
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 1
0:

34
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Passivation by py
aUniversity of Newcastle, Callaghan, NSW 2
bCSIRO Energy Centre, Mayeld West, NSW 2

csiro.au
cSchool of Molecular Sciences, The University
dCSIRO Energy Clayton Laboratories, Clayto

† Electronic supplementary informa
10.1039/d0ra04641h

Cite this: RSC Adv., 2020, 10, 23829

Received 26th May 2020
Accepted 15th June 2020

DOI: 10.1039/d0ra04641h

rsc.li/rsc-advances

This journal is © The Royal Society o
ridine-induced PbI2 in
methylammonium lead iodide perovskites†

Andre Cook, ab Timothy W. Jones,b Jacob Tse-Wei Wang, b Hua Li,c

Rob Atkin, c Noel W. Duffy, d Scott W. Donne a and Gregory J. Wilson *b

Defects at discontinuities of the perovskite lattice limit the performance of the perovskite solar cell (PSC).

Lead iodide (PbI2) and pyridine have been shown to passivate these defects. We treat methylammonium

lead iodide (MAPbI3) films with pyridine solutions to investigate the effects of the two passivators. By

comparing confocal fluorescence microscopy (CFM) images at 405 nm excitation and then at 559 nm

excitation we demonstrate the pyridine treatment passivates and forms PbI2 crystallites which cause

additional passivation.
Introduction

The Perovskite Solar Cell (PSC) has rapidly become one of the
leading thin-lm solar technologies.1–8 Perovskite lms grown
using metal and organic cations combined with halide anions
demonstrate strong light adsorbing properties with long charge
carrier diffusion lengths.9–13 The ability to fabricate PSCs via
solution processing from low-cost components, for example
methylammonium lead iodide (MAPbI3), that achieve light-to-
electrical power conversion efficiencies (PCE) approaching
that of commercial silicon has spurred a tremendous research
effort.14–18 With laboratory scale PCE reaching 25.2% and
perovskite on silicon tandems reaching 29.1% (ref. 19) research
is moving into scaling-up fabrication and improving
longevity.20,21 Defect reduction via surface passivation treat-
ments of the perovskite layer is one of many avenues for
improving performance and longevity.

Perovskite surfaces have a high density of Shockley–Read–
Hall (SRH) traps,9,22–24 shown via the way charge carrier recom-
bination rates increase with increased excitation intensity.25 For
a bare perovskite lm, SRH traps form non-radiative recombi-
nation centers reducing the measured photoluminescence (PL),
and ultimately device performance. These traps are theorized to
be a result of ion vacancies at the edges of the perovskite lattice,
in particular halide vacancies, resulting in under-coordinated
lead cations.26 Polar molecules can be used to balance the
vacancies at the interface, passivating the trap.26,27 Pyridine,
being a simple Lewis base, has become the focus of many PSC
308, Australia

304, Australia. E-mail: Gregory.Wilson@

of Western Australia, WA 6009, Australia

n, Vic 3169, Australia

tion (ESI) available. See DOI:

f Chemistry 2020
studies, showing the ability to increase PL intensity and life-
time.23,24,26,28–30 Initial work into pyridine showed treated devices
increased in performance from 13.1 to 16.5%.26 Pyridine treat-
ment has also been shown to reduce the heterogeneity between
perovskite grains as observed in PL microscopy.23 However lead
iodide (PbI2) is soluble in pyridine,28 so to avoid destroying the
lm during the passivation treatment dilution of pyridine with
an perovskite-inert solvent such as chlorobenzene or ash-
treating the lm with pyridine vapor is necessary.26,28 Despite
the dilution, these methods have been shown to cause
morphological changes in the lm, indicating an effect beyond
surface passivation.23,28 Films rich in PbI2 have been reported by
multiple research groups to show increased PL lifetimes, sug-
gesting a passivation effect.31–34 Chen et al.31 used scanning
Kelvin probe microscopy (SKPM) to show the contrast in surface
potential between grains and grain boundaries is reduced upon
annealing, attributed to increased PbI2 at the boundaries post
annealing.31 Denitive identication of PbI2 regions within the
perovskite lm remained a hurdle, with most groups using XRD
to identify the presence of PbI2 within the lm yet being unable
to locate it specically.31–33 Chen et al.34 used confocal uores-
cence microscopy (CFM) to identify PbI2 grains within a perov-
skite lm via the 510 nm PL peak. The PbI2 rich regions were
also shown to have longer PL lifetimes, indicating a passivation
effect. However, the PbI2 rich regions were perovskite-decient
so these PL decays were from low PL intensity regions.

