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ABSTRACT: Recent research has shown that perovskite solar cells with a mixed Trap a_SSizséed 'e°°'|‘:_lt’i"ati°" Pb-Br
dual A-cation have much better structural stability without loss of efficiency than _ | ‘neoherovskde 2R o
single cation devices. Mixed cation perovskites create a lot of questions about the 20 7 FA-Br
salts being used for the formation of the best-quality layer. Here, we have '*g rec, rap
investigated three sources of bromide in the perovskite absorption layer, using lead < 451 [® Experment Cs—Br
bromide (PbBr,), formamidinium bromide (FABr), and cesium bromide (CsBr). ¢ o Smuston xR
c —_
The experimental results have shown better performance for FABr and CsBr ¢ .+ R A gvg
sources of bromide in comparison to the regularly used PbBr,. This effect has been 3 et 2§ e°
explained with the complex species present in the not-annealed perovskite films & &
& i

which changes the defect states during the crystallization of the absorber layer. It
has been found with numerical simulations that the observed phenomenon 0
directly impacts the rates of the trap-assisted recombination. The results of this

study are one more step forward in understanding the physics behind the
crystallization process which is crucial in further improvement of the perovskite

solar cells.
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B INTRODUCTION properties.'* Therefore, here we investigate the three sources
of bromide ions in the Csy;gFAgg,Pb(Iy04Broos); perovskite
absorption layer, that is, lead bromide (PbBr,), formamidinium
bromide (FABr, where FA is a formamidinium), and cesium
bromide (CsBr). The following structure lets the perovskite to
be formulated with only one aforementioned source of
bromide. Also, the low bromide concentration allows to omit
the problems with phase segregation.'” By keeping the same
atoms and mass concentration in the precursor, we have been
able to compare the same perovskite composition made from
the three different bromine atom sources. We analyze the
perovskite layers prepared in the p—i—n device configuration.

The goal of the following work is to understand the effect of

The perovskite materials have attracted attention in the world
of photovoltaics due to rapidly improving efficiency which
currently is reaching 24.2%." However, the main concern for
the commercialization of perovskite solar cells (PSCs) is their
limited stability.2 Therefore, recent research has led to the
conclusion that PSCs with a mixed dual A-cation (2C) which
consists of formamidinium and cesium ions in the perovskite
layer have much better stability and efficiency.” > In the same
kind of perovskite material with a sufficient cesium content, it
has been reported that its charge carrier properties are not
reduced when increasing bromide concentration.’ Therefore,

the 2C perovskite seems to be a good candidate for application

. . o different sources of bromide ions on the operation of the PSC.
in tandem solar cells with a possibility to tune the band-gap by . . .

_ ) _ 7 ; _ The obtained experimental results of photovoltaic parameters
changing bromide and cesium content ratio,” especially, in the

case of hich efficient perovskite-based tandem solar cells.®~! are analyzed with a special attention on the crystallization
Using §C perovskife in a solar cell application raise.s the process which impacts the recombination via trap states. For

clarity, the trap-assisted recombination is equivalently bein
question of which salt should be used to introduce bromine 7 P - 4 y Oemg
; 12 . . called monomolecular recombination process in the following
atoms. Belarbi et al. = have already shown that using different

salts in a two-step process leads to formation of CH;NH,;PbBr;
with different morphology, optoelectronic properties, and final
performance of solar cells. Also, Aldibaja et al."* have observed
that a different source of Pb atoms might influence structural
properties and solar cell performance. All this seems to be
related to the precursor (colloids) solution consisting of
complexes which determine the film formation and its

ERAPPLI

Received: April 6, 2020 " f;
Accepted: July 21, 2020
Published: July 21, 2020

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsaem.0c00767

W ACS Pu b | ications 8285 ACS Appl. Energy Mater. 2020, 3, 82858294


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Damian+G%C5%82owienka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Di+Giacomo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mehrdad+Najafi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilker+Dogan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alfredo+Mameli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fallon+J.+M.+Colberts"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fallon+J.+M.+Colberts"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Je%CC%A8drzej+Szmytkowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulia+Galagan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.0c00767&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00767?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00767?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00767?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00767?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00767?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaemcq/3/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/9?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c00767?ref=pdf
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

ACS Applied Energy Materials

www.acsaem.org

a
o
S
16 Sie
3 \Q"):%‘{"""Q
< 12 RER |
6
o g A4 4
MPPT
4r & Reverse J-V|
0 7aY Forwgg J-v
Pb-Br FA-Br Cs-Br

—~
(¢
~

80

s 60 8
w40}
20 @ 14
0 O <S>
Pb—Br FA-Br Cs-Br

-25
&0 Q’\’?“,
-20 kSRR LR
CAN
15} 1
O O
10k o @ 1
&
5l 1
Pb-Br FA-Br Cs—Br

o
Cs—Br

1)
FA-Br

Pb-Br

Figure 1. Photovoltaic parameters for PSCs with the effect of different bromide sources, (a) PCE, (b) J,, (c) FF, and (d) V. Perovskites with Pb—
Br (black points), FA—Br (red points), and Cs—Br (green points) as the sources of bromide.

paper. Numerical simulations have been used to study the role
of different recombination rates with a drift-diffusion model
which has been already applied for modeling of PSCs.'

