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Mixed halide perovskites with chlorine (Cl) content have received significant interest due to better charge
transport properties and longer diffusion length compared to pure iodine-based perovskites. The superior
properties of Cl-doped perovskites improve solar cell device performance, although the quantification of Cl
composition in the perovskite films remain difficult to achieve. Hence, it is difficult to correlate the Cl-quantity
with the improved device performance. In this work, we deposited Cl-doped perovskite films through a facile
three- and two-step sequential chemical vapor deposition (CVD) where lead halide films were deposited in the
first steps of the process and subsequently converted to perovskites. No Cl substitution by iodine was observed
during a sequential deposition of lead chloride and lead iodide films which reacted to form a lead chloride iodide
phase (PbICI). The substitution of Cl by iodine ions only occurred during the conversion to perovskite phase.
Large perovskite grains (greater than 2 pm) were realized when converting a Pbl; film to perovskite compared to
chlorine containing lead halide films, contradicting literature. However, Cl doped perovskite solar cells showed

improved device efficiencies as high as 10.87% compared to an un-doped perovskite solar cell (8.76%).

1. Introduction

Organic-inorganic hybrid perovskites are considered one of the most
attractive semiconducting materials due to their exceptional optical and
electrical properties, including an appropriate bandgap, high absorption
coefficient, high mobility of electrons and holes, longer carrier diffusion
lengths, lower exciton binding energies, and facile deposition methods
(Jena et al., 2019; Swartwout et al., 2019; Wang et al., 2019). Since their
first application as light absorbing materials in photovoltaic technology
(Kojima et al., 2009), perovskites based solar cells have achieved
remarkable progress with certified record power conversion efficiency
(PCE) of over 25.2% in just few years (“Best Research-Cell Efficiency
Chart | Photovoltaic Research | NREL,” n.d.).

Hybrid perovskites are composed of an organic cation like methyl
ammonium (MA™), inorganic lead (Pb?"), and lastly halide anions
(iodine (I"), bromide (Br™), chlorine (Cl7), or mixed halides) (Jena et al.,
2019; Swartwout et al., 2019; Wang et al., 2019). There are other
combinations that have been used such as replacement of the MA cation

with formamidinium, but the methyl ammonium lead iodide (MAPbI3)
or mixed halide MAPbI3 4Cly perovskites have received wider attention
(Ono et al., 2017). Mixed halide perovskites have longer charge carrier
diffusion lengths of up to 3 um compared to its pure iodide based
counterparts with diffusion lengths ranging between 0.1 and 1 ym (Ono
et al., 2016).

Even though doping hybrid perovskites with chlorine (Cl") ions im-
proves device performance, its role has been largely debated and its
incorporation within the perovskite structure has also been doubted
(Chae et al., 2015; Ono et al., 2017). It is known that enhanced crys-
tallization of perovskite films with improved grain size occurs when Cl is
included in one of the perovskite deposition precursors, such as lead
chloride (PbCly) of MA chloride (MACI) (Chae et al., 2015; Fan et al.,
2017; Luo et al., 2015b; Wittich et al., 2018; Zhang et al., 2019). The
improved crystallization of Cl-doped perovskites is achieved through
slow crystal growth compared to the pure iodine based counterparts;
this in return suppresses the defect density at the grain boundaries
(Richter et al., 2016; Yang et al., 2017, 2016, 2015). These general
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conclusions mainly relate to perovskite films where the solution method
is used at either during single or two step synthesis (Chae et al., 2015;
Fan et al., 2017; Luo et al., 2015b; Richter et al., 2016; Wittich et al.,
2018; Yang et al., 2017, 2016, 2015; Zhang et al., 2019). The uncer-
tainty about the presence of Cl in perovskite films stems from the dif-
ficulty in detecting it through elemental composition characterization
techniques such as X-ray photoelectron spectroscopy (XPS) and energy
dispersive X-ray spectroscopy (EDS) (Ng et al., 2015; Williams et al.,
2014). This difficulty arises because the Cl composition in the films is
usually very low and below the detection limit (0.1 at.%) of these
characterization techniques (Ono et al., 2017). This low Cl concentra-
tion in the films is due to an easy replacement of a smaller CI” ionic
radius (1.67 10\) by a larger I" ionic radius (2.07 f\) during the perovskite
intercalation reaction (Zhang et al., 2019).

There are two main routes for perovskite deposition, namely solution
methods where perovskite precursors are dissolved in appropriate sol-
vents, whereas the other method entails vapor deposition from perov-
skite solid precursors (powders) (Cao et al., 2018; C.-W. Chen et al.,
2014; Ha et al., 2014; Leyden et al., 2014; Liu et al., 2013; Luo et al.,
2016; Tavakoli et al., 2015; Tombe et al., 2017; Yang et al., 2015; Yu
etal., 2014). During spin coating of mixed halide perovskites it is usually
required to have a molar ratio of 1:3 for PbCly:MALI in order to achieve
better device performance (Cao et al., 2018; Chae et al., 2015; Ono et al.,
2017). Another challenge with spin coating is the difficulty in dissolving
PbCl, in DMF (common solvent) making it difficult to study the as-
deposited PbCl, before conversion to perovskites (Fan et al., 2017;
Ono et al., 2017), as investigated in a series of PbCly:PbI, molar ratios
dissolved in a blend of DMF and dimethyl sulfoxide (DMSO) during a
two-step spin coating. The devices prepared from precursor solution
containing more PbCl;, performed poorly due to poor conversion of thin
films to perovskites.

