process of perovskite, leading to improved crystallinity and enlarged grain size. In
addition, the HBA-SnF, complex presented at grain boundaries could passivate trap
states and reduce nonradiative recombination. Consequently, the performance of

perovskite solar cells increased from 17.16% to 20.14% along with enhanced stability.
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Chapter 1 Introduction

1.1 Background

After the third industrial revolution, the repaid development of society has resulted
in vast demand for energy. Up to now, the energy supply mainly comes from fossil
fuel, which causes serious environmental problems, like global warming. Worse still,
the severe environmental problem may lead to human health issues, like respiratory
illness or even serious infectious diseases. With the increasing need of clean and
renewable energy, photovoltaic technology, which converts solar energy into
electricity directly, is attracting more and more attention.

Nowadays, silicon-based photovoltaic technology is dominating the world market
because of its high efficiency and long term operation stability. However, the
silicon-based solar cells are high cost and have complicated technological process,
which make them less competitive against other energy sources. As one of the third
generation photovoltaic technologies, organic-inorganic halide perovskites solar cells
(PSCs) have been considered to be one of the most promising technology to replace
silicon due to their rapid development of power conversion efficiency (PCE) from 3.8%
to 25% in the past few yearst*2. Compared with silicon solar cells, perovskite solar
cells have many advantages, like simple solution process, low cost and flexibility.
However, there are still some issues about perovskite solar cells needed to be resolved

before their commercial readiness.

1.2 Objectives of Research

The performance of perovskite solar cells is closely related to the quality of
perovskite films, especially the crystal orientation, which cannot be easily controlled
by solution processes. We introduced 2-dimentional (2D) WS, flakes with defect-free
surfaces as a template for van der Waals epitaxial growth of mixed perovskite films by
solution process. The mixed perovskite films demonstrate a preferable growth along
(001) direction on WS, surfaces. In addition, the WS,/perovskite heterojunction forms

a cascade energy alignment for efficient charge extraction and reduced interfacial
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recombination. The inverted PSCs with WS; interlayers show much higher efficiency

and enhanced stability compared with the control one.

Among the high performance perovskite devices, Pb®" is still necessary to achieve
excellent photovoltaic properties. However, the degradation products of lead-based
perovskites are toxic and will cause serious environmental problems, which hinders
the wide application of this technology. Tin has been considered as less toxic
alternative to lead. However, tin-based perovskites face serious oxidation issue.
Ammonium hypophosphite was introduced into tin-based perovskite precursor to
suppress the oxidation of Sn®* and assist the growth of perovskite grains, leading to
improved perovskite film quality. Consequently, the device efficiency and long term

stability are substantially improved.

Mixed Sn-Pb perovskites with bandgaps of 1.2—1.3 eV are ideal candidates for
single-junction solar cells according to the Shockley-Queisser limit. However, the
efficiency and stability of mixed Sn-Pb perovskite solar cells still lag behind that of its
pure Pb counterpart due to the easy oxidation of Sn?*. Multiple functional additive
HBA was introduced to inhibit the oxidation of Sn**. Meantime, the introduction of
HBA can regulate the crystallization process of perovskite, leading to enhanced
crystallinity. Hence, the performance and long term stability of perovskite solar cells

are greatly enhanced.

1.3 Outline of Thesis

Chapter 1: In this chapter, the backgrounds of perovskite photovoltaic devices are

introduced.

Chapter 2: The development of perovskite for photovoltaic applications is briefly
reviewed. Then, the application of transition metal dichalcogenides (TMDs) to
enhance the performance of perovskite solar cells is discussed. For tin-based
perovskite solar cells, the introduction of reducing agents to suppress the oxidation of
Sn?* and usage of additives to control the perovskite film morphology are presented.
Subsequently, the efforts to enhance the performance of mixed Sn-Pb perovskite solar

cells are briefly discussed.
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as a template for van der Waals epitaxial growth of mixed perovskite films by solution

Chapter 3: 2-dimentional (2D) WS, flakes with defect-free surfaces are introduced

process. The mixed perovskite films demonstrate a preferable growth along (001)
direction on WS, surfaces. In addition, the WS,/perovskite heterojunction forms a
cascade energy alignment for efficient charge extraction and reduced interfacial

recombination.

Chapter 4: Ammonium hypophosphite is introduced into the FASnl; perovskite
precursor to suppress the oxidation of Sn** and assist the growth of perovskite grains,
leading to improved perovskite film quality and reduced defect density, and
consequently, the device efficiency is substantially improved. More importantly, the

solar cells exhibit pronounced enhancement of long-term stability.

Chapter 5: Multiple functional additive 4-hydrazinobenzoic acid (HBA) was
introduced in Mixed Sn-Pb perovskite to suppress the oxidation of Sn**. Meantime,
incorporation of HBA can regulate the crystallization process of perovskite, leading to
improved crystallinity and enlarged grain size. In addition, the HBA-SnF, complex
presented at grain boundaries could passivate trap states and reduce nonradiative

recombination.

Chapter 6: Conclusions and future outlook.
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Chapter 2 Overview of Organic-inorganic

Hybrid Perovskite Solar Cells

2.1 Introduction

Generally, hybrid halide perovskites have a formula of ABX3, where A is organic
(CHsNH3", MA or HC(NH,),", FA) or alkali metal (Cs") cation, B is divalent metal
( Pb, Sn or Ge) and X is halide anion®™. Ideally, the B site cations are octahedrally
coordinated by six X anions while the A cations reside at the eight corners of the cubic
unit as shown in Figure 2.1a"!. To stabilize the 3D perovskite structure, the empirical
Goldschmidt’s tolerance factor (t) must be satisfied, i.e., t=(Ra+Rx)/[2Y2(Re+Rx)],
where Ra, Rg and Ry are the ionic radii of A, B and X ions, respectively™. The
tolerance factor can range from 0.813 to 1.107, otherwise the cubic crystal structure
will be destroyed!®. The tolerance factor of a series of common halide perovskites is

shown in Figure 2.1b.

(a) (b)
‘f ‘J’? FAPbI; FASn
—-f" ! FAPbB FASNBr Tolerance
°A J‘t & ! 9 | l | ‘ | r factor (t)
“ % | 085 0.90 | | 0.95
*B i A'J ‘ ’ " FAPbCl, FASnCl
o X S

Figure 2.1 Cubic structure of 3D perovskite!”). (b) Tolerance factor of a series of
common perovskites®

Excellent photoelectric properties come from this 3D perovskite structure, like long
carrier recombination lifetime, small effective mass for electron and hole, wide

131 Specifically, adopting

absorption of light and high charge mobility
alkylammonium cations in the A position will result in a layered perovskite structure
(Ruddlesden-Popper [RP] phase)i*?. The RP phase layered perovskite has a general

formula of L,An1BnXsne1, Where L is a large cation (such as butyl ammonium
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CsHoNH** [BA']) and n is an integer'®. Another low dimensional perovskites
structure is Dion-Jacobson (DJ) type, which features divalent (2+) interlayer

§[16. 17]

spacer . Analysis of this tolerance factor is helpful to understanding the

structural transition in compositional engineering of perovskite materials.

2.2 Device Design of Perovskite Solar Cells

2.2.1 Device Structure

As shown in Figure 2.2, PSCs are usually prepared in two kinds of structures,
normal structure and inverted structure, which primarily consist of transparent
conductive oxide (TCO), electron transporting layer (ETM) and hole transporting
layer (HTM)[8 2% The normal structure can be further divided into mesoporous and
planar structures while the inverted structure is usually planar®. Generally, when
perovskite is illuminated by sunlight, electron is excited from valence band (VB) to
conduction band (VB) and hole is left in VB. Then, the generated electrons and holes
are transported to each interface and injected to ETM and HTM, respectively. Here,
the CB and VB of perovskite should form good energy level alignment with charge
transporting layer and high carrier mobility of charge transporting layer is required to
ensure efficient charge transport. Finally, electrons and holes are collected by working

and counter electrodes and transported to external circuit.

(b)

Figure 2.2 Schematically illustrated device structures of perovskite solar cells: (a)
normal structure and (b) inverted structure!*®!.

2.2.2 Encapsulation Technology

Encapsulation of photovoltaic devices can prevent the permeation of moist and

oxygen, which is one of the best ways to enhance the operation stability for
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commercialization. The encapsulation materials should have good processability, high
light transmission and good resistance to ultraviolet (UV) degradation and thermal
oxidation. Atomic layer deposition (ALD) has been used to encapsulate perovskite
layers to enhance the humidity stability of PSCs?”\. However, the ALD process is
expensive and increase the complexity of fabrication. Other common encapsulation
methods include roll lamination (the devises are encapsulated by two adhesive
sheets)!?®!, heat sealing (thermal energy is introduced to soften the sealants for
encapsulation)®? and glass substrate sealed by UV-curable epoxy!?®.. Due to the easy
oxidation of Sn®* to Sn** (we will present detailed discussion later), timely
encapsulation of tin-based PSCs is highly needed to avoid oxygen, thereby improving

the long term device stability.

2.3 Transitional Metal Dichalcogenides (TMDs)

Transition metal dichalcogenides (TMDs), with the formula MX,, where M is a
transition metal atom (Mo or W) and X is a chalcogen atom (S or Se), have
outstanding chemical, physical and electronic properties. Generally, the transition
metal layer is sandwiched between two chalcogen layers, and the electronic and
optical properties of TMDs significantly depend on the number of layers. For example,
the in-direct bandgap of the bulk TMDs can change into direct bandgap when
exfoliated to monolayer®. Moreover, TMDs have excellent charge carrier mobility,
making them promising materials as charge transporting materials for perovskite solar

cells.

2.3.1 TMDs for Hole Transporting

MoS; has high carrier mobility and an appropriate energy level and Capasso et al.
used solution-processed MoS, flakes as hole transporting layer (HTL) for normal
structure mesoporous PSCs?”). MoS, flakes were exfoliated in 2-propanol (IPA) and
deposited on perovskite layer by spray coating. The solar cells based on MoS, showed
higher performance as well as much enhanced stability compared with that using
doped spiro-OMeTAD. Kim and co-workers used chemical vapor deposition (CVD)
method to prepare MoS, and WS, layers and used them as HTL for inverted planar

PSCs!?. Atomic force microscopy (AFM) data confirmed the roughness of these
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TMDs layers was low enough to prepare the perovskite layer. The PCE of MoS; based
devices was higher than that based on WS,, which could be ascribed to the higher
work function of MoS, and thus better energy level alignment with perovskite layer.
To get large-area and uniform few layer MoS; sheets as HTL for planer inverted PSCs,
Pal et al. used centrifugal-casting film formation method to form 2D MoS;
nanosheets®. This centrifugal casting method was repeated several times to obtain a
desired thickness of MoS; layers. Moreover, UV ozone (UVO) treatment of the MoS,
layers was introduced to change the type-I band alignment to type-Il band alignment
at the MoS,/perovskite heterojunction (Figure 2.3a). Photoluminescence (PL)
spectroscopy confirmed the efficient hole transfer from perovskite to MoS; layer after
UVO treatment (Figure 2.3b). This work highlights the importance of band alignment
between the charge transporting layer and perovskite. Huang and co-workers used
lithium intercalation reaction method to prepare water-soluble MoS,, WS, and
introduced them as HTLs for planar inverted PSCs®%. Generally, MoS, and WS, have
two commonly observed polymorphs, the natural semiconducting 2H phase and
metallic 1T phase. Postheating of these TMD layers could cause great change of ratio
of 1T phase in these samples. The content of 1T phase in the TMDs greatly influenced
the device performance, which was caused by the different conductivities of these two
different phases. The 1T phase possesses much higher conductivity, which contributes
to better charge carrier extraction ability and thus reduced interfacial recombination.
Moreover, the devices based on MoS;, and WS, showed much enhanced stability
compared to that based on PEDOT:PSS (Figure 2.3c). The hygroscopic nature of
PEDOT:PSS cased poor stability of PEDOT:PSS-based PSCs. To improve the
operating lifetime of PSCs, Kymakis and co-workers introduced MoS, flakes as hole
transport interlayer for inverted planar solar cells®®. These MoS, flakes have suitable
energy level to facilitate hole extraction and serve as efficient electron blocking layer
(Figure 2.3d). The introduction of MoS; interlayer could enhance the carrier
extraction rate at the HTL/perovskite interface, contributing to improved device
performance. Moreover, stability test of the encapsulated devices under continuous
light soaking in ambient condition showed these MoS; interlayer could enhance the
device stability. The MoS;, modified device remained 80% of the original PCE after
568 h, while the control device reached 80% of the initial performance after only
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%out 170 h (Figure 2.3e). The much enhanced device stability could be ascribed to
the blocking role of MoS; flakes at the interface, which prevents the migration of ions
and then inhibits the degradation of perovskite at the interface. To improve the
solubility of MoS;, Dai et al. used a metal-organic compound (phenyl acetylene silver,
PAS) to chemically modify MoS, through coordination bonds®?. Fourier Transform
Infrared Spectrometer (FTIR) spectra confirmed the coordination bond between MoS,
and PAS (Figure 2.3f), and the MoS,-PAS complex had good dispersibility in both
dimethylformamide (DMF) and water. The PAS-modified MoS, was blended with
PEDOT:PSS then used as HTL for planar inverted solar cells. The PCE of the devices
increased from 14.69% to 16.47% because of enhanced hole extraction ability and
transfer efficiency. Moreover, the device stability also improved due to the
hydrophobicity of PAS modified MoSs.
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Figure 2.3 (a) Energy diagram of MoS,/perovskite heterojunction. (b) PL spectra of
perovskite layer on different substrates®®. (c) Stability test of PSCs based on different
HTLsEY. (d) Energy diagram of the planar PSC. (e) Stability test of encapsulated
PSCs under continuous illumination in ambient condition. Inset: actual MPP values of
both devices®Y. (f) FTIR spectra of MoS,, PAS and MoS,-PASE?.

