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In this study, experimental photovoltaic performance and their numerical SCAPS-1D simulations are compared
for methylammonium-free perovskite solar devices based on the formamidinium organic cation. Experimentally,
it is established that the incorporation of small amounts of cesium (Cs*) and bromide (Br~) into
HC (NH,),PbL(FAPI) stabilizes the optically active « — FAPbL black phase, and boost the power conversion
efficiency (PCE) of associated devices from 4 to 15% under standard illumination. The effect of series and shunt
resistances (Ryeries & Rynunt) Were theoretically evaluated and discussed by modeling the electrical characteristics
of the cell as a function of active layer composition, using the SCAPS-1D software. Ideal devices built without
these parasitic resistances do not match the experimental trends, although they reflect the influence of bandgap
edge on the photocurrent generation. Feeding the experimental Ryis and Ry, values to SCAPS allows us to
interpret the main limitations to the device current-voltage characteristics. The instability of the pure FAPI
phase is responsible for the drastic deterioration in Rgies and Ry, ultimately influencing the fill factor. Our

data clearly confirm the beneficial effect of mixed cation and mixed halides on device operation.

1. Introduction

One of the greatest strengths and advantage of hybrid perovskites
solar cells is their skyrocketing certified power conversion efficiencies
over 25% (NREL, 2019), which is due to their excellent properties like
tunable band gap, large absorption coefficient, low exciton binding
energy, high charge carrier mobility and long diffusion lengths (Eperon
et al., 2014; Galkowski et al., 2016; Pang et al., 2014; Shallcross et al.,
2017; Zhumekenov et al., 2016). Recently, formamidinum lead iodide
perovskite (FAPbL — 1.48eV) received tremendous attention compared
to methylammonium lead iodide (MAPbL — 1.55¢V) because of its op-
timum bandgap value closer to the infra-red single junction range
(Eperon et al., 2014). Despite these advantages, the black colored cubic
a — FAPDL is found to be metastable at room temperature (Han et al.,
2016; Wozny et al., 2015). The mixed organic/inorganic cation and/or
mixed anion strategies have been shown to be of great help to stabilize
the a — FAPbL, simultaneously suppressing the yellow & — FAPbL
phase which is not suitable for photovoltaic applications. In particular,
the incorporation of commonly known organic methylammonium
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(MA")/inorganic Cesium (Cs*) into the A site or substitution of bromide
(Br~)/chloride (CI7) into the X site are now well established to achieve
more stable and efficient photocurrent generation. Number of reports
are available in the perovskite research community, to explain Cs* and
Br~ incorporation evidently suppressing the non-perovskite yellow
phase of FAPbL to steadying the black colored « — FAPbL phase (Bush
et al., 2017; Groeneveld et al., 2020; Hu et al., 2018; McMeekin et al.,
2016; Prathapani et al., 2018; Wang et al., 2017; Yang et al., 2018).
A small amount of Cs* incorporated into the pristine FAPbL struc-
ture (FA,_,Cs,PbLy) provides superior phase durability over 100 h of
light irradiation than unsubstituted FAPbL. It also exhibits an out-
standing resistance against humidity (90% of moisture level for 4 h)
compared to the pure phase (Li et al., 2016). This combination of ca-
tions quenches the spontaneous phase change from black to yellow or
& — phase, especially due to the preferential formation of CsI which
reduces the release of detrimental HI species (Huang et al., 2017; Lee
et al., 2015). Finally, the formamidinium-Cesium (FA — Cs) combina-
tion demonstrates an excellent photostability, thermal stability, and
resistance to moisture than the formamidinium-methylammonium

E-mail addresses: velu@cinvestav.mx (S. Velumani), johann.boucle@unilim.fr (J. Bouclé).

https://doi.org/10.1016/j.solener.2020.05.041

Received 28 March 2020; Received in revised form 11 May 2020; Accepted 16 May 2020
0038-092X/ © 2020 International Solar Energy Society. Published by Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2020.05.041
https://doi.org/10.1016/j.solener.2020.05.041
mailto:velu@cinvestav.mx
mailto:johann.boucle@unilim.fr
https://doi.org/10.1016/j.solener.2020.05.041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2020.05.041&domain=pdf

S. Karthick, et al.

(FA — MA) pair (Huang et al., 2017; Lee et al., 2015; Prochowicz et al.,
2019; Yi et al., 2016; Yu et al., 2016). Regarding the halide site, adding
a small amount of Br~ is a well-known strategy towards higher bandgap
perovskites (1.5-1.7 eV). The bromide incorporation directly modifies
the structural, morphological, hence electrical and optical properties of
the material. Especially, a larger strain occurs while halide demixing,
which is providing the partial support in order to encounter the halide
segregation (Nazarenko et al., 2017; Rehman et al., 2017; Saliba et al.,
2016; Sutter-Fella et al., 2018).

