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Abstract

A two—step sequential deposition method has been applied to prepare the solar
cells with two types of perovskites Csg.15FA¢.85 Pb(Io.95Clo.05)3 and Csg.15FAg.85Pb(1o.95B10.05)3-
In order to obtain the perovskite layers, the different sources of bromine and
chlorine atoms were used for synthesis. The performance and time stability of
chloride-based photocells are worse in comparison to the bromide—based de-
vices. It can be explained by the effect of an accumulation of Cl atoms at
the interfaces between the chloride-based perovskites and the layer of PCBM.
Such a process causes an increasing of interface recombination. Also, the bulk
density of states and, consequently, the bulk recombination of charge carriers
seem to be higher for the perovskite layers obtained with chlorine atoms. The
two—step technique applied to create the bromide perovskites less influences the
photocells performance as in the case of one—step deposition. We can explain
this observation by an existence of nucleation sites in the inorganic layer which
improve the growth of a perovskite material.
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1. Introduction

Solar cells based on hybrid lead halide perovskites employed as active ma-
terials are very attractive structures for modern photovoltaics. Besides high
efficiency which exceeds 20%, the stable perovskite photocells have been re-
cently reported [I], 2, 3, [4] [5 [6]. However, a mechanistic understanding why
some perovskite solar cells exhibit a better stability than others is often lacking.
Thus, many efforts are currently focused on finding the optimized preparation
technique to obtain most efficient and stable PSCs.

In general, we can find two methods to synthesize the organic—inorganic
hybrid perovskites. One method is based on the solution processing and the
second technique applies the thermal evaporation [7]. Typically, perovskites
synthesized via the solution processing are fabricated using a spin—coating (SC).
Initially, researchers prepared the perovskite precursor in one solution which was
used to deposit the perovskite layer. Later, it has been demonstrated that such
perovskites can be prepared via a two-step technique [§]. First, the inorganic
component is deposited on the substrate, followed by the organic part coated
on the first layer, both via SC. This two—step method of preparation is often
called the sequential deposition technique. It has been reported in many works
[O, 10, 11, 12, 13, 14, 15, 16, I7, I8, 19, 20] that the sequential deposition
became a good tool to obtain dense and uniform perovskite layers, and also
efficient PSCs. However, an inadequate mixing of both precursors can lead to
incomplete conversion into the perovskite [21].

Apart from different methods of preparation, the used compounds also influ-
ence the performance of PSCs. Recently [22], we have investigated an impact of
different bromine sources on the dual cation (2C) perovskite Csg.18FAg.82Pb(Ip.04Br0.06)3,
which consists of formamidinium (FA) and caesium ions. These studies have
been realized using one—step deposition method. The conclusion was that the
source of bromine atoms influenced the various complexes during the crystal-
lization process. Therefore, different densities of traps were created in the bulk,

which affected the final efficiency. Now, the question is if a two—step process is
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also associated with the formation of complex species. Thus, we have decided
to test the same sources of bromine atoms (CsBr, PbBry, FABr) for two-step
sequential deposition technique. However, this time we compare bromine pho-
tocells with the devices fabricated using similar sources of chlorine atoms (CsCl,
PbCly, FACI). The reason of choosing chlorides stems from the observation that
the addition of Cl atoms improves the stability against humidity [23].

In this work, we will study two 2C perovkite materials Csg 15FAg.s5Pb(I.95Clo.05)3
and Csg.15FA0.85Pb(I.95Br0.05)3 prepared using two—step sequential deposition
method. The main goal of this paper is to understand the dominant recombi-
nation mechanisms in these PSCs. Especially that the complex formation influ-
ences the bulk defect densities which are strongly related to the trap—assisted

recombination of charge carriers [24].