There have been a number of studies on the deposition of PbCl; films
through high vacuum thermal evaporation (C.-W. Chen et al., 2014;
Leyden et al., 2014; Liu et al., 2013; Ng et al., 2015; Yang et al., 2015),
with few using low pressure (around 1 mbar) chemical vapor deposition
(CVD) (Ha et al., 2014; Tavakoli et al., 2015). Furthermore, low pressure
CVD has been employed to prepare perovskite thin films, but mainly
during the conversion step from either solution deposited PbI, (Luo
et al., 2015a; Peng et al., 2015; Shen et al., 2016a, 2016b; Wang and
Chen, 2016) or vacuum deposited (thermal evaporation) Pb halide films
(loakeimidis et al., 2016; Leyden et al., 2016, 2014). Preparation of
perovskite films for solar cell devices using two step depositions where
Pb halides and the conversion to perovskites are both done in the CVD
chamber are very rare (Ngqoloda et al., 2020b; Tran et al., 2018). In
essence, the two-step low pressure CVD method offers a simplified
scalable route for perovskite deposition using a single CVD chamber.

Therefore, we explore a three-step deposition of mixed halide pe-
rovskites through the deposition of PbCl, and Pbl, layers sequentially,
using a low-pressure CVD method such that a stable lead chloride iodide
(PbIC) phase is formed. This route is compared to a two-step deposition
of perovskite films where separate layers of PbCl, and Pbl, are deposited
individually on separate substrates, These Pb halide films are exposed to
MALI vapor as the last step of the three- and two-step deposition for the
conversion to perovskite phase where the intercalation reaction takes
place between the pre-deposited Pb halides and the MAI molecules.
According to available literature, this is a first study where perovskite
solar cells are prepared by exposing CVD grown PbICl and PbCl; films
into MAI vapor for conversion to perovskites using the same CVD
furnace. It is observed here that during the Pb halide double layer
deposition at high substrate temperatures and relatively low pressure
there was no substitution of Cl by iodine; instead, a stable PbICl phase
was formed. However, during the step whereby the chlorine containing
films were exposed to the MAI vapor, chlorine was completely replaced
by iodine according to our EDS and XPS results, similar to what has been
reported before (Ng et al., 2015; Williams et al., 2014).

We observe that converting a Pbl, film yields large perovskite grains
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(average grain size of 1048 nm) compared to converting the PbCly film,
which produced perovskites with average grain size of 937 nm. These
results contradict the notion that Cl-doping in perovskite leads to
improved crystallization and larger grain size (Dong et al., 2015; Richter
et al., 2016; Yang et al., 2017, 2016). Our results suggest that the grain
size is not the only factor for improving the solar cell efficiency. Planar
perovskite solar cell device performance was improved for Cl-doped
perovskites with PCE as high as 10.87% compared to its pure iodine-
based counterparts with PCE = 8.76%.

2. Experimental section
2.1. Fabrication of perovskite solar cells

The perovskite solar cells fabrications were all done under fully open
air and at ambient room conditions (temperature and relative humidi-
ty). A similar fabrication procedure was adopted from our previous re-
ports (Ngqoloda et al., 2020a, 2020b). Chemicals employed here were
purchased from Sigma-Aldrich (unless stated) and used as bought.
Fluorine-doped tin oxide (FTO) coated on glass substrates (10 Ohms/sq.)
were cut into 1.5 cm by 2 cm pieces and etched with Zn powder and 2 M
hydrochloric acid (HCI). Samples were cleaned with hellmanex deter-
gent (2%) and then isopropanol in an ultrasonic bath sequentially and
followed by a thorough rinsing in hot deionized water then treated
under UV Ozone for 15 min. Then, 365 pL of titanium isopropoxide was
added into 2.5 ml of ethanol, and 35 pL of HCI (2 M) was added into 2.5
ml of ethanol, mixed and stirred for an hour. The solution was spin
coated on etched FTO substrates at 2000 rpm for 30 s; the spin coating
was repeated with a 4000 rpm spin speed for 30 s and dried on a hot
plate for 5 min. The films were then annealed at 500 °C for 30 min to
form a compact titanium dioxide (c-TiOs) film (Ngqoloda et al., 2020b).

Lead halide films were prepared by two-step sequential CVD to de-
posit double halide layers of PbCl, and PbI; for the formation of lead
chloride iodide (PbICl), and one-step CVD to deposit single halide layers
(Pbl, and PbCly), respectively. For the deposition of these mixed halides
films, first PbCl, was deposited (~75 nm thickness) followed by PbI,
(also ~ 75 nm) and the sample named PbCl,/Pbl,. For single halide
layers, film thicknesses were about 150 nm for both PbI, and PbCly.
These deposition steps are shown schematically in Fig. 1 together with
the conversion to perovskites.

