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Abstract 

The use of guanidinium iodide (GAI) additive has been widely employed as an interface 

engineering technique. It is thought to passivate surface defects and grain boundaries to 

improve both device performance and stability. Despite the significant advancements 

reported so far via GAI-treated perovskite solar cells (PSCs), there still exists a lack of 

understanding of the relationships between structural and photophysical properties. 

Herein, we investigate the impact of employing a GAI surface treatment on the triple-

cation Cs0.07FA0.79MA0.14Pb(I0.83Br0.17)3 (CsMAFA) perovskite formulation. A detailed X-

ray diffraction (XRD) analysis suggests that GAI reacts with the CsMAFA perovskite 

lattice forming mixed GAFA phases. By tuning the content of GAI, we demonstrate a PSC 

with superior optoelectronic properties and performance. Furthermore, confocal 

photoluminescence (PL) imaging for the optimized GAI concentration shows the 

homogenization of the luminescence intensities and resolving the micro-scale PL 

heterogeneities for CsMAFA perovskite. We also find that high concentrations of GAI are 

detrimental to PSC performance. The results show that controlling the concentration of 

surface treatment agents is important for the homogenization of perovskite optoelectronic 

properties and hence eliminating performance losses and instabilities.  
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1. Motivation and Aim   

 One of the most pressing challenges facing humanity in the 21st century is to stop 

global warming, which can otherwise lead to far-reaching and catastrophic environmental 

consequences. Global warming is caused by burning of fossil fuels that release 

greenhouse gasses (mainly CO2, N2O and NH4) into the atmosphere, which trap the sun‘s 

heat reflected by the Earth‘s surface.1 As a result, global Earth‘s temperatures are 

continuing to increase at an unprecedented pace leading to the rise of sea levels, melting 

ice poles, dying coral reefs and huge storms that destroy cities.1,2 Nowadays, it is 

generally accepted within the scientific community that CO2 is the main greenhouse gas 

which is most responsible for global warming.3 Furthermore, there has been a strong 

correlation between global temperatures and atmospheric CO2 emissions (Figure 1).4  

 

 

Figure 1. Historic correlation between global temperatures and CO2 levels. (Figure from 

ref.5)  

Consequently, the transition towards clean and cheap renewable energy resources has 

become paramount for society to continue its energy consumption unhindered. Solar 
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energy is considered the most abundant renewable energy resource as an alternative to 

fossil fuels for energy generation.6,7 Photovoltaic devices are the most promising 

candidates to convert solar irradiation into electricity by directly converting photons to 

electrical power. Thin film materials specifically organic-inorganic hybrid perovskites 

(OIHPs) are very attractive class of materials for photoactive layers in solar cells. These 

materials are abundant, cheap to produce, low-temperature processed and they have 

strong light absorption, tunable band-gap and some tolerance to defects.8–13 These 

unique set of favorable properties have helped to bring the solar cell power conversion 

efficiency (PCE) on a lab-scale up to 25.5% for single-junction solar cells, rivalling most 

of the established photovoltaic technologies in just over a decade.14 However, for any 

solar cell technology to be commercialized, long-term operational stability has to be 

addressed alongside high PCE. Perovskite films suffer from intrinsic degradation factors 

when subjected to ultra-violet (UV) light15, reverse electrical bias16, oxygen17, moisture18 

and high temperatures (≥80 °C).19,20 This poses serious questions as to whether 

perovskite solar cells can achieve the stabilities that make them suitable for mass 

production especially for solar panels, where the standard lifetime of 25 – 30 years is 

required to make an inexpensive module worth the cost of installation, maintenance and 

replacement.   

The aim of the work described in this thesis is to improve the performance of PSCs 

through a post-treatment passivation strategy. I applied guanidinium iodide (GAI) as a 

surface treatment on top of the triple-cation perovskite Cs0.07FA0.79MA0.14Pb(I0.83Br0.17)3 at 

different concentrations. Low-concentrations of GAI treatment resulted in upgrading the 

device performance, however, high-GAI concentrations led to poor device performance. 

To understand the possible underpinning reasons for the resulting device performance, 

x-ray diffraction (XRD), scanning electron microscopy (SEM), steady-state 

photoluminescence (PL), time-resolved PL and confocal PL studies were conducted. 

Finally, it was concluded that managing the structure and composition of surface 

treatment-agents is vital for achieving optimal device output.  
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2. Introduction 

2.1. Perovskite crystal for photovoltaics 

 Organic-inorganic metal halide perovskites solar cells (PSCs) have emerged rapidly 

as one of the most promising light harvesting photovoltaic layers due to their low-cost, 

solution processability and exceptional optoelectronic properties such as strong light 

absorption9, long charge carrier diffusion length21, high carrier mobility22 and certain 

defect-tolerance property.23–26 

Perovskites are based on the formation of a number of positive and negative ions to make 

up the basic cubic ABX3 crystal structure (Figure 2).27 In the case of PSCs, the A-cation 

can be occupied by organic CH3NH3
+ (Methylammonium), CH(NH2)2

+ (Formamidinium) or 

inorganic Cs+ or Rb+ cations. The B-site is a divalent metal cation occupied in most cases 

by Pb+2 or Sn+2, while the X-site can be occupied by halides such as Cl-, I-, Br- or pseudo-

halide such as SCN-.  

The archetypical PSC, methylammonium lead tri-iodide (CH3NH3PbI3), has emerged as 

the primary material of interest, combining direct bandgap characterized by 1.55 eV which 

corresponds to an absorption onset at the edge of the visible spectrum (800nm).27 This 

bandgap lies close to the optimum range (1.1-1.4 eV) for reaching maximum Shockley-

Queisser limit efficiency, allowing PSCs to theoretically reach 31% PCE.  

Furthermore, CH3NH3PbI3 is characterized by a low trap density and weak exciton binding 

energy (30 mV), which means that photogenerated carriers can be separated very rapidly 

at room temperature.28 Finally, the material shows highly balanced electrons and holes 

diffusion lengths (0.1- 1 μm)21 and sufficiently high charge carrier mobilities.22 This means 

that the charges can be efficiently diffused and collected by the electrodes before 

recombination. These favourable optoelectronic properties make perovskite materials 

very attractive for photoactive layers in photovoltaics.  

 

Figure 2. Crystal structure of the cubic perovskite compound with the general formula 

ABX3. (The representation of the structure is adapted from https://chemicalstructure.net)  

https://chemicalstructure.net/
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2.2. Perovskite Solar Cell Device Architectures 

 The early representations of PSCs were based on a dye-sensitized solar cells 

(DSSCs) architecture using CH3NH3PbI3 as a sensitizer on thick mesoporous TiO2 

scaffolds.29 This architecture yielded a low PCE of 3.8% back in 2009 since it was coupled 

with liquid electrolyte.12 Later, it was realized that perovskites can efficiently extract 

electrons and holes alike making it a promising semiconductor material for solar cells.30 

The breakthrough came when a solid state architecture based on Spiro-OMeTAD as a 

hole transport material (HTM) was realized achieving 9% PCE in 2012.31 From there on, 

PSCs experienced impressive development reaching 25.5% as of now for single-junction 

solar cells, rivalling most established photovoltaic technologies (Figure 3).14  

 

Figure 3. The famous NREL chart showing the most-updated power conversion 

efficiencies of perovskite solar cells. (The picture adapted from 

https://www.nrel.gov/pv/cell-efficiency.html). 

PSCs are usually between 500 nm to 1 μm thick and are sandwiched between hole and 

electron charge transport layers (ETL and HTL respectively). The perovskite solar cell 

architecture could involve either n-i-p “planar” or p-i-n “inverted” type structure, where the 

perovskite acts as an intrinsic semiconductor. PSCs are typically placed between a metal 

electrode (Ag, Au and MoOx) and a transparent one such as ITO or FTO (Indium or 

Fluorine doped-tin oxide).  

A mesoporous scaffold is often deposited on top of the ETL to improve charge extraction 

and interface energetics (energy level alignments). However, planar devices have been 

established with performance close to that of their scaffold-based counterparts (Figure 

4).32,33 Up till now, planar architectures outperform inverted ones due to the large open-

https://www.nrel.gov/pv/cell-efficiency.html
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circuit voltage (VOC) losses in the latter.34,35 However, ‘inverted’ architectures began to 

achieve high efficiency with enhanced VOC due to the incorporation of 2D large bulky 

organic cations on top of the 3D perovskite film which act as a passivation layer for 

surface defects and grain boundaries.36 

 

Figure 4. a) Cross-section SEM image and b) Schematic diagram of a PSC on a ‘planar’ 

architecture and a mesoporous scaffold. Adapted with permission from ref.37. Copyright 

© 2016 American Chemical Society.  

2.3. Working Principles of Perovskite Solar Cells 

 Perovskites perform in a similar manner to traditional semiconductors such as Si and 

CdTe. Once the light illuminates the FTO side of the PSC, the incident photons excite the 

perovskite material generating electron-hole pairs. Due to the low exciton binding energy, 

charges dissociate readily and are free to move across the device. The electrons 

separated from the holes are injected into the conduction band (CB) of the ETL, before 

migrating to the anode. Meanwhile, photogenerated holes are transferred to the HTL and 

then, are collected at the cathode (metal electrode). 

Charge recombination occurs in the bulk, interfaces, and grain boundaries of the 

perovskite absorber layer.38–40 This results in non-radiative losses which reduce the 

device performance and should be impeded. On the other hand, photogenerated carriers 

can recombine radiatively leading to re-emission of a photon in the so-called process 

‘radiative recombination’. A solar cell, where radiative recombination is dominant, usually 

has high photoluminescence quantum yield (PLQY).41 The latter property is essential for 

the highest photovoltaic device performances at the Shockley-Queisser limit, in which all 

non-radiative recombination is eliminated.   
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2.4. Measuring Device Performance in Perovskite Solar Cells 

 One of the most important characterization tools for solar cells is the current-voltage 

(J-V) measurement, which provides the ability to assess the PCE, as illustrated in Figure 

5. The J-V measurements are performed under standard 1-sun intensity (1000 W/m2 at 

AM1.5G spectrum). The VOC determined as the measured potential when the current 

density equals 0 mA/cm2 at open-circuit condition, while the short-circuit current density 

(JSC) is evaluated by monitoring the current density at short-circuit condition when the 

voltage equals to 0 V.  

