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Inorganic Perovskite Absorber 

Stefan Nicholson,a,b Jochen Bruckbauer,b Paul R. Edwards,b Carol Trager-Cowan,b Robert W. Martin,b 
Aruna Ivaturia* 

Abstract 

CsPbI2Br perovskite material has been the focus of much recent research, thanks to its improved stability over 

CsPbI3, useful bandgap of 1.9 eV and enhanced thermal stability over hybrid perovskite materials with volatile 

organic components. It has great potential for both single junction solar cells for indoor applications, and 

implementation in tandem cells. However, moisture stability has remained an issue. In order to overcome this 

roadblock towards commercialisation, metal chloride dopants have been widely investigated to improve film 

quality and reduce damage from humidity. Most of the studies report that the metal cation in the dopant plays 

a greater role in the improvement of the film properties than the chloride anions, which are thought to be 

removed during annealing in some studies. The majority of the research to date on this topic has focussed on 

investigating device performance and bulk film characteristics, with limited attention paid to grain-level 

crystallinity and whether the dopant is proportionally incorporated into the film. In the present work, 

cathodoluminescence (CL) and electron backscatter diffraction (EBSD) are utilised to investigate the effects of 

a lead chloride dopant, both on emission and crystal structure at a grain level, with the findings supported by 

X-ray diffraction (XRD). Confirmation of proportional incorporation of the dopant into the final prepared films 

is provided by wavelength dispersive X-ray (WDX) spectroscopy. This work provides a valuable insight into the 

impact chloride dopants have on all-inorganic perovskite absorbers, helping to influence future dopant 

strategy. 

Introduction 

Within the currently looming global energy crisis, our future 

energy needs will be delivered by a range of green energy 

sources including wind, hydro-electric and solar power. 

Globally, solar energy generation already surpassed 1000 TWh 

in 20211
, and this is expected to grow rapidly as we move further 

towards carbon-free green energy. With solar power expected 

to form a significant portion of future energy, solar cell research 

has grown, particularly in the field of metal halide perovskite 

absorbers2. These materials exhibit an ABX3 structure, with the 

A site typically formed of an organic or inorganic cation, the B 

site normally being lead or some other metal cation, and the X 

site consisting of halide anions. In the published work to date, a 

wide range of perovskites have been explored, in particular 

hybrid perovskites with organic methylammonium (MA) or 

formamidinium (FA) groups 3–7. Currently FAPbI3 leads the way 

for efficiency with state-of-the-art power conversion efficiency 

of 25.7 %8.  However, thermal stability concerns due to the 

volatile organic groups, and relatively poor air stability mean 

that it is desirable to explore other perovskite materials 9–12. 

One of the most promising approaches to address the stability 

issues of organic cations is to replace them with inorganic 

cations, such as caesium, for developing all-inorganic perovskite 

(e.g CsPbI2Br) solar cells. The inorganic CsPbI2Br absorber has a 

large bandgap of around 1.9 eV, and increased thermal and light 

stability 13,14. This bandgap makes the material useful for both 

outdoor (as the top cell in tandem solar cells) and indoor light 

capture15,16 . Thanks to these properties, and an estimated 

efficiency of 31% when used in a tandem Si-perovskite solar cell 
17, the material has attracted extensive research interest. There 

are however some drawbacks to the use of this all-inorganic 

material: poor moisture stability 13,18 and high defect density 
19,20. These issues can be overcome by the addition of dopants 

to the perovskite film, to passivate defects 21,22 , or 

incorporation of the dopant into the lattice to change the 

tolerance factor 23, as demonstrated via europium doping 24.  

Dopants can also be added to the electron transport layer to 
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have a passivating effect through this interface of the cell 

impacting on the layers, as demonstrated widely in the 

literature, particularly in dual passivation methods 25–27.  A 

range of dopants or treatments are reported in the literature,  

with a large variety of elements covered 18,21,24,28–36. A large  

number of these dopants are metal salts containing chloride as 

their anion, and this has become a popular choice. A selection 

of these have been shown in Table 1, with their attributed 

purpose summarised. Some of these dopants are stated to have 

several roles in improving the device performance. However, in 

many cases the specific method of action of the dopant cannot 

be conclusively determined, despite the dopant being a 

component of the precursor solution. As shown within the 

table, there are a number of papers quoting device 

improvements following the introduction of dopants containing 

a chloride anion. Several of these papers quote grain size 

enlargement or improved morphology as part of the action of 

the dopant 19,31,35,38,39, however this cannot to date be visualised 

or linked to the crystallography on a grain level. X-ray diffraction 

(XRD) in these cases provides bulk film characteristics; however 

detailed structural information on the grain level is not obtained 

by adopting this bulk approach. A more suitable approach for 

investigating the impact of a dopant on the film’s crystallinity is 

that of electron backscatter diffraction (EBSD), shown 

previously to give in-depth information about the crystal 

orientation and misorientation within films and grains 40–42 . 