To improve the stability of normal structure mesoporous PSCs, Bonaccorso et al.
introduced liquid exfoliated few layer MoS, flakes as buffer layer between perovskite
and Spiro-OMeTADR3. The few layer MoS, buffer layer had dual function, it could

not only act as barrier to block metal electrode migration but also serve as additional
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energy matching layer to facilitate hole collection. The solar cells with MoS, buffer
layer demonstrated much enhanced stability, remaining 93% of its original PCE under
illumination for 550 h, while the control device retained only about 66% of the initial
PCE (Figure 2.4a). The enhanced device stability comes from the surface passivation
of the MoS, buffer, which blocks the iodine migration of perovskite and the diffusion

of Au metal electrode*,

(@) . ey U B s
148 -
rrrrrrrrrrrr L D a0 100 g S g = von e nenar e
12? ,,,,, R 4 Fo | To, Mapbl, | Y .||7. i r-! ! = B8%
s . sl 2 aos’ A . —]
;10‘ e ) e Mos, é 80 — 1
= 8} ] ] % p 24.6%
§ 6} 3 4] - — | AR S 6o} J
‘S & |l LI iokes S
5 4r 2 o9 © 4o0f 4
2t --@ - Spiro+MoS, | 2 ‘\* w —m— Spiro-OMeTAD (ref)
B Spiro = | S O ~m— MoS, QDs/Spiro-OMeTAD
0 . " " L L ) 7 o i = fRGO/Spiro-OMe TAD 1
0 100 200 300 400 500 600 . = MoS, QDsf-RGO/Spiro-OMeTAD
Time (hours) o ol : : : :
OOOOOOOOOOO 0 250 500 750 1000
Time (h)

Figure 2.4 (a) Stability test of PSCs with and without MoS, buffer layer’®®. (b)
Energy band positions of the materials in the MAPbI; based PSC. (c) Normalized
PCE of the devices under 1 sun illumination!®®,

Later, the same group used MoS, quantum dots (QD)/functionalized reduced
graphene oxide (f-RGO) hybrids as buffer layer to improve the performance and
stability of mesoscopic MAPbIs-based PSCs!®. Because of quantum confinement
effects, the minimum energy of the conduction band (CB) of MoS; raised from -4.3
eV to -2.2 eV, which is above the lowest unoccupied molecular orbital (LUMO) of
MAPDI; to block electron injection in HTL (Figure 2.4b). To achieve full coverage on
the perovskite layer, the MoS, QDs were hybridized with f-RGO flakes. Thus, these
MoS, QDs have dual function of hole-extraction and electron-blocking, which
synergistically suppress the interfacial charge recombination. With these MoS,
QDs/f-RGO interlayer, a maximum PCE over 20% was achieved with improved
stability (Figure 2.4c). In other work, Choi and co-workers incorporated WSe; into
PEDOT:PSS solution to serve as HTL in planar inverted PSCs®®. The introduction of
WSe, in PEDOT:PSS could improve the crystallinity of the perovskite films and
facilitate effective carrier transport as well as reduce interfacial charge recombination.
With the WSe,-mediated PEDOT:PSS as HTL, the PCE increased from 13.8% to
16.3%.
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2.3.2 TMDs for Electron Transporting

The electron transporting layer (ETL) is quite important for high performance PSCs,
which should have suitable energy alignment with the perovskite layer as well as high
carrier mobility. Zhao and co-workers used in situ hydrothermal method to fabricate
2D SnS, nanosheets as ETL for normal structure PSCs®". Benefiting from proper
energy alignment of the device and high electron mobility of 2D SnS, nanosheets, a
best PCE of 13.63% was achieved. In another work, Zhao et al. used self-assembly
stacking deposition method to prepare few-layer SnS; as ETL for PSCs*®l. Compared
with the common hydrothermal method, the self-assembly Langmuir-Blodgett (LB)
deposition method facilitates the formation of compact and smooth SnS, surface,
contributing to higher open-circuit voltage and fill factor of the device. Because of
efficient electron extraction ability of SnS, layer, the champion device got an
efficiency of 20.12% while the control device based on conventional SnO, ETL
showed a PCE of 17.72% (Figure 2.5a). Moreover, X-ray photoelectron
spectroscopy (XPS) spectroscopy showed the binding energies (BEs) of
SnS,/perovskite had an obvious shift compared with that of the bare perovskite and
SnO,/perovskite, indicating the Pb --S interaction within the SnS,/perovskite complex
(Figure 2.5b). It is proposed that this Pb --S interaction could facilitate the formation
of microcosmic mosaic structure at the perovskite/SnS, interface, which contributes to
efficient electron extraction and suppressed interfacial charge recombination.
Moreover, this interaction helps to enhance the device stability. The solar cells based
on SnS, retained 90% of its original efficiency after over 600 h, while the control
device based on SnO, degraded to about 60% of its initial PCE under the same
condition. Yin and co-workers used solution exfoliation method to prepare 2D TiS;
nanosheets as ETL for planar PSCs®®%. Solar cells with TiS; as ETL achieved a PCE
of 17.37%, which could be ascribed to the suitable energy level of the device and high
electron mobility of TiS,. Moreover, the low photocatalytic activity of TiS, could slow
down the decomposition of perovskite under UV light illumination and thus improve
the UV stability of the devices. The solar cells based on TiS, remained 90% of its
original efficiency after illumination under UV light for 50 h, while the device with
TiO, decayed by 44% under the same condition (Figure 2.5c¢). In addition, the

10
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low-temperature processability of this TiS, ETL makes it promising for flexible PSC

application. The flexible PSCs using TiS, ETL got a PCE of 12.75% with excellent
mechanical stability (Figure 2.5d).
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Figure 2.5 (a) J-V curves of the devices based on SnO, (devices A) and SnS; (devices
B). (b) Pb 4f core level of XPS for perovskite, perovskite/SnS, and perovskite/SnO,
films®8. (c) UV light stability of the PSCs based on TiO, and TiS,. (d) J-V curves of
the flexible devices before and after 300 bending cycles with the curvature radius of
12 mmE). (e) Work function of ITO with the modification of TiS, and UVO-treated
TiS, layer®. (f) A proposed bonding between 2D TiS, and perovskite™. (g)
Schematic diagram of energy levels of the devicel*?. (h) Device structure of the solar
cells. (i) Stability test of the device with different transporting layers under continuous
1 sun illuminationt*.

Similarly, Huang et al. used solution-processed 2D TiS; as ETL for planar normal
structure PSCs!!. UV-ozone (UVO) treatment of the 2D TiS, layers was introduced
to tune the work function of this TiS, ETL to get smooth electron transfer from
perovskite to ETL (Figure 2.5e). Based on the UVO-treated 2D TiS, ETL, a best PCE
of 18.97% was achieved with good device stability. Recently, Huang and co-workers
introduced 2D TiS; on top of SnO, and used this double layered structure as ETL for
planar PSCs™*Y. The highest PCE of 21.73% was achieved, which could be attributed

11
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to the passivation of defects of SnO, by this TiS, layer and better energy level
alignment between perovskite and the ETL. Moreover, it is proposed that a possible
bonding between S and Pb could be favorable for the reduction of trap densities at the
perovskite/ETL interface, which contributes to suppressed hysteresis (Figure 2.5f).

Wang and co-workers used graphene oxide (GO) and MoS; as interfacial layer for
planar inverted PSCs to improve the device performance and enhance the device
stability!*?. GO has a higher work function than that of PEDOT:PSS to form a better
energy alignment with the highest occupied molecular orbital (HOMO) of MAPDIs.
Meantime, MoS, could reduce the work function of Ag cathode to match the LUMO
of PCBM (Figure 2.5g). Benefiting from the ingenious energy match of the device
and outstanding optoelectronic properties of the 2D materials, the PCE of the solar
cells increased from 14.15% to 19.14%. Moreover, the MoS; layer could block the
migration of I" ions to suppress the reaction between MAPDbI; and Ag. The suppressed
interfacial reaction could improve the device stability. Bathocuproine (BCP) is
commonly used as interfacial material for planar inverted PSCs to improve the device
performance. However, BCP is not stable against UV light and cannot protect the
perovskite layer. Imran and co-workers used 2D zinc selenide (ZnSe) as interfacial
layer to improve the stability of PSCs™*®. ZnSe has a wide bandgap of 2.8-2.9 eV with
high electron mobility, making it suitable material to replace BCP and the device
structure is shown in Figure 2.5h. The PSCs with ZnSe showed comparable PCE with
that based on BCP, but they demonstrated much improved light soaking stability.
Furthermore, the devices with NiOx and ZnSe showed even better stability, which
comes from the stable nature of inorganic materials (Figure 2.5i). Later, the same
group used 2D SnS as electron collection interlayer to replace BCP and achieved

improved device stability!*!

. Their work shows that interlayer engineering with
suitable 2D materials could be a promising way to improve the performance and

stability of PSCs.

2.4 Tin-based Perovskites

Among a large variety of perovskites and their low dimensional derivatives, Pb** is

still necessary to achieve high device performance. However, the degradation

12
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products of lead-based perovskites can be toxic for the environment, human and other
species, which hinders the widespread application of this technology!*®. Therefore,
less toxic lead-free perovskite light absorbers should be paid more attention. Tin has
been considered as less toxic alternative to lead, which comes from the same group 14
of the periodic table as lead. Moreover, tin-based perovskites have optical bandgaps
ranging from 1.2-1.4 eV*® which is very close to the Shockley-Queisser limit (1.34
eV)l7l,

14 Inorganic 13.24
{ —e— MA-based 12.4
124 —o— FA-based

2014 2015 2016 2017 2018 2019 2020 2021
Year

Figure 2.6 Efficiency progress of tin-based perovskite solar cells.

Tin-based halide perovskites were first introduced as conducting channels for
thin-film filed effect transistors!*® %%, In 2012, tin-based perovskite was used as light
absorber for Schottky solar cells and a champion PCE of 0.9% was achieved™. In
2014, Noel et al. and Hao et al. reported tin-based PSCs almost at the same time, and
promising PCE of around 6% was obtained™ 2. Researchers are encouraged by
these initial results and tin-based PSCs have undergone rapid progress in the last few
years. For example, low dimensional tin-based perovskites solar cells have reached
PCE over 9%, The efficiency progress of tin-based PSCs is shown in Figure 2.6.

Currently, tin-based perovskite solar cells have achieved PCE of more than 13 %.

13



Q THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 2

R

2.5 The Stability of Tin-based Perovskites

2.5.1 Properties of Tin-based Halide Perovskites

Locating in the same IVA group as Pb, Sn is one of the most promising metals to
replace Pb. Tin-based perovskites ASnX3; (A=MA, FA or Cs, X=halide) have attracted
the attention of researchers from all over the world because of their excellent

photoelectric properties.
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Figure 2.7 (a) Electronic absorption spectra of various perovskite compounds!*®. (b)
Crystal structure of four CsSnlz polymorphs and their phase transformation
process’®”

MASnI; has an optical bandgap of 1.2-1.4 eV * which enables it much broader
absorption spectrum compared with its MAPDI; counterpart (Figure 2.7a). Through
fluorescence quenching measurements, Lin ma et al. estimated the carrier diffusion
lengths in the MASnI; film, which can be as long as 500 nm™®. Snith et al. first
reported the entire lead-free MASNI; based perovskite solar cells®. They used
traditional normal structure with mesoporous TiO; as scaffold, achieving a PCE of
6.40%.

Similar to their lead analogue, FA™ is another highly investigated organic cation for
tin-based perovskites. Different from FAPDI;, which has yellow & phase and dark o
phase, FASNI; has only one stable phase up to 200 <657 %8 Besides, due to the
larger cation size of FA, FASnl; has a larger bandgap than that of MASNI; (Figure
2.7a)®. In 2015, Koh et al. used FASnI; as light absorbing layer for photovoltaic
application, taking advantage of light harvesting from the infrared region, high current

density of 24.45 mA cm was achieved!®”.
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intensive investigation® ®2. Typically, CsSnl; has two polymorphs at room

Because of its high thermal stability, all-inorganic lead-free CsSnl; also attracted

temperaturel®!, one is yellow phase (Y) with a 1-D double-chain structure, and the
other is black (B-y) with a 3D perovskite structure. The Y phase can transform to
black cubic phase (B-a) when the former is heated above 425 K under inert
environment® ®. With the temperature going down, the black cubic perovskite phase
(B-a) gradually transforms to black tetragonal phase (B-p) at 426 K and black
orthorhombic phase (B-y) at 351 K. The phase transformation of CsSnls is illustrated
in Figure 2.7b. Moreover, the B-y CsSnl; phase will be oxidized to Cs,Snlg after
exposure to air'®. The black B-y phase CsSnl; has a direct bandgap of ~1.3 eV/!%¢-¢7]

and high charge carrier mobility®?

, making it promising material for solar cell
application. The potential of CsSnl; as an absorber for PSCs was discovered by

Mathews et al., and they got a PCE of 2.029%!%®!,

2.5.2 Defect Physics of Tin-based Perovskites

The outer ns® electron structure of metal ions has great influence on the
optoelectronic properties of perovskite materialst*> ®. Unlike Pb®*, the much active
55 electrons of Sn®* can be easily oxidized to Sn*"in the ambient air and form Sn
vacancy (Vsn) in the crystal lattice of perovskite, resulting in p-type doping of the
material and limited photoexcited carrier diffusion length®®. Based on calculation
methods, Zhao et al. indicated the A-site cation and synthesis condition could greatly
influence the defect states of tin-based perovskites®®. For MASnI; system, it was
found that Vs, was the dominant defect under different synthesis conditions due to the
low formation energy of Vs, resulted from the strong Sn 5s-1 5p antibonding coupling.
Because of the larger ionic size of FA™ and longer Sn-1 bond, the Sn 5s-1 5p
antibonding coupling in FASnI; is weaker than that of MASnI3, resulting in higher
Vs, formation energy in FASnl; (Figure 2.8a,c). Then, the conductivity of FASnl; can
be tuned from p-type to intrinsic by adjusting the synthesis condition while MASnhI;

has high p-type conductivity regardless of the growth conditions.
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Figure 2.8 Formation energies of intrinsic point defects in (a) MASnI; and (c) FASnl;

under a) I-rich/Sn-poor, b) moderate, c) I-poor/Sn-rich condition, respectively®®®. (b)
Calculated formation energy of defects in CsSnls under Sn-rich and Sn-poor condition,
respectively. (d) Calculated transition energy levels of various intrinsic defects,

acceptor and donor defects levels are denoted by red and blue lines, respectively!®,

Xie and co-workers used theoretical calculations to explore the degradation
mechanism of MASnI; at the atomic level™ . The Sn-1 bond plays a crucial role in the
stability of perovskite surface, and H,O will form a H-1 bond while O, will form a
Sn-O bond with the perovskite surface, which will weaken the bond strength of Sn-I
bond. Based on this investigation, more attention should be paid to avoid the
formation of HI molecules and thus to enhance the stability of tin-based perovskites.
For the inorganic CsSnls system, Wei can co-workers depicted the strong Sn 5s-1 5p
antibonding coupling caused low Vs, formation energy, leading to high p-type
conductivity under Sn-poor synthesis conditiont™®. On the other hand, the density of
Vsp can be reduced under Sn-rich synthesis environment (Figure 2.8b,d). Thus, Sn(ll)
halide salt compensations like SnF,, SnCl, and Snl, have been introduced to create
tin-rich condition during growth of tin-based perovskites to reduce the doping

density!",
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Figure 2.9 (a-d) SEM images of MASnIBr; perovskite films with various contents of
SnF,, a-0 mol%, b-20 mol%, c-30 mol%, d-40 mol%. The scale bar is 3 um. (e) J-V
curves of MASNIBr, based solar cells with different amounts of SnF,l™. (f) SEM
image of CsSnl; film with 10 mol% SnCl, and the proposed film structure. (g)
Schematic energy alignment diagram of the devicel’”®. (h) Total energy difference
between two CsSnls polymorphs and solution energies usin? different SnX,. It should
be noted that negative energy means better phase stability!"".