In this work, three different types of FA-based perovskite active
layers are processed using a one-step solution method and the anti-
solvent treatment: (i) pristine FAPbL, (ii) FAossCso1sPbk, and (iii)
FA(55Cso15Pb(IpssBiy15)s. These active layers are integrated to per-
ovskite solar cells using a conventional planar device architecture given
by Glass/FTO/Sn0O,/Perovskite/Spiro-OMeTAD/Au. In order to get
more insight on the influence of Cs* and Br~ cation/halogen addition
on device performance, experimental current density-voltage char-
acteristics under solar irradiation, as well as scanning electron micro-
scopy (SEM) images and optical spectroscopy spectra are presented.
More specifically, simulations of device’s electrical responses are made
using the Solar Cell Capacitance Simulator (SCAPS-1D) software which
allow us to discuss the influence of perovskite composition and its effect
on parasitic resistances. Although several simulations using SCAPS have
been reported in the literature for perovskite solar cells (Abdelaziz
et al., 2020; Azri et al., 2019; Haidari, 2019; Kuang et al., 2018), we
especially focus first on ideal devices, which do not account for series or
shunt resistance. We then show that the electrical losses are crucial in
order to reproduce the trend of experimental devices based on pure FA
cation, or on mixed systems (FA — Cs and I — Br). The impact of
phase evolution of the FA-based perovskites under ambient conditions
can be nicely reproduced by the simulation in these conditions. This
contribution provides novel explanations which is intending to tackle
the degradation of a« — FAPbL perovskite phase as well as to enhance
the device PCE. As for as our literature review extends, this is the first
report elucidating the correlation between experimental and SCAPS-1D
simulated formamidinium organic cation based perovskites solar de-
vices, especially, on pristine FAPbL, FAgsCso1sPbL, and
FA.35Cs0.15Pb (Ip 35 Bry.15)3-

2. Experimental details and methods
2.1. Materials

Formamidinium iodide (FAI) (=90%, Great cell Solar (Dyesol)),
Cesium iodide (CsI) (99.9%, trace metals basis, Sigma Aldrich), lead
iodide (PbL) (99%, Sigma Aldrich), lead bromide (PbB»,) (=98%, Sigma
Aldrich), tin oxide nano particle colloidal solution (Sn0O,) (15% in
H,Ocolloidal dispersion, Alfa Aesar), Spiro-OMeTAD (99% HPLC,
Sigma Aldrich), 4-tert-butylpyridine (96%, Sigma Aldrich), Bis (tri-
fluoromethane) sulfonimide lithium salt (99.95%, Li-TFSI, trace metals
basis, Sigma Aldrich), chlorobenzene (CB, anhydrous, 99.8%, Sigma
Aldrich), N-N dimethylformamide (DMF, anhydrous, 99.8%, Sigma
Aldrich), dimethyl sulfoxide (DMSO, anhydrous, =99.9%, Sigma
Aldrich), Acetonitrile (anhydrous, 99.8%, Sigma Aldrich) Zinc purum
powder (Sigma Aldrich), diethyl ether (DE, =99.5%, GC, Sigma
Aldrich), isopropanol (IPA, anhydrous, 99.5%, Sigma Aldrich), hydro
chloric acid (HCl, ACS reagent, 37%, Sigma Aldrich), acetone and
ethanol (99%, denature, Lamberty - sarp industries, France) were used
as received without any further purification.