Moreover, the maximum power (Pmax) point is the product of the photocurrent and voltage 

at their maximum values (JMPP and VMPP). The power conversion efficiency (η) of a device 

is defined by the ratio of maximum power to the radiant (incident) power (Pin) as in the 

following equation (1.1): 

PCE (η) =  
Pmax

Pin
=  

JSCVOCFF

Pin
                  (1.1) 

The fill factor (FF) is a device parameter used to estimate the deviation of the solar cell 

from the theoretical maximum power point condition and is defined by equation (1.2) as 

the ratio of the Pmax to the JSC and VOC values (measure of the quality of the solar cell 

and to evaluate qualitatively the resistive losses in the device): 

FF =  
Pmax

JSCVOC
=

JMPPVMPP

JSCVOC
                      (1.2)  

 

Figure 5. Typical JV curve of a working solar cell device under illumination. 
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2.5. Ionic Motion and J-V Hysteresis in Perovskite Solar Cells  

 Normally, the way of extracting PCE from a solar cell is independent of J-V scan 

direction as long as the measured device is under quasi-steady state conditions. To fulfil 

this, the device needs to be under equilibrium during its measurement at each potential. 

However, this is not always the case for PSCs. In Figure 6, Snaith et al. was the first to 

show that the result of the PCE measurement is different depending on J-V scan direction 

(open- to short-circuit condition & vice versa).42 To clarify, differences in the shape of the 

J-V measurement curves, typically arises from ion-migration in solar cells due to the ionic 

nature of perovskite materials.43 

 

 

Figure 6. Current density-voltage curves of a PSC showing hysteretic behavior between 

the forward scan (from JSC to VOC) and reverse scan (from VOC to JSC) directions. 

Reprinted with permission from ref.42. Copyright © 2014 American Chemical Society. 

The term hysteresis index (HI) has been introduced to quantify the J-V discrepancy in 

perovskite solar cells as defined in equation (1.3) and equation (1.4):  

HI =  
FFrev – FFfor 

FFrev
                     (1.3) 

                                           HI =
PCErev – PCErev

PCErev
                       (1.4)           
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2.6. Structure-Property Relationships in Photoactive Perovskites using Electron 

Microscopy 

 Electron Microscopy (EM) is a powerful characterization tool that could be used to 

probe the microstructure of perovskite films. There are two main types of electron 

microscopy techniques: scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM).  

Perovskite films are fragile under external stimulus due to weakly bonded organic 

components. Therefore, they can be very sensitive to electron beams and this can cause 

damage of the sample if exposed to high electron dose.44 Low dose operating conditions 

must be employed in order to obtain data that corresponds to the undamaged structure. 

Furthermore, appropriate choice of suitable electron microscopy analytical techniques is 

essential for unveiling the microstructure of perovskite solar cells. SEMs typically operate 

in an energy range up to 30 kV, whereas TEMs operate between 30 kV and 1500 kV. 

Furthermore, it is possible to obtain different types of signals to probe structural, chemical 

and electronic features. SEMs usually probe image surface morphology and sub-surface 

structures down to 1 nm. TEMs are commonly used on thin specimens typically <100 nm 

with electron beam energy in the 100–300 kV range, providing information about the 

internal crystal structures. When the electron beam interacts with the specimen, it 

produces a wide range of signals from the specimen, some of which are summarized in 

Figure 7. In SEM, the signals most commonly used are “secondary electrons” and 

‘backscattered electrons’. The incoming electron beam interacts with the specimen, 

including the atomic outer-shell electrons to release “secondary electrons” (SEs). SEs 

images mainly show the surface structure (topography) of the specimen. Higher energy 

electrons are scattered back throughout the surface and are named backscattered 

electrons (BSEs). Elements with higher atomic number tend to generate higher intensity 

signals while elements with lower atomic number display lower intensity signals and this 

contrast gives some information about the elemental distribution across the film.  
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Figure 7. Overview of the different types of signals generated by an impinging high 

energy electron beam. Electrons are marked with solid arrows and photons are marked 

with dashed arrows. Reprinted with permission from reference44. Copyright © 2017 

WILEY-YCH Verlag GmbH & Co. KGaA, Weinheim. 

2.7. Assessment of the perovskite radiative quality using confocal   

photoluminescence (PL) 

 Confocal photoluminescence (PL) spectroscopy is a well-established technique for 

the characterization of semiconductor materials in general and halide perovskite films in 

particular. It could provide valuable information on the charge carrier recombination 

kinetics which include radiative and non-radiative recombination, and quantify interface 

losses in perovskite solar cells. In addition, confocal PL imaging is a powerful technique 

for mapping microscopic PL inhomogeneities as well as studying indirectly charge carrier 

dynamics which are relevant for device operation. Confocal PL imaging is achieved by 

focusing the light beam of a certain excitation wavelength into the plane of interest. A 

general sketch of the setup is shown in Figure 8. The system consists of two pinholes: 

one is located in front of the laser beam to collimate the incident light path and the other 

lies in front of the detector (photomultiplier tube) which focuses the reflected light from the 

sample. The detector is then connected to a computer which reconstructs the image pixel 

by pixel, one at a time by scanning all over the sample to produce the final image. In this 

thesis, confocal PL imaging would be used to map the luminescence intensities of the 3D 

perovskite film and optimized guanidinium iodide surface treatment with the goal of the 

homogenization of the 3D perovskite luminescence intensity.  
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Figure 8. Basic setup of the confocal PL imaging. (The picture is adapted from 

https://www.laser2000.co.uk/applications/confocal-microscopy).  

  

https://www.laser2000.co.uk/applications/confocal-microscopy
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3. Literature review  

3.1. Crystal Structure of 2D Perovskites 

 So called “2D perovskites” were discovered by Ruddlesden and Popper in 1957 

through the compound ‘K2NiF4’.45 2D layered perovskites are formed by incorporating 

large bulky organic cations which cut the octahedral metallic layers, disrupting the 3D 

perovskite structure.46 They usually possess the general formula R2An-1BnX3n+1, where R 

is a large organic cation which functions as a spacer between the inorganic sheet, and n 

determines the number of inorganic sheets that are being held together (Figure 9).47 

 

 

Figure 9. a) Crystal structures of typical 2-dimensional organic-inorganic perovskites for 

n=1. b) Band alignment diagram of a 2-dimensional perovskite material possessing 

multiple quantum wells. Reprinted with permission from ref.48. Copyright © 2018 WILEY‐

VCH Verlag GmbH & Co. KGaA, Weinheim. 

Controlling the A/R ratio, the n value could be adjusted as n=1 (2D), n: from 2 to 5 (quasi-

2D) and n > 5 (3D).49 The 3D to 2D structural transition is controlled by the size of the 

organic cation, in particular when it exceeds the critical size of Goldschmidt’s tolerance 

factor (TF). Goldschmidt’s TF is an empirical formula used to account for the distortion in 

the perovskite crystal structure and can also provide a guide to predict the transition from 

3D to 2D structures (Figure 10). The TF depends on the size of the ionic radii of the A, 

B, and X sites of the perovskite structure as given in equation (1.5): 

                                                 TF =  
(RA + RX)

√2 (RB + RX)     
             (1.5)  

where RA, RB, and RX are the ionic radii of the A, B and X atoms. For hybrid halide 

perovskites, the “ionic” radii must account for metal-halide bonding.50 Many of the 3D 

perovskites lie in the range of 0.8 < TF < 1. When the tolerance factor is above 1, it results 

in crystal structure distortions into face-shared octahedral, leading to the formation of low-

dimensional perovskites. 
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Figure 10. Tolerance factor of APbI3 as a function of the A cation. Tolerance factors 

between 0.8 and 1.0 (dotted lines) allow for the photoactive black phase (solid circles) to 

be formed, whilst tolerance factors outside this region results in the formation of non-

photoactive phases (open circles) that are not ideal for solar cell applications. Adapted 

with permission from ref.51. Copyright © 2017, American Association for the Advancement 

of Science.  

When the A-site cation is too large to be well accommodated within the octahedral 

structure, the 3D perovskite structure becomes energetically unstable, which induces a 

phase transition toward a layered structure. This phase transition is often termed as ‘2D 

perovskite’. 2D perovskites exhibit tuneable optical properties and offer improved stability 

under ambient conditions. They have attracted much interest to overcome stability issues 

of the 3D counterparts despite their optoelectronic property limitations in terms of larger 

exciton binding energy, indirect and larger band-gap structures.52 

3.2. Optoelectronic Properties of 2D Perovskites 

 2D perovskites are composed of organic and inorganic sheets leading to the 

formation of a layered structure. The specific arrangements of alternating organic-

inorganic layers generate a crystallographically ordered 2D multiple-pseudo quantum-

well (MQW) electronic structure.  

2D perovskites with alternating layers of organic and inorganic layers show appealing 

properties since the bandgap of the organic material is generally higher than the inorganic 

counterpart. This leads to the formation of multiple-quantum well structures (Figure 9b) 

which enables them to function in light emission applications.53–55 Furthermore, organic 

spacers possess more robust chemical stability compared to 3D counterparts.56 However, 
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the higher bandgap of pure 2D perovskites (>2.3 eV) makes them undesirable for 

photovoltaic applications. One approach to overcome the high bandgap value is to mix 

the 2D and 3D precursors together (Figure 11) or by engineering a layer by layer 

deposition method to obtain a 2D/3D bilayer structure. Furthermore, when deposited on 

top of the 3D perovskite, the top 2D perovskite layers can act as a surface passivation 

layer to reduce the surface charge recombination, ultimately improving the device VOC 

and PCE.57 

 

Figure 11. Illustration of the 2D crystal structure, mixed-dimensional 2D/3D perovskites, 

and 3D perovskites. Adapted with permission from ref.58. Copyright © 2016 WILEY-VCH 

Verlag GmbH & Co. KGaA Weinheim.  

3.3. 2D/3D Perovskite Solar Cells 

 Thanks to the superior robustness of 2D perovskites, 2D/3D architectures have 

attracted growing interests as a route towards stable and efficient devices. Figure 12 

shows the chemical structure of the ammonium organic cations that are commonly used 

at the A-site in 2D Perovskites.48 In 2014, Smith et al. were the first to introduce a 2D/3D 

perovskite as an absorber layer for perovskite solar cells.59 In their work, MA and 

Phenylethylammonium (PEA) cations were mixed to obtain a Ruddlesden-Popper 

structure composed of (PEA)2(MA)2Pb3I10 for n=3. It exhibited a wide bandgap of 2.10 eV 

compared to 1.63 eV for the 3D MAPbI3. The crystal structure of (PEA)2(MA)2[Pb3I10] is 

shown in Figure 13a, where the 3D perovskite is sliced by PEA to form a 2D/3D layered 

structure. The PSCs were made in a planar architecture using compact TiO2 layer and 

Spiro-OMeTAD as an electron transporting and hole transporting layers, respectively. 