B EXPERIMENTAL SECTION

Device Fabrication. The precursors for the perovskite
Csg.18F A0 52Pb(Iy04Bro )5 solutions were prepared in the following
manner. Commercial lead iodide (Pbl,) (99.99%, TCI), formamidi-
nium iodide (FAI) (GreatCell Solar), cesium iodide (CsI) (99.999%,
Sigma-Aldrich), lead bromide (PbBr,) (99%, TCI), formamidinium
bromide (FABr) (GreatCell Solar), cesium bromide (CsBr)
(99.999%, Alfa Aesar), dimethylformamide (DMF) solvent (99.8%,
Sigma-Aldrich), and 1-methyl-2-pyrrolidinone (NMP) solvent
(99.5%, ACROS Organics) were used without further purification.
For the batch to test bromide compounds with possible impurities,
commercial PbBr, (99.999%, Sigma-Aldrich), PbBr, (98%, Acros
Organics), FABr (>98.0%, TCI), and CsBr (99.9%, Sigma-Aldrich)
were used. Three perovskite materials were prepared, called Pb—Br,
FA—Br and Cs—Br, based on the single bromide source. Pb—Br was
obtained by mixing the powders of 1.2 M Pbl,, 1.1 M FAI, 024 M
Csl, and 0.12 M PbBr,. FA—Br was prepared by adding 1.33 M Pbl,,
0.85 M FAI, 0.24 M Csl, and 0.24 M FABr together. Cs—Br was
produced with 1.33 M Pbl,, 1.1 M FAI and 0.24 M CsBr. The
perovskite compositions were dissolved in DMF/NMP (9:1 volume
ratio) solvent mixture and stirred overnight at room temperature. For
the batch with the heating of the solution, the stirring temperatures
were kept constant at 60, 80, and 100 °C during stirring overnight.
Then, the solutions were cooled down to room temperature before
spin-coating of the precursor.

The patterned glass/ITO substrates were ultrasonically cleaned and
also UV—ozone treated for 30 min. The solar cells were prepared
inside the glove-box with N, environment and the oxygen and
moisture levels at about 1 ppm. First, the hole transporting layer
(HTL) was spin-coated using 2 mg mL™"' of poly(triaryl amine)
(PTAA) (Sigma-Aldrich) solution dissolved in toluene at S000 rpm
for 35 s and with the acceleration equal to 5000 rpm s
Subsequently, the sample was annealed at 100 °C for 10 min.
Furthermore, the perovskite solution was dynamically spin-coated
with the gas quenching method.'” Using 100 uL of the precursor, the
two-step spin-coating program was used to acquire desired thickness:
first, at 2000 rpm rotational speed for 10 s and with acceleration 200
rpm s~', and second at 5000 rpm for 30 s with 2000 rpm s~". After 15
s of spin-coating, the perovskite layer was quenched by using nitrogen
gun for 15 s at 6 bars pressure with 10 cm vertical distance from the
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substrate. After quenching, the perovskite samples were placed
immediately on the hot-plate with 100 °C for 10 min. The electron
transporting layer (ETL) solution was prepared with [6,6]-phenyl
C61 butyric acid methyl ester (PCBM) (99%, Solenne) material
dissolved in chlorobenzene solvent to acquire 20 mg mL ™" solution,
and further stirred overnight at 60 °C. Subsequently, the solution was
spin-coated with 1500 rpm speed for 55 s and 3000 rpm s~!
acceleration. It was followed by spin-coating of 0.5 mg mL™'
bathocuproine (BCP) (99.99%, Sigma-Aldrich) solution in ethanol
with 3000 rpm for 50 s and 3000 rpm s™'. Afterward, the cleaning of
ITO contacts was accomplished in the air with DMF/chlorobenzene
solution in 1:6 volume ratio to remove all layers at the ITO contact.
At last, Au electrodes were thermally deposited with shadow masks
placed on top of the ETLs. The deposition was accomplished under
the vacuum pressure of 1 X 107 mbar to acquire a thickness of 100
nm.
Characterization. The structure characterization was performed
with X-ray diffractometer (XRD) (PanAlytical Empyrean). The
chemical composition was analyzed by energy-dispersive X-ray
(EDX) spectroscopy performed in a scanning electron microscope
(Jeol JSM-6010LA IntouchScope). The morphology of the samples
was investigated using scanning electron microscopy (SEM) and
atomic force microscopy (AFM) (Park NX-10 tool). Fourier
transformed infrared spectroscopy (FTIR) measurements were
conducted using a Bruker VERTEX 70, equipped with a DLaTGS
detector (350—8000 cm™). The film thickness was measured with a
Bruker XT Dektak profilometer. The optical properties of the samples
were investigated with an UV—vis spectrophotometer (Agilent Cary
5000) by measuring the transmittance (T) and the reflectance (R)
and also with the steady-state photoluminescence (PL) spectrum
(Horiba Labram Aramis system) using an excitation laser beam at 532
nm and Si detector. The current—voltage (J—V) characteristics
(Keithley 2400) of PSCs were measured in N, conditions under a
white light halogen lamp and illumination mask to define the active
area of illuminated cell equal to 0.09 cm® The light intensity is
simulating AM1.S conditions, and therefore, it was calibrated to 100
mW cm ™2 with a silicon reference cell. Also, a set of filters was used to
obtain 1, 0.83, 0.53, 0.33, 0.1, 0.01, and 0.001 sun illumination
intensities. The J—V curves were measured with a scanning rate equal
to 0.165 V s™' with 20 mV step without preconditioning. The
scanning was performed in forward (from —0.1 to 1.1 V) and reverse
(from 1.1 to —0.1 V) bias directions to analyze the hysteresis effect.
The maximum power point tracking (MPPT) was measured for about
2 min with continuous illumination and also the control of voltage
and current to obtain the maximum power of the solar cell. Dynamic
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light scattering (DLS) (Malvern Zetasizer ;V) has been used to
measure the hydrodynamic diameter of perovskite particles in
solution. The measurements were done in plastic cuvettes at 20 °C
with the 832 nm laser wavelength. The scattering angle for the
measurements was 90°. DLS measures the hydrodynamic diameter for
non-spherical particles. The mean Farticle size was calculated by
integrating the intensity distribution."®