2.2. Device fabrication

FTO-coated glass substrates were carefully etched using Zinc
powder and HCI solution. Then the etched substrates were cleaned by
ultrasonication in deionized water, acetone, isopropanol and ethanol
for 15 mins each, before being treated by UV-ozone for 15 min. In our
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work, we used tin oxide as an electron transport layer (ETL) instead to
titanium oxide (TiO,). It has many advantages, such as higher electron
mobility and conductivity (so, it can efficiently transfer the electrons
and reduce the recombination loss), broad optical band gap value (i.e.,
higher transmittance it will help to absorb more photons), easier to
deposit at lower temperature process, and it is stable under UV illu-
mination. Moreover, it has a deeper conduction band; it provides ex-
cellent energy alignment with an ETL/perovskite interface for efficient
electron extraction (Correa Baena et al., 2015; Jiang et al., 2018; Liu
et al., 2019). The tin oxide ETL was deposited from a mother colloidal
solution (1 ml) containing 10 ul of isopropanol, which was stirred for
more than one hour at room temperature before the spin-coating step. A
soft thermal annealing at 150 °C under air and an additional UV-ozone
treatment were then applied. The ETL films were immediately trans-
ferred into a nitrogen-filled glovebox (H,O < 0.1 ppm,
O, < ~45 ppm) used for the perovskite film deposition. To do so, the
different perovskite precursor solutions were initially prepared in the
glovebox following the various recipes described below. In all cases, the
suitable amounts of precursors were dissolved in a mixture of DMF
(600 ml) and DMSO (78 ul): (i) For the pure FAPbL perovskite, the
precursors correspond to 172 mg of FAI and, 461 mg of PbL, for
FA(55Cs015PbL, (ii) then we used 146.3 mg of FAIL, 39 mg of Csl, and
461 mg of PbL; for FAqgsCso15sPb(IossBhy1s)s, and finally (iii) we used
146.3 mg of FAI, 39 mg of CsI, 392 mg of PbL, and 55.4 mg of PbBr,.
All precursor solutions were stirred at 65 °C for about three hours.
All the solutions used for device preparation were filtered using a
0.45 pm (PTFE) filter before use. The prepared perovskite solutions
were spin-coated on UV-ozone treated ETL, before an anti-solvent
treatment was applied by dropping 500 ul of DE onto the spinning
substrate. The prepared films were transferred onto the hotplate and
preheated at 100 °C for 5 mins and at 150 °C for 15 mins. For the hole
transport layer (HTL), Spiro-OMeTAD, doped using Li-TFSI and 4-tert-
butylpyridine, was deposited by spin-coating according to reported
procedures (Saliba et al., 2016). After HTL deposition, the devices were
immediately transferred into a high vacuum thermal evaporator where
100 nm of gold was finally deposited through a mechanical shadow
mask at a pressure of 10~® mbar (see Fig. 1). In these conditions, the
active area of the device is larger than 0.2 cm?. Finally, we emphasize
that all the particular J-V curves and device performance presented in
this paper do represent the general trends observed on several devices
processed in similar conditions (from 3 to 4 devices in all cases).

2.3. Characterization

An Agilent Cary 300 UV-visible spectrometer were used to measure
the absorbance spectra of thin films and to calculate the absorption
coefficient and the bandgap of the perovskite films. The photovoltaic
performance of fabricated solar cells was extracted from measured I-V
characteristics obtained using a computer-controlled Keithley 2405
source-measure unit, under simulated solar emission using a 1600 W
NEWPORT solar simulator equipped with an AM1.5G filter. The irra-
diance was calibrated using a certified silicon detector and after spec-
tral mismatch correction, in order to ensure a 100 mW cm=2 light
power density on the tested sample. The illuminated area of all devices
was 0.2 c¢m? as defined by a masked aperture, and all the character-
ization were carried out in ambient air without encapsulation (relative
moisture level of 50-60%). The parasitic series and shunt resistances
(Ryeries and Rgp,n;) were extracted from simple estimation of the J-V
curve slopes in open- and short-circuit conditions, assuming
Rguunt > Rieries- External quantum efficiency (EQE) spectra were taken
from a QE-R apparatus, Enli Technology Co., Ltd in DC mode without
any bias light. Similar EQE spectra were obtained using an AC mod-
ulation or a bias-light. Device cross sectional scanning electron micro-
scope (SEM) images were recorded using a Zeiss Leo high resolution
microscope.
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Fig. 1. Schematic representation of perovskite solar cell device fabrication.

3. Numerical simulation of ideal devices using SCAPS

One-dimensional planar n-i-p perovskite devices (FTO/SnO,/FA
perovskites/Spiro/Au) were simulated by using the Solar Cell
Capacitance Simulator (SCAPS-1D) software (Burgelman et al., 2000).
Three different types of FA cation-based perovskite absorber layers
were used, namely pristine FAPbL, FAgssCso1sPbk, and
FA(35Cs015Pb(Iys5Bry15)3. The three devices are referred to D-A, D-B
and D-C, respectively, for the rest of this study.