For the Pb halides (PbI; or PbCl,) deposition about 150 mg of lead
(II) iodide powder (99%) or lead (II) chloride powder (98%) were placed
inside a three zone tube furnace (Brother XD 1600MT) at the center of
the first zone on ceramic boats (Ngqoloda et al., 2020b). Glass/FTO/c-
TiOy substrates were placed down-stream at optimized temperature
dependent positions. The furnace was then pumped down to a base
pressure reaching 0.08 mbar and followed by ramping of the source
(Pbl, or PbCly) zones to their respective sublimation temperatures,
380 °C for PbI; and 450 °C for PbCl,. To prepare the PbICI film, about 75
nm thick PbCl; was deposited with a substrate temperature of 150 °C,
placed downstream at 18 cm away from the source. The thin PbCl,
sample was exposed to PbI, vapor employing substrates temperature of
125 °C (at 17 cm downstream) which would give 75 nm of Pbl; film; the
two compounds reacted to form PbICI.

To achieve a 150 nm thick Pbl, layer a 135 °C nominal substrate
temperature was employed with substrates placed at about 16 cm
downstream. And finally for 150 nm thick PbCl; film the samples were
placed at about 17 cm away from the source at a substrate temperature
of 160 °C. Dry nitrogen gas (N) was used as a carrier gas to transport Pb
halide vapors towards the substrates at a flow rate of 100 sccm. The
deposition was carried at a deposition pressure of 300 mbar which was
controlled by an automated pressure regulator system. Deposition of Pb
halides was allowed to dwell for 40 min and the furnace was allowed to
cool down to room temperature.

The perovskite conversion from the Pb halide thin films (last step)
was carried in the same furnace with a fresh ceramic tube and following
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Fig. 1. Schematic representation of the film deposition process during sequential low-pressure CVD method.

a modified conversion method compared to our previous publication
(Ngqoloda et al., 2020b). Briefly, about 150 mg of methyl ammonium
iodide (MAI) (Dyesol) salt on a fresh ceramic boat was also placed at the
center of the furnace first zone. The Pb halide films on Glass/FTO/c-TiO5
substrates were placed downstream at a distance of 8 cm away from the
MAI source. The zone with MAI source was then ramped up to a nominal
temperature of 180 °C, and substrates reached a nominal temperature of
130 °C. The conversion of Pb halides to perovskites was allowed for 60
min at a controlled pressure of 10 mbar and Ny flow rate of 100 sccm.
These were our optimized conversion condition where Pb halides fully
convert to MAPbI3 or mixed halide perovskites films. The low pressure
(10 mbar) and shorter time (60 min) used in this work compared to our
previous publication were based on the new optimum conditions for Cl
containing perovskites. The deposition steps schematic is shown in
Fig. 1.

The solar cell devices were finalized by depositing a hole transport
layer (HTL), spin coated on top of the perovskite film at a spin speed of
2000 rpm 20 s. The HTL solution composed of 80 mg of 2,2",7,7"-tet-
rakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (Spiro-MeO
TAD) dissolved in 1 ml of chlorobenzene, where 40 pL of 4-tert-butyl-
pyridine (tBP) and 25 pL of lithium bis- (trifluoromethanesulfonyl)imide
(LITSFI) solution (52 mg of LITSFI in 100 pL of acetonitrile) were added
and the solutions was stirred for 30 min. Lastly, about 100 nm of silver
electrode was deposited by thermal evaporation under a pressure of
about 1 x 107 mbar through a shadow mask which is made of ultrathin
stainless steel, with a device active area of 0.0512 cm?>.

2.2. Characterization

The Panalytical Empyrean X-ray diffractometer with Cu Ka (1.54 A)
was used to study the phase composition and crystal structure of the
films and was operated at an acceleration voltage of 45 kV and a current
of 40 mA, scanning over 26 range of 10-100° with a scan step of 0.02°. A
Zeiss Auriga field-emission gun Scanning Electron Microscope (FEG-
SEM) and a Zeiss Cross Beam 540 focused ion beam scanning electron
microscope (FIBSEM), operated at acceleration voltages of 1-5 kV, were
used to investigate the morphology of the films. The FIBSEM is equipped
with energy dispersive X-ray spectroscopy (EDS) facilities to identify the
elemental composition of the samples. To investigate chemical compo-
sition of the converted perovskites films, X-ray photoelectron spectros-
copy (XPS) was employed, using a Thermo Scientific ESCALAB 250Xi
surface analysis instrument, equipped with a monochromatic Al Ko X-
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ray (1486.7 eV) source. Optical transmission measurements were per-
formed using an Ocean Optics UV-visible spectrophotometer and the
spectra were measured from 250 to 1000 nm with spectral resolution of
0.5 nm. Photoluminescence (PL) measurements were performed in
reflection geometry using the 457 nm line of an Argon ion laser as the
excitation source with the laser power on the sample being < 10 mW.
The PL spectra were collected with an Ocean Optics USB Flame Spec-
trometer. Current density-voltage (J-V) curves were recorded using a
Keithley 2420 source meter with an illumination of 100 mW/cm?,
AML1.5, employing a solar simulator (Sciencetech Inc.) in air. The solar
cells were illuminated for 15 s before measurements and were scanned
in reverse (1 to -0.2 V) and forward (-0.2 to 1 V) with a step voltage of
12 mV.