Where chloride has been studied, the effects on emission are 

dismissed as limited, despite photoluminescence emission 

shown to be improved by the addition of PbCl2 43. Shifts in the 

PL emission peaks in the study involving InCl3 dopants have 

been suggested to be from the hot air treatment during film 

formation rather than due to the dopant 35. Also, most of the 

studies report that the metal cation in the dopant plays a 

greater role in the improvement of the film properties of 

CsPbI2Br films than the chloride anions19, 31, 34, 35, 37, 38, 47-50. 

Attempts to probe chloride incorporation into the CsPbI2Br 

films has been shown with varying amounts of success, with 

some report it to be removed during annealing 33. Some of the 

techniques commonly explored for such attempts are listed in 

Table 1. 

 

In contrast, in hybrid organic-inorganic halide perovskites Cl 

incorporation is demonstrated to be beneficial for defect 

passivation mainly at the heterojunction interfaces, but is often 

Table 1 – A selection of chloride dopants used, their effects and attempts adopted to probe its presence within CsPbI2Br 

Dopant(s) 

Used 

Effect of the Dopant Technique used to investigate chloride presence Reference  

CsCl Larger grain growth and compact film created, with 

reduced defects and increased carrier lifetime. 

Chloride presence was not evident from XPS 

studies 

19  

MnCl2 Reduced defect density with improved polycrystalline 

film formation. Reduced trap states 

EDX maps revealed that all of the elements, 

including Mn and Cl, were distributed 

homogeneously throughout the film. 

31  

CaCl2 

PbCl2 

Reduced trap density and change of Fermi levels of 

perovskite with CaCl2. No changes observed using PbCl2. 

XPS measurements carried out to probe chloride 

dopant. Very low intense Cl 2p signal    

34 

InCl2 

EuI3 

Improved morphology, crystal orientation and reduced 

defects, leading to increased carrier lifetime.  

Cl- presence not probed. 35  

SrCl2 

NiCl2 

Improved morphology. Reduced hysteresis. Increased 

carrier lifetimes. Removal of trap states. 

Cl- presence not probed. 37  

PbCl2 Trap state density reduced with improved emission. 

Better crystallisation through improved coverage and 

crystal orientation, and larger grain sizes. 

XPS measurements carried out to probe chloride 

dopant   

38  

NbCl5 Reduces charge recombination. Negligible hysteresis.   Cl- presence not probed in XPS.  47 

GdCl3 

PbCl2 

Dense perovskite film with small grains, suppressed 

charge carrier recombination, appropriate energy level 

alignment.  No changes observed using PbCl2. 

Cl- shown in EDX maps.   Authors claim Gd 

effect, Cl passivates at grain boundaries 

48 

FeCl2 Grain size reduction, align the energy levels, promote 

the built-in potential (Vbi), and reduce the defect states 

in the perovskite 

Cl- appears in EDX maps. XPS not shown.   49 

MACl The MACl dopant effectively increases the crystallinity 

and grain size of CsPbI2Br film by retarding the 

crystallization rate of perovskite.  

TOF-SIMS shows presence of Cl- at very bottom 

of film, at interface with TCO. 

50 
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reported to be undetectable44–46. In some studies the 

concentration of Cl in hybrid organic-inorganic halide perovskite 

films is varied by changing the duration of annealing due to the 

volatile nature of perovskite components. The chloride content 

in the films was analysed using WDX analysis. 61  

 

In the present study, electron backscatter diffraction (EBSD) and 

X-ray diffraction (XRD), along with cathodoluminescence (CL) 

and wavelength dispersive X-ray spectroscopy (WDX) studies 

have been explored to unravel the influence of chloride anions 

and their role in improving film properties of all-inorganic 

CsPbI2Br perovskite absorbers doped using PbCl2.  Detailed 

grain level structural and optoelectronic properties as a 

function of dopant concentration confirmed proportional 

incorporation of chloride ions into the films, and revealed their 

important role in dictating the crystal orientation and emission 

at the grain level. 