Weakly-bounded excitons are generated in the perovskite layer
when the device is exposed under light. Rapid exciton dissociation then
occurs before electrons and holes are rapidly collected by their re-
spective selective contacts as depicted in Fig. 2. The simulation, which
is based on a classical drift-diffusion model, is carried out at 300-K
under one sun (AM1.5G, 100 mW cm™2) irradiation. The optical
bandgap of the active layers, as well as their thickness (around 350 nm
in all cases), are obtained from experimental absorption spectra and
mechanical profilometry measurements. The experimental thickness of
the SnO, ETL (70 nm) was also used for the simulation. Other para-
meters, such as electron affinity, permittivity, effective density of states,
charge mobility, thermal velocities, doping densities, and defect den-
sities) were extracted from the literature (Azri et al., 2019; Chen et al.,
2019; Haidari, 2019; Kuang et al., 2018; Lin et al., 2017; Tan et al.,
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Fig. 2. Simplified flat band energy diagram of ETL, HTL and pristine FAPbL (D-
A), FA(35Cso15PbL (D-B) and FAggsCso15Pb(IossBryis)s (D-C) perovskite active
layers. FTO and Gold Fermi levels are also represented, as well as the expected
charge transfer processes occurring in the final solar cells. See Table 1 for the
detailed values used in this study.

2016), as detailed in Table 1.

4. Results and discussion

Experimental perovskite solar cells were fabricated according to the
procedures reported in the above experimental section. Three active
layers, namely pristine FAPbL, FA85Cso15PbL, and
FA.35Cs0.15Pb (Iy35Br15); were considered in this work in order to de-
scribe the influence of an additional cation (Cs*) and/or halide (Br~) on
device performance.

4.1. Determination of the absorber layer bandgaps

In order to measure their thickness and optical absorption, the
pristine FAPbI3, FAO_35 CSO_15Pb13, and FAO_35 CSO_15Pb (IO.SSB'b.IS)S per-
ovskite films were prepared on glass substrates and their optical ab-
sorption spectra were recorded using UV-visible spectroscopy (Fig. 3).
The measured spectra evidence the expected absorption profile of the
perovskite layer, and especially the slight blue-shift of the optical ab-
sorption edge from 835 nm down to 780 nm occurring in the presence
of Br~ anion compared to the pristine or Cs-doped perovskite layer.

The optical bandgap (E,) values of the obtained FA-perovskite films
are calculated using Tauc’s law in the case of a direct optical transition
(Pankove and Kiewit, 1972):

(ah®)? = B(h8 — E,) 1)

where B is an independent energy constant, &k is Planck's constant, a is
the absorption coefficient of the perovskite film. The calculated E,
values (1.50 eV for FAPbL, 1.54 eV for FA,gsCsg15PbL, 1.59 eV for
FA(55Cso15Pb(IogsBh15)3) are found in good agreement with reported
trends for similar perovskite composition (Li et al., 2016; Prathapani
et al., 2018). These values were used in the SCAPS simulations of de-
vices D-A (based on pristine FAPbL), D-B (based on FA( s Cso15PbL) and
D-C (based on FAgsCso15Pb(IpssBhy15)3), respectively.

4.2. Simulation of ideal devices

In this simulation study, ideal perovskite devices are carefully op-
timized without considering Rseies and Ry, resistances. This step, al-
though nonrealistic, but a good tool to evaluate the higher limit of
device performance considering an optimal operation. In general, the
absorber layer thickness mainly governs the level of photogenerated
current, hence the overall device performance, independently of elec-
trical losses which occurs in non-ideal devices. All the input parameters
used in the simulations are given in Table 1. As already mentioned, we
used the experimentally obtained thickness for ETL, HTL (165 nm), and
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Table 1
Details of input parameters used for the simulation of FA-based perovskite solar cells. When data are extracted from the literature, the corresponding reference is
indicated.
Parameters FTO ETL-(SnO;) D-A D-B D-C HTL-(Spiro-
OMeTAD)
Thickness (nm) 500* 70* 350* 350* 350* 200*
Band gap (eV) 3.5 3.5 1.51* 1.55* 1.59* 2.9
e~ affinity (eV) 4.0 4.0 4.0 (Chen et al., 2016; Tao 3.95 (Prathapani et al., 4.09 (Prathapani et al., 2.2
et al., 2019) 2018) 2018)
Permittivity 9.0 9.0 6.6 (Ma et al., 2016) 6.6 6.6 3.0
Effective density of states at CB 2.2 x 10" 2.2 x 10" 1.2 x 10" (Zhou and Long, 2 x 10" 2 x 10" 2.2 x 10'®
(cm™3) 2017)
Effective density of states at VB 2.2 x 10" 2.2 x 107 2.9 x 10'® (Gélvez-Rueda 2 x 10'8 2 x 10'8 2.2 x 10'8
(cm™3) et al., 2017)
e~ thermal velocity (cm. s~1) 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107
h* thermal velocity (cm. s™1) 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107
Mobility of e~ (cm?. V’ls—l) 20 20 2.7 (Gélvez-Rueda et al., 2017)  0.28 (Prathapani et al., 8.16 (Prathapani et al., 1 x 104
2018) 2018)
Mobility of h* (cm?. vls1) 10 10 1.8 (Gélvez-Rueda et al., 2017) 2 2 1 x 1074
Density of n-type doping (cm™3) 1x10"® 1x10% 1.3 x 10 1.3 x 10'° 1.3 x 10'° 0
Density of p-type doping (cm~3) 0 0 1.3 x 10'° 1.3 x 10'° 1.3 x 10'° 1.3 x 10'®
Density of defects (cm™3) 108 108 4 x 1013 4 x 101 4 x 1013 10'°
*Indicates this current work.
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Fig. 3. UV-visible absorbance spectra of pristine FAPbL, FAggsCs15PbL, and
FA85Cs015Pb(los5Bry1s); perovskite films. The inset shows the corresponding
Tauc’s plot used for bandgap calculations.