Gold (Au) was evaporated on top of the HTL as an electrode for the device. 
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Figure 12. Chemical structures of various reported ammonium cations used for the 

formation of 2D/3D perovskite films in solar cells. Reprinted with permission from ref.48. 

Copyright © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

Figure 13. a) Structure of the 2D/3D Perovskite, (PEA)2(MA)2[Pb3I10] and 3D Perovskite, 

MAPbI3. Reproduced with permission.59 Copyright 2014, Wiley-VCH. b) Unit cell structure 

of (PEA)2(MA)n-1PbnI3n+1 Perovskites and the corresponding PCEs. Reproduced with 

permission.60 Copyright © 2016, American Chemical Society.  
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The overall PCE was lower, η = 4.73% under standard AM 1.5G conditions. However, a 

higher open-circuit voltage of 1.18 V was achieved. In addition, the authors obtained an 

enhanced stability device, exhibiting stability of over 46 days of air exposure at a humidity 

level (RH) of 52%. On the other side, MAPbI3 was damaged, turning from brown to yellow 

after 46 days under the same conditions. 

Furthermore, Quan et al. investigated both PCEs and stability of the higher members (n-

layers) of mixed dimensional (PEA)2(MA)n-1[PbnI3n+1] perovskites.60 PEA-based 

perovskites with bulkier organic moieties strengthened the Van Der Waals interactions 

between the inorganic layers. This leads to higher formation energy and enhancement in 

the stability of the perovskites.   

The stability of these perovskite films was studied by X-ray diffraction (XRD) and time-

resolved photoluminescence (TRPL) techniques. These experimental techniques 

demonstrated the improved stability of the quasi-2D perovskites compared to the 3D 

equivalents and they showed that perovskites with lower n values (i.e., close to 2D) are 

the most stable (Figure 13b). The champion perovskite device was obtained at n=60, 

which demonstrated a PCE of 15.3% with negligible hysteresis under AM 1.5G conditions. 

However, these performances fell down to 11.3% PCE after 60 days of storage under low 

humid atmosphere. This is the first study to suggest a compromise of ‘n’ value in terms 

of a high PCE and stable devices, thus opening room for accelerating the optimization of 

2D/3D mixed dimensional perovskite and exploration of other types of organic cations to 

further improve the device performance. 

Cao et al. studied the structure and optical properties relationship when they introduced 

n-butylammonium (BA) cation by the general formula (BA)2(MA)n-1PbnI3n+1, where n= 

1,2,3, and 4.61 They addressed the (001) preferential orientation that corresponds to the 

denser atomic plane of the 2D perovskite. XRD results of (BA)2PbI4 show clearly the 

growth direction along the (00l) atomic planes (Figure 14a). Another preferential growth 

along (111) and (202) was obtained that corresponds to the vertical (perpendicular) plane 

of the substrate and this promotes more the charge transport improving the charge-carrier 

collection efficiency (Figure 14b). They found out that the perpendicular growth exhibits 

excellent surface coverage leading to the formation of a uniform, dense and well-packed 

film. Promoting out of plane growth during crystallization enhances the electron collection 

efficiency and hole transfer dynamics.62  
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Figure 14. a) Crystal structures and corresponding XRD patterns of thin films versus bulk 

materials of BA2PbI4 and MAPbI3 perovskites. b) XRD patterns of thin films versus bulk 

materials of (BA)2(MA)Pb2I7, (BA)2(MA)2Pb3I10, and (BA)2(MA)3Pb4I13 perovskites in their 

preferred crystal growth orientation. Reprinted with permission from ref.61. Copyright © 

2015, American Chemical society. 

Cho et al. reported the use of a mixed passivation (MP) treatment comprising a thin layer 

of bulky organic ammonium iodide (iso-butylammonium iodide, iBAI) and formamidinium 

iodide (FAI) between the 3D perovskite and HTL.63 Using this mixed passivation 

treatment, the champion mixed-halide PSC (MP50, 50% iBAI and 50% FAI molar ratios) 

 

b) 

a) 
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achieves a stabilized PCE of 21.7%  in a reverse scan (Figure 15). Without 

encapsulation, the devices show excellent moisture stability, sustaining over 87% of the 

original performance after 38 storage days in ambient environment under 75 ± 20% 

relative humidity (Figure 16). It was demonstrated by Kelvin probe force microscopy 

(KPFM), MP treatment of the perovskite/HTL interface significantly suppresses hysteresis 

by the inactivation of the interfacial trap sites and the formation of an interfacial energetic 

barrier to reduce ionic transport. This work shows that FAI/iBAI as an efficient and 

promising passivation treatment for perovskite/selective-contact interfaces (Figure 17).  

 

 

Figure 15. a) Schematic of the MP treatment method with FAI and iBAI. b) Current 

density-voltage curves of the non-treated and MP-treated PSCs measured under AM1.5G 

irradiation. Statistical distributions of c) PCE, d) VOC, e) JSC, and f) FF of PSCs with the 

various MP passivation compositions. Adapted with permission from ref.63. Copyright © 

2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 16. a) Current density-voltage curves of champion devices for MP50 based and 

reference cells measured at a scan speed of 140 mV/sec under AM1.5G irradiation (inset: 

stabilized PCEs). b) Hysteresis analysis of MP50 and reference PSCs at different scan 

speeds. c) PCEs measured under 75% RH condition over 38 days. Adapted with 

permission from ref.63. Copyright © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

 

 

Figure 17. Average CPD values as a function of bias voltage applied to the tip for MP50 

treated and reference samples measured under dark conditions. Spatial CPD maps of 

the b) reference and c) MP50-treated samples. Adapted with permission from ref.63. 

Copyright © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

Alanazi and co-workers reported the use of a large bi-functional bulky organic cation 5-

ammonium valeric acid iodide (AVAI) to FAPbI3 as a 2D/3D perovskite structure to 
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stabilize FAPI3 at room temperature.64 The optimized AVA-based mesoscopic 

heterojunction PSC (25% molar ratio) yields a high PCE of 18.94 % (Figure 18). The 

optimized devices retain 90% of the initial efficiency after 300 h under continuous white 

light illumination at maximum power point conditions (Figure 19). 

   

 

Figure 18. a) Current density-voltage curves for champion FAPbI3(AVAI)X PSCs under 

AM1.5G irradiation. b) IPCE and integrated JSC of α-FAPbI3 and FAPbI3(AVAI)0.25 PSCs. 

Reprinted with permission from ref.64. Copyright 2019, American Chemical Society.  

 

 

Figure 19. Normalized PCE of optimized devices retaining 90% of the initial efficiency 

after 300 h of continuous white light exposure at maximum power point under AM1.5G 

irradiation. Reprinted with permission from ref.64. Copyright 2019, American Chemical 

Society. 

Wang et al. introduced 2D Ruddlesden-Popper layered n-butylammonium cations into a 

mixed-cation lead mixed-halide FA0.83Cs0.17Pb(I0.6Br0.4)3 3D perovskite composition.65 

Using scanning electron microscopy, they observed the formation of 2D perovskite 

platelets, slicing the highly oriented 3D perovskite structure, which resulted in passivating 

surface defects and suppressing non-radiative charge carrier recombination (Figure 20). 

Solar cells with an optimal BA content exhibit an average stabilized power conversion 

efficiency of 17.5 ± 1.3% with a 1.61 eV bandgap perovskite 
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[BA0.09(FA0.83Cs0.17)0.91Pb(I0.6Br0.4)3] and 15.8 ± 0.8% with a 1.72 eV bandgap perovskite 

[BA0.05(FA0.83Cs0.17)0.91Pb(I0.8Br0.2)3] (Figure 21). The cells showed stabilized 

performance under simulated sunlight in which they maintained 80% of their ‘post burn-

in’ efficiency after 1000h air exposure and closer to 4000h when encapsulated (Figure 

22). 

 

Figure 20. a-f) SEM images of post-annealed BAX(FA0.83Cs0.17)1-xPb(I0.6Br0.4)3 perovskite 

films with different BA content concentrations (insets: 2D-XRD images of respective films, 

where reflections at qz ≈ 1 and 2 Å-1 are assigned to the 3D perovskite (100) and (200), 

respectively. White arrows highlight diffraction peaks arising for low BA contents, and red 

arrows highlight diffraction peaks arising for high BA contents. Enlarged SEM images of 

g) x = 0.03, h) x = 0.09 and i) x = 0.16 films. Adapted with permission from ref.65 Copyright 

© 2017, Nature Publishing Group.  
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Figure 21. a) Current density-voltage curves for PSCs using the wide-bandgap 

FA0.83Cs0.17Pb(I06Br0.4)3 (x = 0) and BA0.09 (FA0.83Cs0.17)0.91Pb(I0.6Br0.4)3 (x = 0.09) 

perovskite active layers under AM1.5G irradiation. b) Stabilized power output of champion 

cells at the maximum power point for 60 s. c) Current density-voltage curve of the 

champion PSC using a low-bandgap BA0.05(FA0.83Cs0.17)0.95Pb(I0.8Br0.2)3 perovskite active 

layer under AM1.5G irradiation (inset: corresponding stabilized power output). d) PCE 

histogram of BA0.05(FA0.83Cs0.17)0.95Pb(I0.8Br0.2)3 PSCs. Adapted with permission from 

ref.65 Copyright © 2017, Nature Publishing Group.  
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Figure 22. Stability curves of a) – e) non-encapsulated and f) – j) encapsulated PSCs 

using FA0.83Cs0.17Pb(I06Br0.4)3 (navy blue lines; pristine) and BA0.09 

(FA0.83Cs0.17)0.91Pb(I0.6Br0.4)3 (red lines; BA/FA/Cs) perovskite layers aged under AM1.5G 

76 mW/cm2 and 45 RH% at open-circuit. An exponential decay over the first ∼100 h is 

followed by an approximate linear decay. a), f), b) and g) are normalized and averaged 

over eight devices, whilst c), h), d), i), e) and j) are shown for champion devices. Adapted 

with permission from ref.65 Copyright © 2017, Nature Publishing Group.  

