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Organic-inorganic lead halide perovskites have been widely used as an absorber on mesoporous TiO,
films as well as a thin film in planar heterojunction solar cells, yielding very high photovoltaic conversion
efficiencies. Both the addition of chloride and sequential deposition methods have been successfully
employed to enhance the photovoltaic performance. Here, both approaches are combined in a sequential
method by spincoating PbCl, + Pbl, on a mesoporous TiO, film followed by the perovskite
transformation. The role of Cl determining the optical, electrical, structural and morphological properties
is correlated with the photovoltaic performance. The highest photovoltaic efficiency of 14.15 % with the
Voo, FF and J being 1.09 V, 0.65 and 19.91 mA/cm? respectively, was achieved with a 10 mol % of
PbCl, addition due to an increase of the film conductivity induced by a better perovskite morphology.
This is linked to an improvement of the hysteresis and reproducibility of the solar cells.

Introduction

Organic-inorganic halide perovskite (CH;NH;Pbl;, CH;NH;Pbl;.
«Cly) solar cells have gained immense technological and scientific
interest as they are highly efficient (n > 17 %)' and have
diffusion lengths in the range of 100-1000 nm.>* The ease of
depositing the perovskite layer from solution has increased the
research in this area exponentially.” ® In particular, two different
solution deposition techniques are widely utilised: the single step
deposition where all the precursors are dissolved and deposited
together’ and the sequential deposition, where the precursors are
deposited in two subsequent steps’. These processes will
the distribution of the perovskite within the
mesoporous structure, with the sequential deposition technique
achieving better coverage with more homogenous films’. In this
regard, studies on the role of perovskite pore filling in the TiO,
scaffold®® have shown that having an overlayer of the perovskite
on the mesoporous TiO, prevents the recombination between the
photo-injected electrons and the hole transporting material,
resulting in enhancement of the photovoltage®.

Another reported approach to improve charge transport has
exploited the introduction of chloride in the fabrication of the
perovskite'”. Although several works have shown a variation in
the device properties, the ultimate effect of the Cl-addition is still
not clear'®3. In addition, most of those Cl-effect studies have
focused extensively on single step perovskite deposition and not
much research on sequentially depositing mixed halide solar cells
for investigating the role of the halide has been reported so far.

determine

45
Herein, we show a sequential method to obtain mixed halide
perovskite based solar cells where chloride was introduced into
the system as PbCl, in mol %. This deposition technique yields
homogeneous films with good surface coverage as well as better
so reproducibility of cell performance. We systematically
investigate the effect of chloride in the photovoltaic performance
by decoupling the optical, electrical and morphological effects.
When a controlled amount of Cl was employed in the perovskite
formation process, the photovoltaic performance of the cell
ss improved to more than 14 % efficiency. This was justified with a
decrease in sheet resistance caused by an increase in the film
conductivity, as detected by 4-probe resistivity measurements.
Although the inclusion of Cl did not affect the band-gap or lattice
parameters of the perovskite material, it had a strong influence on
¢ the morphological evolution of the crystals which altered the
resistivity/conductivity of the film. The effect on the final device
mechanisms was mainly observed in a decrease of the low
frequency capacitance, which we tentatively assign to an
improvement of the hysteresis and reproducibility when the
6s cyclic voltammetry was measured.

Results and discussion

For the formation of CH;NH;Pbl; Cl,, we followed procedures
70 in line with that reported for the sequential deposition of
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CH;NH,Pbl; by Burschka et.al’. However, due to the poor
solubility of PbCl, in dimethylformamide (DMF), only low
concentrations of PbCl, could be employed (~ 0.1 M) resulting in
a poor loading of the perovskite (as shown in Fig. S1). The
solubility limitation could be circumvented by preparing mixed
solutions of PbCl, along with 1 M of PbL'>. For XRD
characterization of 1 M PbCl,, dimethyl sulfoxide (DMSO)
solvent was used. So when pure PbCl, was spin coated and
exposed to CH3;NH;I in IPA, a brown colored film was formed.
XRD measurements indicated strong (110) and (220) peaks
which were indexed to CH;NH;Pbl; along with a large
amorphous contribution (Fig. 1a).
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Fig.1 (a) XRD patterns of perovskite samples prepared by using only
PbCl,/Pbl, and mixture of PbCl, and Pbl, in MAL (b) Cl 2p spectra and
(c) XAS spectra at C1 K-edge for the perovskite samples with 2 and 50
mol % of PbCl, addition.