perovskite active layers, as well as optical bandgap values of the three
absorber layers. The simulated photovoltaic parameters do not change
much as a function of the HTL thickness values (see SI, Table S1),
therefore, all the simulations we used 200 nm. Additionally, all other
parameters such as electron affinity, dielectric permittivity, effective
densities of states at conduction and valence bands, as well as electron
e~ and hole h* mobility values were taken from previously published
results (Chen et al., 2016; Gélvez-Rueda et al., 2017; Ma et al., 2016;
Prathapani et al., 2018; Tao et al., 2019; Zhou and Long, 2017). Some
of these parameters were optimized in order to achieve reproducible
and consistent results.

Fig. 4 displays the optimized current-voltage characteristics (J-V) of
the three ideal devices from which the main photovoltaic parameters
are extracted: short-circuit density (J;), fill factor (FF), open circuit
voltage (V,.) and power conversion efficiency (PCE). These values are
summarized and presented in Table 2.

Considering similar active layer thicknesses, this first level of si-
mulation shows that pristine FAPbL device (D-A) demonstrates the
highest PCE, compared to the others. This behavior is the result of trend

Voltage (V)

Fig. 4. Simulated J-V characteristics of ideal D-A, D-B and D-C perovskite de-
vices, respectively.

Table 2
Summarized photovoltaic parameters of ideal devices D-A, D-B and D-C, re-
spectively.

Device Js¢ (mA/em™2) FF (%) Voe (V) PCE (%)
D-A 22.6 77 1.2 21.4
D-B 21.5 78 1.2 21.0
D-C 20.2 72 1.3 18.7

between the variation of optical bandgaps and charge mobilities
(especially for electrons). As a consequence, a significant decrease is
observed in J,, value from 22.6 mA/cm~2 down to 20.2 mA/cm~2 for D-
A and, D-C devices, respectively. This trend is confirmed by the simu-
lated current density - voltage slope (shown in Fig. 4). Consequently, all
the simulated devices are displaying good efficiencies in the absence of
parasitic electrical losses, which is indicating suitable optoelectronic
properties of the active layers (suitable charge carrier mobilities), as
well as suitable energy band alignment with the SnO, (ETL) and Spiro-
OMeTAD (HTL) interfacial layers (Fig. 2).
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Sn0,/FAgs5Cs0.15Pb (Iogs By 15)3/Spiro/Au device.

Fig. 5. Cross image

4.3. Experimental devices

From the experimental point of view, we successfully fabricated the
D-A, D-B and D-C devices using a simple one-step solution process with
anti-solvent strategy (see experimental details). Note that all devices
were processed and characterized in ambient conditions, expect the
perovskite active layer deposition, which is processed under a nitrogen-
filled glovebox. The typical morphology of a device is illustrated in
Fig. 5 which shows the SEM cross-section of device D-C. The image
demonstrates a very good homogeneity of the sandwich structure, with
a quite compact perovskite layer. Such observation is particularly
consistent with the performed SCAPS simulation using a planar struc-
ture.

The experimental J-V curves were recorded under simulated solar
irradiation calibrated to achieve one sun illumination conditions
(AM1.5G). They are displayed in Fig. 6 below. The corresponding
photovoltaic parameters are presented in the Table 3. Again, both
forward and backward scans are available as supporting information
(Fig. S1 and Table S2).