Grancini et al. were the first to achieve a 1-year stable 2D/3D PSC by engineering a 

multidimensional junction of (HOOC(CH2)4NH3)2PbI4/CH3NH3PbI3.
66 The optimal 2D/3D 

(3% AVAI molar ratio) forms a passivated interface that showed 12.9% PCE in a carbon-

based architecture, (Figure 23) and 14.6% in standard mesoporous devices structures 

(Figure 24). For the mesoporous architecture, the 2D/3D PCE maintained up to 60% of 

the initial efficiency value after 300h of continuous illumination under Argon (Ar) 

atmosphere at 45°C (Figure 24c). While for printable HTM-free architecture, the module 

retained exceptional stability by maintaining a PCE of 11.2% over 10,000 h (1 year) at a 

stabilized temperature of 55˚C under AM 1.5G at short-circuit conditions without any 

losses (Figure 24c). This innovative and stable perovskite architecture reveals the 

paramount role of 2D perovskite in engineering stable devices and paves the way for 

large scale commercialization of PSCs. 
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Figure 23. Current density-voltage curves of HTM-free a) PSC and b) a 10 x 10 cm2 solar 

module employing 2D/3D perovskite with 3%AVAI measured under AM1.5G irradiation 

(inset: device statistics and picture of devices). c) Stability test of module under AM 1.5 

G conditions at 55 ˚C and short circuit conditions (inset: photovoltaic parameters of the 

PSC and solar module represented in a) and b).  Reproduced under the terms of the CC-

BY license66. Copyright 2017, The authors, published by Nature communications.  

 

 

Figure 24. a) Device architecture of spiro-OMeTAD-free and spiro-OMeTAD-containing 

PSCs. b) Current density-voltage curve of spiro-OMeTAD-containing PSC employing a 

2D/3D perovskite with 3% HOOC(CH2)4NH3I measured under AM1.5G irradiation (inset: 

device statistics and photo of PSC). c) Stability curves of the spiro-OMeTAD-containing 

PSC compared with the spiro-OMeTAD-free mixed 2D/3D PSC at maximum power point 

under AM 1.5G illumination measured in an inert Ar atmosphere at 45 C (inset: 

champion device parameters). Reproduced under the terms of the CC-BY license66. 

Copyright 2017, The authors, published by Nature communications. 

Furthermore, Jodlowski et al. reported the incorporation of a large bulky organic cation 

Guanidinium (CH6N3
+, Gua) into MAPbI3 perovskite crystal structure.67 It was 

demonstrated when GAI cation is combined with methylammonium in a mixed MA1-

xGuaxPbI3 (0<x<0.25) ; x refers to molar ratios, 2D/3D perovskite is formed with enhanced 

thermal and environmental stability. With this approach, solar cells delivered average 

power conversion efficiencies of 19.2 ±0.4% (Figure 25) and stabilized performance for 
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over 1,000 h under continuous white light illumination at maximum power point conditions 

at an argon atmosphere (Figure 26). This study opens the way for the exploration of 

organic cations that are beyond the limit of the tolerance factor to achieve highly efficient 

and stabilized perovskite solar cells.  

 

 

Figure 25. a) Device architecture of PSCs incorporating Gua cations. b) Statistical data 

box plots of JSC, VOC, FF and PCEs (obtained across 17 cells per condition) of PSCs 

prepared with MA1–xGuaxPbI3 as a function of x. c) IPCE spectra of MA1–xGuaxPbI3 for 

x= 0.14, 0.17 and 0.25, MAPbI3 (0%) and those incorporating 50% Gua, all measured 

under AM1.5G irradiation. Reproduced under the terms of the CC-BY license67. Copyright 

2017, The authors, published by Nature Energy.   
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Figure 26. a) Current density-voltage curve measured under AM1.5G irradiation and b) 

EQE spectrum of the champion cell prepared with mixed MA/Gua perovskite containing 

14% Gua. c) Maximum power point tracking under 1 Sun AM1.5G illumination measured 

in air for PSC containing MA1–xGuaxPbI3 (x= 0.14)). d) normalized PCE of MA1–xGuaxPbI3 

PSCs (x = 0, 0.125, 0.15, 0.25) at 60 °C under continuous light illumination and maximum 

power point tracking in an inert Ar atmosphere. Reproduced under the terms of the CC-

BY license67. Copyright 2017, The authors, published by Nature Energy.   

Ma et al. reported a thin layer of cyclopropyl ammonium over the 3D MAPbIxCl3-x which 

provided a hydrophobic nature to the 2D/3D perovskite.68 In a humidity test environment 

63 ±5%, the 3D perovskite degraded completely only after 8 days while the 2D/3D one 

exhibited robust moisture stability for 40 days. The 2D/3D retained 54% of its initial 

efficiency (13.86% PCE) after 220 hours, whereas the 3D degraded within only 50 hours 

(13.12% PCE).  

Following the same approach, Lin et al. fabricated a 2D/3D stacking structure by 

depositing n-butylammonium (BA) on top of the 3D MAPbI3 perovskite layer.69 Compared 

to the 3D device (17.28%), the BA-treated devices achieved a higher PCE of 19.56% 

owing to the significant improvement in VOC (1.1V). The 3D film degraded to 69.8% of its 

original efficiency after continuous heating for 100 h while the modified BA-treated 

devices retained 96.5% under the same aging conditions. 
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3.4. Suppressed ion migration in low dimensional Perovskites 

The low dimensional perovskite has been studied to reveal suppressed ion migration 

comparing to 3D perovskite. Lin et al. investigated the ionic motion in 3D MAPbI3 and 2D 

(BA2)(MA)3Pb4I13 Ruddlesden-Popper phase perovskite (Figure 27a).70 They conducted 

temperature-dependent electrical conductivity measurement to measure the activation 

energy of ion-migration in both perovskite structures. The temperature-dependent 

measurement was conducted under both dark and light ‘under 0.25 sun illumination’ 

conditions. As a comparison, 3D MAPbI3 shows the activation energy for ion-conduction 

was fitted to be 0.03 eV under light condition and increased to 0.19 eV at dark condition. 

The ionic conductivity began to dominate over the electronic conductivity at high 

temperature, 260 K and was reduced below that temperature (Figure 27b). However, in 

2D (BA)2(MA)3Pb4I13 film, there was no sign of ionic conductivity when the temperature 

was increased in both dark and light conditions. These results indicate that ion migration 

was suppressed in 2D perovskites and it was suggested that this is due to the presence 

of the large bulky organic spacers which act as ion-scavengers (Figure 27c).  

 

 

Figure 27. a) Schematic of the temperature-dependent electrical conductivity 

measurements showing b) MAPbI3 and c) (BA)2(MA)3Pb4I13 perovskite films. Reprinted 

with permission from ref.70 Copyright © 2017 American Chemical Society.  

Similarly, Huang el al. investigated iodine ion-migration in 3D 

Cs0.05FA0.8MA0.15PbI2.88Br0.04Cl0.08 perovskite and 2.5D perovskite formed by substituting 

the organic site-A cation by ALA ligand molecule.71 Using time-of-flight secondary ion 

mass spectroscopy (TOF-SIMS), the pristine film showed a higher rate of iodine ions 

migrating from the perovskite bulk to the spiro-OMeTAD HTM layer while the 2.5D device 

showed suppressed ion-migration with a significant reduced rate of migrating ions (Figure 

28). By suppressing ion migration, the 2D perovskite exhibits outstanding device stability 

and negligible hysteresis. 

Li and co-workers managed to achieve hysteresis-free devices by incorporating 1,4-

Butanediamine (BEA)-low dimensional perovskite into two different perovskite structures 

which are (BEA)0.5MA3Pb3I10 and (BEA)0.5Cs0.15(FA0.83MA0.17)2.85Pb3(I0.83Br0.17)10 films.72 

  a) b) c) 
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PSCs prepared by mixing MA with BEA exhibited a PCE of 14.86% with negligible 

hysteresis (Figure 29b). The perovskite with mixed cations BEA, Cs, FA and MA at the 

A-site achieved a record PCE of 17.39% showing no hysteresis in J-V curves (Figure 

29c). Furthermore, (BEA)0.5Cs0.15(FA0.83MA0.17)2.85Pb3(I0.83Br0.17)10 maintained 90% of 

their initial power conversion efficiency in ambient atmosphere after 2400h (Figure 29d) 

and showed no significant degradation under continuous illumination at room temperature 

(Figure 29e).   

 

 

Figure 28. a) Schematic of iodine ion migration throughout the 3D perovskite device 

compared to suppressed migration in the 2.5D perovskite device. b) Au2I- − depth profile 

comparison between fresh and 60 h aged 3D PSCs. c) Au2I- − depth profile comparison 

between fresh and 60 h aged 2.5D PSCs. Reprinted with permission from ref.71 Copyright 

© 2019 American Chemical Society 
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Figure 29. a) Device architecture of B-ACI and LDRP PSCs. Current-density voltage 

curves of B-ACI and LDRP PSCs with b) (BEA)0.5MA3Pb3I10 and (BA)2MA2Pb3I10 

photoactive layers and c) (BEA)0.5Cs0.15(FA0.83MA0.17)2.85Pb3(I0.83Br0.17)10 and 

(BA)2Cs0.1(FA0.83MA0.17)1.9Pb3(I0.83Br0.17)10 photoactive layers, measured under AM1.5G 

irradiation. Normalized PCE decay of B-ACI and LDRP PSCs under d) ambient 

atmospheric conditions, e) constant illumination in the glove-box, f) constant temperature 

of 85 °C, and g) 85% relative humidity in a humidity chamber. Reprinted with permission 

from ref.72 Copyright © 2019 WILEY-YCH Verlag GmbH & Co. KGaA, Weinheim.  

Zheng and Co-workers employed a novel organic cation HOOCCH2NH3
+ (Glycine cation, 

simplified as Gly+) into (Cs0.05FA0.95PbI3)0.9(FAPbBr3)0.1 3D perovskite to form low-

dimensional Ruddlesden Popper phase perovskites.73 They were formed based on the 

general formula [Gly2(Cs0.05FA0.95)n-1PbnI3n-1Cl2)]0.9(FAPbBr3)0.1 at different n values (n=4, 

6 and 8) and the [BA2(Cs0.05FA0.95)3Pb4I13]0.9(FAPbBr3)0.1 (BA, n = 4) for comparison. Gly-

based Ruddlesden popper phase low dimensional perovskite showed high PCE values 
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of 18.06 for n=8 devices and 15.61% for n=4 devices with negligible hysteresis (Figure 

30b and c). Furthermore, unencapsulated Gly-based devices showed better long-term 

stability at MPP conditions compared to BA-devices (Figure 30d).  