2. Experimental section

2.1. Dewvice fabrication

The structure of devices can be written as glass/ITO/PTAA /CsFAPb(I,X)3/PCBM/BCP/Cu,
where X is to denote Br or Cl. The compounds and solvents used to create
solar cells are presented as follows. Lead iodide (Pbly, 99.99 %), lead bro-
mide (PbBrz, 99 %) and bathocuproine (BCP, >98.0 %) were purchased from
TCI. Lead chloride (PbCly, 99 %) and caesium bromide (CsBr, 99.9 %) were
bought from Alfa Aesar. Caesium iodide (CsI, 99.999 %), dimethyl sulfoxide
anhydrous (DMSO, 99.9 %), dimethylformamide (DMF, 99.8 %), toluene anhy-
drous (99.8 %), chlorobenzene anhydrous (99.8 %), ethanol anhydrous (99.8
%), and propan—2-ol anhydrous (IPA, 99.5 %) were obtained from Sigma-—
Aldrich. Formamidinium iodide (FAI, >99.99 %), formamidinium bromide
(FABr, >99.99 %) and formamidinium chloride (FACl, >99.5 %) were pur-
chased from GreatCell Solar. Caesium chloride (CsCl, >99 %) was bought
from Across. [6,6]-phenyl-C61-butyric acid methyl ester (PCBM, 99 %) was
obtained from Solenne, while poly[bis(4—phenyl)(2,4,6—trimethylphenyl)amine]
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(PTAA, grade M) was purchased from Solaris Chem. All commercial materials
and solvents were used without purification.

The solar cells were fabricated in a nitrogen filled glove-box. The glass/ITO
substrates were cleaned with a soap, rinsed with a deionized water, sonicated in
a bath of TPA, dried with a Ny gas spray and put in an UV—ozone oven for 30
min. In order to obtain the hole transporting layer (HTL), PTAA from solution
(4 mg in 1 ml toluene) was deposited on the ITO using SC method (5000 rpm,
3000 rpm/s, 35 s). This step was followed by an annealing at 100° C for 10
min. Next, the perovskite layers have been prepared by the two—step sequential
deposition technique. Six different perovskite compositions were created. The
materials to compose the precursors for both layers are presented in Table[]] The
compounds used to prepare first layers were dissolved in 1 ml of DMF:DMSO
with the ratio 9:1, while the chemicals for second layers were dissolved in 1 ml
of TPA. The second layer was dropped from 80 pul of the precursor solution just
30 seconds after the beginning of SC of the first layer. Both precursor layers
were spin—coated using the same SC parameters for all perovskites (3000 rpm,
3000 rpm/s, 90 s). Afterwards, an annealing was performed at 100° C for 10
min. Later, PCBM has been deposited by SC (1500 rpm, 3000 rpm/s, 50 s) in
order to create the electron transporting layer (ETL). For this step, the solution
was prepared with 20 mg of PCBM in 1 ml of chlorobenzene and filtered before
use. At the top, BCP from solution (1 mg in 1 ml ethanol) was dropped using
spin—coating (4000 rpm, 3000 rpm/s, 35 s). Finally, the copper (100 nm) was
thermally evaporated (at pressure 10~ mbar) on top of the device to create the

metal contact.

2.2. Characterization

The crystallographic structures of all perovskites have been characterized
using X-ray diffractometer (XRD, PanAlytical Empyrean). The scanning elec-
tron microscope (SEM, Jeol JSM-6010LA IntouchScope) has been applied to
study the morphology of samples. In order to investigate the optical proper-

ties, the transmittance (T) and the reflectance (R) were measured with UV—vis
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spectrophotometer (Agilent Cary 5000). The photocurrent—voltage (J-V) char-
acteristics (Keithley 2400) of photocells have been recorded in a nitrogen envi-
ronment. The white light halogen lamp served as a source of light. To obtain
AM 1.5 conditions, a silicon cell has been applied as a reference to calibrate the
lamp to 1000 W m~2. The masks were used to focus the light on the illumi-
nated devices with the active area equal to 0.09 cm?. The intensity of light has
been changed (1, 0.83, 0.53, 0.33, 0.1, 0.01 and 0.001 sun) with a set of filters.
In order to analyze the hysteresis effect, the J-V curves were measured in two
bias directions: forward (from -0.2 V to 1.1 V) and reverse (from 1.1 V to -0.2

V). The scanning rate for the current detection was 0.165 V s~!

with a step of
20 mV. The procedure of photoelectrical measurement has been organized as
follows. First, all perovskite solar cells were investigated without illumination.
Next, the samples were continuously illuminated to obtain J-V characteristics.
The maximum power point tracking (MPPT) has been measured for all photo-
cells for two minutes. In addition, a longer MPPT was later realized for selected

samples. It should be noted that this type of the MPP recording was compatible
with the ISOS-L-1 protocol [25].