3. Results and discussion
3.1. Structural and morphological properties

The sequential CVD of perovskite films during the three-step and
two-step processes is shown schematically in Fig. 1. Pb halide films were
formed in the first steps of the deposition process and these films were
subsequently converted to perovskites in the final step. Briefly, during
the three-step sequential deposition about 75 nm PbCl; film was
deposited first followed by another 75 nm Pbl, layer (second step) for
the sample named PbCly/Pbl,. During this route, a stable lead chloride
iodide film (PbICI) was formed with a total thickness of about 143 nm
(measured with a thickness profilometer). For the two-step deposition,
in the first step single layers of Pbl, (sample Pbly) and PbCl, (sample
PbCl,) were separately deposited with a thickness of about 150 nm each.
The successful deposition of these layers is validated by the X-ray
diffraction (XRD) patterns in Fig. 2a deposited on fluorine doped tin
oxide (FTO) coated with a thin layer of compact titanium dioxide (c-
TiOy) thin film.

XRD patterns Fig. 2a shows a crystalline Pbl; indexed to a hexagonal
(P3m1) structure (Schieber et al., 2008; Sun et al., 2014) with peaks at
~ 12.74°, 25.59°, and 38.75°, assigned to the (001), (002), and (003)
diffracting planes, respectively, according to the Joint Committee on
Powder Diffraction Standards (JCPDS, data no. 07-0235). The PbCl,
film shows XRD peaks (Fig. 2a) at 22.01°, 22.92°, 23.44°, 24.99°,
32.33°, and 40.0° indexed to the (101), (020), (210), (111), (121),
and (004) diffracting planes, respectively, (JCPDS, data no. 01-0536)
and all belong to the orthorhombic (Pnma) PbClj structure (Costa et al.,
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Fig. 2. (a) XRD patterns of lead halide films deposited in the first step(s). (b) XRD patterns of the converted perovskite films in the second/last step.

2017).

The double layered Pb halide film (PbCl,/Pbl; sample) on the other
hand showed a mixed halide phase of PbICI through the reaction of
PbCl; and Pbl,. This phase is shown by diffraction peaks at 18.47°,
21.51°, 23.68°, 28.70°, 30.02°, and 37.41° indexed to the (020), (120),
(111), (121), (130), and (320) diffracting planes, Fig. 2a top XRD
pattern. These diffraction peaks belong to the orthorhombic (Pnma)
PbICI structure (JCPDS, data no. 73-0361) (Fan et al., 2017; Yanbo Li
et al., 2015; Wu et al., 2015). These XRD patterns show a successful
deposition of Pbly, PbCl,, and PbICI phases with the low-pressure CVD
method, providing a viable way of synthesizing Cl doped perovskite
films. The absence of peaks belonging to Pbly or PbCly on the XRD
patterns of the PbCl,/Pbl, sample proves the existence of a pure PbICL
phase during an in-situ reaction of PbCl; and Pbl, compounds.

These films were subsequently exposed to MAI vapor for the con-
version to perovskite films as the last step of the procedure, depicted in
Fig. 1 schematic. XRD patterns of the converted perovskite are shown in
Fig. 2b for all the samples; the perovskite sample naming is extended by
adding MAI in front of the sample name used for Pb halides. The patterns
show the known peaks of the tetragonal hybrid perovskite structure with
major peaks at 14.05°, 28.54°, and 31.98° assigned to the (110), (220),
and (310) planes, respectively (Baikie et al., 2013). Interestingly, the
perovskite film converted from a PbI; layer (sample MAI + Pbly) has
intense (110) and (220) peaks compared to the Cl-doped perovskite
samples (sample MAI + PbCly and MAI + PbCly/Pbly) as shown in
Fig. 2b, and more clearly in Fig. S1a and b. The higher intensity of these
peaks is due to the preference of crystals along these planes for the Pbl,-
based perovskite sample. The intensity ratio of the (310) to the (220)

peak is enhanced for the Cl-doped perovskite samples, suggesting a
reduced texture compared to the pure iodine sample which showed
more pronounced texture i.e. low (310)/(220) peak ratio (Fig. S1b).
This reduced texture on the Cl-doped perovskite films is a first proof of a
chlorine inclusion in these samples (sample MAI + PbCly and MAI +
PbCly/Pbly) as has been previously reported (Yanbo Li et al., 2015).