B RESULTS AND DISCUSSION

The three different bromide-sourced perovskites
Csp15FAg.Pb(Igo4Brogs); have been prepared in the same
way but with different sources of bromide. Therefore, one
perovskite is prepared with only PbBr, compound as the
source of bromine atoms, second with FABr material, and third
with CsBr. As it is assumed that there are no other differences,
for clarity the three perovskite materials in this work are called
Pb—Br, FA—Br, and Cs—Br.

The double-cation PSCs have been measured with a sun
simulator at AMI1.S condition. Figure 1 shows photovoltaic
parameters for 144 devices measured in reverse and forward
directions to observe the effect of hysteresis. The maximum
power points (MPPs) were obtained by tracking the efficiency
of operating the solar cell until the steady-state conditions were
identified. Figure la, shows that the efficiency of Pb—Br is
about 3% worse in comparison to FA—Br and Cs—Br.
Interestingly, the hysteresis index (HI) is different for each
type of 2C PSCs.'” It is equal to 0.056 =+ 0.029, 0.073 + 0.036,
and 0.077 + 0.036 for Pb—Br, FA—Br, and Cs—Br,
respectively. Therefore, it seems that the hysteresis should be
higher for FA—Br and Cs—Br samples. The higher MPPT
values for FA—Br suggest the long time stability of the samples.
However, the photocurrent of the three types of PSCs are
about to be the same; see Figure 1b. Thus, the fill-factor (FF)
and open-circuit voltage (V,.) should influence the observable
differences in the efficiencies. Figure lc clearly illustrates the 6
and 5% average losses in FF for Pb—Br cells with respect to the
FA—Br and Cs—Br ones, respectively. Also, the V,_ is lower for
about 70 mV of Pb—Br solar cells; see Figure 1. The visible
effect suggests the influence of bromide source on electrical
properties of the investigated devices. This aspect would be
further discussed in this paper.

To understand the PV effect more closely, the J—V
characteristics are analyzed for the different bromide source
perovskites measured for the hero solar cells; see Figure 2a.
The photovoltaic parameters are also written in Table 1. These
cells exhibit a low hysteresis effect and a very similar short-
circuit (SC) photocurrent. The ] is more related to optical
than electrical properties of the material.”” The values of V,,
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Figure 2. Experimental results for three PSCs. (a) J—V characteristics
for forward (solid line) and reverse (dashed line) scans. Black, red,
and green lines represent PSCs with Pb—Br, FA—Br, and Cs—Br
bromide sources, respectively.

for FA—Br and Cs—Br are approximately the same and 70 mV
higher than for the Pb—Br solar cell. The same effect has been
observed for FF of the Pb—Br sample which is 12% lower than
the FA—Br and Cs—Br solar cells. These observations show
approximately 4% increase in power conversion efficiency
(PCE) by using a different source of bromide.