Comparison of passivation by PbI2 at different excitation
wavelengths has begun to reveal more information. Argon-ion
bombardment was used to induce a surface PbI2 layer on
MAPbI3 lms by Ren et al.,35 these lms showed an increase in
photoconductivity at 532 nm excitation and a greater increase at
405 nm excitation, attributed to the high-energy photons being
able to excite deeper energy levels.

Merdasa et al.36 looked at photodegradation induced PbI2
and evaporated PbI2 on MAPbI3 lms, time-resolved
RSC Adv., 2020, 10, 23829–23833 | 23829
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Fig. 1 PL enhancement with increasing pyridine treatment concen-
tration on MAPbI3. Normalized to the peak height of the control
sample. Performed at 532 nm excitation. 1 M treatment spectra is
presented in the ESI.†
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photoluminescence (TRPL) at 450 nm which indicated radiative
recombination at the PbI2–MAPbI3 interface from charge
carriers generated in the PbI2, which was not observed at
780 nm excitation.36 Charge carrier migration from the PbI2
could also explain the increased photoconductivity for Ren
et al.35 The combination of these studies shows a pronounced
passivation effect by PbI2, with important interactions at the
PbI2–MAPbI3 interface which are dependent on excitation
wavelength.

In this communication, we use atomic force microscopy
(AFM) and confocal uorescencemicroscopy (CFM) to probe the
structure–performance characteristics of pyridine-treated
MAPbI3 perovskite lms. From CFM imaging at different exci-
tation wavelengths, we show that PbI2 forms on, and passivates,
the surface of the perovskite lm as a result of the pyridine
treatment.

Method

Methyl ammonium lead iodide (MAPbI3, perovskite) thin-lms
were fabricated using the procedure from Bai et al.39 Methyl-
ammonium iodide (Greatcell Solar), 0.159 g mL�1 and lead
iodide (TCI), 0.461 g mL�1 were dissolved in 9 : 1 (v/v) dime-
thylformamide : dimethylsulfoxide and spin coated in
a nitrogen atmosphere onto plasma cleaned FTO substrate (4
cm2 – 2 � 2 cm) slides on a setting of 1000 rpm for 10 s and
4000 rpm for 20 s. 200 mL toluene antisolvent was added 10 s
into the second step. The spin coated slides were then dried for
2 minutes in a nitrogen atmosphere and annealed for 10
minutes at 90 �C. Pyridine solution treatment was performed
using a range of dilutions of pyridine in chlorobenzene, 1 mM,
10 mM, 100 mM and 1 M. 300 mL of the treatment solution was
dispensed onto the 4 cm2 perovskite sample with a 30 s dwell
time and spun at 1000 rpm for 10 s in an N2 atmosphere.
Samples were stored in a low humidity light sealed box for
transport and testing. Photoluminescence spectra were recor-
ded on the samples on glass using a Cary Eclipse Fluorescence
Spectrometer using a broad (10 nm) excitation centered at
532 nm. X-ray diffraction patterns were collected using a PAN-
alytical Aeris benchtop X-ray diffractometer (Malvern) equipped
with a Cu Ka source operating at 40 kV and 15 mA. Data were
collected in the range 7–65� 2q with a step interval of �0.043�

2q. The perovskite lms for XRD were deposited on FTO,
utilizing the 26.6� 2q peak for sample alignment and ensure
consistent sample alignment.

Atomic force microscope (AFM) images were recorded using
the samples on FTO in air using an Asylum Research Cypher
scanning probe microscope. Tap300Al-G cantilevers from
BudgetSensors were used for alternating contact imaging of the
perovskite surface. Images were analyzed and exported using
Gwyddion.37 CPD was performed using a 2 V bias on the canti-
lever and a 10 nm tip to surface separation withminimal light to
avoid photovoltage effects.