There were no impurities detected in these samples such as the Pbl,
impurity at 12.70°, while MAPbCl3 normally appears at 15.80° for
chlorine containing perovskites (Fan et al., 2017; P. Luo et al., 2015;
Wittich et al., 2018). The absence of these unwanted impurities confirms
a successful conversion of the pre-deposited Pb halide films to a high-
quality perovskite phase through the low-pressure CVD technique.
This also indicates that there is no phase segregation in these samples.
There was no significant lattice reduction for the chlorine doped samples
compared to the Pbls-based sample which indicate a negligible Cl con-
tent for these films (Yunlong Li et al., 2015; Liu et al., 2018). Calculated
lattice parameters of a tetragonal perovskite phase are shown in
Table S1.

Fig. 3a-c shows the planar scanning electron microscopy (SEM)
micrographs of the Pb halide films on FTO/c-TiO; substrates obtained
during the low-pressure CVD process. There is a clear difference in
morphologies of the Pb halides films based on the different deposition
conditions. Sample PbCl,/Pbl; where the PbCl; film was deposited first
followed by PbI; showed rough columnar-like grains mixed with flatter
grains and spaces in-between (Fig. 3a); the average grain size was
calculated to be about 93 + 22 nm as given in Table 1. This difference in
grain shape of the PbIClI film is related to the distinct grain formation of
the PbIy and PbCl; as also shown by these individual layers in Fig. 3b

Fig. 3. Planar/surface SEM micrographs of pre-deposited lead halide films. (a) Sample PbCl,/Pbl, (PbICI film), (b) Sample Pbl, (PbI, film), and (c) Sample PbCl,

(PbCl, film).
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Table 1
Summary of Pb halides and perovskites film thicknesses, grain size, and Pb:I:Cl
ratios obtained from EDS.

Sample name Thickness (nm) Grain size (nm) Pb:I:Cl ratio (EDS)

PbCl,/Pbl, 143+ 6 93 + 22 1:1.4:1.1
Pbl, 150 £ 8 288 + 86 1:26:0
PbCl, 150 +7 366 + 89 1:0:2
MAI + PbCl,/Pbl, 35545 578 + 167 1:38:0
MAI + Pbl, 295 + 4 1048 + 321 1:39:0
MAI + PbCl, 490 £ 6 937 + 282 1:37:0

and c, respectively. Pbl, grains form in a layer-by-layer pattern of hex-
agonal platelets (grains), evidenced by their flat morphology in Fig. 3b
compared to the PbCl, film which forms more spherical, well defined
grains as shown in Fig. 3c.

Starting with a film that has spherical grains (PbCly), the subsequent
second step resulted into Pbl; platelets forming at different angles and
interconnecting with the PbCly grains, and finally after reacting,
columnar PbICl grains were formed. This rough morphology of the PbICl
phase was also identified by Fan et al. (2017) and suggested that it is
beneficial for an easy conversion to perovskite. The PbI; film in Fig. 3b
had smooth and flat grains with an average grain size of 288 + 86 nm
compared to the PbCl, counterpart which has larger and more spherical
grains of about 366 + 89 nm in average as seen in Fig. 3c. The smaller
average grain size of the PbICI film is due to grain coarsening during the
reaction of PbCl; and Pbly compounds. Grain size distribution of these
Pb halides films is shown in Fig. S2a—c.

The planar/surface SEM micrographs of the converted perovskite
films are shown in Fig. 4a—c depicting well-defined and compact grains,
larger than those of the pre-deposited Pb halide counterparts. The
perovskite film converted from the PbICI film (sample MAI + PbCly/
PbI,) shows smaller grains than the pure halide counterparts, but with
larger than the grains of the starting PbICI layer as shown Fig. 4a. The
average lateral grain size of this sample was estimated to be about 578 +

MAI + PbCl,/Pbl,

Perovskite
TiO,

Solar Energy 215 (2021) 179-188

167 nm, shown in Table 1. In contrast, sample MAI + Pbl, showed very
large, compact and flat grains with an average grain size of 1048 + 321
nm even though there were grains larger than 2 pm as shown in Fig. 4b.
On the other hand, sample MAI + PbCl, showed well-defined, compact
and rougher grains with an average size of 937 &+ 282 nm as illustrated in
Fig. 4c. Another sample that was compared in this study was under
conditions where a film of PbI, was deposited first followed by a PbCl,
film, forming a PbICI phase that was eventually converted to a perov-
skite, yielding a similar morphology to the MAI + PbCly/Pbl, film
(Fig. S3). The perovskite grain size distributions are also included in the
supporting information, Fig. S4a—d.

The difference in grain sizes between these samples can be attributed
to the morphology of the starting Pb halides layers. The PbICI films had
very small and rough grains and this might have contributed to poor
crystallization of the final perovskite film, with small grains of the
starting Pb halide yielding smaller perovskite grains after conversion.
The porosity of the starting PbICI film was shown to result into larger
perovskite grains during solution method (Fan et al., 2017) but our re-
sults proves otherwise for low pressure CVD. Instead, the porous nature
of the PbIC] phase might have improved the conversion rate to perov-
skite but all these samples in this study were converted for 60 min as it
was an optimum conversion time for Pbl, and PbCl; films.