3. Results and discussion

In this work, the samples obtained from bromide sources CsBr, PbBrs; and
FABr are named Cs—Br, Pb—Br and FA-Br, respectively. The devices prepared
with chlorides CsCl, PbCly; and FACI are called Cs—Cl, Pb—Cl and FA-CI, re-
spectively.

Fig. [1] illustrates the XRD results obtained for all perovskite compounds
prepared on the glass substrate. We can see that the photoactive (black) a—
phase [26] 27, 28] dominates in each layer. The detailed analysis of the peak
positions shows that FA-Br and FA—CI peaks have slightly different positions
for the a—phase than in other perovskite layers, see Fig. [1] (insets). According
to Vegard’s law, the shift toward higher angles is due to the introduction of

smaller ions. In our case, caesium exchanges formamidinium, and bromide or
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chloride ions substitute iodide ions. Here, we observe a slight shift toward
higher angles for the perovskites created without FABr or FACI materials. It
would mean that the inclusion of smaller ions is worse in the case of using these
formamidinium compounds. The XRD analysis reveals also reflections related to
non—perovskite phases. The reason is that the perovskite material has not fully
converted into a pure a—phase during crystallization and, consequently, some
secondary—phases have appeared [29]. The CsPbls phase has been detected in
all samples. However, it is present with a highest amount in FA-Br and FA-C1
perovskite layers. In addition, all samples (except FA—Cl) contain Pbly with the
highest amount detected in FA-Br sample. This phase is mostly observed at
12.8° peak with (001) orientation. However, other Pbl, peaks are also visible for
the perovskites with bromine atoms. It could be related to a not full conversion
of the Pbl, material or to a faster degradation of the sample. In general, FA-Br
and FA-CI samples seem to crystallize worse than other samples. We should
note that the complex formation observed for one—step deposition method [22]
is not visible here.

Fig. S1 presents the UV—vis spectra for perovskite films on the glass sub-
strate. The absorption maxima are related to the electron transitions between
hybridized 6s(Pb)/5p(I) orbitals and 6p(Pb) orbitals [30]. Although similar
shapes of the absorption spectra are observed for all samples, we can see that
FA-Br and FA-CI perovskites differ slightly from other samples. It confirms
the existence of an additional non—perovskite phase visible in XRD results. To
conclude, the use of FABr and FACI compounds in the second layer during
synthesis causes incomplete crystallization and formation of a secondary phase.

Fig. 2] shows the SEM images of all perovskites prepared on the glass sub-
strate. The needles—like structures have been distinctively seen on the FA-Br
and FA—CI surfaces which can originate from the formation of secondary phases
during the crystallization process. These results are in line with XRD and UV—
vis analysis. Therefore, the conclusion is that both formamidinium compounds
FACI and FABr did not fully react and the observed structures are associated

with the secondary phases.
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Fig. presents a comparison of four photovoltaic parameters (the power
conversion efficiency PCE, the short—circuit current Js., the open—circuit voltage
Voo and the fill factor FF) obtained for three types of bromide PSCs measured
under 1 sun. We observe that Pb—Br devices are less efficient than Cs—Br and
FA-Br solar cells. The drop of PCE by about 3% is mostly due to differences in
FF and slightly in V,.. It seems that different mechanisms of the crystallization
process occur in the samples when various sources of bromine atoms are used
for synthesis and, thereby, it affects the density of defect states in the bulk.
However, in the two—step sequential deposition method, the source of halogens
has a less pronounced effect on PCE than for the single step process. Most
likely, the first inorganic layer supports the growth of perovskite film by giving
it a nucleation site.

Fig. illustrates four photovoltaic parameters (PCE, Jg., V,. and FF)
for the chloride-based PSCs measured for light intensity of 1 sun. Here, we
observe that Cs—Cl samples are the least efficient, while FA—Cl devices give
the best performance. It is clearly seen that the fill factor plays a crucial role
here. However, the short—circuit current should have a stronger impact on the
efficiency due to a higher statistical spread than for bromide samples.