Experimental 

Materials 

Lead iodide (99.99% trace metals basis) and lead bromide 

(99.98 % trace metals basis) were purchased from TCI 

Chemicals, Dimethyl sulfoxide (99.8 % + extra dry) from Acros 

Organics,  caesium iodide (99.999 % trace metals basis), lead (II) 

chloride (>= 98 %) and tin (IV) chloride pentahydrate (98 %) 

from Sigma Aldrich, Ethanol (>= 99.8 %, absolute, analytical 

reagent grade) from Fisher, acetone (>=99.5 %) and 2-propanol 

(>=99.7 %) from VWR International LLC. TEC 15 fluorine doped 

tin oxide (FTO)-coated glass were obtained from NSG Pilkington 

Ltd.  

Film Preparation 

FTO-coated glass substrates were cut (1.5 cm × 2 cm) and 

cleaned by scrubbing with a 2% HellmanexTM solution. The 

substrates were then thoroughly rinsed with deionised water, 

before being placed in a substrate holder. They were then 

sonicated subsequently in deionised water, isopropanol, and 

acetone, for 15 minutes each. Following this, the substrates 

were blown dry with compressed air, and O2 plasma-cleaned for 

15 minutes. The SnO2 precursor solution was prepared by 

mixing 0.225 g SnCl2.2H2O in 10 ml ethanol by stirring overnight. 

The solution was spin coated at 3000 rpm for 30 seconds on the 

FTO-coated glass substrates, and then annealed at 100 °C for 10 

minutes, followed by 180 °C for 1 hour. Following deposition, 

the substrates were O2 plasma treated prior to immediate 

transfer to the N2 filled glovebox. The CsPbI2Br precursor was 

prepared by mixing 312 mg CsI, 277.7 mg PbI2 and 220 mg PbBr2 

in 1 ml dimethyl sulfoxide (DMSO) as reported elsewhere 51. For 

doped samples, PbCl2 was added to the CsPbI2Br precursor to 

make either 1 mol % (1.7 mg/ml), 3 mol % (5.0 mg/ml) or 5 mol 

% (8.3 mg/ml) PbCl2. The solutions were stirred at 60 °C for 1 

hour and then aged overnight. The perovskite precursor was 

then spin coated on the substrates at 2000 rpm for 120 seconds, 

followed by annealing for 2 minutes at 50 °C and 10 minutes at 

160 °C. This step was precisely controlled to ensure no 

unintended compositional variation between the samples. For 

samples deposited for XRD only, a coating of PMMA (10mg/ml 

in chlorobenzene) was applied by spin coating at 4000 rpm for 

20 seconds. This was to act as a protective layer for the films 

exposed to air during XRD measurements. Other measurements 

were carried out under vacuum, and as such the PMMA coating 

was not necessary. 

 

Film Characterisation and Analysis 

CL and EBSD measurements along with secondary electron 

imaging were performed using FEI Quanta 250FEG microscope 
52. For room temperature CL measurements, an accelerating 

voltage of 4 kV and a 400 lines per mm 500 nm blaze grating was 

selected to capture the expected 650 nm emission peak. The CL 

measurements were carried out at a 45° tilt angle to direct the 

light into the lens of the bespoke CL system. Maps were taken 

across a 10 × 10 µm area, with a step size of 0.2 µm, with a 50 

µm slit attached to the spectrograph. The EBSD measurements 

were performed using an Oxford Instruments Nordlys EBSD 

detector. EBSD maps of 60 × 50 pixel area were acquired at an 

accelerating voltage of 20 kV, a sample tilt of 70, a step size of 

100 nm and pattern resolution of 336 × 256 px2. The EBSD data 

was indexed using Oxford Instruments’ Refined Accuracy 

method and analysed using the Matlab-based toolbox MTEX 53. 

The XRD measurements were performed at room 

temperature on a Bruker D2 Phaser system using 

monochromatic CuKα radiation with a wavelength of 1.5406  Å. 