 

  

Figure 30. a) Schematic of mesoscopic PSC architecture. Current density-voltage curves 

of b) BA (n = 4) and Gly (n = 4, 6, and 8) under reverse scan directions and c) BA (n = 4) 

and Gly (n = 4) PSCs under reverse and forward scan directions measured under AM1.5G 

irradiation. d) Steady-state measurement of the PCE at the maximum power point, e) 

IPCE spectra, f) PCE distributions, g) VOC h) JSC, and i) FF distributions of BA (n = 4) and 

Gly (n = 4) PSCs. Adapted with permission from ref.73 Copyright © 2020 WILEY-YCH 

Verlag GmbH & Co. KGaA, Weinheim 

Liu and co-workers designed halogenated low-dimensional benzylammonium organic 

cations as a capping layer on top of the 3D Cs0.05FA0.95PbI2.7Br0.3 to passivate surface 

defects, suppress non-radiative losses and improve charge extraction to the hole 

transport layer leading to significantly reduced voltage losses.74 All of the devices 
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exhibited negligible J-V hysteresis behaviour (

 

Figure 31). The optimal 4-bromobenzylammonium-based devices achieved remarkable 

PCE of 21.13% and enhanced open-circuit voltage of 1.14 V. The treated devices showed 

excellent long-term stability when exposed to moisture, heat and UV irradiation (Figure 

32). This work provides insights about the importance of tuning the chemical properties 

of introduced cations for high performance and stabilized perovskite devices. 
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Figure 31. a) Schematic of PSC architecture employing an LDP capping layer. b) Current 

density-voltage curves and c) IPCE spectra of unmodified and LDP-modified PSCs 

measured under AM1.5G irradiation. Current-density voltage curves of devices 

employing d) BBA, e) CBA and f) FBA LDP capping layers, and g) compiled PCE 

histograms fitted with gaussian distributions. h) Box plots showing statistical variation of 

the VOC across 30 devices. Stabilized i) photocurrent density and j) PCE at maximum 

power point over time of each unmodified or LDP-modified PSC. Adapted with permission 

from ref.74. Copyright © 2020 Elsevier Ltd. All rights reserved. 

 



32 
 

 

Figure 32. a) Normalized PCE variation of unsealed PSCs exposed to 45 5% RH and 

measured under AM1.5G irradiation. b) Water contact angles measurements of pristine 

3D perovskite film and those modified by FBAI, CBAI and BBAI. c) XRD patterns of 3D 

and BBA-based perovskite films before and after aging in 45±5% RH. Normalized PCE 

variation of unsealed PSCs when exposed to the relative humidity of d) 15 ± 5% RH and 

e) 75 ± 5% RH. f) Normalized PCE variation of unsealed PSCs when exposed to 85 °C. 

UV–vis absorption spectra of g) 3D and h) BBA-based films before and after aging at 85 

°C. Adapted with permission from ref.74. Copyright © 2020 Elsevier Ltd. All rights 

reserved. 

Following the direction of modifying organic spacers, Shi et al. introduced the fluorination 

of the organic spacer PEA cation to fabricate quasi-2D (PEA)2(MA)n-1PbnI3n+1 based-

perovskite solar cells.75 The optimal device (4FPEA)2(MA)4Pb5I16 (n=5) exhibited 

outstanding PCE of 17.3% with negligible hysteresis, a VOC of 1.16V, JSC of 19 mA/cm2 

and a FF of 79% (Figure 33a). The 4-fluoro-phenethylammonium (4FPEA) organic 

spacer optimized the film morphology, enhanced the crystallinity, and promoted 
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preferential growth along the vertical direction which resulted in reduced trap densities 

and enabled more efficient charge transport (Figure 34). For stability tests, the 

unencapsulated 4FPEA-based devices retained 93% of their original efficiency under 

ambient air with a humidity level 60±5% (Figure 35a). Furthermore, 4FPEA-based 

devices showed robust thermal stability by almost retaining their PCEs unchanged when 

annealed continuously for 500 h at 55°C in a nitrogen atmosphere (Figure 35c).  

 

 

Figure 33. a) Current density-voltage curves measured under AM1.5G irradiation and b) 

IPCE spectra of the optimized devices based on (PEA)2MA4Pb5I16 and 

(4FPEA)2(MA)4Pb5I16 perovskites. c) Stabilized photocurrent output of the champion 

(4FPEA)2(MA)4Pb5I16 device and d) PCE histograms fitted with gaussian distributions. 

Reprinted with permission from ref.75. Copyright © 2019 WILEY-YCH Verlag GmbH & Co. 

KGaA, Weinheim. 
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Figure 34. a) X-ray diffraction patterns of (PEA)2MA4Pb5I16 and (4FPEA)2MA4Pb5I16 films. 

b) Schematic illustration of the (111) and (202) orientations of (4FPEA)2MA4Pb5I16 

perovskite crystal. 2D GIWAXs of c) (PEA)2MA4Pb5I16 and d) (4FPEA)2(MA)4Pb5I16. e) 

Polar angle spectrum at the peak of (002). Reprinted with permission from ref.75. 

Copyright © 2019 WILEY-YCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

Figure 35. a) Stability tests of unsealed devices based on (PEA)2MA4Pb5I16 and 

(4FPEA)2MA4Pb5I16 stored under air atmosphere with a humidity of 60 ± 5% (inset: 

contact angle measurements). b) XRD patterns of perovskite films stored in air over 60 

days. c) Thermal stability of devices upon 55 °C annealing under an inert N2 atmosphere. 

Reprinted with permission from ref.75.Copyright © 2019 WILEY-YCH Verlag GmbH & Co. 

KGaA, Weinheim. 
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Chaudhary and co-workers incorporated organic ligand 1-naphthylammonium iodide 

(NMAI) into MAPbI3 to form a mixed dimensional (NMA)2(MA)n-1PbnI3n+1 perovskite crystal 

structure.76 The NMA+ organic spacer suppressed ion-migration by inhibiting the diffusion 

of MA+ ions during device operation which act as non-radiative recombination centres. 

The champion device (n=60) exhibited a high PCE value of 17% mainly due to 

improvements in VOC (1.0V) and FF (78%) with negligible hysteresis. The increase in VOC 

is related to the passivation of defects by the organic spacer which acts as a blocking 

layer for ion-migration. The thermal stability of the encapsulated champion device (n=60) 

was tested at elevated temperature of 85°C and it showed enhanced improvement of the 

device thermal stability by retaining 70% of its initial efficiency after 360 hours compared 

to the 3D device which dropped to 25% of its initial PCE under the same testing 

conditions.  

Recently, Ansari el al. employed azetidinium lead iodide (AzPbI3) as a quasi-3D layer on 

top of the primary 3D perovskite film.77 This buffer layer between the 3D perovskite and 

hole transport layer (HTL) resulted in passivating surface and grain boundaries defects. 

Using Kelvin probe force microscopy (KPFM), it was found out AzPbI3 has a higher work 

function than the 3D reference film due to the formation of an electric field by Az cations 

as a result of surface dipoles. This electric field enhanced charge carrier extraction to the 

HTL by repelling negative electrons and attracting holes. Therefore, non-radiative 

recombination centres were suppressed at the perovskite/HTL interface and high Voc 

values were achieved. The champion device (5mg/ml) achieved a remarkable PCE value 

of 22.03%, a high VOC of 1.18 V, JSC of 24.55 mA/cm2 and FF of 79% with negligible 

hysteresis. The unencapsulated champion device retained over 85% of its initial efficiency 

in a nitrogen atmosphere under 1 sun illumination at a constant load of 200 Ω at 52°C for 

over 1000 h, whereas the reference device maintained 47% of its original efficiency under 

the same conditions. 
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4. Research aims  

    Among the many reported defect-passivation techniques, applying surface treatments 

to perovskite thin films have been found to mitigate efficiently non-radiative pathways and 

improve their optoelectronic properties.48,62 Tailoring 3D perovskite materials through 

compositional engineering using a large organic cation with a low dimensionality as 

surface treatment, has led to impressive device performances and long-term operational 

stabilities.78,79 In particular, recent studies on guanidinium (GA=CH6N3
+) additives have 

shown promising results in reducing defect densities and achieving optimal 

performance.80–84 Guanidinium iodide (GAI) is a relatively large organic compound 

composed of three amino groups (—NH2) with an ionic radius of ~ 278 nm that has been 

proposed to form low-dimensional perovskites when reacted with excess PbI2 present on 

the 3D perovskite film surface.85–87 The amino groups are proposed to strengthen the 

hydrogen-bond formation between the metal halide framework and A-site cation which 

would help to maintain the structure stability. Compounds with amino groups have been 

implicated in passivating surface defects (i.e., point defects) and defective grain 

boundaries.88,89 Chavan et al. demonstrated highly efficient mixed-cation CsxFA1-XPbI3 

perovskite films though post-treatment deposition of GAI, delivering a stabilized power 

output of 19.73% with an enhanced VOC value of 1.17 V.90 It is worth mentioning that the 

careful doping of GAI into mixed-cation mixed-halide perovskite precursor 

Cs0.05(MA0.17 FA0.83)0.95Pb(I0.83 Br0.17)3 resulted in prolonged carrier lifetimes and lower 

trap densities.80 These studies promise Guanidinium-cation based perovskite devices as 

an attractive candidate for efficient PSCs. However, a comprehensive investigation into 

the effect of GAI treatment on the optoelectronic properties of halide perovskite films is 

yet to be performed. In this work, the impact of a GAI surface treatment on the structural 

and photophysical properties of triple-cation CsMAFA perovskite films was analysed. The 

results suggest that a low-concentration treatment with GAI enhances the CsMAFA 

perovskite crystallinity, homogenizes the PL intensity, and improves the device 

performance. While, on the other hand, excess GAI yields low degree of crystallization 

leading to poor device performance.   
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5. Methodology 

5.1. Device and materials fabrication methods  

 Unless otherwise specified, all materials were purchased from Greatcell Solar 

Materials, Alfa Aesar and Sigma-Aldrich and used as received without any further 

purification. Formamidinium iodide (FAI), methylammonium bromide (MABr) and 

guanidinium iodide (GAI) were purchased from Greatcell Solar Materials, lead iodide 

(PbI2) and lead bromide (PbBr2) were purchased from Alfa Aesar, cesium iodide (CsI), 

dimethylformamide (DMF), dimethylsulphoxide (DMSO), chlorobenzene (CBZ) and iso-

propanol (IPA) were purchased from Sigma-Aldrich. Spiro-OMeTAD was purchased from 

Luminescence Technology Corporation. Fluorine-doped tin oxide (FTO) glass substrates 

of 8 Ω/sq sheet resistance were purchased from Zhuhai Kaivo Optoelectronic technology 

corporation.  