The simplest explanation could be related to possible
impurities in the Pb—Br, FA—Br, and Cs—Br compounds
which could influence the observed effect in solar cells.
Therefore, the materials from different producers of the same
compounds have been tested. Figure S1 (Supporting
Information) shows results for PCE, ], FF, and V. It is
observed that the tendencies are the same as earlier, making
the Pb—Br devices about 4% worse in efficiency when
compared to FA—Br and approximately 2% lower PCE than
that of Cs—Br devices. More importantly, there are no
differences between the different producers when analyzing
the efficiency and other photovoltaic parameters. Moreover,
using different purity of PbBr, from 99.999 to 98% affects the
PCE negligibly. The average PCE values are equal to 10.80 +
0.69, 10.57 + 0.56, and 10.14 + 0.59% based on both reverse
and forward scans for the Pb—Br samples with PbBr, purity
level equal to 99.999, 99, and 98%, respectively. This linear
tendency confirms that the observed effect is not related to
extrinsic impurities but to physical phenomena taking place in
the studied solar cells.

The mass concentration of all 2C perovskites with different
bromide ion sources is the same for all perovskite layers;
therefore, the profilometer measurements gave the comparable
thicknesses equal to 550 + 8 nm. The thicknesses of PTAA,
PCBM, and BCP layers are equal to 4.8 &+ 0.5 nm, 41.0 + 1.8
nm, and 52 + 0.7 nm, respectively. The single layer of
perovskite has been analyzed on the glass substrate with XRD
measurements; see Figure S2a (Supporting Information). The
three perovskite layers do not show any differences in
diffraction patterns, suggesting that the perovskite crystals
have the same crystallographic phase. The XRD results of the
double-cation (2C) perovskite exhibit the regular pattern for a
perovskite material with the highest intensity peaks at 14.1 and
28.3° in the (001) and (002) directions.”’ Based on the
Scherrer equation, the crystallites diameters have been
calculated and they are equal to 39.0 + 1.8 nm, 43.1 + 2.1
nm, and 39.5 + 2.8 nm for Pb—Br, FA—Br, and Cs—Br
samples, respectively. The small peaks of phase impurities are
observed at 26.5 and 52.4° which are related to Pbl, or the
non-perovskite phase.”” In general, an incorporation of FA in
perovskite into A-cation leads to improvements of its electrical
properties. However, the non-perovskite hexagonal phase is
thermodynamically more favorable than a cubic phase in the
room temperature.”” It has been shown that an addition of Cs
atoms into the perovskite stabilizes the perovskite phase.’
Therefore, we observe perovskite layers with a negligible
secondary phase. The atomic concentrations for all three
Cs15FAg.Pb(Ig04Brogs); perovskites are prepared with 18%
of Cs and 82% of FA in A-cation and also 94% of I and 6% of
Br for the perovskite halide site. Figure S2b (Supporting
Information) shows the EDX results giving the concentration
of the atoms present in the 2C perovskite. As it is expected, all
three perovskites have about the same concentration of the
atoms. However, the samples exhibit slightly lower Cs
concentration (2.1%) in comparison to the quantity used for
the precursor (3.6%) which suggests that not all cesium atoms
have been built in the perovskite structure. The results of EDX
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Table 1. Photovoltaic Parameters for the Pb—Br, FA—Br, and Cs—Br PSCs Hero Cells

Pb—Br
forward reverse
Joe [MA cm™] -21.7 -21.8
V,. [V] 0.99 1.01
FF [%] 632 62.7
PCE [%] 13.6 13.8

FA—Br Cs—Br
forward reverse forward reverse
-20.9 -21.5 -21.9 —-22.3
1.07 1.06 1.06 1.06
75.6 75.1 75.2 76.3
16.9 17.1 17.5 18.0

imply that the bromine and iodine atoms are totally built into
the structure. Figure S2c (Supporting Information) illustrates
AFM pictures of surfaces which exhibit negligible differences
with roughness equal to 11.2 + 1.3, 10.4 + 1.2, and 12.8 + 1.5
nm, and also the average grain size equal to 125.9 + 81.7,
113.6 &+ 75.4 and 125.3 + 85.6 nm for Pb—Br, FA—Br and
Cs—Br perovskites, respectively. Figure S2d (Supporting
Information) presents the SEM images which give grain size
equal to 180.8 + 21.5 nm for Pb—Br, 173.2 + 11.3 nm for
FA—-Br, and 175.8 + 7.4 nm for Cs—Br perovskite layers.
Therefore, as it has been assumed, the structures of all three
2C perovskites do not show many differences.