Fig. la also shows the powder X-ray diffraction patterns for
perovskites films on mesoporous TiO, prepared with 0, 2 and 50
mol % of PbCl,. For the pattern obtained with no addition of
PbCl, (0 mol % sample) the reflections observed are entirely
consistent with the previous reports for the iodide perovskite'*,
with additional weak reflections from the FTO/TiO, substrate.
For this sample no additional Pbl, peak was observed, which is
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interpreted as a complete CH;NH;Pbl; formation. For a 2 mol %
addition of PbCl,, the reflections measured after the perovskite
conversion are fully consistent with the pure CH;NH;PbI;.
Although no noticeable peak shift indicating a change in lattice
parameters was observed, there is an enhanced intensity of the
(110) reflection which indicates an increase of the preferential
orientation of the perovskite crystals, together with a small
contribution from the (001) reflection of the 2H-polymorph of
Pbl,. Similarly, samples with 50 mol % addition of PbCl, show
no variation in reflection position for the iodide perovskite peaks.
In this case, the noticeable enhancement of the (110) comes along
with an apparent disappearance of the (002) reflection. Such a
preferred orientation effect is probably related to the Cl addition
favouring the growth of the perovskite crystallites along a
particular crystallographic  direction'®. the
perovskite reflections, the 50 mol % of PbCl, has an enhanced
intensity for the (001) reflection of Pbl, with an additional
presence of PbICL. For a successful substitution of I by Cl in the
perovskite structure a reduction in lattice parameters would be
expected, as observed previously in the MAPbI;,Br,"> and
MAPbI;,CL'. However in this work, no change in the lattice
parameters was observed (Table. S1) which is in agreement with
the observation made by Docampo et al'®.

In addition to

To further unravel the presence of Cl in mixed halide samples
XPS and XAS measurements were performed. XPS result show a
Cl 2p peak is present in the sample with 50 mol %, while CI 2p
peak in 2 mol % sample is below the detection limits of XPS
(Fig. 1b). The concentration of Cl in 50 mol % sample is around
0.7 %, which is in good agreement with previous reports'.
Because XPS is only sensitive to surfaces, XAS measurements in
fluorescence mode were also performed to check the presence of
Cl in bulk. In Fig. 1c, a rise at Cl K-edge is observed in both
samples, which confirms the presence of CI. It is worth to remark
that the detection of Cl with these techniques does not necessarily
imply a doping of perovskite with the incorporation of Cl into the
structure.
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Fig.2 Top-view FESEM images illustrating surface coverage and morphological evolution with addition of Cl. (a,b,c & d) represent PbL,+ x mol % PbCl,
(x being 0, 2, 10 and 50 respectively) samples, whereas (e,f,g & h) represent their corresponding morphologies after perovskite conversion when annealed
at 70 °C and at 100 °C (i,j.k & 1).

s From the FESEM images (Fig. 2 (a,b,c,d)), the evolution in
morphology as a function of PbCl, concentration was clear after
the first step of sequential deposition - spin coating of 1 M of
Pbl, + x mol % PbCl, (x = 0, 2, 10, 50) dissolved in DMF
solution. As the CI concentration was increased to 10 mol %, the

10 lead halide film became more and more compact, with rod like
nanostructures projecting especially for 10 mol % PbCl, sample
(Fig. 2¢). In contrast, in the sample with 50 mol % of PbCl,, the
lead halide film exhibited a more porous nature (Fig. 2d). When
these films were reacted with a CH;NH;I solution in IPA, it was