FTO-coated glass substrates were cleaned by ultrasonication in 2% (volume ratio) 

Hellmanex aqueous solution, de-ionized water, ethanol and iso-propanol in sequence (20 

min each) followed by a UV plasma cleaner treatment for 10 min.  

A compact TiO2 blocking layer (65 nm thickness) was deposited onto FTO substrates with 

an automatic spray pyrolysis system using a titanium diisopropoxide bis(acetylacetonate) 

solution dissolved in anhydrous iso-propanol (1:19, v/v). The substrates were sintered on 

a hot plate at 500 °C for 20 min and left to cool down to room temperature.  

Then, 80 µl of diluted TiO2 paste in ethanol (1:6 weight ratio) was deposited on the 

compact TiO2 layer by spin-coating at 4000 rpm at a ramping speed of 2000 rpm for 20 s 

followed by drying of each substrate at 100 °C for 10 min then sintering at 500 °C for 30 

min in air. The substrates were treated again with a UV plasma cleaner for 10 min and 

transferred immediately to a N2-filled glovebox for perovskite deposition. 

For the Cs0.07FA0.79MA0.14Pb(I0.83Br0.17)3 (“CsMAFA”) perovskite film fabrication, the 

perovskite precursor solution was prepared in a N2-filled glovebox by mixing 1.12M PbI2, 

1.1M FAI, 0.19M MABr and 0.2M PbBr powders in 1mL of DMF and DMSO (4:1 v/v) with 

a final concentration of 1.4M. The solution contains 3 mole % excess PbI2. 34 µL of CsI 

dissolved in DMSO (1.5 M) was then added to the precursor solution. The perovskite 

precursor was left to stir overnight until fully dissolved. The CsMAFA film was prepared 

by spin coating 50 µL of the CsMAFA precursor solution onto the substrates using a two-

step program at 1000 rpm with a ramping speed of 1000 rpm for 10 s and then, 6000 rpm 

with a ramping speed of 6000 rpm for 20 s. 200 µL of CBZ was poured onto the substrate 

5 s prior to the end of the second step. The substrates were then annealed at 100˚C for 

30 mins. 

After cooling, 35 uL of solution of GAI dissolved in IPA at different concentrations was 

deposited at 5000 rpm with a ramping speed of 5000 rpm for 30 s.  
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For the hole transport layer stock solution, 72.5 mg of spiro-OMeTAD was dissolved in 

CBZ, followed by the addition of 28.8 uL tBP and 17.5 uL of LiTFSi (300 mg/ml) in 

Acetonitrile (ACN) was added. The film was spin coated onto the GAI/CsMAFA film at a 

ramping speed of 4000 with an acceleration of 4000 rpm for 20 s.  

Finally, the device fabrication was completed by depositing 80 nm thin layer of Au 

electrode using thermal evaporation.  

To enable correlation between experiments, Au fiducial markers were prepared according 

to the modified procedure reported by Jone et al.91. The Au markers were suspended in 

chlorobenzene and spin-coated at 1000 rpm with a ramping speed of 1000 rpm for 60s. 

This resulted in the formation of triangular shaped markers that are a few micrometres in 

size, and the measurements were taken away from these nanoparticles for correlation 

between experiments.  

5.2. Device characterizations  

5.2.1 Current-Voltage (J-V) Characteristics  

J-V curves were measured using a Keithley 2400 source meter. The devices were 

illuminated by an Oriel solar simulator equipped with a Xenon lamp source (100 mw/cm2) 

and an AM1.5G filter. A non-reflective metal mask of aperture 0.16 cm2 was used to define 

the irradiation area.  

5.2.2 Ultra-violet visible (UV-Vis) spectra  

UV-Vis spectra were obtained using a Perkin Elmer Lambda 950 spectrophotometer fitted 

with an integrating sphere. The perovskite films were spin-coated onto Plain glass before 

measurement. The UV-Vis spectra were measured using a quartz cuvette that can be 

fully sealed. The UV-Vis spectra were measured by Dr. Anthony Chesman.  

5.2.3 Photoluminescence (PL) and time-resolved PL measurements  

Spectral and PL decay measurements were performed using an Edinburgh Instruments 

Ltd. FLSP920 time-correlated single-photon counting (TCSPC) spectrometer. A 466 nm 

pulsed diode laser excitation source (EPL-475, Edinburgh Instruments Ltd.) with ca 100 

ps pulse width and a peak laser-pulse excitation fluence of ca 0.2 nJ cm−2, operating at 

20 kHz, was used as the excitation source. Emission was measured using a grating 

monochromator. The PL spectra was measured using a sufficiently low repetition rate to 

allow the PL to decay to negligibly low levels between consecutive pulses. Very low 

excitation fluences (0.2 nJ cm−2) were used for the PL decay measurements to specifically 

probe the extent of non-radiative recombination at traps/defects in pristine perovskite 

layers (slow decay component), as well as rates of charge-transfer between perovskite 

and charge-transport layers in bi/multi-layer systems (fast decay component). These 

results cannot be readily extrapolated to PL decay behaviour at the much higher fluences 

equivalent to 1-sun where the decay kinetics is much more complex due to bi-molecular 
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recombination, Auger recombination etc. Samples consisted of films coated on plain glass 

substrate, with excitation incidence and emitted PL measured on the coated side of the 

samples. The PL measurements were done by Dr. Andrew Scully.     

5.2.4 Contact Angle measurements  

Contact angle measurements were conducted using OCA 20 from dataphysics equipped 

with high quality optics to ensure high precision when displaying the drop, to accurately 

measure the contact angle. 2µL of milk q water was used for the measurements. 

5.2.5 X-ray diffraction analysis (XRD)  

XRD measurements was carried out with a Bruker D8 Advance Diffractometer using Cu 

Kα X-ray tube operated at 40 kV and 40 mA.  

5.2.6 Scanning electron microscopy (SEM) micrographs  

SEM micrographs were obtained using a FEI Nova NanoSEM 450 FEG microscope at 

3kV accelerating voltage and acquired with a Through-Lens Detector (TLD). The samples 

were transferred via inert gas transfer chamber. The dwell time for image acquisition was 

20 µs per probe pixel.  

5.2.7 Confocal PL spectroscopy and imaging measurements  

Confocal PL measurements were performed on an inverted microscope (Nikon Eclipes 

Ti2 microscope) with a Kymera detector (mode: 328i). The excitation light is generated 

by a mercury lamp with a 488 nm long pass filter for the confocal PL imaging and time-

dependent PL spectra. The confocal data were acquired by Dr. Wenxin Mao.  
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6. Results and Discussion 

6.1. Structural analysis of the GAI-treated PSCs 

 In the present study, a mixed-cation mixed-halide Cs0.07FA0.79MA0.14Pb(I0.83Br0.17)3 

perovskite (referred to as CsMAFA; FA; formamidium; MA, methylammonium; Cs, 

cesium) was employed as the baseline perovskite composition. The films were prepared 

using a single-step deposition method92 (Figure 36a), followed by the introduction of 

different concentrations of GAI dissolved in IPA solvent acting as a surface treatment: 2 

mg/ml (GAI-2), 10 mg/ml (GAI-10), 20 mg/ml (GAI-20), 30 mg/ml (GAI-30) and 40 

mg/ml (GAI-40). GAI is a relatively large organic compound composed of three amino 

groups (—NH2) with an ionic radius of ~ 278 nm; the amino group is proposed to 

strengthen the hydrogen-bond formation with the undercoordinated iodine species  of the 

perovskite film, which would help to passivate surface defects and defective grain 

boundaries.93,88  

XRD measurements were performed on the perovskite films to study the formed phases 

and film crystallinity induced upon GAI treatment (Figure 36b). The typical 001, 011, 111 

and 002 perovskite peaks corresponding to the metrically cubic phase of mixed-cation 

mixed-halide composition were present in all the films (note that due to the nominally 

irrational stoichiometry, the structure cannot have a cubic space group).94 The CsMAFA 

perovskite film shows a hexagonal PbI2 peak at 12.646° and this was expected since the 

precursor solution contains a 3 mole % excess PbI2. For all the GAI-treated films, the 

12.646° peak disappears, and a new peak just to the right of it was observed. The values 

for this new peak were 12.712°, 12.959°,12.972°,12.979° and 12.979° for GAI-2, GAI-10, 

GAI-20, GAI-30, and GAI-40, respectively. This peak shift is large and cannot be 

attributed to pure PbI2 since there are no polytypes of hexagonal PbI2 that can generate 

an XRD peak at these higher angles.95 Moreover, the possibility that this peak can be 

assigned to a lead-halide (PbIxBr100-x or PbBr2) phase was considered, as demonstrated 

in Figure 36d, however, the spectra was not consistent with the shifted peak and 

additionally was excluded for two reasons: first, more iodide ions are added upon GAI 

treatment which would result in a peak shift to the left of PbI2 peak instead of the right and 

second, it is not chemically plausible that the reaction of GAI with excess PbI2 would lead 

to the appearance of a PbBr2 or PbIxBr100-x phase. 

In a further effort to identify the phases associated with this shifted peak and all the other 

peaks in the XRD spectra of the GAI treated CsMAFA that are not found in the pure 

CsMAFA, XRD spectra of several compositions that could possibly form were analyzed 

such as (FAPbI3)x(GA2PbI4)100-x (hereafter called “FAGA” phases), PbIxBr100-x and 

GAPb(IxBr100-x)3 as shown in Figure 36(c-e)). These films were synthesized using the 

same solvents and processes for the CsMAFA and GAI-treated films.  

The rationale for analyzing FAGA phases is because the CsMAFA perovskite system is 

mostly composed of FA therefore it is highly probably that GAI will react with FA if GAI is 
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incorporated into the CsMAFA perovskite lattice. Indeed, the exact composition may be 

slightly different, incorporating Cs, MA and Br, but the XRD of the FAGA phases is useful 

as a starting reference. At x=70 ((FAPbI3)70(GA2PbI4)30), a peak at 12.692° starts to 

appear and then it shifts gradually to the right with more GAI incorporation relative to FA 

till it reaches 12.999 for x=10 ((FAPbI3)10(GA2PbI4)90) similar to the observed trend for the 

GAI-treated CsMAFA films. Table 1 highlights all the values for the peak angles for the 

different FAGA compositions. Therefore, this “shifting” peak might be associated with a 

FAGA phase, shifting with increasing GAI.  

The XRD spectra of GAPb(IxBr100-x)3 was observed as well and no peaks between 12° 

and 14° were found across all compositions that could match the observed peaks in this 

range, suggesting this phase is not formed.  