SnF;, was first introduced by In Chung et al. to dope CsSnls, which was later used
as HTM in dye sensitized solar cells’®. Addition of SnF, into CsSnl; can reduce Sn
vacancies was first demonstrated by Kumar et al. in 20148 which makes CsSnl; less
conductive, and high current density of 22 mA cm™ was achieved in PSCs. It is found
that with 20 % excess SnF, doping, the carrier density dropped 2 orders of magnitude
compared with pristine CsSnlz, which makes CsSnl; functional as light absorber in
solar cells. In 2015, the same group investigated the effects of doping SnF; in
FASNI5®. With 20% SnF, doping, the X-ray photoelectron spectroscopy (XPS) data
showed the mere presence of Sn?* but no Sn**, indicating that all tin perovskite
samples were in the unoxidized state. The addition of 20 mol% SnF, leads to the
increase of current density from 2.14 mA cm?to 12.4 mA cm, vielding an overall
PCE of 1.41 % based on a normal mesoporous structure. Because of the short carrier
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diffusion length in tin-based perovskites, they further optimized the thickness of
mesoporous TiO, layer and a best PCE of 2.10% was obtained. In addition, Min and
co-workers showed that SnF, can be beneficial for the crystal growth of tin-based
perovskitel™]. Because of its limited solubility, SnF, will be the first precipitate during
the spin-coating process. These SnF, particles will create more nucleation sites and
thus enable more uniform and compact perovskite film, as shown in Figure 2.9a-d.
With improved perovskite film quality and reduced carrier recombination, the 30 mol%
SnF, added MASNIBTr, based solar cells achieved a best PCE of 3.7% (Figure 2.9e).
Hartmann et al. studied the impact of SnF, on the electronic structure of CsSnBr3, and
they found the addition of 20 mol% SnF, could suppress the oxidation of Sn®* to Sn**
[ Currently, SnF, is incorporated into most tin-based PSCs to get good photoelectric

performancel’82%.

SnCl, is a common used reducing agent®®, and Marshall et al. added it to CsSnls to
improve device performance®. Using high-resolution XPS analysis, they found that
SnCl; was present at the perovskite surface, and this SnCl, layer would function as
desiccant to improve the stability of CsSnl; (Figure 2.9f). They also analyzed the
effect of different tin halide additives (SnCl,, SnBr;, Snl, and SnF;), and a simplified
device architecture (ITO/CsSnls/PCe:BM/BCP/AI) was used to investigate the
influence of various additives doping on the device performance. Devices with SnCl,
as additive got the best PCE of 3.56%. Surprisingly, the device performance improved
greatly after storage under nitrogen. Improved crystallization of the fullerene electron
transport layer (PCBM) by intense light illumination when the devices were subject to
test®) and n-type doping of the fullerene layer by SnCl, contributed to the increase of
the device performance.

Snl, was also used as excess tin source to compensate the missing Sn>*. Hatton et al.
prepared CsSnl; perovskite films with extra Snl, in the precursor solutiont™. Their
devices have an inverted planar structure with Cul as the hole transport layer and
fullerene as the electron transport layer. The devices with excess Snl, exhibited a
champion open voltage (Voc) of ~0.55 eV, which was twice compared with that for a
previous CsSnl; based PSC!®. They also pointed out that the energetics at the

CsSnls/fullerene interface had great effect on the open voltage, and the corresponding
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energy level of the device is given in Figure 2.9g. Increase in the LUMO of the
fullerene ETM contributes to the increase of the device Voc, which is in accordance
with a reduction in the energy lost when electron moving from CsSnl; to the ETM as

previously proved in organic solar cells®*.,

Heo and co-workers studied different SnX, (X=F, CIl, Br) additives on the
photovoltaic performance and device stability of CsSnl; based PSCs, and found SnBr;
was the best additive for CsSnlsl™. X-ray diffraction (XRD) and UV-visible
absorption spectra corroborated that SnBr, was the most effective additive in
stabilizing the B-y CsSnl; phase, and the device with SnBr, showed the highest PCE
of 4.30% with enhanced stability. Density functional theory (DFT) calculations
suggest that SnX; additive tend to occupy interstitial sites to stabilize the B-y CsSnls
phase and SnBr; is the most effective (Figure 2.9h). On the other hand, SnX, shows
the function of surface passivation by forming adsorption layer on CsSnl; slab, and
the adsorption energy of SnBr; is the largest. Thus, SnBr; is the most suitable additive

for CsSnl; to improve both device performance and stability.

2.5.3 Reducing Agents

To restrain the notorious oxidation of Sn** to Sn**, it is necessary to add some
reducing agents during the preparation of tin-based perovskites. Hypophosphorous
acid (HPA) is a common reducing agent and it has been used in lead-based perovskite
to improve the film quality by reducing the oxidized I, back to I" and facilitating an
improved stoichiometry in the perovskite crystal®®.

When it comes to tin-based perovskite, Li et al. used all inorganic CsSnlBr; to
study the effect of HPA®Y. Interestingly, the color of the perovskite precursor changed
from bright yellow to dark brown upon the addition of HPA solution (Figure 2.10a),
indicating the formation of new compounds. Time-resolved photoluminescence
(TRPL) decay measurement showed dramatic increase in charge carrier lifetime with
the addition of HPA, indicating that HPA can reduce tin vacancies in the perovskite
film. Using a normal mesoporous device structure, an average PCE of 3.0% was
achieved. Moreover, the encapsulated all inorganic PSCs showed great long term
stability, retaining 103% of its initial performance after 77 days in ambient
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environment (Figure 2.10b).
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Figure 2.10 (a) UV-vis absorption spectra of CsSnIBr; solution with various amounts
of HPA additives. (b) Stability test of the encapsulated CsSniIBr, solar cells®®. (c)
Illustration of reducing atmosphere during the device fabrication process and the
device structure®!. (d) J-V curves of the CsSnl; based solar cells with best
performance®”. SEM images of FASnI; film () no N,HsCl additive, (f) 2.5 mol%
N,HsCl additive. (g) Stability test of the device with/without NoHsCI®®!,

Hydrazine is another well recognized reducing agent and it has been used during
preparation of copper indium gallium selenide (CIGS) solar cells®®. Song et al.
introduced NyH; vapors (Figure 2.10c) during the crystallization of tin-based
perovskites in the presence of SnF, to suppress the oxidation of Sn®‘%. XPS
measurements indicated that the ratio of Sn**/Sn** reduced significantly when the
perovskite films were prepared under hydrazine vapor along with the presence of
SnF,. With a normal structure using mesoporous TiO; layer as substrate, CsSnl; based
device showed current density as high as 30 mA cm, resulting in an overall PCE of
1.83%. Later on, the same group used excess Snl, as tin compensator in combination
with a reducing hydrazine vapor atmosphere to prepare CsSnl; based solar cells,
achieving PCE up to 4.81% (Figure 2.10d)®"). Moreover, they also studied the relation
between the device performance and the Al/Snl; ratio (A=Cs, FA and MA), and only
FASnI; can function normally close to the stoichiometric ratio. This may reflect the
different formation energy of Sn®* vacancies in different tin-based perovskites, and
the formation energy is the highest in FASNnIs®®. Recently, Kayesh and co-workers
introduced hydrazinium chloride (N2HsCI) in precursor solvent to prepare FASnI;

perovskite film[®. Hydrazine compounds are common reducing agents®® which can
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%ease electrons to suppress the oxidation of Sn®*. XPS measurement confirmed that
the integration of N,HsCl reduced the Sn** content by 20%, which contributed to
suppressed carrier recombination. Moreover, the chloride ions from N,HsClI can lead
to perovskite intermediate, which is beneficial for the growth of larger perovskite
grains (Figure 2.10e-f)®Y. Based on an inverted planar structure, the device with 2.5
mol% N,HsCl achieved a PCE of 5.4%, which was nearly twice higher compared with
the control one. In terms of stability, the PSCs with N,HsCI remained 65% of the
original performance after storing in glovebox for 1000 h, while the plain device
degraded to fail after 850 h (Figure 2.109).
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Figure 2.11 (a) Device performance prepared from different Sn powder stirring
time®. (b) 1-V curves of CsSnl; film prepared from different condition™®. (c) Energy
level diagram of the PSCs based on different perovskite films. (d) Light soaking tests
of the solar cells under a continuous simulated solar irradiation®*.

The purity of Snl, has great impact on the photovoltaic performance of tin-based
PSCs, and it is reported that PSCs based on 99% Snl, cannot work and 99.99% Snl, is
the optimal®®!. Gu et.al used Sn powder to purify low purity Snl, (99%) to reduce the
Sn** content®. Sn powder was added to the perovskite precursor solution and stirred

for about 5 hours to ensure the completion of redox reaction (Figure 2.11a), i.e. Sn**
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+ Sn=2Sn*". Inverted device structure was prepared to evaluate the Sn powder
reduction on the photovoltaic performance, and a best PCE of 6.75% with V¢ of 0.58
V, Jsc of 17.5 mA cm and FF of 66.3% was achieved. Meantime, the unencapsulated
device showed good shelf stability, remaining 90% of its original PCE after storing in
glovebox for 860 h. This work provides a low cost way to purify Snl, source of

inferior purity to get good device performance.

Similar with the character of hydrazine, piperazine was introduced to CsSnl; to
suppress the self-doping effect and improve the device performance®®. Tze-Bin and
co-workers added piperazine to CsSnl; perovskite with Snl, as excess tin sourcel®”],
and they found that diamine group of piperazine can form strong interaction with Snl,
to improve the perovskite film coverage. Meantime, 20% piperazine modified CsSnl;
film showed 4 orders of magnitude resistance than that of the reference film (Figure
2.11b), demonstrating its effectiveness in suppressing self-doping. After optimizing
the thickness of mesoporous TiO, layer, a best PCE of 3.83% was achieved. In
another work, Hoshi et al. added 5-ammonium valeric acid (5-AVAI) to enhance the
oxidation stability of MASNI5®. 5-AVAI has been used in lead-based perovskite to
improve  charge-carrier  lifetime and  device stability by  forming
(5-AVAIMALPb15®®. However, the cubic perovskite structure of MAShI; is
retained regardless of the addition of 5-AVAI, which is different from the situation of
MAPbDI;. The improved oxidation stability may come from the formation of 5-AVAI
layer on the surface of the MASNI3, which stems from the hydrogen bonds formed
between NH®* from 5-AVAI and I ions from the Snlg* octahedral®’. Similarly, Islam
and co-workers used 5-AVAI to enhance the oxidation stability of FASnl3 perovskite
film®®. Proton nuclear magnetic resonance (*H NMR) spectra confirmed the
hydrogen bond interaction between 5-AVAI and iodide from Snlg* octahedral. XPS
measurements found the existence of 5-AVAI on the perovskite film surface, which
would be beneficial for the enhanced air stability of perovskite film. Benefiting from
improved perovskite film crystallinity and reduced charge recombination, the device
performance increased from 3.4% to 7.0% with 3 mol% 5-AVAI. Recently, Yu and
co-workers used 2,2,2-trifluoroethylamine hydrochloride (TFEACI) together with
SnF, to improve the efficiency and stability of FASNI; solar cells®. FTIR and XPS
confirmed the presence of TFEACI in the perovskite film. XRD patterns of the
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perovskite films show obvious shift, which indicates the reduction of the lattice
constant and the incorporation of CIl into the crystal lattice. Moreover, the
incorporation of Cl can tune the work function of these perovskite films to result in
better energy alignment between perovskites and charge transport layer (Figure 2.11c),
which can contribute to improved charge collection and better device performance.
With 5mol% TFECI, the device performance increased from 3.63% to 5.3% with
enhanced light soaking stability (Figure 2.11d).

In a recent work, Jiang et al. introduced reducing additive trihydrazine dihydriodide
(THDH) to the perovskite precursor solution to reduce the background carrier
density™®®. *H-NMR spectrum implied that one N,H4 molecular in THDH would be
evaporated during the preparation of perovskite film and only N,Hsl remained in the
final perovskite film. Because of the reducing nature of hydrazine, the oxidation of
Sn* in the perovskite was significantly suppressed. Moreover, the remaining N,Hsl
can interact with perovskite to improve the morphology of the FASnI; film!®®. Using
99% purity Snl; as tin source, the device with 5% THDH got an efficiency of 8.48%.
Very recently, He et al. introduced 4-fluorobenzohydrazide (FBH) as additive to form
an antioxidant capping layer on the FASnI; perovskite film*®. FTIR spectroscopy
confirmed the coordination effect between the C=0 group from FBH and Sn?*, which
favored the formation of large oriented perovskite grain. Meantime, 'H NMR
spectrum verified the reduction of Sn*" by the hydrazide group in FBH. DFT
calculation indicated increased energy barrier for oxygen absorption after FBH
modification, which could retard the oxidization process of perovskite. At normal
oxygen condition, the device performance increased from 8.34% to 9.47% with FBH
capping layer. Interestingly, at high oxygen condition of 100 parts per million (ppm),
the FBH-based device achieved a PCE of 9.03% while the control device only got a
PCE of 4.14% due to serious oxidation. In another work, Zhang and co-workers
introduced cobaltocene (CoCp) as electron donor to suppress the oxidation of CsSnl;
perovskitel®. XPS scans indicated the oxidation state of cobalt ions changed from
Co?* to Co®*, suggesting electron transfer from CoCp, to CsSnls to build a reduction
environment, which was favorable for the reduction of Sn** oxidation. Based on
mesoporous TiO,/Al,O3/NiO,/carbon structure, the device got a maximum PCE of

3.0%. This work suggests that introducing donor elements could be a promising way
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to suppress Sn“" oxidation.

2.5.4 Additives to Control the Morphology of Tin-based Perovskites

Uniform and pinhole free perovskite film is quite important for good photovoltaic
performance by avoiding the undesirable charge recombination. However, Sn** has
higher Lewis acidity than Pb*, which causes uncontrollable crystallization during the
spin-coating process and leaves pinholes on the perovskite filmP: %2 The
unsatisfactory film quality usually results in poor device performance or even short
circuit due to the direct contact between the two electrodes through pinholes.
Therefore, it is of great importance to develop novel methods to get good quality
tin-based perovskite films for better device performance and long term device

stability.
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Figure 2.12 (a) Schematic of perovskite film formation from Snl, 3DMSO
intermediate. SEM images of MASnI; perovskite film using different solvent, (b)
DMF, Q DMSO. Uncovered TiO, surface was observed when DMF was used as
solvent*®!, (d) PL spectra of FAg7sMAq25Snl; film treated with different antisolvent.
(e) J-V curve of the champion devicel®.