The samples were scanned in the range 5–80 with an 

increment of 0.04 on the 2θ scale. The substrates were set to 

a rotation speed of 8 rpm throughout the measurement. WDX 

data was collected on a JEOL JXA-8530F electron microprobe 

using a TAP diffracting crystal to detect Cl- K X-rays excited by 

a beam energy of 10 keV with a current of 100 nA. To investigate 

migration of Cl- (if any) from SnO2 and FTO layers, WDX maps of 

the cross-section of undoped perovskite film deposited on SnO2 

electron transport layer covered FTO coated glass, was 

investigated. The cross-section sample was prepared from the 

same spin-coating method described above. To avoid charging 

as much as possible during WDX maps, the film was mounted 

with the perovskite film surface facing against metal. For cross-

section WDX maps, the scans were taken on a JEOL JXA-8530F 

EPMA system at 10 kV, with 10 nA current, with a 75 msec dwell 

per pixel, across 100 x 75 pixels, with a 17 nm step size. For WDX 

scans the following crystals were used - TAPH for Br Lα; PETJ for 

Sn Lα; and PETH for Cl Kα. 

Results and Discussion 
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The impact of the chloride dopant on the crystallographic 

structure of the perovskite thin film was investigated by XRD 

and EBSD. XRD pattern shows three main peaks, as seen in 

Figure 1(A), at 15.2°, 21.5° and 30.2° corresponding to the (100), 

(110) and (200) crystallographic planes of α-CsPbI2Br, 

respectively 54. The lack of new peaks when comparing undoped 

CsPbI2Br to the one with highest dopant concentration, shows 

that PbCl2 is not present as a separate species in the final film. 

The PbCl2 would result in the appearance of a dominant peak at 

approximately 22.8°55. The intensity of the diffraction peaks 

increases with PbCl2 addition, reaching a maximum for 1% 

concentration. A closer view of the (200) peak as seen in Figure 

1 (B), reveals a shift towards higher angles in the 2θ scan, 

indicating the contraction of the perovskite lattice as it 

incorporates the smaller chloride anions. The level of shift 

increases as higher concentrations of dopant are used, 

indicating a correlative effect. 

Inverse pole figure (IPF) maps obtained from the EBSD analysis 

are used to display the orientation of individual grains within 

the sample. IPF maps show the crystal directions with respect 

to the reference directions X, Y and Z, where X and Y are the two 

perpendicular in-plane directions and Z the out-of-plane 

direction corresponding to the sample normal. The IPF maps are 

shown in Figure 2. From these plots one can note, that in all 

cases there is a random orientation of grains in the X-Y plane 

(i.e. in-plane). Within the IPF Z maps, one notices that the [100] 

and [110] orientations (red and green colours, respectively) are 

the dominant colours for the samples indicating the preferred 

orientation towards these directions. The map becomes more 

strongly [100] orientated in the highest dopant concentration 

case, confirming that the PbCl2 is strongly coordinating the film 

orientation at grain level. White regions on the IPF maps 

indicate regions where indexing was not possible due to low 

signal intensity from the sample, likely caused by the shadowing 

effect of large grains protruding from the sample surface or the 

Figure 1 (A) XRD pattern for undoped and doped (1, 3 and 5% PbCl2) CsPbI2Br films 

(B) Magnified view showing shift in the (200) peak position with increase in dopant 

concentration.

Figure 3 Pole figures for the [100], [110] and [111] directions measured for 

the samples using EBSD (A) 0 %, 0 mg/mL, (B) 1 %, 1.8 mg/ml, (C) 3 %, 5.0 

mg/ml, and (D) 5 %, 8.4 mg/ml [undoped and doped (1, 3 and 5% PbCl2) 

CsPbI2Br films]. The scales (counts) are the same along each row. 

Figure 2 IPF maps showing grain level crystallographic orientation for PbCl2 

doped CsPbI2Br films – (A) 0 %, 0 mg/ml, (B) 1 %, 1.8 mg/ml, (C) 3 %, 5.0 mg/ml, 

and (D) 5 %, 8.4 mg/ml.                                                                                                                                                                                           
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lack of crystallinity in grain boundaries. The shadowing effect 

would be expected to be most prominent in the highest 

concentration case where the grains are larger. The IPF maps 

show [100] preferential orientation with increase in PbCl2 

concentration across all of the samples with respect to the 

sample normal, indicated by the bright red colour which is 

dominant in the IPF Z maps as seen in Figure 2, and the bright 

intense spot in the centre of the [100] pole figures as shown in 

Figure 3. This correlates with the high intensity peaks from the 

XRD data.   

The [100] pole figure shows clear dominant orientation with 

respect to the sample normal, with all concentrations having a 

clear bright spot in the centre of the pole figure. This increases 

to a brighter spot nearly-off-scale for the highest dopant 

concentration, revealing the clear link between the dopant and 

orientation. From the [110] pole figure, it can be noted that 

there is an intense spot in the centre for the undoped sample, 

which depletes in intensity as dopant concentration is 

increased. This implies a level of preferred orientation in the 

[110] direction, corresponding to the green grains in the IPF Z 

maps in Figure 2, something which is undesirable for good 

CsPbI2Br film quality due to its metastable nature 56.   