Fig. |5 demonstrates J-V characteristics obtained for bromide and chloride
representative PSCs drawn for the reverse scan. Results from a full measurement
cycle which includes both the reverse and the forward directions are additionally
presented in Fig. S2. We can see that Cs—Br and FA-Br samples are more
efficient than Pb-Br device mostly due to a higher V,. and FF (Fig. [Gh). It
can be interpreted as a consequence of the bulk recombination effects. Fig. Bb
shows results obtained for the chlorine based solar cells. Here, the influence of
V,c is negligible due to small variations of this parameter. It looks that mostly
Jse and FF impact on the performance which seems to be rather an interface
dependent effect [31]. Such a behavior can be associated with the accumulation
of chlorine species at the interface between the perovskite and PCBM, because
Cl compounds can escape from the bulk of perovskite to its surface during the

crystallization. Recent studies have confirmed that chlorine atoms do not built
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into the perovskite structure due to several reasons [32]. The Cl atoms can be
emitted in a gaseous form of organic chlorides during annealing [33], B4]. If the
temperature or the time of annealing are insufficient, then chloride compounds
accumulate at the surface which causes an increasing of surface recombination.
In addition, the accumulation of chlorine anions can occur also at the interfaces
[35]. In this process, the precursor with Cl plays an important role. According to
Suzuki et al.[36], the addition of FACI leads to changes of the interface between
the perovskite and TiO5 layers. It has been also demonstrated that the blend
precursor with PbCly or PbICI improves the incorporation of chlorines into the
perovskite but it needs a very high formation energy [37]. However, we cannot
exclude that this effect is due to the association of Cl with Cs or FA which gives
a better fitting location in the crystal structure. Apart from the interfaces,
grain boundaries also serve as accumulation centers for chlorines [38] [39] [40].
We believe that, in our experiment, chlorine compounds can accumulate or form
a secondary phase layer between the perovskite and PCBM films. This process
changes the interface defect states and also the energy alignment which can
lead to a band-bending effect and, as a consequence, it causes a decreasing
of Js. [41] 42| [43], 44, [45]. We should not observe this effect in the bromine
devices, because Br atoms do not accumulate at the interface. However, the
bromine species can influence the formation of nucleation sites which improve
the growth of a perovskite layer. This process should be visible mainly at the
substrate side (ITO/HTL/perovskite). Therefore, we expect a formation of the
"dead layer” [46] near the contact of this perovskite with PTAA. In addition,
the needle-like structures seen for FA-Br photocells in the SEM image (Fig.
2)) create a contact at the ETL side (with PCBM). The exact establishment of
these interface positions for both bromine and chlorine devices is proven in the
following EQE analysis.

Fig. S3 illustrates the EQE results for bromide— and chloride-based PSCs.
No differences are visible between Cs—Br and Pb-Br samples (Fig. S3a). How-
ever, a slightly different curve has been obtained for FA—Br solar cell in compari-

son to other bromide photocells. The distinctions are most explicit at both edges


http://mostwiedzy.pl

A\ MOST

of the EQE spectrum. It seems that the formamidinium source of bromine atoms
affects both interfaces slightly more than bulk of the perovskite. The change in
the infrared part 650-800 nm could be associated with the needle-like structures
on surface. However, a reason of the observed difference in the range 300-500
nm originates rather from the interface recombination process. We can see that
the UV-vis spectrum (Fig. S1) is higher than the EQE curve in this region. It
means that a penetration depth of light is small. Therefore we conclude that
an ”optical dead layer” [46] was formed at the illuminated perovskite/PTAA
interface. Fig. S3b shows the EQE spectra for the chloride-based PSCs. Here,
one can notice a slight difference for FA-Cl sample in comparison to other de-
vices, which is visible only at the infrared part of the spectrum. This behavior
can be explained by the accumulation of chlorine atoms at the interface be-
tween the perovskite and PCBM layers. However, we should not neglect also
the accumulation of the chloride compound (FACI) which did not fully react.
Fig. [6] shows the influence of light intensity on four photovoltaic parameters
(PCE, Js¢, V. and FF) measured for the bromide-based PSCs. Recently, we
have demonstrated that such experimental results, given for a very wide range of
the illumination intensity, can be analyzed with the drift—diffusion simulations
to identify the dominant recombination mechanisms [22] B1]. However, although
such simulations are helpful in the analysis of light—intensity data, we are able
to clearly interpret the experimental results without making the simulations. It
should be also mentioned that the typical J-V curves obtained for only 1 sun do
not clearly indicate which mechanism dominates in PCE losses. The influence
of recombination mechanisms on the value of ideality factor (n;q) was discussed
in the literature [47) [48] [49]. It has been demonstrated that a lowering of the
ideality factor causes a decreasing of the bulk recombination and an increasing
of the interface recombination. Here, we can see that Cs—Br PSC has a rather
high n;q equal to 1.748 which is smaller than the value observed for Cs-Br
samples obtained using one-step deposition method [22]. This suggests that
the bulk recombination is still the main process but the interface recombination