Unsurprisingly, the experimental performance is found to be much
less than the simulated case, especially for device D-A, which corre-
sponds to the pure FA-based lead iodide active layer (PCE of 4.3%
only). Independently to the fact that ideal devices were simulated and
compared to experimental non-ideal devices, the main origin that

F=—FAPbI,
[~@— FA 5Csq 45Pbly
A= FA).85CS0.15Pb(l0.55Br0.15);

.5

10 4

-15 4
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-20 4

25 + T T
0.2

T T T
0.4 0.6 0.8 1.0 1.2

Voltage (V)

14

Fig. 6. Experimental J-V characteristics of D-A, D-B and D-C perovskite devices,
respectively.
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Table 3
Recorded photovoltaic parameters of experimental devices D-A, D-B and D-C,
respectively.

Device Jsc (mA/em™2) FF (%) Voe (V) PCE (%)
D-A 16.6 40.6 0.6 4.3

D-B 21.4 51.6 0.9 9.9

D-C 22.6 64.4 1.0 15.1

explains this observation is associated with the instability of the FAPbL
a — phase. In our processing conditions, we indeed observed a fast color
change from black to yellow for the active layer of device D-A, as il-
lustrated in Fig. 7, while devices D-B and D-C remains dark brown in
the same conditions.

There are several reasons reported (i.e., moisture, humidity, pre-
sence of water/solvents in formamidinium) to explain this behavior,
especially considering the relatively high level of moisture of our la-
boratory (> 50%). For example, a high humidity level is usually asso-
ciated with larger voids in the film, which gradually degrade the active
layer properties, leading to low PCE (Wozny et al., 2015; Yun et al.,
2018). Therefore, we only show preliminary stability assessments
which however are quite consistent with reported trends, as explained
previously. This phenomenon is also usually associated with a large
hysteresis effect, which can be seen here for device D-A (refer SI).

Device D-B which incorporates Cesium demonstrates a much im-
proved PCE of ~10% in forward scan. Notably, the hysteresis effect is
reduced compared to D-A device, which can be due to their excellent
resistance against the phase segregation (i.e., black to yellow phase
conversion) and the higher thermal healing behavior (i.e., at high
temperature, lower weight loss occurred in FAggsCso15PbL than FAPbL
(Huang et al., 2017)) (see SI, Fig. S1). The incorporation of Cs* cations
into FAPbL is known to reduce the decomposition of the perovskite
structure, leading to a reduced formation of PbL,. Consequently, it sta-
bilizes the black phase (as observed in Fig. 7) which is another pro-
minent reason for the PCE improvement (Li et al., 2016). Extraction of
the experimental parasitic resistances gives higher Ry, and lower
Ryeries values, which of course comes with this PCE enhancement. We
also emphasize, as reported in the literature, that the stability of
FA — Cs devices is mainly attributed to the stronger interactions be-
tween FA cations and I halogens because of their cubo-octahedral vo-
lume reduction than the undoped device (Lee et al., 2015).

Finally, doping the FA — Cs perovskite film with bromide leads to
the wider band gap layer, but also to the device (D-C) displaying the
highest (champion) PCE of 15.1%. We noticed that all the photovoltaic
parameters (PCE, J,, FF, V,.) are largely improved for device D-C
compared to devices D-A and D-B. This observation is in line with re-
ported studies which have shown that the presence of Bromide further
enhances the crystallinity and the stability of the 3D formamidinium
lead iodide cubic phase, this behavior being associated with the accu-
mulation of strain due to the halide incorporation, and their photo-
carrier recombination phenomenon (Rehman et al., 2017). The ob-
tained results are thus showing good agreement with previously
published reports (Correa Baena et al., 2015), which emphasize that the
SnO, ETL clearly shows an excellent band alignment with mixed ca-
tion/halide perovskite material than pristine one, especially in the
planar n-i-p configuration.

The spectral response of different perovskite solar devices is re-
presented by EQE as a function of wavelength of incident light. Both
experimental and simulated EQE spectra were shown in Fig. 8, corre-
sponding to D-A, D-B and D-C devices, respectively. Note that the si-
mulated EQE curves are generated from the ideal devices, which means
optical reflection of each layers, interfaces and both resistances (R,
and Rys) are not considered. The following equation representing the
traditional SCAPS optical absorption model with sqrt(hv — Eg) sub-
model, which is used for all the EQE spectra simulation, by means of the
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Fig. 8. External quantum efficiency spectra of experimental and simulated (D-
A, D-B and D-C) perovskite solar cells.

bandgap, always depend on the provided E; value as one of the elec-
tronic properties of the layer (Burgelman et al., 2000).

a(d) = (A + %)Jm——fsg

Wherea is the optical absorption constant, E, is the actual band of the
layer, A andB are the absorption parameters which is normally set to
1.00E + 5 and 1.00E — 12, respectively.