Figure S3a (Supporting Information) illustrates optical
analyzes with UV—vis measurements of single perovskite
layers on the glass. It has been already shown that J,. does not
change much in the solar cell with a different bromide source.
Here, we can see that the absorption properties are very similar
to all three types of perovskite materials. Also, the results
calculated from the tauc-plot give energy band-gap values equal
to 1.581 + 0.005, 1.583 + 0.005, and 1.584 + 0.004 eV for
Pb—Br, FA—Br, and Cs—Br, respectively. Therefore, further in
the paper, the approximated value of 1.58 eV for the band-gap
is used for simulation purpose. Figure S3b (Supporting
Information) shows the PL plots with the highest peak
intensity for Cs—Br, FA—Br, and Pb—Br, respectively. The
emitted photons possess an energy equal to the band-gap, and
the maximum of the peak in the function of energy gives values
equal to 1.605 + 0.002, 1.601 + 0.001, and 1.599 + 0.001 eV
for Pb—Br, FA—Br, and Cs—Br, respectively. The values are
close to each other, which is the same as from the UV—vis
analysis. Therefore, the optical properties of both materials are
very similar with no observed differences measured so far. Also,
PL is a process that is partially related to bimolecular
recombination. Thus, it has been shown that a higher PL
intensity in the perovskite material is related to a higher
lifetime of charge carriers and therefore lowers the
recombination rate.”* This may suggest that Pb—Br has the
highest recombination rate compared to Cs—Br and FA—Br.
Figure S3c (Supporting Information) illustrates FTIR results of
perovskite annealed films on silicon substrate. The Pb—Br
sample demonstrates strong vibrational features in the range
1400—1600 cm™' (C=C stretching, N—H bending, C—H
bending, and N—O stretching modes) and in the range 3500—
4000 cm™' (mostly consisting of O—H and N—H stretching
modes). Whereas the annealed Cs—Br and FA—Br films show
minimal or no vibrational features in these ranges. This
indicates that the molecules giving rise to these vibrational
modes are less stable and free to move in Pb—Br films.

Before getting into the deeper analysis of the observed effect,
its origin should be first investigated. Therefore, as the analysis
of the perovskite layer does not reveal the answer, the next step
is to focus on the perovskite precursor. First, we analyze the
dissolution of the perovskite compounds. It is well known that
heating of the perovskite solution influences the photovoltaic
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performance of PSC.>™*® It has been also shown that a

precursor heatin_g may lead to the reduction of defect-mediated
recombination.”” Therefore, we have heated Pb—Br, FA—Br,
and Cs—Br perovskite solutions up to 60, 80, and 100 °C
before spin-coating of the solar cells. Figure 3a shows the PCE
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Figure 3. Photovoltaic parameters for PCE of (a) Pb—Br, (b) FA—Br,
and (c) Cs—Br PSCs. Solar cells with heating of the solution
overnight in 20 °C (black points), 60 °C (red points), 80 °C (green
points), and 100 °C (violet points).

results for the aforementioned heating procedure for Pb—Br
PSCs. It is observed that heating at 60 °C increases the
efficiency by about 1% by mostly increasing the FF; see Figure
S4b (Supporting Information). Further rise to 80 °C in
temperature leads to improvement of FF to about 80% but
with a negligible decrease of V. [see Figure S4c (Supporting
Information)]. It seems that at 80 °C, it reaches the maximum
efficiency and starts to decrease at a higher temperature which
is an effect that has been also observed in the literature.”’
Figure 3b,c shows a similar behavior for FA—Br and Cs—Br.
Surprisingly, the FA—Br samples seem to possess a higher
hysteresis effect when temperature of the precursor is raised, as
shown in Figure S4b (Supporting Information). However,
most importantly, the PCE of all three types of perovskites
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have reached the same efficiency after heating of the precursors
to 80 °C.

Furthermore, the regular precursors are analyzed with UV—
vis and DLS methods; see Figure SS (Supporting Information).
It is already found that the perovskite precursor solution has
not fully dissolved colloidal dispersions.'* The colloids are
made of organic, inorganic, and coordination compounds
(complex compounds created from the formation of both
organic and inorganic materials). The size and properties of
the colloids determine the quality of the produced perovskite
layer. The red-shift of the UV—vis absorption spectrum would
suggest an increase in the colloidal size. However, the Pb—Br,
FA—Br, and Cs—Br perovskite precursor spectra are not
shifted; see Figure SSa (Supporting Information). Also, the
DLS results show only a slight difference in the size of the
observed particles; as presented in Figure SSb (Supporting
Information). Therefore, the conclusion is that the diameter of
colloids in perovskite precursors are approximately the same.
The particle size would change if concentration of the
precursor would be different.