The pole figures give an overview of how the entire film is 

crystallised, but do not reveal localised grain information and 

grain sizes. Band contrast maps generated from the EBSD 

measurement, which are a measure of quality of the EBSD 

patterns, can be used to give a visual indication of grain size 

across the samples, with areas in grain boundaries giving low 

intensity of diffraction patterns 57,58. Figure 4 contains the band 

contrast maps for the sample set, revealing an overall trend of 

increasing grain size for the sample with the highest dopant 

concentration.  
It is important to note that XRD gives crystallographic information 

from the overall thin film thickness whereas EBSD gives information 

from around ~50nm of the film from the surface. Comparing XRD and 

EBSD results, it can be noted that the sample with 1% of PbCl2 dopant 

concentration has the most intense XRD peaks which decreases as 

the dopant concentration increases. On the other hand, EBSD 

revealed that the films with 5% PbCl2 has the largest number of 

grains oriented along the preferential [100] direction in the sample 

normal. This indicates that as the chloride dopant concentration 

increases, the crystallites orientation along the preferred [100] 

direction is tuned first from within the bulk of the sample. To 

investigate this further, SnO2 electron transport layer deposited on 

FTO has also been analyzed using WDX to check for the presence of 

chlorine. As shown in Fig. S1, both the FTO and SnO2 coated FTO 

revealed the presence of small concentration of chlorine in the 

layers. This chloride though does not migrate into the perovskite 

layer [as confirmed by absence of any chloride signal from the WDX 

analysis of the top surface of the undoped CsPbI2Br film (Fig. 7) as 

well as cross-section WDX analysis of the undoped CsPbI2Br film 

deposited on SnO2 coated FTO (Fig. S2 and S3)], might however 

Figure 4 Band contrast maps for the sample set, pattern signal on intensity 

scale. PbCl2 doped CsPbI2Br (A) 0 %, 0 mg/ml, (B) 1 %, 1.8 mg/ml, (C) 3 %, 5.0 

mg/ml, and (D) 5 %, 8.4 mg/ml 

Figure 5 Mean CL spectra (normalised), showing the average spectrum obtained 

using all 10000 pixels of the 10 × 10µm scan.
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influence initiation of preferred orientation of the grains at the 

perovskite/SnO2 interface in PbCl2 doped perovskite films. With the 

increase in the concentration of PbCl2 there will be excess Pb2+ as 

well which might lead to decrease in crystallinity of the sample. Thus, 

at higher PbCl2 content though the EBSD shows highest number of 

grains from near the surface of the films oriented along the [100] 

direction in the z-direction, the XRD shows a decrease in the intensity 

of the diffraction peaks for PbCl2 concentration higher than 1%.  

From the mean CL spectra shown in Figure 5, one can note that 

the emission peak is blue shifted when the chloride 

concentration is increased, confirming the change to the band 

structure of the perovskite effected by the incorporation of the 

chloride ions. The shift between the peaks for the undoped and 

most highly doped sample, is approximately 10 nm or 0.03 eV. 

This is a significant change when considering the band 

alignment of a perovskite cell, and could lead to a marked 

change in efficiency, as reported in the literature 54,59,60.   The 

incorporation of chloride ions to the perovskite lattice results in 

slight shifts in the LUMO and HOMO levels of the semiconductor 

material, which affects band alignment to the charge transport 

layers of the cell. Cell stacks need to be designed with this in 

mind. Within this study, concentrations of dopant have been 

Figure 7 WDX peak for chlorine showing increasing concentration from increasing 

dopant content in precursor.

Figure 6 (A) Integrated intensity CL plots of the samples, (B) centre wavelength plots displaying peak position changes within the samples, (C) centre wavelength plots all on the 

same wavelength scale.

Figure 8 WDX peak for chlorine within a 5 % PbCl2 doped sample, showing the 

effect of annealing time [pre-annealing for 2 minutes at 50 °C followed by 10, 30 

and 60 minutes at 160 °C] on peak intensity.
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kept low, showing dopant effects can be gained from a very low 

level. The peak shift and intensity can also be viewed across a 

scanned area of the sample surface by hyperspectral imaging. 