also contributes. It agrees with the FF losses at a high light intensity [31].
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The fill factor exhibits the peak at approximately 75% which means that about
15% of the FF is lost due to bulk defects, if considering the Shockley—Queisser
perfect cell [50]. Fig. |§| shows that the FA-Br samples have a slightly lower
ideality factor equal to 1.641. The losses from the bulk recombination should be
approximately the same as for the Cs—Br samples. Therefore, the decrease of an
ideality factor can be explained by a higher interface recombination. However,
the FF drop visible at a higher light intensity cannot stem only from the interface
recombination effect, especially for such V,. losses. Thus, this drop of FF seems
to be series resistance dependent. As it has been seen in SEM images (Fig. ,
the needles—like structures are observed on the surface of the FA-Br samples.
It is possible that these needles are not fully removed during a spin—coating of
PCBM and, as a consequence, they form the additional contact between the
PCBM and a perovskite. Such an interpretation explains both the interface
recombination and series resistance losses and it also stays in agreement with
the EQE results (Fig. S2). We can see that the Pb—Br samples exhibit a much
higher ideality factor equal to 1.871 and a deeper drop of the FF. At the same
time, the shape of the FF dependence versus light intensity is the same as for
the Cs—Br PSC. This can be explained by the bulk quality of the perovskite
layer that is much more defected due to the crystallization process with the use
of PbBry as the source of bromine atoms.

Fig. shows four photovoltaic parameters (PCE, Jy., V,. and FF) versus the
light intensity drawn for the chloride-based PSCs. We can see that the ideality
factors of all samples synthesized with different chlorine sources are higher in
comparison to the bromide-based PSCs. The FF exhibits similar values for all
three types of chloride photocells in a wide range of light intensity, which was
not observed for the bromide samples. It is visible that the peak of FF is close to
75%. The highest ideality factor has been observed for the FA—C1 PSC. It is the
least affected by the interface recombination which would decrease that value.
Also, the losses of FF at 1 sun are the lowest for this sample. We can clearly see
that the differences observed for the FFs and ideality factors should be strongly

related. This means that the value of the ideality factor decreases for higher

10
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losses of the FF. To conclude, we observe the accumulation of the respective
salt at the interfaces which causes that chlorines do not built perfectly into
the perovskite structure. This effect influences the interface recombination and,
as a consequence, it impacts the FF and ideality factor in this way that both
decrease for a higher density of defect states at the interfaces. The short—circuit
current Jg. changes between Cs—Cl, Pb—Cl and FA-Cl samples for higher light
intensities. The explanation of the J,. losses is based on the role of energy
alignment in chloride-based perovskite. It deals with a band—bending effect
which blocks a charge carrier extraction and leads to decreasing of Jg. [41] [42]
43, 44, 45].

The time evolution of a maximum power point (MPP) measured in the best
performing PSCs for a short period (300 s) is presented in Fig. . We can see
a totally different behavior between all perovskites. The observed differences in
the MPP between representative samples are even up to a few percents. Also,
the shapes of MPPT curves depend on the sample. Fig. illustrates the
MPPT results for a longer time (approximately one day, measured in line with
the ISOS-L—1 protocol [25]) drawn for the best two samples with Br and Cl. The
Cs—Br solar cell exhibits a continuous increase of MPP during few first hours
and this parameter saturates around approximately 16%. This tendency can
be explained by the light soaking effect which decreases the bulk recombination
defect density during illumination [5I, 52, (3]. The MPPT curve for FA-Cl
sample subtly decreases for the first two hours. However, further it starts to
increase and reaches the maximum value (around 15.5%) after approximately 8
hours. Later, it keeps a constant magnitude for the next few hours and finally
drops below 14%. This behavior can be related to the needles shape structures
visible on the perovskite surface in the SEM image (Fig. . However, the last
range of the MPP decreasing might originate from a diffusion of ions in the
perovskite layer. It has been demonstrated that a migration of ionic species
leads to the drop of the MPPT [54] 55] 56] 57, [68]. In general, the influence of
both intrinsic and extrinsic ions should be taken into account. Here, we cannot

exclude the Cu migration from the electrode into the perovskite.