As the precursor does not lead to any further conclusions,
we decided to analyze the not-annealed perovskite films. In this
work, they are also called complex or intermediate films. Such
an intermediate film is strongly related to coordination effect of
Pbl, and NMP which starts to form a perovskite layer during
annealing.29 In Figure 4, XRD results are shown for complex

——Pb-Br
—— FA-Br
—— Cs—Br

# Complex

_Non-perovskite 8

Intensity (a.u.)

10 20 30 40 50 60 70

2Theta (°)
Figure 4. XRD results on glass substrate for a not-annealed perovskite

layer. Perovskite with Pb—Br (black line), FA—Br (red line), and Cs—
Br (green line) sources of bromide.

films on a glass substrate. The not-annealed films exhibit new
peaks in the range of 8—12° which are related to complex
species.”” The complex species have not been observed in the
annealed perovskite films; as shown in Figure S2a (Supporting
Information). At 8° there is an extra peak visible in the FA—Br
and Cs—Br samples. However, it is not observed in the
analyzed Pb—Br perovskite film. We have also analyzed the
intermediate samples with the FTIR technique but no
differences were found; see Figure S6 (Supporting Informa-
tion). Also, minimal or no vibrational features are observed in
the range of 1400—1600 and 3500—4000 cm™". The observed
effects in the analysis of the precursor and not-annealed layer
lead to the conclusion that the lower efficiency of Pb—Br solar
cells should be related to properties of the complex
compounds from different particles in the precursor rather
than size of the colloids. Thus, it is suggested that a different
source of bromide influences the type of complex compounds
that are created. The colloids are nucleation seeds; thus, their
properties are of great importance in the crystallization
process. For a higher temperature, the solubility of all
compounds is higher which leads to a more favorable situation
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and colloids have the same properties for all materials. The
crystallization of perovskite layers has a great impact on their
efficiency.”’ ~* Here, it is suggested that using Pb—Br for
preparation of 2C PSC without heating of the precursor leads
to an increase of defect states in the absorber during the
crystallization process. This is related to the rising of the trap-
assisted recombination rate which lowers the operation
efficiency of the devices. Furthermore, the numerical
simulations would be used to confirm such an idea and help
in the understanding of the role of the recombination process.

Degradation analysis was performed after 9 months of
storage in a nitrogen environment. The fresh samples have
showed the same tendency with the worst Pb—Br samples; see
Figure Sa. However, after the degradation process, the Pb—Br

a
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Figure 5. Experimental results for the degradation effect: (a) PCE and
(b) XRD results. Fresh (dark color) and 9 months old (greyish color)
samples. Perovskite with Pb—Br (black), FA—Br (red), and Cs—Br
(green) sources of bromide.

solar cells lost efficiency by approximately 3%. Figure S7
(Supporting Information) shows that this is due to the loss of
short-circuit photocurrent and FF of the samples which has
been mostly attributed to the iodine-ion migration.’* From the
other side, the FA—Br and Cs—Br has about the same
efficiency with the fresh samples and the aged ones. Figure 5b
shows the XRD results for the same PSCs with the fresh Pb—
Br as the reference and the aged Pb—Br, FA—Br, and Cs—Br.
All samples give an extra peak related to the Au electrode at
38°.%> More importantly, the XRD spectrum of Pb—Br solar
cells shows extra peaks which are related to the CsPbX; (X =1,
Br) non-perovskite phase.*”’” These extra peaks are also
assigned to degradation effect as they are only observed in the
aged Pb—Br sample. Figure S8 (Supporting Information)
shows the SEM pictures for three different perovskites on glass.
For all three samples, there are different types of crystals
observed for each perovskite layer. They are mostly observed
for the Pb—Br sample, where borders between two types of
crystals also form a lot of pinholes; see Figure $8d (Supporting
Information). Figures S$9—S11 (Supporting Information) show
the EDX results for the different region for Pb—Br, FA—Br,
and Cs—Br samples on glass, respectively. It seems that Cs
atom concentration is negligible in the Pb—Br perovskite layer,
and it accumulates in the degradation crystals which supports
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the XRD results. A very similar behavior has been observed for
the FA—Br sample but not for Cs—Br. This suggests that
regularly used Pb—Br has lower stability than FA—Br and Cs—
Br perovskite materials. The effect could be also related to
crystal quality which is lower in Pb—Br solar cells.