Solvent engineering has been one of the most effective methods to prepare high
quality lead-based perovskite films™*® 1% Briefly, high quality perovskite films are
prepared based on the Lewis acid-base adduct approach. The solvents like DMF,
dimethyl sulfoxide (DMSOQ), n-methyl pyrrolidone (NMP) etc.) to dissolve MAI and
Pbl, are polar aprotic solvents, which can act as Lewis bases. On the other hand, Pbl,
is known to be a Lewis acid. Thus, intermediate phase of MAI Pbl, DMSO will form
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through the weak chemical interaction™®! and the intermediate phase greatly

influences the crystal growth and morphology of perovskite film!°!,

In the case of tin-based perovskite, Hao et al. was the first to study the solvent
effects on the crystallization of the MASnI; perovskite filmsi'®l. A 3DMSO Snl,
intermediate phase enables homogeneous nucleation and an adjustable perovskite
growth rate (Figure 2.12a), helping to obtain uniform and pinhole-free perovskite
films (Figure 2.12b,c). The heterojunction depleted solar cells without hole
transporting layer based on these high quality MASnhI; films were prepared, achieving
photocurrent density up to 21 mA cm™and an overall PCE of 3.15%. It should be
mentioned the devices using DMF as solvent often suffered short circuits. This work
highlights the importance of solvent engineering in achieving improved perovskite

film morphology.
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Figure 2.13 Crystal nucleation of perovskite film treated with (a) room temperature
antisolvent and (b) antisolvent at 65 °C. SEM images of FAq75sMAg25Snl; perovskite
film prepared with (c) room temperature chlorobenzene and (d) 65 °C
chlorobenzene®. SEM images of FASnl; perovskite film prepared (e) without
pyrazine and (f) with pyrazine. (g) Absorption spectra of FASnl; films with and
without pyrazine. The absorption band from 900 to 1100 nm reflects the reduced
defect center. (h) J-V curves of FASnl; based solar cells with and without
pyrazinet*%,

Liu et al. compared different antisolvent treatment on the film quality and electrical
properties of FA7sMAg 25Snl3 perovskite filmB04, Among diethyl ether (DE), toluene
(TL) and chlorobenzene (CB), CB treatment can get dense and uniform perovskite

film with reduced charge carrier recombination (Figure 2.12d). Chlorobenzene has

25



?Qz THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 2

suitable boiling point and miscibility, which is important to get a balance between
nucleation and crystal growth of perovskite film™*. With improved film morphology
and reduced recombination, the device achieved a champion PCE of 9.06% (Figure
2.12e).

Since temperature can affect the miscibility of two solvents, then the temperature of
antisolvent (chlorobenzene, Ph-CI) can influence the process of antisolvent
treatment™?. Liu and co-workers systematically studied the effect of antisolvent
temperature on the formation of tin-based perovskite film to improve the film
coverage™®. It is proposed that hot antisolvent treatment (HAT) can increase the
density of nucleation sites, contributing to high quality perovskite films without
pinholes (Figure 2.13a-d). Furthermore, they used solvent vapor annealing (SVA) to
increase the crystallite size, which was achieved by annealing the perovskite films
under DMSO vapor atmosphere. By carefully controlling the vapor density of DMSO
during SVA treatment, the average grain size increased from 237 nm to 440 nm,
which would reduce trap sites and contribute to better photovoltaic performance.
Combining hot antisolvent treatment and solvent vapor annealing, the best PCE
reached 7.2%. Later, He and co-workers introduced redissolved FASnIl; crystals as
precursor solution to prepare high quality perovskite film®®. They used a
temperature-lowering method to grow bulk FASnI3 crystals and redissolve the FASnI;
crystal to obtain the precursor solution. Meantime, antisolvent free high-vacuum
quick-annealing technique was used to fabricate FASnI; solar cells. Compared with
precursor solution consisting monomer (FAI, Snl,), the redissolved crystal solution
may have more [Snlg]* cages, which will contribute to uniform perovskite films with
large grains and low density of deep defects. The champion device achieved an
overall PCE of 8.9% and a steady-state efficiency of 8.55%. This work provides new

method for the preparation of high quality tin-based perovskite film.

While SnF; is a common additive to inhibit the oxidation of Sn®* and reduce the
conductivity of tin-based perovskite, excess SnF, can induce phase separation on the
surface of the perovskite film, which will be bad for the device performancel™. In this
regard, Lee et al. selected pyrazine as a mediator to form SnF,-pyrazine complex,

which resulted in homogeneous dispersion of SnF, into perovskite film*1%. As a result,
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%ooth and dense FASnI; film without phase separation was obtained (Figure 2.13e,f).
Moreover, the combination of pyrazine and SnF, can reduce trap states, which
contributed to the improved photovoltaic performance (Figure 2.13g)™. With a
normal mesoporous structure, a PCE of 4.8% was obtained with good reproducibility
(Figure 2.13h).
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Figure 2.14 (a) FTIR spectroscopy of PTN-Br and PTN-Br-Snl, complex. (b) Energy
level alignment of PTN-Br modified PSCs™.. (c) 'H NMR spectra of PVA, PVA-Snl,
and PVA-FAI. SEM images of (d) FASnl; perovskite film and (e) PVA modified
FASnI; perovskite film!!®!. (f) Stability test of PSCs under light soaking (AM 1.5 G,
100 mW cm?) 71,

Based on similar principle, Duyen et al. used trienthyphosphine (TEP) as Lewis
base to form intermediate complexes with Sn** species™®. With a small amount of
TEP in the perovskite precursor solution, the perovskite crystallization process was
slowed down and the film morphology was improved. Specifically, solar cells based
on the high quality 2D (BA)2(MA),.1Snylsn.1 perovskite films showed improved
stability, retaining more than 90% of its initial performance after 1 month.
Trimethylamine (TMA) is a soft Lewis base, which can form SnF,-TMA complex
through Lewis acid-base interaction. Based on this principle, Zhu et al. employed
TMA to facilitate homogeneous film formation of FASnl; perovskite!®. Using
two-step deposition method, PCE of 7.09% was obtained in planar inverted PSCs.
Recently, Hu and co-workers used poly(methyl methacrylate) (PMMA) as additive to

improve the film quality and electrical properties of FASnI; perovskite films!*?%. The
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C=0 bond of PMMA can act as electron donor to interact with ammonium group,
which can help to optimize the morphology of perovskite film™*?!. Moreover, the
PMMA modification can reduce trap density of perovskite film, which is beneficial
for the improvement of fill factor and open voltage. With the addition of PMMA, the
photovoltaic performance increased from 2.78% to 3.62% and the device showed

much improved stability.

To improve hole transportation between tin-based perovskite and hole transport
layer, Chen et. al introduced poly[tetraphenylethene3,3’-(((2,2-diphenylethene-1,1-

diyl)bis(4,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-amine) tetraphenylethene]
(PTN-Br) into FASnl; perovskite precursor to form a bulk heterojunction film™®),
FTIR spectroscopy confirmed the interaction between Snl, and PTN-Br to form Lewis
adducts to passivate the trap states of perovskite films (Figure 2.14a). Moreover, the
PTN-Br has suitable energy level to form a gradient band alignment between
perovskite and HTM to enhance hole transportation and collection (Figure 2.14b).
With the introduction of PTN-Br, the device performance increased from 5.12% to
7.94% with much enhanced stability. Later, Chen and co-workers introduced
poly(ethylene-co-vinyl acetate) (EVA) to regulate the crystallization of FASnhI;
perovskite™?. The C=0 group of EVA could form Lewis acid-base complexation
with uncoordinated tin atoms, which can slow down the crystalline rate of FASnl; and
favor orientated growth of perovskite grains. The champion device got a PCE of 7.72%
with prolonger environmental stability. In a recent work, Meng and co-workers used
poly(vinyl alcohol) (PVA) to slow down the crystalline rate of FASnI; perovskite!*),
'H NMR measurements confirmed the formation of hydrogen bonding between PVA
molecule and iodide ions, and these hydrogen bonding interactions could introduce
nucleation sites to slow down the crystal growth of FASnl; film (Figure 2.14c). As a
result, homogeneous and pinhole-free perovskite films were obtained (Figure 2.14d,e).
Moreover, the hydrogen bonding interactions at the grain boundary can suppress the
migration of iodide ions, which will contribute to the enhanced long term stability of
the devices. In addition, the hydroxyl groups in PVA have antioxidant property!*?®,
which can be oxidized to aldehydes or carboxylic acids to retard the oxidation of Sn*.

Based on planar inverted structure, the champion device with PVA got an efficiency of
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8.92%. Interestingly, the encapsulated FASnI;-PVA based devices showed enhanced
operational stability, almost no decay in PCE was observed after 400 h under one sun
illumination in the ambient air. The much improved operational stability could be
ascribed to the suppressed iodide ions diffusion and the antioxidant property of PVA.

Islam and co-workers used post deposition vapor annealing (PDVA) process with
MACI to prepare large area tin-based PSCs™?*. Compared with normal annealing
method, this MACI vapor method can help to fabricate uniform and pinhole-free
FASnI; films with increased crystallinity and decreased defects with an aperture area
over 1.02 cm? With PDVA process, the efficiency of 1.02 cm? solar cells increased
from 4.18% to 6.33%. In another work, Hayase et al. used Lewis base ethane-1,
2-diamine (edamine, DAE) post treatment to suppress the charge carrier
recombination of tin-based perovskite™®!. FTIR spectroscopy confirmed the presence
of edamine on the perovskite surface. Amine group of edamine molecules could
stabilize the undercoordinated Sn to reduce charge recombination. XPS measurements
indicated that iodide deficiency rather than tin oxidation is the main reason for the
large Voc loss. With 0.05 mM edamine post treatment, the champion device achieved
an efficiency of 10.18%, which used to be one of the highest reported efficiency for
tin-based solar cells. More recently, Wu and co-workers used n-conjugated Lewis
based molecules to control the crystallization rate of FASnl; perovskite™". They
synthesized three m-conjugated Lewis based molecules and it was found that the

electron-donating triphenylamine unit on 2-cyano-3-[5-[4-(diphenylamino)phenyl1]-2

-thienyl]-propenoic acid (CDTA) could result in more stable Lewis adduct during the
nucleation process. The FTIR spectroscopy confirmed the coordinated reaction
between such molecules and Sn** components. Meantime, this coordination could
slow down the crystallization rate of FASnI; perovskite and lead to pinhole-free and
homogeneous perovskite films. Moreover, the hydrophobicity of aromatic ring on the
CDTA molecule could prevent the permeation of moisture into the perovskite lattice
thus slow down the oxidation process of FASnl; films. Based on planar inverted
structure, the CDTA treated PSCs got enhanced PCE of 10.17% and certified PCE of
9.39%. The encapsulated PSCs also demonstrated good light soaking stability,
maintaining over 90% of its original PCE after 1000 h (Figure 2.14f).
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2.6 Sn-Pb Mixed Perovskite Solar Cells

The bandgap of mixed Sn-Pb perovskites can be tuned from 1.2 eV to 1.6 eV,
making them ideal light absorbers approaching the Schockley-Queisser limit and

sl1%6-1281 - Meantime, the

low-bandgap perovskite subcells for tandem device
incorporation of lead can simultaneously enhance the device performance and stability.
The development of pure tin-based PSCs provides useful insights for preparing Sn-Pb

mixed solar cells.

Similar with tin-based perovskite, binary Sn-Pb mixed perovskites also face the
problem of easy oxidation of Sn**, which causes high trap densities and short carrier
lifetime. In 2014, Zuo et al. prepared mixed MAPb;.,SnI(Cl) perovskites from MAI,
PbCl; and SnCl,, and for the first time PCE above 10% was achieved™®. Xu and
co-workers introduced a common antioxidant ascorbic acid (AA) in perovskite

sl Besides from

precursor to enhance the performance of mixed Sn-Pb PSC
retarding the oxidation of Sn**, the counter anion of AA can function as Lewis base to
interact with Snl,/Pbl; to form intermediate and influence the crystallization Kinetics
of perovskite. With AA as additive, MAgsFAysPbosSnosls based solar cells got an

efficiency of 14.01% with improved stability.

Zhu et al. introduced DMSO as capping agent to control the crystallization of
Sn-Pb perovskite!*%. It is found that high affinity of DMSO with metal iodides can
slow down the reaction rate between MAI and Snl,/Pbl,, leading to larger perovskite
grains and enhanced crystallinity. Moreover, energy dispersive spectroscopy (EDS)
analysis indicated that DMSO could ameliorate the inhomogeneous distribution of Sn
in the alloyed perovskite, which can improve the film quality and thus device
performance. Based on planer inverted structure, the best device got PCE of 15.2%.
Zong and co-workers used Lewis-adduct SnF, 3FACI as additive to realize the
uniform and continuous distribution of SnF, along the grain boundaries of Sn-Pb
perovskite, which enhanced the physical properties of these alloyed ideal bandgap
halide perovskites (IBHPs)™Y. FTIR spectrum confirmed the Lewis base-acid
interaction between SnF, and FACI. This coordination is not stable at high
temperature, which will realize the uniform distribution of SnF, along the grain

boundaries in the alloyed perovskite after annealing with the release of FACI
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byproduct (Figure 2.15a). The tin-rich grain boundary can reduce Sn vacancy
concentration and improve the chemical stability of the mixed Sn-Pb perovskite films.

The device performance increased from 12.9% to 15.8% with enhanced

environmental stability.
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Figure 2.15 (a) Schematic illustration of microstructural evolution in IBHP films with
the incorporation of the Lewis-adduct SnF,3FACI in the precursor™Y. (b)
Steady-state PL spectra of the MAPb1,Snyls films™2. (c) HRTEM image of the grain
boundary region of perovskite prepared with GuaSCN as additivel**. (d) Illustration
of the formation of Sn vacancies in perovskite and the suppression of Sn vacancy
formation because of the absence of Sn***3 (e) External quantum efficiency (EQE)
spectra of PSCs with 0.03mol% Cd?" ions in different perovskite thickness™®. ()
Dark J-V curves of Sn-Pb PSCs with different Br concentrations!**®].