In comparison, the perovskite prepared from a PbCl; film had rela-
tively larger grains compared to the sample MAI + PbCl,/Pbl, due to
larger grains of the starting PbCl,. The sample converted from a flat PbI,
film had very large grains and this is due to easy intercalation of the MAI
molecule into the layered structure of the Pbl, (Ngqoloda et al., 2020b).
These results contradict what have been previously reported that Cl
incorporation into the perovskite structure improves crystallization
leading to larger grains reported for perovskite films prepared by solu-
tion methods (Fan et al., 2017; Luo et al., 2015b; Tavakoli et al., 2015;
Wittich et al., 2018). Our results further shows that low pressure CVD
grown Pbl; film leads to larger and smooth perovskite grains compared
to starting with a Cl-containing compound.

The respective cross sectional SEM in Fig. 4d-f shows continuous

o

'MAI + PbCl,

Perovskite
TiO,
FTO

Fig. 4. (a—c) Planar/surface SEM micrographs of the converted perovskite thin films during the last step of the sequential CVD process with sample number as shown
on the micrographs. (d—f) Cross sectional view SEM micrographs of the perovskite films in (a—c), respectively.
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grains across the film thickness, which is an advantage for efficient
charge transport as there are less grain boundaries and hence suppressed
charge recombination in the device (Zhang et al., 2019). Further, these
cross-sectional SEM micrographs also illustrate a perfect contact be-
tween the perovskite films and the underlying c-TiO5 layer. These
perovskite films have a uniform thickness over large areas (Fig. S5a—c)
demonstrating a scalable advantage of employing the sequential CVD
method. The perovskite film converted from the PbI, film had thickness
of about 295 + 4 nm (Fig. 4e), almost double that of the starting Pbl, and
thinner than the other two samples. Perovskite sample MAI + PbCly/
PbI, resulted in a thickness of 355 + 5 nm (Fig. 4d) from about 143 nm
starting PbICI film, and finally sample MAI + PbCl, had a thickness of
490 + 6 nm (Fig. 4f) that is more than 3 times the starting PbCl, film.

The film thickness increase for these converted perovskites is
consistent with the known volume expansion of Pb halide films when
converted to perovskite phase (C.-W. Chen et al., 2014; Q. Chen et al.,
2014; Ha et al., 2014; Leyden et al., 2014). Furthermore, the lateral
grain size of these films are larger than the film thickness especially for
sample MAI + Pbl,; and MAI + PbCl,, and this is also beneficial for better
device performance compared to solution processed perovskites (Yanbo
Li et al., 2015; Tavakoli et al., 2015). The summary of film thicknesses
and grain sizes are provided in Table 1.

Energy dispersive X-ray spectroscopy (EDS) was employed to study
elemental composition of both Pb halide films and the converted
perovskite films. The summary of the atomic ratio of Pb/I/Cl is given in
Table 1 for all the samples studied here. Firstly, there was more iodine
detected in all the samples with Pb:I ratio of 1:2.6 for the Pbl, which
theoretically should be 1:2. The PbICI film had a Pb:I:Cl ratio of 1:1.7:1
and the PbCl; film had a Pb:Cl ratio of 1:2 agreeing well with the
theoretical value of 1:2. These results were important in this study to
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show that Cl ions remained in the PbICI films even though these films
were formed under high temperatures and low pressures.

The converted perovskites on the other hand showed no Cl compo-
sition in the EDS analysis, which also confirms the limitation of EDS for
detecting low atomic composition (detection limit of 0.1-1 atomic %)
(Ono et al., 2017). The conversion to perovskites here was achieved at
nominal substrate temperatures of 130 °C comparable to that of PbIC]
phase formation (125 °C). The Cl was not replaced by the iodine during
PbICI phase formation, but this did occur during conversion to perov-
skite where no Cl could be detected. Comparing these two conditions it
shows that the smaller ionic radii of Cl causes it to be easily replaced by
larger ionic radii of iodine only during perovskite phase formation in the
presence of methyl ammonium. This means the Cl ions on the perovskite
structure are weakly bonded to the Pb whereas they are tightly bonded
on the PbICI structure.

The formation of a perovskite phase with the presence of the MA
molecule further facilitates the replacement of Cl ions by the iodine. The
EDS results also show that the chlorine was completely replaced by
iodine during conversion to perovskites, even when we started with the
pure PbCl; film (sample MAI + PbCly). To study the elemental compo-
sition in detail, X-ray photoelectron spectroscopy (XPS) was employed
on the converted perovskite films. The XPS full survey spectra of the
surface of the perovskites films are shown in Fig. 5a, showing the ele-
ments in the films (Yu et al., 2014). The absence of the Cl 2p peak be-
tween 196 eV and 202 eV (Fan et al., 2017; Yu et al., 2014) in the XPS
spectra (Fig. 5b) confirms that Cl is not present in these perovskites
films, which is in agreement with the EDS data. The possible scenario is
that during the conversion of PbCl; or PbICI to the perovskite phase,
these compounds dissociates and Cl™ escapes in gaseous phase as MACl
with Pb or iodine remaining in the perovskites (Kim et al., 2015; Zhang
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Fig. 5. (a) XPS full survey spectra of the top surface of converted perovskites films. (b) Zoomed XPS spectra from (a) showing the region of Cl 2p peak. (c, d) High

resolution XPS core level spectra of I 3d, and Pb 4f, respectively.
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et al., 2019).