1s observed that perovskite coverage on the mesoporous film
improved with closer packing of the perovskite crystals upon
increasing PbCl, concentration (Fig. 2 (e,f,g,h)). In addition to the
compact packing of the perovskite crystals, the increase of PbCl,

concentration also generated pillar-like projections which
20 increased the film roughness dramatically. Furthermore, upon
annealing these films at 100 °C, the average perovskite crystal
size increased for CH;NH;Pbl; (no Cl addition) but the film
coverage was not improved, as it is shown in Fig. 2i. The increase
of the average crystal size after the 100 °C annealing is also
25 observed in the samples with CI, (PbCl, = 2, 10 and 50 mol %).
However, the crystal size decreased with increasing PbCl,
concentration i.e crystal size of (1) < crystal size (k) < crystal size
(j) < crystal size (i). Interestingly, the film coverage improved
and the pillar like projections were no longer observed (Fig. 2
30 (j,k,1)). These top view FESEM images confirmed that the
addition of PbCl, in the initial film results in a significant change
in the morphology with respect to the pure CH;NH;Pbl;
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Fig3 (a) Cross-sectional FESEM image of a full device, (b) J-V and (c) IPCE of the champion cells, (d) optical absorption spectra of perovskites with

different initial PbCl, concentrations on mesoporous TiO,

As a result, the effect of addition of PbCl, was reflected in the
performance of the solar cells in terms of J-V characteristics. Fig.

s 3a shows the cross-sectional FESEM image of a representative
full solar cell from which it is evident that the perovskite
(CH3NH;Pbl3) layer was ~250 nm while the spiro-OMeTAD
overlayer was ~260 nm. Similarly, the perovskite overlayer
thickness for the 20 mol % sample was measured to be 280-573

10 nm (Fig. S3a). For the 50 mol % of PbCl, sample (Fig. S3b), the
perovskite overlayer thickness increased to 411-790 nm, however
the presence of the hole transporting material (HTM) overlayer
enabled a benign interface thereby facilitating average
performance of the cell. The J-V characteristics as well as the

15 integrated current densities of the champion cells are tabulated in
Table 1 and represented in Fig. 3a.

and (e) four probe resistivity of representative perovskite films.

Table. 1 J-V characteristics of best cells for different concentrations of
Cl.

PbCl, Joc Voo FF n (%) Integrated J,
(mol %) (mA/em?) (\%] (mA/em?)
0 20.59 1.02 0.62 13.81 19.7
2 18.50 1.03 0.73 1391 18.19
10 19.91 1.09 0.65 14.15 18.45
50 18.38 1.07 0.59 11.57 17.27

20
The best efficiency of 14.15 % was observed for 10 mol% of
PbCl, with the V., FF and J being 1.09 V, 0.65 and 19.91
mA/cm® respectively (Table. 1 and Fig. 3a). Also from the IPCE

This journal is © The Royal Society of Chemistry [year]
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spectrum (Fig. 3b), the short circuit current density (J,.) was
integrated to be 18.45 mA/cm?, which complies well with the J
measured from the J-V measurements. Interestingly from Fig. 3(b
and c) no change in the onset of IPCE and absorption spectra
were observed for samples with and without Cl addition, clearly
implying that the addition of Cl does not cause any band gap
modification. The cell performance improved only marginally
when PbCl, was added for concentrations <10 mol % and it
decreased for higher concentrations. These trends are confirmed
10 by the average results (> 8 samples) represented in Table 2. The
depreciation in cell performance for higher concentrations is
reflected by the declining FF and J.. In order to discern the origin
for this drop in performance, 4-probe resistivity measurements
were measured on the perovskite films. From Fig. 3d, it is evident
15 that for 2 and 10 mol % of PbCl, addition, the resistivity of the
films decreased by an order of magnitude in comparison to Cl-
free lead perovskite. Further increase of the Cl concentration to
50 mol % resulted in increased resistivity, overcoming that of Cl
free perovskite, which accounts for the lowering of FF.

w

20 Table. 2 Effect of addition of Cl on average photovoltaic parameters of
perovskite based solar cells with error bars on at least 8 samples.

performed for 0% and 10% samples, representative of the general
35 trend displayed in Table 2 (Cl free sample showed 18.52 mA/cm®
of Ji., 1.05 V of V., 0.58 FF and 11.27 % of efficiency under 1
sun illumination and 10 mol % of PbCl, sample exhibited 1.07 V
of V., 19.24 mA/ecm® of J, 0.61 of FF and 12.55 % of
efficiency) under illumination. The results were fitted with an
w0 equivalent circuit previously reported'’. The high frequency part
of the spectra, which is ascribed to the hole transport
phenomena'®?, show as expected, identical behaviour regardless
of the absorber composition (Fig. 5ab). Similarly, the
recombination resistance (R,.), extracted from the lower
45 frequency part of the spectra, reveals analogous values for the tri-
iodine sample and the mixed halide perovskite sample (10 mol %
of PbCl,) (Fig. 5a), in contrast with previous reports based on
single step deposition techniques where the recombination was
significantly reduced upon the Cl addition'> ?'. As a result, the
so differences in the performance cannot be attributed to a
modification of the measured recombination process. Similarly,
the small improvement of the V,. has to be ascribed to the
increased charge generation, which is reflected in a higher J.
as well.