Recently, Zhu et al. used galvanic displacement reaction (GDR) to prepare Sn-Pb
binary PSCs!**3. Briefly, they added Sn metal powders to pure Pb perovskite
precursor to get Sn-Pb binary precursor solutions by the equation: Sn(s) + Pb**---Sn?*
+ Pb(s). XRD patterns and PL spectroscopy confirmed the formation of MAPb;.,Snyl3
precursor solutions (Figure 2.15b), and XPS analysis can be used to find the x value.
Using inverted device structure, MAPDbg 4Snogls based solar cells got an efficiency of
15.76%. Using the same method, (FAPbg SNng.4l3)0.s5(MAPbgsSNno 4Br3)o.15 based solar
cells got PCE of 18.21%. This method can be used to prepare other mixed metal PSCs.
Similarly, Lin and co-workers used metallic Sn powders to prepare narrow bandgap

2+

Sn-Pb perovskites™*. Based on the comproportionation reaction Sn+Sn**---2Sn*",

the metallic Sn powder can suppress the oxidation of Sn** (Figure 2.15d). With the
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introduction of Sn power, the device performance increased from 18.3% to 21.1%,
which is one of the highest efficiency among Sn-Pb mixed PSCs. Using similar in-situ
reduction method by excess Sn powder, Jiang and co-workers got PCE of 20.7%
based on (FASNI3)es(MAPbIs3)g4 perovskite film!**7,

Similar with previous work, Kapil et al. added Cs to the lattice of
(FASNI3)o5(MAPDI3)o 5 perovskite to reduce the lattice strain and improve the intrinsic
stability of perovskites™®. XRD patterns showed gradual shift to higher values,
indicating the incorporation of Cs” into the lattice and shrink of the lattice. Derived
from the Williamson-Hall plot, it was found the strain first relaxed with small amount
addition of Cs* then increased with large amount of Cs* incorporation. As confirmed
by thermally stimulated current (TSC) measurements, both shallow and deep level
trap densities dropped with proper amount of Cs* addition. Moreover, FTO glasses
were used instead of frequently used ITO because FTO has higher transmission in the
infrared region, which can help to get higher current density at wavelengths longer
than 800 nm. With the incorporation of 2.5% Cs*, the best PCE of 20.4% was
achieved with high current density of 33.14 mA cm™. Tong and co-workers used
guanidinium thiocyanate (GuaSCN) to improve the optoelectronic properties of Sn-Pb
mixed perovskites™!. High resolution transmission electron microscope (HRTEM)
image confirmed that a small amount of GuaSCN additive could form a 2D structure
at grain boundaries (GBs) (Figure 2.15c), which would passivate GBs and suppress
oxidation of Sn®*. Moreover, the GuaSCN additive could enhance the carrier lifetime
and thus carrier diffusion lengths, which would result in more light absorption in the
infrared radiation (IR) region and collect more photocarriers. 7% GuaSCN modified
Sn-Pb mixed PSCs got a PCE of 20.5% with much improved current density. It should
be noted that the enhancement of device performance comes from the combination
function of GuaSCN other than the single effect of Gua® or SCN". Recently, Yang and
co-workers added cadmium (Cd*") ions into Sn-Pb perovskite precursor to improve
the performance of narrow bandgap solar cells***). It is proposed that a very small
amount of Cd*" ions can fill the Sn vacancies to reduce the background carrier
concentration, which results in enhanced minority carrier mobility and longer carrier
diffusion length. The improved properties of Sn-Pb mixed perovskites enabled

increased thickness of narrow bandgap perovskite to ensure light absorption in the
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near infrared wavelength region (Figure 2.15e). With the introduction of 0.03 mol%
Cd?*, FA¢sMA45CS0.05PbosSnosls based solar cells got an efficiency of 20.3% with
negligible hysteresis. To prepare efficient low bandgap Sn-Pb mixed perovskite solar
cells, Zhao et al. added ClI into the perovskite layer™®). It was found that the
incorporation of 2.5% CI into the perovskite can enlarge the grain size, increase
carrier mobility and suppress charge recombination. Based on planer inverted
structure, the champion device got PCE of 18.4%. Later, this group used Br to
passivate GB and improve the performance of mixed Sn-Pb solar cells™®!.
Conductive atomic force microscopy (c-AFM) indicated that dark saturation current
was mainly caused by leakage current from GBs and Br incorporation can passivate
GBs to reduce carrier recombination (Figure 2.15f). With the incorporation of 6% Br,
the champion device got PCE of 19.03% with good reproducibility. Their work
suggests that halide mixing in iodide-based perovskites could be a useful way to

improve the performance of mixed Sn-Pb PSCs.
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Chapter 3 Enhanced performance of planar
perovskite solar cells induced by Van der
Waals epitaxial growth of mixed perovskite
films on WS, flakes

3.1 Introduction

Organic-inorganic metal halide perovskites have received great attention for many
advantages, including long carrier diffusion length, high charge mobility, high light

[1.140. 1411 pargyskite solar cells

absorption coefficient and solution processability
(PSCs) that can convert sunlight directly into electricity have achieved certified power
conversion efficiency (PCE) of more than 25%, which is comparable with
silicon-based photovoltaic technologies®. Compositional engineering with mixed
cations and metal halides is an effective approach to optimizing the optoelectronic
properties as well as the stability of perovskites. For example, PSCs based on
mixed-cation formamidinium (FA)/methylammonium (MA) perovskites demonstrate
not only higher efficiency but also improved long term stability in comparison with
single cation counterparts™?#!. Moreover, the film quality of perovskites such as the
grain size and orientation can greatly influence their optoelectronic properties, like
carrier lifetime and mobility, and hence the performance of resultant PSCs™#247],
Some strategies have been developed to control the growth of perovskite films. For
example, Cho et al. reported that MAPbI; perovskite films with preferred orientation
could be obtained by using thermal-gradient-assisted directional crystallization
method**®. Xu et al. reported a preferable growth of mixed MA/FA perovskites along
(001) direction by finely tuning the perovskite compositions™!. However, it is still

challenging to obtain high quality and oriented perovskite films by a solution process.

Epitaxial growth has been demonstrated to be an effective technique for preparing
high-quality semiconductor films with preferred orientations™® ***!. Epitaxial growth

of perovskite films have been studied by several groups. For example, Wang et al.
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used vapor-phase epitaxy to prepare CsPbBr; single-crystal thin films on zinc blende
(ZnSe) crystals™™®?. Benefiting from the good lattice match, orthorhombic CsPbBr;
films with the (110) plane parallel to ZnSe (100) substrate were obtained. Shi et al.
reported high-temperature vapor phase epitaxy growth of inorganic CsPbBr; and
CsSnBr; perovskites on NaCl substrates under a controllable deposition rate!™®!. The
as-grown epitaxial perovskite films could have a lateral dimension up to centimeters
along with superior carrier dynamics. However, for PSCs, the epitaxial growth of
perovskite films should be realized on semiconductor interfacial layers.

2D materials like graphene and transition metal dichalcogenides (TMD) have
exceptional optoelectronic properties, which have been used as interfacial layers in

PSCs to enhance the device performance and stability™*!

. For example, the
modification of SnO, with naphthalene diimidegraphene can enhance charge
extraction and transport, resulting in improved PCE™. In this chapter, we use
liquid-phase-exfoliated WS, flakes as an interfacial layer in mixed PSCs. WS; has a
high carrier mobility and a suitable band structure, making it an excellent charge
transport material in PSCsP® °1 \We find that the mixed perovskite
Csp.0sMAG.0sFA09PbI, 7Brg 3 can have van der Waals (vdWs) epitaxial growth along
(001) on the WS, flakes by spin coating!*®” **® which leads to perovskite films with
high crystallinity and low defect density. Meanwhile, the WS; interlayer can enhance
charge extraction at the interface and suppress interfacial charge recombination in
PSCs. Inverted PSCs with a WS; interlayer in a planar device structure show PCEs up

to 21.1% and excellent long-term stability.

3.2 Devices Fabrication and Characterization

Materials: Formdmidinium iodide (FAI) and methylammonium bromide (MABr)
were purchased from Dyesol. Lead iodide (Pbl,) and lead bromide (PbBr;) were
purchased from Alpha Aesar. N-methyl-2-pyrrolidone (NMP), diethyl ether,
poly[bis(4-phenyl)(2,4,6-trimethylpheny)amine] (PTAA) and bathocuproine (BCP)
were purchased from Sigma-Aldrich. Phenyl-C71-butyric acid methyl ester (PCBM)
was purchased from Nano-C.

Synthesis of WS, flakes: 50 mg of WS, powder in 10 mL isopropanol was sonicated
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for 6 h. Then the dispersion was centrifuged for 10 min at 2000 rpm to separate the

unexfoliated material and the upper solution was collected for further characterization.

Device fabrication: ITO glass substrates were ultrasonically cleaned by deionized
water, acetone and isopropanol for 15 min sequentially. PTAA (2 mg mL™ in toluene)
was spin-coated on the ITO substrates at 4000 rpm for 30s then annealed at 100 <C for
10 min. For the WS, modification, the WS, flakes in isopropanol were spin-coated on
the PTAA film for several times to achieve the desired coverage. 1.4 M
Csp.0sMAg.0sFA0oPbl, 7Bro s  perovskite precursor solution with molar ratio of
Csl:MABTr:FAI=0.05:0.05:0.9 and the molar ratio of
(FAI+MABr+Csl):(PbBr,+Pbl;)=1lin  mixed DMF/NMP (6:1) solution was
spin-coated on the substrates at 4000 rpm for 30s and diethyl ether was dripped at 10"
S. The as-spun perovskite films were annealed at 75 <C for 1 min and 100<C for 60
min. Afterwards, PCBM (20 mg mL™ in chlorobenzene) was spin-coated at 3000 rpm
for 30s to act as electron transport layer. BCP (0.5 mg mL™ in methanol) was
spin-coated on the PCBM at 5000 rpm for 30s. The devices were completed by
thermal evaporation of Ag on the BCP layer.

Characterizations: Photocurrent density-voltage (J-V) curves were measured by a
Keithley 2400 source meter with a solar simulator under AM 1.5 G one sun
illumination (Newport 66902). The external quantum efficiency (EQE) of the PSCs
was measured using an EQE system under DC mode. SEM images were obtained by a
field-emission SEM (Hitachi S-4300). The TEM images were collected using JEOL
JEM 2100F operated at 200 kV. XRD measurements were collected using Cu Ka
radiation (Rigaku, Smartlab). XPS were measured on Thermo Fisher Scientific XPS

system.

3.3 Results and Discussion

WS, flakes were prepared by liquid phase exfoliation of bulk WS, powders using
ultrasound™®® % Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) were used to analyze the microstructure and morphology of the
WS, flakes. Figure 3.1a shows a typical TEM image of WS, flakes. The
high-resolution TEM (HRTEM) image of a WS, flake is shown in Figure 3.1b. The
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clear lattice fringes indicate the high quality of the WS, flake, and the inset of Figure
3.1b shows the selected-area electron diffraction (SAED) pattern of the WS, flake,
corresponding to hexagonal crystal structure. From the AFM image of the WS, flakes
and corresponding thickness statistics in Figure 3.1c, the thickness of the WS, flakes
is in the 2-5 nm range, confirming the few layer WS, flakes. The WS, flakes were
observed under scanning electron microscopy (SEM) and the sizes of the flakes can
be decided from the SEM image shown in Figure 3.1d. The statistics of the flake sizes
are shown in Figure 3.1le. The average lateral size is estimated to be ~700nm. The
optical absorption spectrum of the WS, flakes dispersed in isopropanol is shown in
the inset of Figure 3.1f. A Tauc plot is derived from the absorption spectrum and an

optical bandgap of WS, flakes is estimated to be ~1.76 eV.
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Figure 3.1 TEM image of WS; flakes. (b) HRTEM image of WS, flake and the inset
shows the SAED pattern of WS, flake. (c) Film thickness statistics obtained from
AFM images of WS, flakes. Inset: AFM image of one flake. (d) SEM image of WS,
flakes. (e) Size distribution statistics of WS, flakes obtained from SEM images. (f)
Optical absorption spectrum of WS, flakes (inset) and calculated optical bandgap of
WS, flakes from the Tauc plot.
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PSCs  were  fabricated  with a planar  p-i-n structure  of
ITO/PTAA/WS,/perovskite/PCBM/BCP/Ag as shown in Figure 3.2a, where WS acts
as an interlay to enhance the device performance. The WS, layer was prepared by spin
coating the WS solution on a PTAA layer with a spin coating speed of 2000 rpm. The
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distribution of the WS, flakes on the PTAA surface can be observed under SEM as
shown in Figure 3.1d. Then a triple cation halide perovskite

(Cso.0sMAg 05FA9Pbl, 7Bro3) was coated on the WS,/PTAA surface as the active
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Figure 3.2 (a) Device structure of planar inverted perovskite solar cells. (b) Energy
band alignment of the solar cells with WS; interlayer. (c) The cut-off energy and (d)
Fermi edge of UPS spectra for plain PTAA and WS, modified PTAA.

Ultraviolet photoelectron spectroscopy (UPS) was used to investigate the band
structure of the PTAA films before and after WS, modification. As shown in Figure
3.2c,d, the valence band (VB) level of WS, flakes could be obtained from the
equation of Eyg=21.22- (Ecytoff —Er.edge), Which is calculated to be -5.12 eV. Then, the

conduction band (CB) level of WS, is estimated to be -3.36 eV, according to the
equation of Ecg=Evg+Eg. The corresponding energy diagram of the device is shown in
Figure 3.2b% %2 The crystal structures of WS, and perovskite are depicted in
Figure 3.3a. Notably, the plane distance of (110) in WS, crystal is half of that of the
(020) plane of the perovskite layer, which may enable WS, flake as an epitaxial
growth template for perovskite grains (Figure 3.3b). WS, has a dangling bond-free
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surface that can lead to Van der Waals (vdWs) epitaxial growth of a perovskite film
m[163. 164]

even with lattice or symmetry mismatch between the

dg10=2 X dgp,=0.62 nm

(a)

- W

Figure 3.3 (a) Side view of crystal structure and lattice constant of perovskite and
WS,. (b) Schematic illustration of the epitaxial growth of perovskite film on the WS,
substrate.

Perovskite films prepared on WS, or PTAA surfaces by spin coating were first
characterized by X-ray diffraction (XRD) measurements. Figure 3.4a shows the XRD
patterns of perovskite films on PTAA or WS,/PTAA substrates. All the diffraction
peaks could be assigned to cubic perovskite phase and no yellow phase was observed,
confirming the phase purity of the perovskite films. Since the film thickness and the
characterization conditions are identical, the much increased XRD peak intensity for
the film with WS, indicates enhanced perovskite crystallization induced by WS,
flakes. Moreover, the peak intensity ratio of (001)/(111) increases significantly after
the introduction of WS,, indicating the preferable growth along (001) plane of the
mixed perovskite after WS, modification.

To confirm the vdWs epitaxial growth of the mixed perovskite on WS;, the
microstructure of perovskite/WS, heterojunction and perovskite film were then
characterized under TEM. The TEM sample was prepared by directly spin-coating the
perovskite film on the WS, flakes loaded on TEM grid™®. Figure 3.4b shows the
TEM image of perovskite/WS, heterojunction and the WS, flake was partially
covered by a perovskite grain. As shown in Figure 3.4c, the HRTEM image with clear
lattice planes indicates high crystalline of perovskite. The plane with lattice distance
of 0.31 nm is indexed to (020) plane of the perovskite™®® '*”). The inset of Figure 3.4c
shows the SAED pattern of the perovskite, which is consistent with cubic structure of

the mixed perovskite. It is notable that the lattice distance of the (020) plane for the

39



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3

mixed perovskite is 0.31 nm™® which is twice of the plane distance of (110) of

WS, This lattice match would favor the epitaxial growth of the mixed perovskite

on WS, flakes.
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Figure 3.4 (a) XRD patterns of perovskite films fabricated on PTAA and WS,
modified PTAA film. (b) TEM image of perovskite/WS; heterojunction. (c) HRTEM
image of perovskite and the inset shows the SAED pattern of perovskite. (d) The
SAED pattern of perovskite/WS, heterojunction. The blue diffraction spot is for WS,
and the red one is for perovskite.