Due to the narrow and wider absorber layer bandgap of device D-A
to D-C, optical absorption edge shifts from 830 nm to 780 nm and the
obtained EQE curves cover the complete visible spectrum from 400 nm
to 700 nm shown in Fig. 8. The experimental EQE of device D-A is
showing lower efficiency due to the fact that the device shows a strong
degradation and phase instability, as mentioned previously, meanwhile,
D-B & D-C significantly holds more than 70% quantum efficiency. In
practical, experimental devices suffer from the different kind of losses,
such as recombination loss and absorption loss. As we mentioned be-
fore, the simulated device spectra were calculated using SCAPS, taking
into account the experimental bandgaps of the active layer, without
considering the optical effects (such as without total reflection) and the
recombination losses. Moreover, it looks more similar to the ideal solar
device behavior (such as rectangular shape), this is probably due to the
absorption law that is used by SCAPS to model the absorption profile of
the semiconductors. The resistance losses (Rgun: and Ryeries) and ionic
immigration could be the main reasons for the disagreement between
simulated EQE representation to the experimental one (Haidari, 2019).

We see a strong correlation between the experimental and simulated

(2)

EQE spectra, as they exhibit similar trends regarding the active layer
spectral sensitivity range as a function of perovskite composition. The
Br-doped layer is displaying a reduced sensitivity window (device D-C),
in accordance with its larger bandgap value compared to the FA — Cs
layer (device D-B). Moreover, it is possible to relate the EQE spectra to
the measured short-circuit current densities, as described by the equa-
tion (Rau, 2007):

Je=q [ FQ). EQEW)A@) @)
where, F (1) is the photon flux and q is the elementary charge.

The obtained experimental EQE J, values 9.10 mA/cm™2 (D-A),
19.38 mA/cm~? (D-B) and 21.63 mA/cm~=2 (D-C) provides an excellent
agreement with measured J;., shown in Table 3.

From this first approach, the obtained experimental and simulated
ideal devices show different behaviors. First, the simulated D-A device
(pure FAPbDL) exhibits a much higher PCE than the experimental one.
This can be attributed to the spontaneous and rapid phase transition
from the optically active a — phase (black) to the inactive § — phase
(yellow). This transition is found to be particularly fast in our ambient
conditions, due to the presence of a high level of moisture and oxygen.
The SCAPS simulation does not account for this effect, resulting in a
very efficient devices. Then, we observed that the simulated D-B and D-
C devices are better describing the experimental trends in terms of
photocurrent, due to the consistent influence of the optical bandgap of
the layers. However, the experimental devices are obviously largely
limited by parasitic resistances. Indeed, several phenomena, such as
defect states (especially surface and interface states) or some local in-
homogeneity in the sandwich structure, lead to charge recombination
or current leakages, which introduce series (Ryeies) and shunt (Rgpun)
parasitic resistances. Therefore, we now analyze the effect of these re-
sistances in order to point out the exact influence of cesium and bro-
mide in device operation.

4.4. Effect of Ryries and Rgpunt

Both Ry, and R resistances have a crucial impact on device
performance, as they govern the shape and slopes of the J-V char-
acteristics. Basically, Ry finds its origin in the electrical resistance
associated with contacts (FTO and gold), but also with the electrical
dissipation occurring in the ETL, HTL, and active layer. Ry,,,;, which is
the manifestation of several alternative charge recombination paths, is
also highly influenced by the device design (edge effects).
Consequently, a low Ry, results in a photovoltage loss and can also
affect the collected photocurrent. In parallel, Ry,;s mainly affects the FF
and short-circuit current values. It is well known that a low Ry and a
high Ry, should be achieved in order to demonstrate highly efficient
devices. In a first and quite general approach, the following equation is
used to understand the consequences of Ry, and Ry on the ideal
single-diode device performance (Li et al., 2017):
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q(M)
I:IL—I() e(AkBT) -1 —( M )
RShunt

where, M =V + S, S = I % Ryyies, I, is the light-induced current, I, is
the reverse saturation current of the diode, A is ideality factor, kg is
Boltzmann constant, T is temperature and q is charge of the electron.

To understand the effect of Rgies and Ry, on ideal device char-
acteristics, we introduced them in the SCAPS model and varied their
values between 10-100 Q. cm? and 500-5000 Q. cm?, respectively. The
corresponding evolutions of the main photovoltaic parameters are
shown in Fig. 9 and Fig. 10.