For the confirmation of the hypothesis, numerical modeling
of the PSCs is used. The drift-diffusion model is capable to
help in finding the recombination rates when the fitting is
accomplished appropriately.”® However, the simulation of J—V
characteristics with this model may lead to an overestimation
of the parameters due to a number of possible fitting
parameters. Thus, we use the experimental results obtained
for different illumination rates which give more physical
variations and therefore lead to much more accurate fitting.*”

The drift-diffusion model used in this work is described in
detail in the Supporting Information. In general, the interfaces
were not modified during the experiment by changing the
bromide source in the perovskite precursor. Therefore, to
simplify the model, it is assumed that there is no surface
recombination in the PSCs. Table 2a shows the parameters

Table 2. Parameters Used in Simulation of the PSCs”

(a) parameters used in the simulation for all used layers of the solar cells.

unit ETL Perovskite HTL
L nm 40 550 S
N 20 100 20
£, 3.78 63 2.67
Hnp) cm? Vs 2% 1073 X (6 x 1073)
Coy m>s7! 1078 X (5.88 x 1071%)
Cpy ms™ 107 X (5.88 x 107'%)
Nug —m> 10% X (10%)
| 10079 mést 4 1.55 (4)
= 107 1072 107
E) ev —4.0 —3.9 (—5.48) (-5.35)
Eugp) ev -5.0 —4.69 (—4.69) (—4.33)
Npy m™° 10%° 0 (0) (10%)

Ny m™3 2.5 % 10% 8 x 10* (2.5 x 10%)
(b) parameters for the simulation of the different bromide sourced perovskite
layers

unit Pb—Br FA-Br Cs—Br
Hnp) cm? Vg7 6(1) 1(0.5) 6(1)
Coctw) 107 mds7! 10(5) 0.85(8.5) 6(25)
Coct) 107 m?® s7! 0.5(1.7) 8.5(0.85) 2(2)
Nugy) 10?° m~3 10(20) 2(2) 4(4)

“For better readability, parameters for holes and electrons are written
in brackets and without brackets, respectively. The parameters in (a)
marked with X symbol are given in (b).

presented for each layer in the PSCs stack. The layer thickness
(L) of the ETL (PCBM), perovskites, and HTL (PTAA) are
all measured experimentally with a profilometer. The given
thicknesses are discretized with a specified number of goints
(N). In _general, the parameters for PCBM’”~* and
PTAA™*" are adapted from the literature. The traps densities
(Nm(P)) and trapping rates from conduction (C,y,)) and
valence (CPC(D)) bands are symmetrical and located (E,) in the
middle of the band-gap for PTAA and PCBM layers. The
energy distribution for the Gaussian function in both layers is
assumed to be very narrow and equal to 0.01 eV to simulate a
single energy level.

For the perovskite material, the dielectric constant (e,), the
bimolecular recombination reduction prefactor (&), the Auger
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recombination symmetric values I', (), and the effective density
of states N,y are all adapted from the literature.””**™>! The
perovskite energy bands are shifted to adjust to the band-gap
acquired from the UV—vis experimental results; see Figure S3a.
Table 2b shows the parameters that are varying for different
bromide sources in PSCs. The mobilities are asymmetrical and
within the range of the literature values.’” It has been also
found that the mobility in the FA—Br perovskite sample is
lower than in Pb—Br and Cs—Br. However, this might be
related to only this batch; therefore, no further conclusion is
made for it. The trap densities and capture rates are obtained
as a result of the fitting. Also, the trap density of states (DOS)
for perovskite layers has been fixed to 0.1 eV width. The
injection barriers are the Schottky barriers at the cathode/ETL
and HTL/anode with values equal to 0.1 eV and 0.17 €V,
respectively. The ITO material represents the anode contact,
whereas BCP/Au acts as the cathode contact due to the BCP
layer being a tunneling transport layer which adjusts the energy
level of gold to reduce the contact losses. Therefore, these two
layers could be simulated with a fixed single energy level.”* The
simulation temperature is the same as in the experiment and
equal to 295 K. The built-in voltage of 1.01 V is close to the
literature values.>

The J—V characteristics have been recorded under
illumination between 1 (AMIL.5) and 0.001 sun (0.1% of
AML.5). There have been done measurements for 24 devices
with the following method, but only the representative samples
are presented here; see Figure 6. The simulated PSCs have a
conversion efficiency equal to 13.65%, 16.13%, and 14.51% for
Pb—Br, FA—Br, and Cs—Br, respectively. Figure 6 illustrates
that the PCE increases almost linearly with illumination. Figure
6b also shows that the linear tendency of PCE is mostly due to
the same relation of photocurrent. Linear relation of J in a
function of light illumination suggests the monomolecular
recombination to be the dominant mechanism in SC
condition.” The behavior of solar cell at MPP is best
described with FF versus illumination intensity which is still
the least understood photovoltaic parameter. Figure 6¢, shows
the general shape of the FF which implies a competition of two
dominant recombination mechanisms. Below 0.1 sun, the FF
monotonically increases for all PSCs which should be
associated with the trap-assisted recombination.”® However,
below 1 sun, the FF starts to decrease slightly which may
suggest that it is intrinsically related to the device structure.
Figure 6d illustrates V. results plotted in a function of sun
illumination. It shows logarithmic dependence on the light
illumination which can be used to calculate a diode ideality
factor (n4) using the analytical model for V,..>” Based on this
factor, the dominant recombination mechanism can be found
at an open-circuit (OC) condition. For PSC with Pb—Br, n,q is
equal to 2.516 kT/q. Such a high value could be only explained
with multiple-trapping or trap distributions.”® The ideality
factor seems to be lower for FA—Br and Cs—Br solar cells but
still around 2 which suggests the trap-assisted recombination
to be the dominant recombination mechanism.