Furthermore, after comparing the XRD patterns of the GAI-treated films with the pattern 

of δ-FAPbI3 (at x=100), and observing the presence of the two δ-FAPbI3 peaks at 11.5° 

and 25.5° for all the GAI-treated samples, these two peaks can be attributed to δ-FAPbI3.  

Meanwhile, at higher GAI concentrations (GAI-30 and GAI-40), a low-angle diffraction 

peak consistent with (FAPbI3)x(GA2PbI4)100-x phases (for x=0 to 50) was observed at 6.5°. 

GAI-40 also exhibits some additional low intensity peaks that we have not been able to 

identify from the studied (FAPbI3)x(GA2PbI4)100-x or other patterns. Others have suggested 

these  are consistent with the key characteristic peaks of GA2PbI4.96,97 These results 

suggest that the introduction of GAI induces the formation of different 

(FAPbI3)x(GA2PbI4)100-x (or closely related) phases, with the specific phase (x) depending 

on the GAI concentration, implying the reaction of GAI with the CsMAFA perovskite 

lattice.  

All the peak values for the CsMAFA, GAI-treated and (FAPbI3)x(GA2PbI4)100-x films are 

provided in Table 2 and Table 3, respectively.  

The full width at half-maximum (FWHM) of the 001 perovskite peak was analyzed to 

determine the crystallinity of the perovskite phase (Figure 36d). The GAI-10 film has the 

sharpest diffraction peak with the smallest FWHM in comparison to the other films, which 

implies enhanced ordering of the perovskite crystal lattice for this exact GAI 

concentration.  
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Figure 36. a) Schematic diagram of the perovskite film fabrication, b) XRD patterns for 

the CsMAFA and GAI-treated films, c) XRD spectra for the different FAPbI3 and GA2PbI4 

compositions, d) XRD spectra for Pb-halides, e) XRD spectra for GAPb(IxBr100-x)3 and f) 

FWHM of the 001 perovskite peak at 14.1°.  
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Table 1. Angles of the ~12.6-12.9 degree peak as a function of different concentrations 

of (FAPbI3)x(GA2PbI4)100-x.  

X Peak shift values in degrees 

10 12.999 

20 12.979 

30 12.938 

40 12.897 

50 12.835 

60 12.815 

70 12.692 

80 No peak 

90 No peak 

100 No peak 

 

Table 2. Peak position in degrees for the CsMAFA and GAI-treated films.  

GAI (mg/ml) Peak position in degrees 

0 12.646, 14.005. 19.891, 24.712, 28.281, 26.532 (FTO) 

2 
11.523, 12.712, 14.005, 19.891, 24.712, 26.532 (FTO), 

28.301 

10 
11.420, 12.959, 14.004, 19.889, 24.556, 26.111, 26.532 

(FTO), 28.444 

20 
11.222, 11.420, 12.972, 14.003, 19.889, 24.444, 26.000, 

26.532 (FTO), 28.333 

30 
6.5, 11.111, 11.420, 12.979, 13.333, 14.001, 19.889, 

24.333, 26.000, 26.532 (FTO), 28.222 

40 
6.5, 7.000, 11.000, 11.420, 12.979, 13.000, 14.000, 19.889, 

24.333, 26.111, 26.532 (FTO), 28.111 
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Table 3. Peak position in degrees for various concentrations of (FAPbI3)x(GA2PbI4)100-x.  

X Peak position in degrees 

0 
6.532, 11.444, 13.000, 13.778, 16.111, 23.556, 24.000, 

26.532 (FTO), 27.556 

10 
6.532, 11.444, 12.667, 12.999, 13.778, 16.111, 23.556, 

24.000, 26.532 (FTO), 27.667 

20 
6.519, 11.326, 11.571, 12.671, 12.979, 13.730, 16.215, 

23.589, 24.078, 25.504, 26.532 (FTO), 27.582 

30 
6.497, 11.315, 11.596, 12.938, 13.122, 13.724, 16.254, 
23.642, 24.084, 25.649, 26.532 (FTO), 27.657, 28.902 

40 
6.457, 11.275, 11.676, 12.847, 13.162, 13.724, 16.254, 
23.481, 24.084, 25.529, 26.532 (FTO), 27.737, 28.902 

50 
6.416, 11.275, 11.717, 12.835, 13.485, 16.294, 23.481, 
24.084, 25.649, 26.131, 26.532 (FTO), 27.737, 28.902 

60 
11.355, 11.676, 12.815, 13.764, 16.254, 24.003, 25.730, 

26.131, 26.532 (FTO), 27.737, 28.902 

70 
11.413, 11.700, 12.692, 13.789, 16.206, 23.974, 25.776, 

26.145, 26.532 (FTO), 27.743, 28.931 

80 
11.754, 13.803, 16.236, 22.424, 24.046, 25.412, 26.137, 

26.532 (FTO), 27.802 

90 
11.780, 13.902, 16.236, 22.389, 24.171, 25.402, 26.208, 

26.532 (FTO) 

100 11.780. 16.236, 22.432, 25.402, 26.251, 26.532 (FTO) 

 

With a closer inspection at the 001 and 002 perovskite peaks, a peak shift towards lower 

angles was observed (Figure 37). According to Bragg’s law, a lower angle shifted peak 

confirms the expansion of the unit cell, contributing to larger d-spacings, which in this 

instance could be due to the incorporation of either guanidium or iodide ions. 
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Figure 37. Zoomed-in XRD patterns for the 001 and 002 perovskite peaks.  

6.2. The impact of GAI treatment on the photophysical properties of the perovskite 

films 

 Despite the exceptional PCEs reported for CsMAFA perovskite systems, they still 
suffer from substantial microscale variations in terms of luminescence efficiency.38,42 In 
order to further investigate the variations in the PL intensities at the micron scale, confocal 
PL microscopy was used to map the luminescence intensities of the untreated and GAI-
10 treated films ( 

Figure 38). The PL sample was marked with Au fiducial markers to allow the exact area 
to be scanned before and after deposition of the GAI passivation layer (Inset  
Figure 38b and e). As shown in  
Figure 38a, the confocal PL mapping highlights the spatial luminescence heterogeneity 
featuring dark regions for the reference CsMAFA film. Some hypotheses for these dark 
defective spots are as follows: 1) iodide vacancies (undercoordinated Pb+2 and Pb0 
defects) formed upon thermal annealing due to the volatility of organic 
components.100,101 2) PbI2 crystals present on the film surface arising during film growth 
and crystallization.91 3) different crystal facets with different density of trap states.102 4) 
phase impurities existing at the grains’ interfaces as reported by Doherty et al.94. 
However, upon the introduction of GAI-10 surface treatment, we obtained 
homogeneous PL intensities over the entire film and no dark defective regions were 
observed ( 
Figure 38d). Our interpretation is that GAI induces a homogeneous crystallization 
phase for the CsMAFA film leading to uniformity in the PL emission. Furthermore, since 
PbI2 is a wide band-gap photoactive material (~ 2.4 eV) with a strong PL emission at 
513 nm and taking into consideration the emission range of the fluorescence mapping is 
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between 510 nm to 900 nm.103,104 Therefore, we speculate that the dark spots are most 
likely PbI2 crystals since GAI is expected to react with PbI2 particles to form different 
GAI phases. The associated PL signals were taken before and after each fluorescence 
image, and we observe no shift in the PL peak ensuring the absence of halide 
segregation due to the low bromide content ( 

Figure 38c and f). These non-luminescent defects impact not only the device 

performance by promoting  non-radiative recombination of charge-carriers but also 

degrade the long-term operational stability.105 Therefore, resolving micro-scale 

inhomogeneities and achieving uniform optoelectronic properties is paramount for 

efficient device operation, a common view among researchers studying monocrystalline 

semiconductor materials.106,107 

 

Figure 38. Confocal PL mapping for the reference and GAI-10 films marked with Au 

fiducial markers as shown in the corresponding SEM images: a & b) Fluorescence and 

SEM micrograph of the CsMAFA film, d & e) Fluorescence and SEM micrograph of the 

GAI-10 film c & f) Normalized PL spectra for the films before and after each fluorescence 

mapping. The laser excitation wavelength is 488 nm and the emission range is between 

510 to 900 nm.   

 
Figure 39 shows the evolution of the confocal PL spectra as a function of time for both 

the CsMAFA and GAI-10 treated films. The CsMAFA film shows a reduced PL intensity 

over different time intervals compared to the treated film and started to display a 

shoulder at 795 nm (as marked by the arrow) suggesting the occurrence of halide 

segregation at 50s.108,109 Notably, there could exist a small unpronounced shoulder at 
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t=1s, however, it becomes clearly visible at t=50s. This phase segregation could be 

attributed to an iodide rich domain since it starts to appear at longer wavelengths. 

Whereas the GAI-10 treated film exhibited stronger and sharper PL intensities over time 

confirming enhanced radiative quality as well as suppression of halide-migration. A 

possible explanation for this behaviour is that upon continuous illumination, the amine 

group of GAI fills the trap states (i.e. undercoordinated iodide species) by the 

passivation of surface and grain boundaries defect sites, thereby yielding higher PL 

peak over time. It also correlates with VOC improvements at the device level in which 

higher radiative efficiency leads to larger quasi-fermi level splitting in the bandgap.110,111 

These results indicate the GAI treatment provided enhanced photophysical properties 

and lower defect densities. 

 

Figure 39. Time-dependent confocal PL spectra of the perovskite films: a) CsMAFA and 

b) GAI-10. The arrow highlights the rise of a segregated PL peak for the CsMAFA film. 

6.3. Opto-electronic and morphological characterization of the perovskite films 

 In  
Figure 40, the effect of different concentrations of GAI treatment on the optical 
properties of the perovskite films was investigated. UV-Vis spectroscopy was performed 
to study the optical absorption spectra of the films ( 

Figure 40a). The reference and GAI-2 films have an absorption onset at 787 nm (1.58 
eV) indicating the band gap of the bulk perovskite is not noticeably affected at this low 
concentration of GAI. However, the higher concentrations of GAI-modified films were 
slightly red-shifted, indicating a reduction in the band gap. This redshift may be related 
to the introduction of iodide-rich perovskite phases with more GAI incorporation into the 
perovskite lattice. It is worth noting that the absorption intensity was significantly 
reduced, especially in the wavelength region from 600 to 750 nm at GAI-20, GAI-30 and 
GAI-40, while the reference, GAI-2 and GAI-10 films have a high absorption capacity 
over the entire visible spectrum. To unravel the effect of the GAI treatment on the 
emissive properties of the films, PL measurements were carried out on plain glass 
substrates using a laser with an excitation wavelength of 466 nm ( 
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Figure 40b). It can be clearly seen that the PL intensity gradually increases with more 

GAI content. These improved PL features infers the excellent radiative quality of the 

treated films. It also demonstrates the suppression of defects and promotion of radiative 

charge recombination.  