As shown in Figure 3.4d, the SAED pattern of perovskite/WS, heterojunction
shows two sets of diffraction patterns, which can be assigned to the bottom WS (blue)
and the top perovskite (red), respectively. The correlation between the two sets of

crystal lattices clearly indicates the epitaxial growth of perovskite on the WS, flake.

Moreover, the energy dispersive spectroscopy (EDS) mapping clearly demonstrates
the loading of Pb, I, Br elements on the WS, flakes (Figure 3.5). Apart from the
lattice match between perovskite (020) and WS, (110), the dangling-bond-free surface
of WS, flake is also favorable for the vdWs epitaxial growth of the perovskite
layer™™ 1% ' Jeading to the preferable growth of mixed perovskite with (001) plane

40



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3

N6

parallel to the WS, substrate.

100 nm

Figure 3.5 TEM image of WS,/perovskite heterojunction and corresponding EDS
mapping of the region.

SEM images of perovskite films deposited on plain PTAA and WS,/PTAA are
shown in Figure 3.6a,b. It can be found that the introduction of WS, flakes can
increase the average grain size of perovskite films, which is favorable for the
performance of PSCs.
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Figure 3.6 SEM images of perovskite films deposited on (a) PTAA and (b)
WS,/PTAA films. (c) Stead state PL spectra of perovskite films prepared on different
substrates. (d) Dark 1-V curves of hole-only device with and without WS, layer, the
device structure is ITO/PTAA(or PTAA/WS,)/perovskite/Au. XPS spectra of (e) Pb 4f
and (f) I 3d for perovskite and perovskite/WS, mixed films.

To get more information of WS, modification on perovskite film quality and charge
transfer process, steady state photoluminescence (PL) was measured. As shown in
Figure 3.6¢, the PL intensity of the perovskite film deposited on WS,/PTAA is much
lower than that of a perovskite film on PTAA, indicating enhanced charge transfer
induced by WS, flakes. Because of the well-aligned energy level and high charge

mobility of WS, flakes, the fast charge transfer can suppress interfacial charge
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To evaluate the charge transport properties of the devices, dark current density was
measure and shown in Figure 3.7. It can be found that the solar cells with WS,
interlayer has a lower leakage current than that of the control one, indicating the
decreased carrier generation rate and background carrier density in the device.
Because the carrier generation rate in a solar cell is related to the trap density in the
devicel™®® 1™ 172 "this result indicates that the introduction of WS, can decrease the

trap density in the devices.
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Figure 3.7 Dark current of the PSCs based on different HTLs.

To quantitatively evaluate the defect density of perovskite films, hole-only devices
with a structure of ITO/PTAA/WS,/perovskite/Au were prepared to measure dark |-V
curves. As shown in Figure 3.6d, the I-V curves can be divided into three regions. At
low bias voltages, current and bias voltage has a linear relation, corresponding to the
Ohmic region. At intermediate bias region, the current density quickly increases after
the kink point, which is called trap-filled limited region. The third region at high bias
is space-charge-limited region*”®\. The trap density can be calculated by trap-filled
limit voltage (V1rL) with the equation of n=(2egoVrL)/(q L2), where ¢ is the dielectric
constants of perovskite, € Is the vacuum permittivity, q is the elementary charge and
L is the thickness of perovskite layer™. Ve could be obtained by fitting the 1-V

curves. The defect densities of the perovskite films are estimated to be 1.94 <10
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cm™® and  0.68X 10" cm™ for the devices without and with the WS, interlayer,
respectively. The much lower defect density induced by WS, could be attributed to the

enhanced crystallinity of the perovskite film, which is favorable for the device

performance.

X-ray photoelectron spectroscopy (XPS) was measured to unravel the interaction
between the WS, flakes and perovskite layer. Figure 3.6e,f show the XPS of Pb 4f and
I 3d of perovskite and WS,/perovskite mixture, and the binding energies (BEs) of
perovskite/WS; mixture shows an obvious shift compared with that of the plain
perovskite. The clear shift of BEs indicates the modified chemical environmental of
[Pbls]* octahedral and the strong S --4 interaction™® 1"l This interaction should exist
at the perovskite/WS, interface, which could facilitate the growth of perovskite with
larger grain size and favor rapid charge extraction to suppress interfacial charge

recombination.
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Figure 3.8 (a) PCE statistics of PSCs based PTAA and WS, modified PTAA. (b) J-V
curves and (c) EQE of the champion devices with different HTLs. (d) Stabilized PCE
and photocurrent density of the champion WS, based device.

Planar inverted PSCs with or without WS, flakes were prepared to investigate the
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zfect of the WS, interlayer on their photovoltaic performance. Figure 3.8a shows
statistic photovoltaic performance, which demonstrates the good reproducibility of the
data. J-V curves of the best-performing devices are shown in Figure 3.8b. The control
device has a PCE of 18.5% with an open voltage (Voc) of 1.08 V, a current density
(Jsc) of 21.88 mA cm™ and a fill factor (FF) of 78.4% under forward scan. With the
introduction of a WS; interlayer, the champion device exhibits a PCE of 21.1% with a
Voc of 1.15V, a Jsc of 22.75 mA cm™ and a FF of 80.6%. The integrated Jsc values
from the external quantum efficiency (EQE) data are close to those from J-V curves as

shown in Figure 3.8c.
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Figure 3.9 Stability test of (a) Voc, (b) Jsc, (¢) FF and (d) PCE of the PSCs based on
different HTLs (without encapsulation, store in ambient air with ~30% humidity).

The enhanced device performance could be attributed to the improved quality of
the perovskite film and efficient charge extraction induced by the WS, interlayer.
Notably, the much improved FF could be ascribed to the decreased interfacial series
resistance and reduced charge loss after the WS, modification®®® *'". Moreover, the
WS, modified device showed a stabilized PCE of 20.5% as shown in Figure 3.8d,

which was in agreement with the J-V scans.
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was recorded and shown in Figure 3.9. The WS, modified device remains more than

Long term stability of the unencapsulated devices stored in the ambient condition

90% of its initial PCE after 1 month, while the control device retains only about 70%
of its initial PCE. The enhanced device stability could be ascribed to the enhanced

perovskite film quality and reduced interface defects!*’®!.

3.4 Summary

In summary, WS, flakes were introduced as growth templates for the vdWs
epitaxial growth of mixed perovskite films, leading to perovskite grains with enlarged
sizes and a preferred orientation along (001). Moreover, perfect perovskite/WS,
interface and the S --1 interaction in it can facilitate efficient charge extraction and
reduce interfacial carrier recombination. Resultantly, PSCs with a WS, interlayer
show a PCE up to 21.1% and excellent device stability. This work opens a window of
utilizing high-mobility and defect-free 2D materials like WS as interfacial layers in
PSCs to improve the device performance. In addition, the successful vdWs epitaxial
growth of mixed perovskites on WS, may find important applications in other
perovskite optoelectronic devices.
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Chapter 4 Enhanced performance of

tin-based perovskite solar cells induced by

ammonium hypophosphite additive

4.1 Introduction

Organic-inorganic hybrid halide perovskite solar cells (PSCs) have been considered
as the most promising candidate for the new generation photovoltaic technology
because of their high power conversion efficiency (PCE), low cost and convenient
fabrication processes™ 4% 1% 189 The state-of-the-art lead-based halide perovskites
exhibit excellent optoelectronic properties, like strong light absorption, long carrier
diffusion length and low density of defects!® 8183 |eading to the record PCE over
25%?. However, the toxic lead may cause environmental problems when PSCs are
widely used. Thus, it is imperative to develop lead-free perovskites with favorable
physical properties. Among various alternative metal elements (Sn, Bi, and Sb) for
replacing Pb in perovskites®™ *3* 18 sn may have the highest potential because of the
ideal optical and electrical properties of tin-based perovskites for photovoltaic
applications!*®®!. However, the device performance of tin-based PSCs still falls behind
that of lead-based counterparts due to the following reasons. First, the major problem of
tin-based perovskite is the poor stability because of the formation of Sn vacancies and
the oxidation of Sn** to Sn**, leading to high doping levels and recombination rates in
perovskite films. Second, it is difficult to get uniform and pinhole-free tin-based
perovskite films due to the fast crystallization of the films™®. So reported tin-based
PSCs suffer from low efficiency and poor stability especially in air®!.

Tin-based PSCs have been studied by many groups and various approaches based on
different principles have been developed to improve the device performance. To
suppress the oxidation of Sn?* and reduce the doping levels, SnF,or SnCl, has been
incorporated into perovskite precursor solutions!®® 71 However, an excess of

SnF,/SnCl, may cause phase separation in perovskite films (e.g. inhomogeneous
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dispersion) and deteriorate the device performancel®. To further suppress the
oxidation process, Kanatzidis and co-workers prepared the perovskite films under a

[103, 104] o4

reducing vapor atmosphere®®. Moreover, solvent engineering
compositional engineering with mixed cations™ **! have been developed to prepare
high-quality tin-based perovskite films. Very recently, tin-based perovskite film with
hierarchy structure was designed to enhance oxidation resistance for improved device
stability and performance!*®). However, the photovoltaic performance and stability of
the tin-based PSCs still lags far behind those of lead-based PSCs. So, it is necessary to
develop novel techniques that can not only retard the Sn** oxidation but also assist the

preparation of compact and uniform perovskite films.

In this chapter, we introduced ammonium hypophosphite (AHP, NH;H,PO,)
additive in FASnI; perovskite precursor solutions. AHP is a reducing agent that can
prohibit the oxidation of Sn®*" in perovskites!® ®!. Meantime, H,P0O; can form
intermediate phase with SnCl, and lead to improved film morphology and lower trap
densities. In addition, we use CuSCN as a hole transporting material in the devices
because of its high hole mobility and good energy alignment with FASnl;. The devices
show the PCE up to 7.3% with a short circuit current (Jsc) of 19.39 mA cm, open
circuit voltage (Voc) of 0.55 V and fill factor (FF) of 68.8%. More importantly, the
devices exhibit good long-term stability in ambient atmosphere. This work clearly
indicates that the introduction of proper antioxidant agent in precursor solutions can

boost the device performance and long-term stability of tin-based PSCs.

4.2 Devices Fabrication and Characterization

Materials: All chemicals were used as received without any further
purification. Copper (I) thiocyanate (CuSCN, 99%) and SnCl, (>99%) were
purchased from Sigma-Aldrich. CH(NH).l was purchased from Dyesol Ltd.
Snl, (99.999%) and phenyl-C71-butyric acid methyl ester (PCBM) were

purchased from Alfa Aesar and Nano-C, respectively.

Device fabrication: The ITO-coated glass substrates were cleaned via
ultrasonication in deionized water, acetone and isopropanol for 10 min,

respectively. The process of preparing CuSCN on ITO was similar with
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previous report™®?. CuSCN dissolved in aqueous ammonia (10 mg mL™) was
spin-coated on the ITO substrate at 4000 rpm for 20 s in ambient air and then
the films were annealed at 150°C for 20 min on hotplate in air. Then the films
were transferred to a nitrogen-purged glovebox for later experiment. The
FASNI3; perovskite precursor solution was prepared by dissolving 1 mmol Snl,
and 1 mmol FAI with 10 mol% SnCl, in 1 mL mixed solvent
(DMF:DMSO0=4:1). For the AHP included perovskite precursor solution, the
molar ratio of AHP and Snl, was 3%, 5% and 7%, respectively. The perovskite
precursor solution was spin-coated on the CuSCN layer at 2000 rpm for 5 s
then 5000 rpm for 30 s, and 100 pl chlorobenzene was dripped onto the
perovskite film at the 11" s. The obtained films were annealed at 70 °C for 10
min. PCBM (20 mg mL™ in chlorobenzene) was spin-coated on the perovskite
film at 1500 rpm for 30 s to function as electron transporting layer. Finally, 90
nm silver electrodes were thermal evaporation on the PCBM layer under
vacuum to complete the device fabrication. An active area of 0.048 cm? was

defined by shadow mask.

Characterization: The morphology of the films was recorded by
field-emission scanning electron microscope (Hitachi S-4300). The optical
absorption spectra of perovskite films were measured by Shimadzu UV-2550
spectrophotometer. XRD patterns were measured by Rigaku SmartLab X-ray
diffractometer using Cu Ka radiation. The time-resolved photoluminescence
(PL) spectra were obtained at 850 nm with the excitation at 650 nm by an

FLS980 fluorescence spectrometer (Edinburgh Instruments, England).

The current-voltage (J-V) curves of the solar cells were measured by Keithley
2400 digital source meter under simulated air mass 1.5 G sunlight (Newport
91160, 300 W). The light intensity was calibrated by a standard
monocrystalline silicon photodiode. EQE spectra were recorded by an Oriel
integrated system. The Nyquist plots were recorded by a Zennium X
electrochemical workstation (Zahner, Germany). All the PSCs were measured

in ambient air at room temperature without encapsulation. For the stability test,
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samples were stored in ambient condition (~20% relative humidity) after

measurements.

4.3 Results and Discussion

AHP was introduced into FASnI; precursors as a reducing additive. To assess the
reducing ability of AHP, a plain FASnl3 precursor solution was prepared and exposed
to ambient air. At the beginning, the precursor solution showed a clear yellow color
(Figure 4.1a). After being exposed to air for 15 minutes, the solution turned to be dark
red, indicating the oxidation of Sn®* to Sn*"*? Interestingly, with the introduction of
AHP (12 mol%) into the precursor solution, the color of the solution gradually changed

to yellow again for the following reaction™®!:
Sn**+ 3H,P0; — Sn?* +2HP0O%~ +PH}

This result clearly indicates the reducing ability of AHP and its effect on Sn

ions in the perovskite precursor.

Due to the higher Lewis acidity of Sn than that of Pb, the crystallization of
Sn-based perovskite is much faster than its lead analogue, making it difficult to
obtain homogeneous and compact perovskite filmsi*®. To evaluate the
influence of AHP on the perovskite film morphology, FASnI; perovskite films
prepared with various amounts of AHP were characterized under scanning
electron microscopy (SEM). Many pinholes can be observed from the plain
FASnl; films (Figure 4.1b) because of the fast and uncontrollable
crystallization. Moreover, some needle-like aggregates formed on the film
resulting from phase separation of SnCl,. With the introduction of 3 mol% AHP,
phase separation almost disappeared while some pinholes still existed on the
film (Figure 4.1c). Notably, the inclusion of 5 mol% AHP in the precursor
solution resulted in a pinhole-free and compact perovskite film (Figure 4.1d),
which is beneficial for device performance. However, when the amount of AHP
was increased to 7 mol%, the perovskite film became much rougher and many

pinholes could be found in the film (Figure 4.1e).
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Figure 4.1 Photographs of FASnl; precursor solution and molecular structure of AHP.
SEM images of FASnI; films prepared with various amounts of AHP, (b) plain FASnls,
(c) 3 mol% AHP, (d) 5 mol% AHP and (e) 7 mol% AHP-added FASNIs.