Figure 6 also illustrates the simulation results for all three
PSCs. The very good agreement between experimental and
simulation results has been shown for the parameters from
Table 2. For all samples, we can observe a small discrepancy at
0.001 sun illumination. This effect could be explained with a
leakage current which has the highest impact at low
intensities.”” From the simulations for Pb—Br, it is concluded
that the rate of monomolecular (8.16 X 10 m™ s7!)

https://dx.doi.org/10.1021/acsaem.0c00767
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2

recombination is about 3 orders of magnitude higher than a
bimolecular rate (1.49 X 10** m™ s™') and about 10 orders
higher than a trimolecular recombination rate (9.34 x 10"
m~2 s7!) at SC. For OC, the values obtained are 4.38 X 10%,
142 X 10%, and 1.08 x 10** m™ s™! for monomolecular,
bimolecular, and trimolecular recombination rates, respec-
tively. Therefore, as the monomolecular recombination was
found to be dominant in all characteristics points; we further
focus only on this recombination mechanism.

It has been already shown experimentally that the effect of
using different bromide sources is mostly visible for FF and
V,.. The same is demonstrated in simulations at SC, where the
difference of electric field and current density distributions is
negligible; see Figure S13ab (Supporting Information). This
originates mostly from the fact that monomolecular recombi-
nation is 1 order of magnitude lower than the generation rate
at SC, as shown in Figure S12a (Supporting Information).
However, at MPP, it is clearly visible that an electric field
within the absorber layer is the highest for Pb—Br; see Figure
S13c (Supporting Information). This can be a consequence of
the highest trap density which is due to the concentration of
defect states created in the perovskite during the crystallization
process. Therefore, the electric field impacts the total
photocurrent by changing the drift of charge carriers, as
shown in Figure $13d (Supporting Information). This effect is
most visible in the hole partial currents which are the lowest
for Pb—Br. It could be explained with the behavior of the total
monomolecular recombination rate as a function of space in
the device. Figure S12b (Supporting Information) shows that
this rate has the highest value at the HTL side when comparing
Pb—Br to two other solar cells. The total recombination rate,
when integrating over a space at MPP, is about 2 times higher
for Pb—Br than FA—Br or Cs—Br, as shown in Table 3. At OC,
the electric field distributions are negative as we are close to
built-in voltage; see Figure S13e (Supporting Information).
Therefore, the absolute electric fields are misleadingly showing
the highest values for FA—Br PSC. However, these values are
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Table 3. Monomolecular Recombination Rates (m™ s™*) for
the PSCs

Pb—Br FA—Br Cs—Br
SC 8.16 x 107 2.71 x 10¥ 4.12 x 10¥
MPP 7.06 X 10% 3.93 x 10% 4.88 x 10%®
oC 438 x 10¥ 3.24 x 10¥ 3.89 x 10¥

not much different, so we can treat them as negligible
variations. Thus, the observable differences in photocurrent
should be related to the diffusion instead of drift currents; see
Figure S13f (Supporting Information). It is expected to have
zero current flowing out of the cell at OC condition which is
self-consisted from simulation. However, the internal distribu-
tion may be still interrupted due to high net generation and
recombination rates of charge carriers, as shown in Figure S12¢
(Supporting Information). Therefore, as the Pb—Br and Cs—
Br have both a higher monomolecular recombination rate than
a total generation rate (3.39 X 10 m™ s7'), it may influence
the internal total currents; see Table 3.

B CONCLUSIONS

The study presented in this work concerned the three double-
cation PSCs with Pb—Br, FA—Br, and Cs—Br bromide sources
used in the PSCs. The experimental analyses have shown that
Pb—Br cells have approximately 3% lower efficiency and shelf-
life stability than FA—Br and Cs—Br PSCs. It has been found
out that the different source of bromide influences the colloidal
dispersion solutions which affects the presence of complex
species in the not-annealed perovskite film. This changes the
density of defect states during the crystallization of perovskite
layers. The results of numerical simulations have shown that
the rates of the trap-assisted recombination in Pb—Br solar
cells are 2 times higher which observably impacts the operation
of the solar cell. Therefore, these may find application in
tandem solar cells, where the use of bromide is necessary for

tuning the band-gap.
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