R . . . .
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The average performances of all the measured solar cells
presented in Fig. 4 and Table 2, show the trend for highest Jg.
(20.11 = 0.96 mA/cm?®) and V,. (1.07 + 0.18 V) observed for the
10 mol % of PbCl, sample, along with a lower dispersion of
parameters which accounts for a slightly improvement of the
30 reproducibility. This is explained by the low resistivity and better
coverage of the perovskite film which might enable better charge
transport. In order to elucidate further electrical effects upon the
addition of Cl, impedance spectroscopy measurements was

However, the fitting of both samples show remarkably different
capacitance values obtained from the low frequency region of the
spectra (Fig. 5b). These values appear to be too high to be related
to the TiO, chemical capacitance® *. We tentatively attribute the
s lower value of the 10 mol % PbCl, sample to its higher
conductivity. Interestingly, this comes along with a significant
lower hysteresis in the J-V curves (Fig. 5(c,d)). Hysteresis for
different scan rates has been quantified in both the samples using
the hysteric index (HD** and tabulated in Table S3. The observed
70 hysteresis is lower for the samples with 10 mol % PbCl, addition
and the trend of declining hysteresis with faster scan rates for
both the samples is in concurrence with the earlier reports™. A
full study of this capacitance, which is out of the scope of this
work, will be required to further understand the implications.

This journal is © The Royal Society of Chemistry [year]
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Therefore, the slight efficiency boost observed when small
concentrations of PbCl, were employed in the sequential
deposition is mainly attributed to a morphological effect, which
generates an increase of the conductivity of the film. This is in
good agreement with previous reports'® '® showing that the
addition of a limited amount of Cl in single step or sequential
deposition techniques improved charge transport. However,
further addition of Cl degrades the cell performance (n < 10 %,
Fig. 4d) mainly by the degrading FF and J., which is ascribed to
a poor charge collection associated with the increase of the
resistivity of the perovskite film.

Conclusions

Detailed investigation on the morphological, optical and electrical
properties of a mixed halide perovskite deposited by employing
sequential deposition technique was carried out. Cl concentration
was varied and a systematic approach was employed to
understand its implications on the various parameters of an
efficient solar cell. The addition of low amounts of CI improves
the solar cell performance, mainly due to an increase of the
perovskite conductivity. The system demonstrated a threshold
limit of 10 mol % of PbCl, addition beyond which the advantage
of Cl addition was negated by the poor FF and lower J,. which
could be attributed to lower charge collection owing to the high
film resistivity. Addition of Cl had no effect on the absorption of
the films but it altered the morphology of the perovskite crystals,
thereby affecting the I-V characteristics of solar cell.

Experimental

30 Device fabrication: Fluorine doped tin oxide glass substrates
(Tecl5, <14 ohm/square, 2.2 mm thick, Pilkington) were
patterned by laser etching and were subsequently cleaned by
ultrasonication in decon soap solution followed by rinsing with
deionized water and ethanol. They were further ultrasonicated in
ethanol and were dried with clean dry air. A compact TiO,
blocking layer was deposited by treating the cleaned substrates
with 200 mM TiCl, solution at 70 °C for 1 h* followed by
sintering at 500 °C in air for 1-3 h. Then a mesoporous TiO, film
was spincoated at 4000 rpm for 30 s and was dried at 120.5 °C for
10 min which was followed by sintering at 500 °C for 15 min. For
mesoporous TiO, film (300-400 nm), Dyesol 30 NRD was used
in absolute ethanol in the ratio 2:7 by volume. They were then
subjected to 20 mM TiCl, treatment at 70 °C for 30 mins
followed by sintering at 500 °C in air for 15 min. For the
synthesis of CH3NH;Pbl;Cl, perovskite, Pbl, (1 M), PbCl, (1
M) and mixture of Pbl, (1 M kept constant for all the samples)
and PbCl, (mol % = 2, 10, 50, 75 which corresponds to 0.02 M,
0.1 M, 0.5 M and 0.75 M respectively) were dissolved in DMF at
70 °C respectively. Since 1M of PbCl, has solubility issues with
DMF, DMSO solution was used. These solutions were spincoated
on the mesoporous TiO, films at 6000 rpm for 5 s and were dried
at 70 °C for 30 min inside a glove box. Upon cooling, these
substrates were immersed in iso-propanol solution containing 8
mg/mL of CH;NH;I for 20 min and were then rinsed with iso-
ss propanol. They were dried by spincoating at 4000 rpm for 30 s