Confocal uorescence microscopy was performed on the
samples of glass using an Olympus FluoView 1000. Images were
recorded using the 60� oil objective, uorescence spectra were
taken with and without the microscope oil to verify the
23830 | RSC Adv., 2020, 10, 23829–23833
microscope oil has no passivating effect. The excitation wave-
lengths of 405 nm and 559 nm were used with uorescence
being measured in two channels from 490–540 nm for the PbI2
band and from 700–800 nm for the perovskite emission.
Transmitted light was also recorded to identify non-adsorbing
regions and holes in the lm. Images were analyzed and
exported using Fiji.38
Results and discussion

Methylammonium lead iodide (MAPbI3, perovskite) thin-lms
were fabricated using the procedure from Bai et al.39 Photo-
luminescence (PL) of the MAPbI3 lms with increasing pyridine
concentration during treatment is shown in Fig. 1. The control
MAPbI3 lm shows the typical PL signal centered at 770 nm.26

The 1 mM treatment boosts the PL by 40%, whereas the 10 mM
and 100 mM treatments cause 70% and 80% enhancement,
respectively. The 10% difference in the 10 mM and 100 mM
samples is within the expected variability of this experiment
and is likely the maximum effective passivation that can be
reached with this pyridine treatment. The PL enhancement is
consistent with previous studies into pyridine treatments,
where increased PL signal is attributed to passivation of the trap
states or improved perovskite structure.23,24,26,28 The 1 M treated
lm (Fig. S1†) increased in PL over ten-fold, however also
showed signicant emission outside the 770 nm region. This
large change in intensity and broad emission range for the 1 M
treatment indicates large structural changes, which will be
shown to be the case via XRD and AFM. Given that pyridine is
a selective solvent for PbI2 (ref. 28) the pyridine is likely
extracting the PbI2 out of the perovskite and pyridine is incor-
porated into the perovskite structure forming an amorphous
network of 2D perovskite as seen via XRD by Jain et al.28

XRD patterns, Fig. 2, for all samples show MAPbI3 and FTO
peaks. The PbI2 peak at 12.7� 2q is absent in the control sample
and grows in intensity from 1 mM to 100 mM, showing the
formation of PbI2 from pyridine treatment. The 1 M treated
sample has much lower intensity MAPbI3 peaks, a lower PbI2
peak than the other treated lms and a new peak at 10� 2q, all
demonstrating decomposition of the perovskite structure and
formation of new structures, which we would expect to cause
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 XRD patterns for the pyridine treated MAPbI3 samples on FTO,
whole patterns for all samples (a) and an expanded region surrounding
the 12.7� PbI2 peak (b).

Fig. 3 Top – AFM morphology and CPD of control and 100 mM
pyridine treated films. Note the difference in voltage scale between the
CPD images. Bottom – roughness and CPD plots for the pyridine
treated films. With the average surface CPD (Av V) and the difference
between the highest and lowest potentials (delta V).
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a lower device performance despite the high steady-state PL.
This peak around 10� 2q has been observed previously for
a bleached pyridine-rich perovskite lm to correspond to pyri-
dine inclusions in the perovskite structure creating 2D
perovskites.28

To determine if passivation or restructuring is occurring,
morphology and contact potential difference (CPD) images are
recorded using AFM. Depicted in Fig. 3 are the control and the
100 mM pyridine treated lms. We focus here on the 100 mM
treated lm as it shows the highest PL performance without the
destruction of the perovskite lm. Morphology images for the
lms show typical MAPbI3 interlocking grains around 100–
200 nm in size. The pyridine treatment causes no signicant
change in surface morphology until 100 mM, but drastic
difference was observed in 1 M due to dissolution and recrys-
tallization of the MAPbI3 lm (Fig. S3†). However the roughness
data, Fig. 3, indicates the Rrhs is reduced by 50% aer 1 mM
pyridine introduction compared to the control, this reduction of
Rrhs at intermediate pyridine concentrations may be attributed
to the top surface reconstruction as similarly observed by Wang
et al., where the terrace/step-like defects on the crystal surface
were removed and inferred from the reduced Rrhs.41 Further-
more, the control lms have very different potential scales with
pyridine treatment causing a 0.4 V drop in average CPD. Both
images show low potential grains, which have been attributed to
PbI2 in other research,34,40 indicating the control lm has a PbI2
content below the detection limit of the XRD. The drop in CPD
from passivation is shown in the plot of CPD versus treatment
concentration in Fig. 3, where the control lm has an average
CPD (Av V) of 0.57 � 0.05 V and the 1, 10 and 100 mM treated
lms are 0.13 � 0.03 V. This drop in surface potential from
passivation ts with the theory of halide vacancies causing
This journal is © The Royal Society of Chemistry 2020
a positive charge which is counteracted by a Lewis base.26

Though we note that the surface potential here is performed in
low light conditions and so would still have a photovoltage
contribution and we are measuring the potential difference the
Pt coated AFM tip at 2 V bias. At 1 M pyridine treatment the
average CPD drops to 0.06 V and the difference between the
lowest potential and the highest potential on the image (delta V)
increases from 0.05 V for the other lms to 0.2 V, making it the
only lm to show a zero CPD. We see zero CPD at lm pinholes
through to the grounded FTO layer.