Within the integrated intensity maps displayed in Figure 6 (A), 

it is notable that there are large variations in intensity across the 

samples, with brighter emitting spots visible in the 0 % and 1 % 

samples before the highest concentration sample shows areas 

of weaker intensity at the grain boundaries of the larger grains 

in the sample. Shifts in wavelength of emission are displayed by 

plotting a map of the centre wavelength of a fitted peak at each 

pixel as a function of position, as shown in Figure 6 (B) and (C). 

Figure 6 (B) uses an identical wavelength range in each case, 

highlighting reduced inhomogeneity in the middle two samples, 

while the wavelength scale is kept the same for all plots in 

Figure 6 (C), to allow for direct comparisons between the 

samples to be made. Within these plots there is a general 

blueshift with increasing dopant concentration, however this is 

not uniform across the sample area. 

It is also notable that the intensity plots in Figure 6 do not show 

a simple correlation with the shifts in wavelength, and the 

differences in wavelength across the samples appears to be a 

grain-based phenomenon, as opposed to simple variation 

between grain and grain boundary 61.  

So far, the effect on the crystallisation of the perovskite, and an 

effect on the cathodoluminescence has been shown. However, 

elemental composition data is helpful in conclusively attributing 

the effects observed to chloride incorporation in the films. 

In this study WDX measurements were used in order to 

investigate the presence of chloride in the films. WDX analysis 

clearly confirms that the dopant is incorporated into the film 

and remains part of the structure, as opposed to playing a 

passive crystallisation modification role. Figure 7 focusses solely 

on the Cl Ka peak measured using a PET (pentaerythritol) 

diffracting crystal. A clear and almost proportional appearance 

of the peak is observed as the dopant concentration increases, 

confirming the concentration dependant incorporation of Cl- 

into the perovskite.  

With WDX confirming that the chlorine is present within the 

samples post-annealing, the lack of a PbCl2 peak in XRD, and 

shifts within the sole CL emission peak of the perovskite, it can 

be confidently inferred that chloride anions are incorporated 

into the perovskite lattice, with consequences on the band 

structure and grain sizes in the resulting material.  In order to 

further probe the presence and retention of chloride anions 

into the lattice, the WDX experiment was further repeated on 5 

% doped sample annealed for different durations [pre-

annealing for 2 minutes at 50 °C followed by 10, 30 and 60 

minutes at 160 °C], to confirm whether extended annealing 

times would eventually result in the chloride volatilization from 

the CsPbI2Br film as reported for hybrid organic inorganic films. 

From Figure 8, it can confirmed that the chloride remains within 

the lattice regardless of annealing length, and it is suggested 

that strong binding to the lattice and lack of volatile 

components in CsPbI2Br (in contrast to the organic-inorganic 

hybrid perovskites) prevent it from evaporating during the film 

crystallisation process.  

Finally, to confirm the impacts of the dopant on the stability of 

the films, films doped with various concentrations of PbCl2 were 

monitored under standard laboratory conditions. Figure 9 

shows the change in film appearance between freshly prepared 

samples, and after 90 minutes of exposure to the air and 

moisture. It can be clearly observed that an increase of PbCl2 

content has an impact on the stability of the film, with films 

higher than 3 % PbCl2 appearing less degraded. 

Conclusions 

In summary, a PbCl2 dopant is confirmed to result in chloride ion 

incorporation into CsPbI2Br perovskite films on a proportional, 

concentration dependant basis using WDX, XRD, EBSD and CL 

analysis. It has been demonstrated that the chloride is not 

evaporated during the annealing step of the film preparation, 

and that annealing duration does not impact on the chloride 

content. EBSD analysis confirms improved preferential 

orientation within the films with higher PbCl2 doping, 

confirming the dopant is manipulating and controlling the 

growth of the film. EBSD also indicates grain size increasing with 

the doping level, revealing that the nucleation process is slowed 

and allowing for greater grain growth. CL analysis shows that 

the incorporation of the chloride dopant proportionally impacts 

the emission wavelength of the films, suggesting that the 

bandgap is altered by chloride ion incorporation. XRD shows no 

evidence of PbCl2 incorporating as a separate phase, and peak 

shifts of the bulk perovskite show lattice contraction to 

incorporate the smaller chloride ions into the lattice. The 

incorporation of the chloride anion into the lattice enhances 

stability of the films, important towards the progression of a 

perovskite of this type. This work provides vital insights into the 

roles that chloride anionic dopants have in the formation of all-

inorganic perovskite absorbers, key information towards the 

improvement of perovskite solar cells of this type.   
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