S
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and by heating at 100 °C for 30 min. The HTM formulation
comprised of 100 mg of spiro-OMeTAD, 28.8 uL of 4-tert-
butylpyridine, 17.5 upL of a stock solution of lithium
bis(trifluoromethylsulphonyl) imide (520 mg/mL in acetonitrile
(ACN)) and FK102 dopant (12 mg in 40 uL of ACN) in 1 mL of
cholorobenzene. This HTM was spincoated at 4000 rpm for 30 s.
All these process steps were carried out inside a dry box with
humidity less than 15 %. A back contact of gold which is about
90-100 nm was deposited by thermal evaporation. The active
area of the cell was measured to be 0.2 cm” which was masked by
a black tape during the testing of the cells.

Device characterization: Sample purity was established using
powder X-ray diffraction (PXRD). Data were collected using a
Bruker DS Advance diffractometer fitted with a CuK, source
operated at 40 kV and 40 mA, a 1° divergence slit, 0.3mm
receiving slit, a secondary graphite monochromator and a
Lynxeye silicon strip detector. A thin-film of the perovskite was
deposited on FTO/TiO, substrate and heated at 70-100 °C for 60
min before data collection. Data were accumulated from 10 — 55°
20 using a step size of 0.02° with a dwell time of 0.2 s per step.
Pawley fits of the diffraction data were performed using TOPAS
V4.1 using a pseudo-Voigt peak shape function in combination
with the reported cell data for CH;NH;Pbl; the 2H polymorph of
Pbl,, PbCl, and PbICl. X-ray photoelectron spectroscopy (XPS)
measurements were done using monochromatic X-ray source
from Al K, (hv=1486.7¢V) and a hemispherical analyzer (EA125,
Omicron). X-ray absorption spectroscopy (XAS) measurements
were done in XAFCA beamline, Singapore synchrotron light
source (SSLS). Top-view and cross-sectional images were
recorded by Field Emission Scanning Electron Microscope
(FESEM, JEOL, JSM-7600F, 5 kV). Photocurrent-voltage
characteristics were recorded by applying an external potential
bias to the cell while recording the generated photocurrent with a
digital dual source meter (Keithley Model 2612A). The I-V
measurements of the devices were done by using San-EI Electric,
XEC-301S solar simulator under AM 1.5 G. Incident photon to
current conversion efficiency (IPCE) was determined using
PVE300 (Bentham), with a dual xenon/quartz halogen light
source, measured in DC mode and no bias light is used. Incident
light intensity was calibrated using a photodiode detector (silicon
calibrated detector, Newport). Absorption spectra were recorded
by UV-Vis-Nir Spectrophotometer (UV3600, Shimadzu) with
282 nm wavelength light source. 4-probe resistivity
measurements of metal halide perovskite films were estimated
MMR
measurement system. The perovskite films were spun coat on

using a technologies variable temperature hall
soda lime glass substrates (1 cm x 1 cm) in nitrogen glove box
and the resistivity measurements were performed at room
temperature (302 K). 4 square electrodes (1.6 mm x 1.6 mm) of
gold were thermally evaporated in square geometry onto the
perovskite films. AFM images were obtained using a Asylum
Research MFP3D system in tapping mode. Impedance
spectroscopy was measured with an Autolab PGSTAT302N. A

20 mV voltage perturbation was applied at frequencies between 1

10 MHz and 0.1 Hz with the sample being illuminated by a white

LED. The results were fitted using the software Z-View.
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