We consider that the AHP additive in the perovskite precursor can mix with SnCl,
and form a complex to encapsulate perovskite grains. Notably, P=O bond in AHP can
coordinate with SnCl, and induce a uniform dispersion of AHP-SnCl; intermediate

complex in the perovskite film and prohibit the phase separation of SnCl,.[*!

To confirm the interaction between AHP and SnCl,, a pure AHP film and an
AHP-SnCl, (molar ratio, 1:1) composite film were characterized using Fourier
transform infrared spectroscopy (FTIR). As shown in Figure 4.2a, the vibration of
P=0O bond was shifted to an obviously lower wavenumber in the AHP-SnCl,
composite, which validates the strong interaction between AHP and SnCl..
Meanwhile, NH} can also form intermediate phases during perovskite film
preparationt’®® 21 Thus, these intermediate phases can suppress the crystallization of
SnCl, and regulate the nucleation and crystallization of perovskite, resulting in a
high-quality FASnI; film.
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Figure 4.2 (a) FTIR spectra of AHP and AHP-SnCl, complex. (b) Absorption spectra
of control FASnI; film and 5 mol% AHP included FASnI; film.

The absorption spectra of FASnI; films without and with 5 mol% AHP are shown in

Figure 4.2b. All the films have similar absorption onset of ~890 nm with an estimated
bandgap of 1.39 eV. The X-ray diffraction (XRD) patterns of FASnI; films prepared

with different contents of AHP are shown in Figure 4.3. The characteristic peaks of the
FASnNI; films without and with AHP all matched well with the orthorhombic lattice

structure of FASnl3. Moreover, the much sharper peaks observed from FASnI; film

with 5 mol% AHP demonstrated its enhanced crystallinity.

(100)

(200) | ¢ ITO|

. p
. . 7% AHP
iy i A“‘ L/‘—A—_A ’\*—J : A

C

5% AHP
B | JL/\_A,,,._/\..”., R S T

-

h 3% AHP
o - A

Intensity (a.u.)

1L

control
o VA‘lﬁ—L A~ M P

1 I L 1

20 (degree)

Figure 4.3 XRD pattern of FASnI; films with various amounts of AHP.
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vx-ray photoelectron spectroscopy (XPS) measurements were used to detect the
location of the AHP-SnCl, complex. According to Figure 4.4a, the content of ClI
significantly decreased after argon etching, indicating that Cl was not incorporated
into the perovskite lattice. Similar result was found for the P element from the XPS
spectra (Figure 4.4b). These elemental composition values confirm that AHP-SnCl,

complex can encapsulate perovskite grains on their surfaces.
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Figure 4.4 XPS spectra of (a) Cl peaks and (b) P peaks of 5 mol% AHP included
FASnI; perovskite film before and after Argon etching. Steady state (c) and
time-resolved (d) photoluminescence spectra of plain FASnl; film and 5 mol% AHP
modified FASnI; film.

To get deeper understanding of charge dynamics, the FASnl; films were
characterized using steady state and time-resolved photoluminescence (PL)
spectroscopy. As shown in Figure 4.4c, the plain FASnI; film showed a PL peak at
around 895 nm, corresponding to a bandgap of 1.39 eV. The AHP-modified FASnI3
film had a much stronger PL intensity, indicating suppressed nonradiative
recombination, which can be attributed to its improved film quality and reduced defect
density!*®®!. Moreover, the blue shift of the PL peak observed in the AHP-modified
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FASnI; film also implied the improved crystallinity of the perovskite film. The
time-resolved PL spectra are shown in Figure 4.4d, which are fitted by a bi-exponential
decay model”™. The average lifetimes for the plain FASnl; film and AHP-modified
FASNI; film are 0.81 ns and 2.18 ns, respectively, which further confirms the smaller
trap density and reduced charge recombination induced by AHPM!2%% The increased

carrier lifetime is favorable for the open circuit voltage of resultant PSCs?

Figure 4.5 Cross-sectional SEM image of the FASnI3 solar cells.

Inverted PSCs with the planar device structure of ITO/CuSCN/FASnI;/PCBM/Ag
were prepared to evaluate the effect of AHP additive on the photovoltaic performance

(Figure 4.5), and the corresponding energy diagram is shown in Figure 4.6al1¢% 202,
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Figure 4.6 (a) Schematic energy diagram of the FASnl; solar cells. (b) The PCE
distribution of FASnI; solar cells prepared with various contents of AHP. (c) Current
density-voltage (J-V) curve of the champion device. (d) Stabilized PCE and
photocurrent density of the champion device measured at a bias of 0.43 V.

The PCE statistics of FASnl; PSCs prepared with different amounts of AHP are
shown in Figure 4.6b. The control devices without AHP showed average PCE of
2.3440.71%, Voc of 0.2540.05 V, short circuit current density (Jsc) of 17.72+1.65
mAcm™ and fill factor (FF) of 51.1149.01%. With the introduction of AHP, the device
performance was improved substantially. The devices with 5 mol% AHP showed an
average PCE of 6.2520.67%, Voc of 0.5040.03 V, Jsc of 19.5540.79mAcm™ and FF of
63.7144.47%. As discussed before, the enhanced photovoltaic performance can be
ascribed to the improved perovskite film quality and reduction of defects. However,
more addition of AHP led to decreased device performance, which may come from

deteriorated perovskite films with pinholes and high roughness.
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Figure 4.7 Distribution of photovoltaic parameters of plain FASnl; solar cells and 5
mol% AHP included FASnIssolar cells, including (a) open voltage, (b) current density,
(c) FF and (d) PCE.

The current density-voltage (J-V) curve of the champion PSC (5 mol% AHP) is
shown in Figure 4.6c, achieving a PCE of 7.34% and V¢ of 0.55 V with negligible
hysteresis. To verify the reliability of the device performance, the stabilized
photocurrent and power output were measured at a bias of 0.43 V under AM 1.5 G
illumination. As shown in Figure 4.6d, a stabilized output power of ~7.0% was
achieved, which is close to the value obtained from the J-V curve. Notably, the Voc up
to 0.55 V is among the highest value for FASnl; based PSCs, which can be attributed to
decreased defect density in perovskite film and the good energy alignment between
perovskite and the hole transporting material CuSCN[P% 2% Moreover, the
photovoltaic parameters of control and 5 mol% AHP-modified devices are shown in
Figure 4.7. The results clearly indicate that the introduction of AHP can improve both

the reproducibility and efficiency of the devices.
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Figure 4.8 (a) J-V curves of FASnI; solar cells with and without AHP measured in dark. (b) J-V
curves of electron-only devices. The insert shows the device structure. (c) Nyquist plots of FASnI; solar
cells with and without AHP. (d) Normalized PCE of FASnNI; solar cells as a function of storage time in
ambient air with ~20% humidity.

To evaluate the charge transport properties of the devices, we measured the dark
current density®®, as shown in Figure 4.8a. The plain FASnI; solar cells suffered from
high leakage current because of the highly p-type doping. On the contrary, the 5 mol%
AHP modified FASnI; solar cells showed good diode behavior with almost 1-2 orders
lower leakage current than that of the control one, indicating its much reduced

background carrier density!®.

We further measured the trap state density in the perovskite films by the space charge
limited current (SCLC) method!®. Electron-only devices with a structure of
ITO/SnO,/perovskite/PCBM/Ag were prepared to get dark J-V curves, as shown in
Figure 4.8b. At low bias voltages, the J-V curves show linear relation, corresponding to
the Ohmic region. With the bias voltage exceeding the kink point, the current density
quickly increases, implying that the trap states are fully filled. Using the trap-filled limit
voltage (VtrL), We can obtain the trap state density N; by this equation:
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bNt:ZsaOVTFL/q L2 where ¢ and ggare the relative and vacuum dielectric constants,

respectively, q is the elementary charge and L is the thickness of the perovskite film!?°"

2%] The Vg of the control and AHP-included devices are around 0.22 V and 0.12 V,

corresponding to trap state densities of 3.45x10"° cm™ and 1.8810™ cm™®, respectively.

The much lower trap state density of the AHP-modified perovskite film is favorable for

the device performance.
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Figure 4.9 The fitted values of R, measured at different bias voltages.

To get further insight into the charge transport characteristics of the solar cells,

electrochemical impedance spectroscopy of the PSCs was recorded??*

. Figure
4.8c shows the Nyquist plots of the FASnI; solar cells without and with 5 mol% AHP
addition, which were recorded at a bias of 0.3 V in dark. Generally, the semicircle at
low frequency can be attributed to the recombination resistance (Rr) and constant
phase element (CPE), and the charge recombination rate is inversely proportional to
recombination resistancet**" #*23] The R . values for the control and AHP-modified
solar cells measured at different bias voltages are shown in Figure 4.9.The AHP-
modified device had a much bigger Ry, indicating a much lower recombination rate

than that in the control.

In previous reports, the unencapsulated tin-based PSCs degraded quickly in ambient
air. We examined the storage stability of the devices in air (without encapsulation), as
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shown in Figure 4.8d. In air, about 50% of its original PCE was maintained after the
storage for 500 h while the control devices degraded rapidly within 100 h. The
enhanced long-term stability induced by AHP can be ascribed to the reducing effect of
AHP around the perovskite grains as well as the compact and pinhole free film

morphology that can effectively suppress the permeation of oxygen.

4.4 Summary

In summary, AHP was introduced into the perovskite precursor to suppress the
oxidation of Sn*" and retard the fast crystallization of FASnl;. This method can
substantially improve the film quality and decrease the trap density in the perovskite
films. Meantime, inorganic CuSCN was used as hole transporting material for FASnl;
PSCs to form good energy level alignment of the devices™. Consequently, improved
photovoltaic performance was obtained in the resultant PSCs. Moreover, the
AHP-included FASNI; PSCs demonstrate outstanding long term stability in ambient
condition. Our work suggests that the combination of effective antioxidant additive and
suitable hole extraction layer can improve the photovoltaic performance as well as the
long-term stability of tin-based PSCs.
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Chapter 5 High performance mixed Sn-Pb
perovskite solar cells enabled by multiple

functional additive

5.1 Introduction

Halide perovskites have the advantages of high absorption coefficient, long carrier
diffusion length and low cost solution processability, making them attractive
photovoltaic materialst™ "> 4. Single junction perovskite solar cells (PSC) have
achieved certified power conversion efficiency (PCE) of 25%, which is close to the
performance of silicon solar cells®?. At present, high performance PSCs are based on
multication mixed-halide perovskite absorbers, which have bandgaps around 1.5 — 1.6
eVI? However, the efficiency of single junction perovskite device is limited by
Shockley-Queisser (S-Q) limit!”-2%% and the ideal bandgaps for single junction solar
cells should be around 1.1 — 1.4 eV[?® Y] Alloying Pb and Sn in perovskites can
tune the bandgap down to 1.17 eV, making them ideal candidates for high

performance single junction solar cellst*?" 28]

. Moreover, high performance low
bandgap mixed Sn-Pb solar cells are essential for all perovskite tandem devices,
which hold promise to exceed the S-Q limit?'*2?% Nevertheless, it is still challenging
to fabricate high efficiency mixed Sn-Pb PSCs due to the easy oxidation of Sn?* to

Sn*, leading to high level p-type doping and quick degradation of the devices??.

A variety of efforts have been devoted to improving the performance and stability
of low-bandgap mixed Sn-Pb PSCs. For example, excess Sn (1) compound such as
SnF, has been introduced to Sn-based perovskites to suppress the oxidation of Sn?*
and reduce Sn vacancies. However, these SnF, additives are usually nonuniformly
distributed, which may damage the film morphology of Sn-based perovskite films!&
2221 Establishing 2D/3D hybrid structure Sn-based perovskite can slow down the
permeation of oxygen to reduce Sn** oxidation®®* 2?41, However, an excess of bulky

organic cation in perovskite films usually leads to low fill factor, which may come
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%m restricted carrier transport in layered perovskites??!.

In this chapter, we introduced 4-hydrazinobenzoic acid (HBA) with multiple
functional groups to enhance the efficiency and stability of mixed Sn-Pb perovskite
solar cells. The hydrazine group of HBA could effectively suppress the oxidation of
Sn?*. Meantime, the carbonyl group in HBA could coordinate with Sn** components
to slow down the crystallization rate of perovskite and enlarge the grain size.
Moreover, it has been shown that undercoordinated lead ions (Pb®*) have relatively
low formation energy and are one of the common trap densitiesi®?®. Here, these
carbonyl groups of HBA at the grain boundaries can effectively passivate the
uncoordinated Pb?* defects to reduce nonradiative recombination. Benefiting from
these effects, the champion mixed Sn-Pb PSCs achieved a high PCE of 20.14% with
enhanced stability.

5.2 Devices Fabrication and Characterization

Materials: Formamidinium iodide (FAI) and methylammonium iodide (MAI) were
purchased from Dyesol. Lead iodide (Pbly), tin iodide (Snly) and tin fluorine (SnF,)
were obtained from Alpha Aesar. N,N-dimethylmethanamide (DMF),
dimethyl-sulfoxide (DMSQ) and diethyl ether were purchased form Sigma-Aldrich.
Phenyl-C71-butyric acid methyl ester (PCBM) was purchased from Nano-C.

Device fabrication: ITO glass substrates were ultrasonically cleaned by deionized
(DI) water, acetone and isopropanol for 15 min, respectively. The process of preparing
NiOy on ITO was similar to previous report. NiOy dissolved in DI water (7.5 mg mL™)
was spin-coated on the ITO substrate at 4000 rpm for 30 s in ambient air and then the
films were annealed at 150°C for 30 min in air. Then the films were transferred to N,
glovebox for later experiments. The mixed Sn-Pb perovskite precursor was prepared
by dissolving FAI (0.5 mmol), Snl, (0.5mmol), SnF, (0.05mmol), MAI (0.5 mmol)
and Pbl, (0.5 mmol) in mixed solvent (DMF: DMSO=4:1). For the HBA modification,
the molar ratio of HBA and Snl, was 1.5%, 3% and 5%, respectively. The perovskite
precursor solution was spin-coated on the NiOy substrate at 1000 rpm for 10 s and
5000 rpm for 20 s, and diethyl ether was dropped on the film at 10" s. Then, the

perovskite films were annealed at 70°C for 1 min and 100 ‘C for 10 min. Afterward,
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PCBM (20 mg mL™) and BCP (0.5 mg mL™) were spin-coated on the films. Finally,

100 nm silver electrodes were thermally evaporated onto the films.

Characterization: J-V curves were measured by a Keithley 2400 source meter with a
solar simulator under AM 1.5 G one sun illumination (Newport 66902). The EQE of
the PSCs was obtained from an EQE system under DC mode. UV-vis spectra were
collected on a UV-vis spectrometer (Perkin elmer). SEM images were measured by a
field-emission SEM (Tescan MAIA3). The TEM images were collected by JEOL JEM
2100F operated at 200 kV. XRD patterns were measured using Cu Ka radiation
(Rigaku, Smartlab). XPS and UPS were measured on Thermo Fisher Scientific system.
The Nyquist plots were recorded by a Zennium X electrochemical workstation

(Zahner, Germany).