11
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4. Conclusions

The perovskite solar cells with two dual cation perovskites Csg.15FA s5Pb(I1n.95Clo.05)3

and Csg.15FA0.85Pb(Ip.95Bro.05)3 were investigated. The different sources of
bromine atoms (CsBr, PbBry, FABr) and chlorine atoms (CsCl, PbCl,, FACI)
have been used for preparation of perovskite layers. All PSCs were fabricated
using a two—step sequential deposition method. The photoelectrical results ob-
tained for bromide-based devices lead to similar conclusions as for samples
synthesized using one—step process [22]. However, the source of halogens has
a less pronounced effect on PCE for the two—step technique. This is explained
by a nucleation site in the inorganic layer that improves the growth of a per-
ovskite. The chloride photocells are worse by the meaning of performance and
time stability in comparison to bromide—based devices. The reason of this effect
can be associated with the chlorines accumulation at the interface between the
perovskite and PCBM. As a consequence, it leads to a higher interface recom-
bination and a band-bending process. In addition, the bulk defect density is
higher for all chloride samples if compared to the bromide ones. The results
obtained in this work can be useful for further studies toward most efficient and

stable perovskite solar cells.
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Table 1: The materials used for synthesis of perovskites. The compounds needed to prepare

all first layers were dissolved in 1 ml of DMF:DMSO with the ratio 9:1. The compounds to

compose all second layers were dissolved in 1 ml of IPA.

Perovskite Layer Compounds

Cs—Br first: 622.4 mg of Pbly + 43.1 mg of CsBr
second: 77.4 mg of FAI

Pb-Br first: 575.7 mg of Pbly + 37.2 mg of PbBry + 52.6 mg of Csl
second:  77.4 mg of FAI

FA-Br first: 622.4 mg of Pbly + 52.6 mg of Csl
second:  65.8 mg of FAI + 8.4 mg of FABr

Cs—Cl first: 622.4 mg of Pbly + 34.1 mg of CsCl
second:  77.4 mg of FAI

Pb-C1 first: 575.7 mg of Pbly + 28.2 mg of PbCly + 52.6 mg of Csl
second:  77.4 mg of FAI

FA-C1 first: 622.4 mg of Pbly + 52.6 mg of Csl
second:  65.8 mg of FAI + 5.4 mg of FACI

fill factors via incorporation of star—shaped polymer, Sci. Adv. 7 (2021)

eabg0633.
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Figure 1: XRD patterns of the perovskite films on the glass substrate. (a) Re-
sults for Csp.15FA0.85Pb(I0.95Bro.05)3 obtained from different bromides. (b) Results for
Cs0.15FA0.85Pb(I10.95Clo.05)3 obtained from different chlorides. Both insets show illustration

of Vegard’s law.
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Figure 2: SEM images of all perovskite films prepared with (a) caesium—based compounds,

(b) lead—based compounds, and (c) formamidinium-based compounds.
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Figure 3: Four photovoltaic parameters of PSCs obtained with different sources of bromine

atoms, (a) PCE, (b) Jsc, (¢) FF, (d) Voc.
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Figure 4: Four photovoltaic parameters of PSCs obtained with different sources of chlorine

atoms, (a) PCE, (b) Jsc, (¢) FF, (d) Voc.
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Figure 6: Four photovoltaic parameters versus light intensity drawn for representative solar

cell devices obtained with different sources of bromine atoms, (a) PCE, (b) Js., (c) FF, (d)

Voc. The ideality factors for all samples are written in part (d).
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Figure 7: Four photovoltaic parameters versus light intensity drawn for representative solar

cell devices obtained with different sources of chlorine atoms, (a) PCE, (b) Jsc, (c) FF, (d)

Voc. The ideality factors for all samples are written in part (d).
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Figure 8: Maximum Power Point Tracking (MPPT) measurements of best performing solar
cells. (a) Results for a short period obtained for all PSCs. (b) Results for a longer period

obtained for two representative samples with bromine and chlorine atoms.
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