Enhancement in PL from pyridine Lewis base treatment
therefore has contributions from Lewis base chemisorption and
crystal restructuring. Depicted in Fig. 4 are CFM images of the
100 mM pyridine-treated MAPbI3 lm, which show the
combined PL emission from perovskite and PbI2.34 To investi-
gate the passivation effect of pyridine and PbI2, excitation
wavelengths of 405 nm and 559 nm are compared. Two chan-
nels are present in the 405 nm excitation images, the PbI2
uorescence band from 490–540 nm colored in yellow and the
perovskite band from 700–800 nm in grey (see also emission
spectra Fig. S2†). The PbI2 emission band is not shown at
559 nm excitation as this wavelength is below the absorption of
PbI2. The 405 nm excitation CFM image shows perovskite
RSC Adv., 2020, 10, 23829–23833 | 23831
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Fig. 4 CFM images of 100 mM pyridine treated MAPbI3 at 559 nm
excitation (left) and 405 nm excitation (right). The perovskite emission
band 700–800 nm is in grey and the PbI2 emission band 490–540 nm
is in yellow. The blue highlighted region shows a PbI2 grain in the film
and the larger red highlighted region shows passivating PbI2 on the
film.
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emission over most of the image sampled, and PbI2 as grain
sized regions of varying intensity. These grains are also visible
in the control lm (Fig. S5†) in agreement with the CPD images
and suggesting a PbI2 concentration lower than the detection
limit of the XRD system or present in an amorphous layer. The
559 nm excitation image depicts only perovskite emission, with
one high PL region highlighted by the red circle and multiple
low PL regions in the blue circles. The highlighted low PL
regions (blue circles) correspond to strong PbI2 emission at
405 nm excitation so we attribute these regions to PbI2 grains in
the lm. The red highlighted region has both enhanced PbI2
emission in the 405 nm excitation and a higher perovskite PL
emission at 559 nm excitation, indicating PbI2 that has formed
on, and is passivating, the surface of the perovskite lm. These
regions are not visible for the control, 1 mM or 10 mM treated
lms (Fig. S5†) indicating that the formation of this passivating
PbI2 results once a pyridine concentration threshold is passed.
From this we identify the morphology changes seen by de
Quilettes et al.23 as pyridine induced PbI2 and conrm results in
previous work suggesting the passivation role of PbI2.31,32,34,40

We note that the increased perovskite PL from the PbI2 rich
regions at 405 nm excitation could be due to charge carriers
injected from the PbI2 seen by Merdasa et al.,36 however at
559 nm excitation the PbI2 does not adsorb, conrming the
passivation effect. The formation of PbI2 may also explain the
small increase in bulk PL intensity from 10 mM treatment to
100 mM, Fig. 1.

From these results, we demonstrate that pyridine is a selec-
tive solvent for PbI2 more so than MAI, subsequently the
pyridine/chlorobenzene solution partially dissolves the PbI2
within the lm, which then recrystallizes upon the removal of
the solvent. These pyridine-induced PbI2 crystals then passivate
the traps at the perovskite surface, enhancing overall PL emis-
sion. We note that overall steady-state PL signal increase is
a combined effect between the PbI2 enhanced regions as well as
the passivation of traps by the pyridine molecule across the
whole lm.
23832 | RSC Adv., 2020, 10, 23829–23833
Conclusion

Through a combination of PL spectroscopy, XRD, AFM and CFM
we demonstrate direct evidence of PbI2 passivation on perov-
skite surfaces as a result of pyridine solution treatment. The
pyridine treatment enhances the PL intensity in the perovskite
band yet also induces an increase in the amount of PbI2 shown
via the XRD data. Through CFM imaging at 405 nm excitation,
we identify PbI2 grains via their uorescence in the 510 nm
band. Under 559 nm excitation, the PbI2 covered regions uo-
resce stronger than the surrounding regions, providing direct
evidence for PbI2 passivation of MAPbI3 perovskite. This result
provides crucial information on the role of PbI2 within the
perovskite lm and the effect of pyridine treatments, allowing
for further optimisation of such procedures for higher
performance.
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