5.3 Results and Discussion

The device structure of the perovskite solar cells and the chemical structure of HBA
are illustrated in Figure 5.1a. Here, the planar inverted PSC was constructed with
structure of indium tin oxide (ITO)/NiO,/perovskite/PCBM/BCP/Ag.

(a) (b)

——HBA ‘
—— HBA-SnF,

Transmittance (%)

T T T
2000 1750 1500 1250 1000
Wavenumber (cm‘I )

©) @

Figure 5.1 (a) Device structure and molecular structure of HBA. (b) FTIR spectra of
HBA and HBA-SnF, complex. SEM images of mixed Sn-Pb perovskite films (c)
without and (d) with HBA additive.
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performed to identify the interaction between HBA and Sn?* ions as illustrated in
Figure 5.1b. It can be found that the C=0 vibration band of HBA shifted to higher

wavenumber in the HBA-SnF, complex, which can be attributed to the coordinate
[227]
s,

Fourier Transform Infrared Spectrometer (FTIR) spectroscopy measurement was

effects between the lone electron pair of C=O and Sn* ion
(FASNI3)o5(MAPDI3)e 5 was chosen as the reference mixed Sn-Pb perovskite and SEM
was used to evaluate the impact of HBA on the film morphology, as shown in Figure
5.1c,d. It is observed that the pristine perovskite film exhibited some small pinholes
(marked as arrow in Figure 5.1c ), which maybe resulted from the fast crystallization
of Sn-containing perovskite films"?. Interestingly, with the introduction of HBA, the
perovskite film showed compact and pinhole free morphology with larger grain size.
This can be ascribed to the coordination effect between C=0 group of HBA and Sn**

ions, which favored the formation of larger perovskite grainst??® 2],
‘\ ﬂ 5%
=S
S| 3%
>‘ A Y A
ey
R
5
= . L 1.5%
JL L control
T T T T T T T T T
10 20 30 40 50 60

2 theta (degree)

Figure 5.2 XRD pattern of perovskite films with various concentrations of HBA
additive.

X-ray diffraction (XRD) patterns of the perovskite films with different amounts of
HBA are shown in Figure 5.2. All the XRD patterns show similar characteristic peaks
assigning to pseudo-cubic perovskite structure!®® indicating that HBA is not
incorporated into the perovskite crystal structure. Meantime, the peak intensity of the
perovskite with 3% HBA was much stronger than that of the pristine one, indicating

the enhanced crystallinity of perovskite film.
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vTo evaluate the reduction effect of HBA additive on Sn** in perovskite films, X-ray

photoelectron spectroscopy (XPS) was conducted and the corresponding XPS spectra

are shown in Figure 5.3a,b. The Sn (3d) band can be separated into two peaks

associated with Sn** and Sn**, respectively!®. The XPS spectra indicated that

perovskite film with HBA additive had much less Sn** than that of the control one,

which confirmed the reducing ability of HBA to retard the oxidation of Sn*,

(a) (b)
control Raw data with HBA Raw data
2+ o 2+
—Sn”~ —Sn
4+ . Sn4<

—Sn"

Background Background

Intensity (a.u.)
Intensity (a.u.)

T T T T T T
490 488 486 484 490 488 486 484
Binding energy (eV) Binding energy (eV)
(c) (d)
control
: 5 —— control
with HBA Pb 4f with HBA | I3d
3 3
G S
2 2
E £
5 5
g g
146 144 142 140 138 136 134 635 630 625 620 615
Binding energy (eV) Binding energy (eV)

Figure 5.3 High-resolution XPS spectra (Sn 3d) of mixed Sn-Pb perovskite film (a)
without and (b) with HBA additive. XPS spectra of (c) Pb and (d) | peaks of mixed
Sn-Pb perovskite films with and without HBA additive.

Meantime, XPS is further used to investigate the chemical interaction between
HBA and perovskite film. As shown in Figure 5.3c,d, the binding energies of Pb, |
shifted to higher position, indicating the interaction between HBA and perovskite. It is
reported that the C=0 group is a Lewis base which can donate electron pair to the
undercoordinated Pb®* ions, suggesting the passivation effect of HBA®?. Moreover,
the hydrogen bonding interaction between O-H and I can reduce trap states and

suppress iodide ions migration, leading to improved stability of perovskite film®3. In
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addition, the XPS spectra of characteristic element of O 1s confirmed the presence of
HBA in perovskite film, as shown in Figure 5.4. Overall, the interaction between
HBA and perovskite is beneficial for suppress the oxidation of Sn?* and reduce trap

states, resulting in enhanced film quality.

control
—— with HBA

Ols

Intensity (a.u.)

W

v T T T v T T T v T
536 534 532 530 528 526
Binding energy (eV)

Figure 5.4 XPS spectra of O 1s for the control and HBA modified perovskite film.

The ultraviolet-visible absorption spectra of (FASNI3)os(MAPDI3)os perovskite
films with and without HBA are shown in Figure 5.5a, and there is no obvious
change in the absorption curves. The bandgap of the perovskite films is estimated to
be about 1.26 eV.
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Figure 5.5 (a) UV-vis absorption spectra of perovskite films with and without HBA.
(b) Steady state PL spectra of perovskite films with and without HBA. TEM images of
perovskite films with HBA additive at (c) low magnification and (d) higher
magnification. (e) O K-edge of EELS spectrum measured from the grain boundary
region.

To investigate the charge carrier dynamics, steady-state PL spectroscopy of the
perovskite films are performed and shown in Figure 5.5b. It can be found the HBA
modified perovskite film shows much enhanced PL intensity, which indicates the
suppressed nonradiative recombination due to less defects and enhanced crystallinity

of HBA modified perovskite film.

To study the microstructure of the HBA modified perovskite film, transmission
electron microscopy (TEM) characterization was performed. The TEM samples were
prepared by directly solution-depositing the thin films on the TEM grids. As can be
seen from Figure 5.5¢, the (FASnI3)os(MAPDI3)os perovskite grain and
low-crystallinity HBA-SnF, complex can be differentiated from the image. A higher
magnification TEM image is shown in Figure 5.5d, which displays the amorphous

HBA-SnF, complex and crystalline perovskite grains more clearly.
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Figure 5.6 TEM image of HBA modified perovskite film and EDS elemental
mapping of the film.

Moreover, electron-energy loss spectrum (EELS) was obtained from the grain
boundary (GB) region and shown in Figure 5.5e, and the O K-edge signal can be
clearly detected. This further confirms the presence of HBA-SnF, complex at the GB
regions of the perovskite. The HBA-SnF, complex at grain boundaries can passivate
defects and enhance the chemical stability of the perovskite films. Meantime, as
shown in Figure 5.6, the energy dispersive spectroscopy (EDS) mapping of the
perovskite film demonstrates the homogenous distribution of Pb, Sn and | across the

film, confirming its phase purity.

To evaluate the charge transport and recombination process of the devices, dark J-V
curve was measured. As shown in Figure 5.7a, the solar cell with HBA have much
lower leakage current, which can be ascribed to decreased carrier generation rate and

reduced background carrier density. In solar cells, the trap density is related with the
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erier generation rate, and this result suggests that the introduction of HBA can
decrease the trap density in the devices!® 24 To quantitatively assess the defect
density of the perovskite films, space charge limited current (SCLC) measurements
were adopted (Figure 5.7b). The defect density (N;) could be calculated from the
equation: N=(2egoVreL)/(qL?), where Vrg indicates the trap-filled limit (TFL)
voltage, L is the thickness of the perovskite film. Q is the elementary charge, € and ¢
are the dielectric constants of perovskite and vacuum, respectively. The defect density

in perovskite films without and with HBA was estimated to be 3.87 X 10" cm and
2.52 10" cm, respectively. This result indicates that the incorporation of HBA can

effectively reduce the defect density, leading to enhanced device performance.
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Figure 5.7 (a) Dark J-V curves of solar cells with and without HBA. (b) Dark I-V
curves of the electron-only  device, the device structure is
ITO/SnO,/perovskite/PCBM/Ag. (c¢) Nyquist plots of pristine and HBA modified
perovskite solar cells measured in the dark (The inset shows the equivalent circuit for
fitting the plots). (d) The fitted R of solar cells at different applied voltages.

Electrochemical impedance spectroscopy (EIS) was further carried out to study the

carrier dynamics in solar cells. The measurement was conducted in dark at different
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%plied biases. As shown in Figure 5.7c, the Nyquist plots show a main semicircle at
low frequency, which can be interpreted as the recombination resistance (Ryec)™’?.
According to the equivalent circuit in the inset of Figure 5.7c, the fitted Ry of devices
under different bias are extracted and shown in Figure 5.7d. The device with HBA
exhibits much larger Ry than that of the control one, indicating that HBA can
effectively suppress the charge recombination, which is beneficial for enhanced open

voltage of the solar cells.
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Figure 5.8 (a) J-V curves of the devices with and without HBA. (b) EQE and
integrated Jsc of PSCs with and without HBA.

The current density-voltage (J-V) curves of the solar cells using
(FASNI3)o5(MAPDI3)o 5 perovskite films without and with HBA additive are shown in
Figure 5.8a. The control device got a PCE of 17.16% with open voltage (Voc) of 0.80
V, short-circuit current density (Jsc) of 28.45 mA cm™ and fill factor (FF) of 75.39%
(forward scan direction). With the introduction of HBA, the champion device
achieved Jsc of 29.80 mA cm™, Voc of 0.85 V and FF of 79.51%, yielding the
maximum PCE of 20.14%.
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Figure 5.9 Photovoltaic parameters of PSCs with various amounts of HBA. (a) Voc,
(b) Jsc, (c) FF and (d) PCE.

The external quantum efficiency (EQE) of the PSCs and integrated Jsc are shown in
Figure 5.8b, which agree with the values from the J-V curves. The statistical data of
the photovoltaic parameters with different amounts of HBA are shown in Figure 5.9.
The enhanced Voc and FF can be attributed to the reduction of Sn** and suppressed
recombination®. Meantime, the defects passivation effect of HBA also contributes

to improved device performance.
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Figure 5.10 Shelf stability of the control and HBA modified solar cells stored in N,

glovebox.

In addition, the shelf stability of the PSCs is also studied, as shown in Figure 5.10.
The unencapsulated devices were stored in N, glovebox and measured under ambient
condition at specific time interval. The HBA modified devices can retain about 90%
of their initial efficiency after 1000 hours, while the control remained only about 65%
of their initial values under the same condition. The enhanced shelf stability can be
ascribed to the improved film morphology after HBA modification, which could block
the permeation of oxygen and moisture. Meantime, the presence of HBA-SnF,
complex at grain boundaries could passivate defects and inhibit Sn** oxidation, which

is beneficial for enhanced device stability.

5.4 Summary

In summary, we introduced multiple functional additive HBA in mixed
(FASNI3)05(MAPDI3)o 5 perovskite films and investigated its effect on crystallization
of perovskite film and device performance. HBA can interact with Sn®* ions to slow
down the crystal growth process of perovskite, leading to enhanced crystallinity of
perovskite with enlarged grain size. Meantime, the reduction effect of HBA can
suppress the oxidation of Sn?*, resulting in low Sn vacancies and stable perovskite
phase. In addition, HBA remains at perovskite grain boundary may passivate

uncoordinated ions to reduce trap states and suppress ions migration. As a result, the
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PCE increased from 17.16% to 20.14% along with enhanced device stability. This
work provides a simple and effective method to improve the efficiency and stability of

mixed Sn-Pb perovskite solar cells.
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Chapter 6 Conclusions and Future Outlook

6.1 Conclusions

Few layer WS, flakes were introduced as growth templates for the vdWs epitaxial
growth of mixed perovskite films, leading to perovskite grains with enlarged sizes and
a preferred orientation along (001). Moreover, perfect perovskite/WS, interface and
the S--1 interaction in it can facilitate efficient charge extraction and reduce
interfacial carrier recombination. Resultantly, PSCs with a WS; interlayer show PCE
up to 21.1% and excellent device stability. This work shows that high-mobility and
defect-free 2D materials like WS, can be used as interfacial layers in PSCs to improve
the device performance. In addition, the vdWs epitaxial growth of mixed perovskites

on WS, may find important applications in other perovskite optoelectronic devices.

Then, AHP was introduced into the FASnI3 perovskite precursor to suppress the
oxidation of Sn”* and retard the fast crystallization. This method can substantially
enhance the perovskite film quality and decrease the trap density in the perovskite films.
Meantime, inorganic hole transporting material CuSCN was introduced for FASnl;
PSCs to form good energy level alignment of the devices. Consequently, improved
photovoltaic performance was obtained along with outstanding long term stability.
This work exhibits that the combination of effective antioxidant additive and suitable
hole extraction layer can improve the photovoltaic performance as well as the

long-term stability of tin-based PSCs.

In the next chapter, multiple functional additive HBA was introduced in mixed
(FASNI3)o5(MAPbDI3)o 5 perovskite and its effect on crystallization of perovskite films
was investigated. HBA can interact with Sn®" ions to retard the crystal growth rate of
perovskite, leading to enhanced crystallinity of perovskite with enlarged grain size.
Meantime, the reduction effect of HBA can suppress the oxidation of Sn?*, leading to
low Sn vacancies and stable perovskite phase. In addition, HBA remains at perovskite
grain boundary may passivate uncoordinated ions to reduce trap states and suppress
ions migration. As a result, the PCE of mixed Sn-Pb PSCs increased from 17.16% to

20.14% along with enhanced device stability. This work provides a simple and
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effective method to improve the efficiency and stability of mixed Sn-Pb perovskite

solar cells.

6.2 Future Outlook

Epitaxial growth of perovskite films has been reported for lead-based perovskite,
and this method may be used to prepare tin-based perovskite films to enhance their

electronic properties.

Tin-based perovskite faces notorious stability issue, which hinders the further
development of tin-based PSCs. Other reducing agents can be introduced to suppress
the oxidation of Sn®* as well as improve the film quality of tin-based perovskite,

which may enable significant enhancement of the device performance.

Blending Sn with Pb, the mixed perovskites have low bandgaps from 1.1 eV to
around 1.3 eV, making them excellent materials for ideal bandgap single-junction
solar cells and subcells for all-perovskite tandem solar cells. However, the long term
stability issue still needs to be solved before their commercial readiness.
Compositional engineering has been showed as a successful way to prepare perovskite
solar cells with significantly enhanced photoelectric performance. Chemical
modification of the A site cations in mixed Sn-Pb PSCs can be a promising method to

improve device performance and the long term stability.

The interfaces between perovskite and the charge transport layers should be paid
more attention, which have great influence on the device performance and long term
stability. Encouragingly, both efficiency and long term stability of PSCs have
demonstrated great progress in the last few years. In short, we strongly believe that a

new era of perovskite optoelectronics has just begun.
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