Also shown in Fig. 5c and d are the high resolution XPS core level
spectra of I 3d and Pb 4f, respectively, of the perovskite films. There are
no observable shifts in peak positions for the I 3d and Pb 4f binding
energies with respect to different samples, suggesting a similar chemical
environment on all three perovskite samples. The similar binding en-
ergies for I 3d and Pb 4f in all these perovskites films is consistent with
the absence of Cl in the films. Further, there is no indication of metallic
lead (Pb®) in these perovskite samples (Fig. 5d), which usually has a
small hump at about 137 eV and 141 eV binding energies that are
associated with unbonded Pb (Kim et al., 2015; Zhang et al., 2015). The
presence of PbY in the perovskites act as a defect site and therefore un-
desirable. Lastly, the calculated atomic composition from the high res-
olution XPS spectra of iodine and lead showed similar results to that of
the EDS results. The Pb:I:Cl ratio from XPS were: 1:4.0:0 (sample MAI +
PbIy), 1:3.9:0 (sample MAI + PbCly), and 1:3.9:0 (sample MAI + PbCly/
PbI,). Again, this excessive iodine content is consistent with the absence
of unbonded metallic lead, which confirms the high quality perovskite
films.

3.2. Optical properties and device characterization

The absorbance spectra of the converted perovskite films are all
identical with high absorption over the visible range as shown in Fig. 6a.
Sample MAI + PbCl, showed a slightly higher absorbance in this region
and this is attributed to the increased film thickness of this sample
compared to the other two samples. Similar optical band gaps of 1.59 eV
for all the samples was estimated by analyzing Tauc plots for a direct

(a)

—— MAI + PbCl/PbI,

G
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band gap perovskite as shown in Fig. S6a (Yanbo Li et al., 2015). The
estimated band gaps also lie within reported values of tetragonal
MAPDI3 perovskites (Green et al., 2015; Lin et al., 2015) with no indi-
cation of a band gap shift for Cl doped perovskites compared to the pure
iodine based counterparts (Chae et al., 2015; Liu et al., 2018). The
absorbance spectra of the perovskites were also simulated near the band-
edge using the Elliott model to extract the band gap and exciton binding
energies, shown in Fig. S7. The band gap energies are almost the same
for all three samples ranging between 1.70 eV and 1.72 eV; larger than
the Tauc based band gaps as expected (Green et al., 2015). The excitonic
binding energies of the three samples lie between 45 and 54 meV,
further suggesting low trap densities for these perovskite samples.

The photoluminescence (PL) spectra of the perovskites films are
shown in Fig. 6b, where an emission peak centered at about 777 nm
(1.596 eV) is observed for the MAI + PbCl,/Pbl, and MAI + Pbl, sam-
ples. The emission peak for the MAI + PbCl, perovskites sample is
centered at 773 (1.604 eV) nm displaying a slight blue shift (4 nm)
compared to the other perovskite samples. These PL emission peaks are
consistent with the Tauc plots for the band gap (~1.60 eV) and agrees
with literature (Cao et al., 2018; Yanbo Li et al., 2015; Zhang et al.,
2019). The slight blue shift of the MAI + PbCl, sample may be due to the
minute presence of the Cl, although it was not detected by XPS and EDS
(Cao et al., 2018; Zhang et al., 2019).

The planar perovskite solar cell devices were completed by a depo-
sition of a Spiro-MeOTAD layer which acts as a hole transport material
(HTM), and finally a thin layer (100 nm) of silver metal (Ag) as a back
contact was deposited. The complete device had Glass/FTO/c-TiOy/
perovskite/Spiro-MeOTAD/Ag sequence. The deposition of the HTM
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Fig. 6. (a) Absorbance spectrums of the converted perovskites films. (b) Normalized steady state PL spectra of the perovskites thin films on glass substrates (Glass/
Perovskites). (¢) J-V characteristic curves of the best perovskite solar cell devices under 100 mW/cm? illumination at reverse scan.
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and the device characterization was done in ambient air (20 °C and 55%
relative humidity) without any use of a glove box. The device perfor-
mance was then characterized by measuring current and voltage under
simulated AM 1.5G (100 mW/cmz) solar irradiation in ambient air. The
current density—voltage (J-V) curves of all the samples are shown in
Fig. 6¢ for reverse scan. Device parameters (best and average) are
summarized in Table 2 with open circuit voltage (Voc), short circuit
current density (Jg), fill factor (FF), and power conversion efficiency
(PCE) provided. The forward scan J-V curves are shown in supporting
information (Fig. S6b) and the parameters given in Table S2.