TRPL was used to characterize the charge carrier dynamics of the perovskite films with 
and without GAI surface treatment. The PL decay curves are shown in  

Figure 40c and the data were fitted using a bi-exponential decay function: 

𝐼(𝑡) =  𝐴1 exp  (−𝜏
𝜏1⁄ ) + 𝐴2 exp (−𝜏

𝜏2⁄ ) 

The PL decay kinetics comprises a fast (𝜏1) and a slow (𝜏2) component.112,113 The fast 

decay  component relates to non-radiative recombination, while the slow decay 

component attributes to radiative recombination of charge carriers.114 From the TRPL 

data, the weighted average lifetime values of the films increase dramatically with the 

treatment of GAI from 0.11 µs for the control film to 0.12, 1.39, 3.66, 4.99 and 5.24 µs for 

GAI-2, GAI-10, GAI-20, GAI-30 and GAI-40 respectively. The prolonged lifetimes indicate 

the reduction of trap states upon GAI treatment.  

 

Figure 40. Characterization of the perovskite films: a) UV-Vis absorption (the arrow 

highlights the reduced absorption intensity for higher GAI concentrations), b) Steady-state 

PL spectra, c) TRPL decay curves of the perovskite films. 

The morphology of the films was examined using scanning electron microscopy (SEM) 

as shown in  

Figure 41. The CsMAFA film exhibits a compact, dense and pin-hole free morphology 

distributed homogeneously among the substrate with average grain dimensions of 200 – 

250 nm ( 

Figure 41a). There exist small bright grains which are attributed to unreacted-PbI2 on top 

of the film.115,116 To elucidate the role of the solvent on the CsMAFA film surface, the 

perovskite film was treated with neat IPA ( 
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Figure 41b). The resulting morphology suggests that the neat solvent on its own did not 

modify the film surface and remained unchanged. When the CsMAFA film was treated 

with GAI-2 and GAI-10, GAI started to react with the excess PbI2 demonstrated by the 

reduction in the density of bright grains, and the average grain sizes increased to 300 and 

400 nm ( 

Figure 41c and d). Larger grains mean fewer grain boundaries, which is beneficial for 

charge transport in devices. GAI-10 also appears to have a slightly smoother surface than 

the other prepared films. When the concentration of GAI is further increased to 20, 30 

and 40 mg/ml, the grains reduce again in size featuring plate-like structures and the 

surface appears rougher (GAI-30) as shown in  

Figure 41(e-g), respectively.  

 

 

Figure 41. SEM micrographs of the perovskite films: a) CsMAFA, b) CsMAFA/IPA, c) 

GAI-2, d) GAI-10, e) GAI-20, f) GAI-30 and g) GAI-40.  

6.4. Resulting device performance of the GAI-treated PSCs  

 The elimination of the heterogeneous PL features with GAI-10 surface treatment was 

a motivation to investigate whether this homogenization would translate to improvements 

in device performance. The fabricated PSCs were based on an n-i-p architecture 

containing FTO/c-TiO2/m-TiO2/CsMAFA perovskite/GAI/Spiro-OMeTAD/Au as shown in 

Figure 42a. The effect of GAI-treatment on the J-V hysteresis phenomenon was 

examined as shown in Figure 42b. It was found that all the GAI-passivated films exhibit 

less hysteresis between the forward and reverse scans than the CsMAFA device, which 

could indicate the suppression of ion migration upon GAI treatment. However, the 

a) b) c) d) 

e) f) g) 
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hysteresis is a complex dynamical behaviour dependent on many factors such as scan 

rate/direction, ion-mobilities, device architecture and preconditioning ..etc, and these 

different factors cannot be easily isolated here.117 Interestingly, a switch from normal 

hysteresis behavior (positive hysteresis values) for low GAI concentrations (2 and 10 

mg/ml) to inverted hysteresis (negative hysteresis values) in high GAI concentrations (20, 

30 and 40 mg/ml) was observed, which could be due to screening the built-in electric field 

by the large amount of positive ions accumulating the interface ( 

Figure 43). Normal hysteresis is often related to the migration of halide ions forming 

segregated iodide- or bromide-rich domains.118 One of the possible explanations for the 

switch from normal to inverted hysteresis could be that the introduction of relatively higher 

amounts of positive ions at high GAI concentrations might result in their accumulation at 

the interface, screening the built-in electric field. This would lead to the creation of an 

opposing ‘unfavourable’ electric field at the interface that acts as an energetic barrier to 

charge extraction. The presence of S-shaped J-V curves also indicate the impairment of 

charge carrier collection efficiency at higher concentrations of GAI.119,120  

The photovoltaic performance of the resulting PSCs was investigated under standard 

AM1.5G solar illumination at ambient conditions, and the device parameters were 

summarized in (Figure 42(c-f)). The best performance was achieved for GAI-10 devices; 

for these devices, the improved performance is mostly driven by an increase in VOC and 

FF, with reproducible values of 1.15 ± 0.2 V and 75 ± 2 %, respectively, denoting an 

enhanced defect-passivation. These devices also yielded the highest PCE value of 18 ± 

0.3 %, while the CsMAFA devices delivered 16 ± 0.4 % PCE. For the JSC values, the 

CsMAFA film, GAI-2 and GAI-10 exhibited similar values of 22 ± 0.1 mA/cm2. For GAI 

content beyond 10 mg/ml, the JSC and fill factor values drop dramatically, limiting the 

overall device performance. This may arise from an increase in the charge transport 

series resistance as a result of increasing the concentration of this passivation treatment 

which has lower conductivity.61 

These results show that a small amount of GAI can improve the film quality and suppress 

defects, while a larger amount degrades the device performance. They also demonstrate 

that the achieved homogenization of the PL intensities resulted in efficient device output. 

Additionally, these results highlight the importance for the need to precisely control the 

concentration of GAI treatment to obtain the desired device performance.  
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Figure 42. a) Schematic illustration of the employed planar device architecture, b) 

Hysteresis indices as a function of GAI concentrations, Statistical distribution of 

photovoltaic parameters: b) VOC, c) JSC, d) FF, and e) PCE for the devices made with 

CsMAFA perovskite and those modified with GAI.  

 

Figure 43. J-V curves at a scan rate of 0.1 V/s for all the devices featuring the hysteresis 

behavior: a) CsMAFA, b) GAI-2, c) GAI-10, d) GAI-20, e) GAI-30 and f) GAI-40. 

The representative SEM cross section images of the full devices are presented in  
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Figure 44, showing the thickness of the individual layers. It visualizes unchanged 

perovskite thickness of around 450 nm for the CsMAFA and GAI-treated films. 

 
Figure 44. Cross-sectional SEM images for the fully assembled devices based on 

CsMAFA and GAI-treated films: a) CsMAFA, b) GAI-2, c) GAI-10, d) GAI-20, e) GAI-30 

and f) GAI-40.  

6.5. The detrimental effect of excess GAI on the device performance 

 To test the hypothesis that low conductivity of the passivation layer limits the device 

performance at higher GAI concentrations, an IPA cleaning step was introduced to 

remove any excess GAI at the surface of the CsMAFA perovskite film. The corresponding 

device performance metrics are shown in  

Figure 45. The low-GAI treated devices (GAI-2 and GAI-10) did not experience any 

change in their performance upon the IPA washing step. However, the high-GAI treated 

devices (GAI-20, GAI-30 and GAI-40) displayed significant improvement in all the device 

performance metrics, specifically, in the JSC values upon the removal of the excess 

unreacted GAI. These results suggest that excess GAI and/or (FAPbI3)x(GA2PbI4)100-x 

phases, such as GA2PbI4, act as insulating layers that inhibit charge extraction, thereby 

leading to poor device performance.  
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Figure 45. Photovoltaic properties of the resulting IPA washed devices: a) VOC, b) JSC, c) 

FF, and d) PCE.  

6.6. Hydrophobic nature of the perovskite films 

 Finally, contact-angle measurements were performed to assess the hydrophobic 

nature of the films upon treatment with GAI ( 

Figure 46). As expected, the GAI-treated samples are less hydrophobic than the control 

film due to the hydrophilic amine groups of GA+ that tend to attract water and easily form 

hydrogen bonds. It is clearly demonstrated that with increasing GAI concentration, the 

films become more hydrophilic, with GAI-40 showing the lowest contact-angle of 35.6°. 

The CsMAFA film exhibited the most hydrophobic nature with 72.9°.  

 

Figure 46. Contact-angle measurements for the different perovskite films: a) CsMAFA, 

b) GAI-2, c) GAI-10, d) GAI-20, e) GAI-30 and f) GAI-40. 

  

a) b) c) 

d) e) f) 
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7. Conclusion and Future Outlook 

 This study explored the effect of applying different concentrations of GAI as a surface 

treatment to CsMAFA perovskite film. Low concentrations of GAI lead to excellent 

optoelectronics properties, enhanced perovskite crystallinity, thereby demonstrating 

devices with outstanding photovoltaic properties, particularly in VOC and FF compared to 

the CsMAFA reference devices. While higher GAI concentrations greater than 10 mg/ml 

induced additional crystal phases, which are thought to be closely related to 

(FAPbI3)x(GA2PbI4)100-x (for x=0 to 50) in addition to the introduction of excess unreacted 

GAI which resulted in poor device performance. It is clear that the precise control of 

interface treatments is vital for optimal structure-properties and device output. In addition, 

treatment with the optimized GAI-10 solution resolves micro-scale PL inhomogeneities in 

CsMAFA perovskite films, which could be correlated to the improved device performance 

and lowered hysteresis at the device level. This validates the general consensus that 

device performance improves upon homogenization of optoelectronic properties. 

Consequently, this work opens a new path to investigating the micro-structural 

degradation pathways of perovskite thin films by targeting the use of controlled 

passivation treatments and growth strategies for the elimination of optoelectronic-

inhomogeneities and thus, pushing the efficiency more towards the theoretical limit. In 

doing so, the objective would be to reveal the underlying structural defects and chemical 

phases that are limiting performance and device stability in addition to causing structure-

property heterogeneities with a view to engineering halide-perovskite devices that operate 

efficiently. Further studies targeting the assessment of the device stability are critical for 

correlating improvements in device performance, photophysical and optoelectronics 

properties to the operational lifetime of these devices.  
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