Our results clearly illustrate that an increase in Rees Strongly re-
duces the FF from 60% to 25% for all types of devices. Moreover, for a
Ryeries over 30 Q. cm? Jgc is rapidly reduced for all three devices, down to
12 mA/em~2.The overall power conversion efficiency is therefore ra-
pidly decreasing from 18% to only 4% (see Fig. 9). Normally, V¢ is not
affected by the Ry, the obtained Vpc behavior of D-A, D-B, and D-C
devices are demonstrated in Fig. 9. In parallel, increasing Ry, leads to
a rapid increase in FF and PCE values (Fig. 10), While V¢ and Jsc are
only slightly affected by Ry, the better fill factor mainly explains the
improvement in device performance here.

Following these general trends in device behavior which are ob-
viously consistent with the reported literature on photovoltaic device
performance and simulation, we finally tried to feed our SCAPS simu-
lations using the experimental values of parasitic resistances (Ryeies and
Rgnunt) extracted from the measured J-V characteristics shown in Fig. 6.
The simulated J-V characteristics obtained for devices D-A, D-B, and D-
C in these conditions are plot in Fig. 11 below, while Table 4. sum-
marizes the photovoltaic parameters obtained on experimental and
non-ideal simulated devices. Considerable changes are now occurring
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Fig. 11. Simulated J-V characteristic results of D-A, D-B and D-C.

for the performance of the simulated devices. All photovoltaic para-
meters are impacted by the parasitic resistances, which is clearly ex-
pected as discussed previously.

After feeding Ryeyies and Ry, values into the simulated D-A, D-B and
D-C devices, we noticed the performances were decreasing compared to
ideal devices, as shown in Table 4. Interestingly, this simple approach
shows that the slopes at open-circuit and short-circuit of the simulated
J-V characteristics are comparable to experimental data (as pointed out
in Fig. S1, in SI). The high V,., FF, and Jsc value of the mixed cation
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Table 4
Comparison of experimental FW scan device performances of D-A, D-B and D-C with the simulated devices (after feeding Ryeries and Rguyn)-
Device Data Scan Jsc mA/cm™2 FF (%) Voe (V) PCE (%) Rieries (€2) Rspunt (€)
D-A Ex FW 16.6 40.6 0.6 4.3 73 744
Sim 20.6 47.4 1.1 11.5
D-B Ex FW 21.4 51.6 0.9 9.9 45 1312
Sim 20.8 56.9 1.2 14.5
D-C Ex FW 22.6 64.4 1.0 15.1 22 1854
Sim 20.0 58.2 1.2 14.7

(Cs*) mixed halide (Br~) device in terms of improved electronic
properties: electron mobility which is highly improved (so a lower
Rgeries). Probably also there is less defect states and interface states,
which are responsible for higher Ry,,,;. V,. is also improved due to the
larger bandgap (as the conduction band is less deep), so the theoretical
Ve should be larger.

Cs* and Br~ incorporated D-B and D-C devices showing a highly
improved FF value compared to device D-A due to their improved
charge transfer capacity. Especially, absorber layer of device D-C ex-
hibiting the n-type semi-conducting behavior by means of an electron
being the majority carrier (as mentioned before, high charge carrier
mobility) (Prathapani et al., 2018). In addition, both long charge carrier
diffusion length and the slow recombination kinetics also strongly
modifies the photovoltaic performance (McMeekin et al., 2016;
Rehman et al., 2017), those are the main reasons for their enhanced
device performance than other two, shown in Table 1 and Table 4.

5. Conclusion

In this work, experimental and numerically simulated performance
of planar FA-based perovskite solar cells is investigated and presented.
First, our experimental devices clearly illustrate that the incorporation
of both Cs* and Br~ ions in the FAPbL perovskite structure (device D-C)
is leading to the highest photovoltaic response among the tested de-
vices, with a power conversion efficiency above 15%. This performance
is a consequence of an improved stability in ambient conditions. SCAPS
simulations of ideal devices with ideal parasitic resistances confirmed
that the pure FA-based perovskite is the most interesting active layer to
achieve high photocurrents, due to its lower optical bandgap. However,
its instability in open air justifies the use of stabilizing ions such as
Cesium or Bromide. Moreover, real devices can be fully understood
only by accounting for reasonable series and shunt resistances, which
allow the consideration of recombination losses or leakages. Using this
strategy, using SCAPS, we were able to estimate the influence of Cesium
and Bromide on the FA-based perovskite active layer performance. The
combination of both elements is responsible for an improvement of
device operation through improved charge transport, reduced re-
combination, and better stability in ambient conditions. A good corre-
lation between experimental and simulated devices can lead to a better
understanding in the charge generation mechanism and active layer
performance.
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