Interestingly, the chlorine doped perovskite devices showed well-
improved Vo, of 0.907 V for sample MAI + PbCly/Pbl; and 0.938 V
for sample MAI + PbCl; compared to the pure iodine based device (MAI
+ Pbly) with Vo = 0.862 V (Fig. 6¢). The Cl doped perovskite samples
also showed improved fill factor with 0.545 for sample MAI + PbCly/
PbI; and 0.562 for sample MAI + PbCl,; when compared to MAI + Pbl,
sample which has a fill factor of 0.517. The measured current density of
these samples was 20.55 mA/cm? for sample MAI + PbCl,/Pbl,, 20.64
mA/cm? for sample MAI + PbCl, and 19.65 mA/cm? for sample MAI +
PbI, (Fig. 6¢). The highest PCE of 10.87% was from the sample MAI +
PbCl; followed by 10.14% for sample MAI + PbCly/Pbl,, and lastly
8.76% for sample MAI + Pbl,. These devices had lower PCE compared to
our previous publication (Ngqoloda et al., 2020b) and even worse for the
MAI + Pbl,; sample. This was because the deposition conditions were
altered for best optimum film conditions of the Cl-doped samples.

Since the MAI + PbI, sample had larger grains it is expected to have a
reduced density of trap states at the grain boundaries compared to
smaller grain size Cl-doped samples (Stewart et al., 2016; Zhao et al.,
2016), which should ideally improve the device performance. However,
this is contradictory to our observed results, which shows that the device
performance is not solely dependent on the perovskite grain size. The
low concentration of Cl present in the doped samples demonstrates that
Cl passivates the dangling bond defects at grain boundaries and on the
film surface, resulting in reduced charge trap states and the suppression
of charge recombination (Stewart et al., 2016; Zhao et al., 2016). This
leads to an improved charge injection towards the transport layers,
leading to an increased V., FF and ultimately their performance (Chen
et al., 2015; Liu et al., 2018; Wu et al., 2019). In addition to this, the
expected longer carrier diffusion length in the Cl-doped perovskite thin
films plays a crucial role in improving the solar cell performance (Ley-
den et al., 2015). In general, these perovskite devices suffer from rela-
tively poor fill factor and V,. mainly due to poor charge transport at the
perovskite/c-TiO; interface resulting in poor device performances (Ahn
et al., 2016; Jena et al., 2015).

The forward scan J-V curves are shown in Fig. S6b and all showed
poor FF compared to the reverse scans, which demonstrates high device
hysteresis. Hysteresis is a norm in planar heterojunction perovskite de-
vices that result from poor charge transport at the electron transport
layer, i.e. compact TiOy (Ahn et al., 2016; Jena et al., 2015; Luo et al.,
2015b). A similar trend was observed during the forward scans with
higher V,. for Cl doped perovskite films (Vo higher than 0.9 V)
compared to the Pbl,-based perovskite device with V. = 0.791 V. These
device performances prove that the incorporation of chlorine in the
perovskite structure improves the performance of organic-inorganic
perovskite solar cells. It is shown here that by starting with a pure PbCl,
layer and its exposure to MAI vapor improves V. by 76 mV compared to
the pure iodine-based counterparts.

4. Conclusion

A low-pressure CVD method was used to successfully deposit CI-
doped perovskite solar cell devices via three- and two-step routes from
chlorine-containing Pb halide films and compared to pure iodine-based
perovskite. It is demonstrated here for the first time that Cl is not
substituted by iodine during the high temperature sequential CVD of
PbCl; and PbI, layers. Instead, the compounds reacted to form a stable
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Table 2
Perovskite Solar cell device performances of different samples (4 devices each)
extracted from the J-V curves.

Sample Voc (V) Jsc (MA/ FF PCE (%)
cmz)
MAI + PbCl,/  Best 0.907 20.55 0.545 10.14
PbI, Average  0.903 + 19.52 + 0.528 + 9.57 +
0.012 0.37 0.009 0.11
MAI + Pbl, Best 0.862 19.65 0.517 8.76
Average  0.830 £ 18.45 &+ 0.485 + 7.43 +
0.02 0.66 0.016 0.50
MAI + PbCl, Best 0.938 20.64 0.562 10.87
Average 0.936 + 19.73 + 0.536 + 9.86 +
0.008 0.46 0.014 0.42

lead chloride iodide phase. It is further shown that Cl is easily
substituted by iodine during the perovskite formation under similar
substrate temperatures as the Pb halide deposition, though different
deposition pressures were used. We also showed that the presence of Cl
in the Pb halide films does not necessarily improve the grain size of the
final perovskite films compared to its pure iodine counterparts, but its
presence is still beneficial to the device performance. Lastly, the open
circuit voltage (Vo) was improved significantly for perovskites prepared
from Cl-containing Pb halides, thereby increasing the device effi-
ciencies. The highest device performance of 10.87% (V,. = 0.938 V) was
achieved for the perovskite converted from PbCly; and 10.14% (Vo =
0.907 V) for the perovskite converted from the PbICI layer compared to
just 8.76% (Ve = 0.862 V) for Pbl,-based perovskite. This improved Vo,
and efficiency were attributed to the low trap density at grain bound-
aries and at film surface for Cl-doped perovskites allowing easy injection
of charge carriers to the respective charge transport layers. This work
will aid in the development of a scalable, low-cost synthesis technique
for the manufacturing of mixed-halide hybrid perovskite solar panels.
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