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1. Introduction

Perovskite solar cells (PSCs) have reached a formidable power conversion effi-

ciency of 25.7% over the years of development. One of the strategies that has been
responsible for the development of stable and highly efficient PSCs is modifications
of the monovalent A-site cations (methylammonium, MA; formamidinium, FA;
cesium, Cs, etc.) in lead halide perovskites. Herein, the impact of modifying the
monovalent cation (MA, FAMA, CsFAMA, potassium-passivated CsSFAMA,
rubidium-passivated CsFAMA) in lead halide perovskite on their optoelectronic,
charge transport, and photovoltaic behavior is systematically studied. Reduced trap
density and improved charge carrier mobility after introduction of FA and Cs in the
MAPD(lo g5Bro 15)s system are confirmed. Further passivation of the triple-cation
perovskite with K and Rb enhances the optoelectronic characteristics, charge
transport, and charge extraction efficiency in halide perovskite solar cells.

Q. Lin, M. Abdi-Jalebi

Institute for Materials Discovery
University College London

Malet Place, London WCIE 7JE, UK
E-mail: m.jalebi@ucl.ac.uk

S. P. Senanayak

Nanoelectronics and Device Physics Lab

School of Physical Sciences

National Institute of Science Education and Research
OCC of HBNI, Jatni 752050, India

N. Yaghoobi Nia

School of Aerospace Engineering
University of Rome Sapienza
00138 Rome, ltaly

M. Alsari

Department of Applied Physics and Astronomy
University of Sharjah

P. O. Box 27272, Sharjah, United Arab Emirates
S. Lilliu

Bullaki Ltd.
Covent Garden, London WC2H 9)Q, UK

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/ente.202300358.

© 2023 The Authors. Energy Technology published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/ente.202300358

Energy Technol. 2023, 2300358 2300358 (1 of 6)

Lead halide perovskite solar cells (PSCs)
have reached an astonishing power conver-
sion efficiency (PCE) of 25.7%,!") which has
made them a viable contender for tradi-
tional silicon-based solar cells, mainly
due to their superior optoelectronic proper-
ties, such as strong light absorption,”! long
carrier lifetime, ! bandgap tunability,"*! and
low-temperature solution processability,”!
enabling opportunity for cheap mass pro-
duction of perovskite devices. The general
formula for perovskite-based materials is
ABX;, where the A sites are occupied by
monovalent cation/s (e.g., methylammo-
nium [MA]; formamidinium [FA]; cesium
[Cs]), a divalent metal cation at B sites
(mostly Pb, also Sn), and one or more halides (e.g., I, Br, Cl)
at X sites. Since the emergence of methylammonium lead halide
(MAPbI;) in 2009,/ monovalent cation engineering has been
one of the key drivers for the steep rise in the device efficiency.

Despite the rapid progress of MAPbIs-based PSCs, its effi-
ciency bottlenecks at around 20%”#! due to its nonideal bandgap
energy (E;=1.52eV compared to E;=1.40eV at AM1.5 solar
spectrum for single-junction solar cells) as well as thermal
and moisture instability.”'” Formamidinium lead iodide
(FAPDI;) offers a decreased optical bandgap at 1.45 eV, while
its photoactive phase (a-phase) is not thermodynamically stable
at room temperature.'!! To fix the problems possessed by these
single-cation (SC) perovskite materials, double-cation (DC) per-
ovskites, often a mixture of FA/MA, offer to adjust the bandgap
for wider absorption spectra with improved thermal and struc-
tural stability. However, the formation of yellow nonperovskite
phase is difficult to be eliminated unless a small quantity of
Cs is further added to the FA/MA mixture.'? Thus far, triple-
cation (TC) perovskites (CsFAMA), together with a mixture of
iodide and bromide, have been the workhorse for highly stable
and efficient PSCs with highly reproducible efficiencies above
23%."% More recently, rubidium (Rb) and potassium (K) have
shown great promise to be effective passivation agents for TC
perovskites, showing superior optoelectronic properties and
device performances.!****!

Apart from the influence on the stability and bandgap of the
resulting composition, monovalent cations also play significant
roles in the carrier dynamics!'®'”! and ion migration!'*'®'*! in
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halide perovskite. For example, mixing FA, Cs, and/or Rb/K has
been widely reported to significantly improve the lifetime of
minority carriers by passivating the trap states.'2161%20]
In addition, partial A-site substitution of different sizes can
also strongly suppress ion migration by creating local distortion
in crystal lattice and increasing its activation energy for
migration.['®2]

In this work, we offer a systematic study on the impact of
chemical modifications at the A-site cation as well as addition
of monovalent cation passivation agents on the optoelectronic,
charge transport, and photovoltaics behavior of perovskite.
To do this, we use the same B-site cation (i.e., Pb) and
mixed X-site halide (e.g., IogsBroys) for a range of very
well-known mixed cation compositions. The series include
MAPD(I.85Bro.15)3 (SC), FA85MAg.15Pb(Ig.85Br0.15)3 (DC), and
CSOAOSFAOASOMAOJSPb(IOASSBrOJS)S (TC) as well as Rb-passivated
TC (Rb-TC) and K-passivated TC (K-TC). Photothermal deflection
spectroscopy (PDS), time-resolved photoluminescence spectros-
copy (TRPL), photoluminescence quantum efficiency (PLQE)
measurements, space-charge limited current (SCLC) measure-
ments, and electrochemical impedance spectroscopy (EIS) have
been carried out for each perovskite composition and correlated
with the photovoltaic performances of their corresponding
devices.

2. Results and Discussion

The absorption spectra measured by the PDS measurements
exhibit a slight redshift when the dominant A-site cation
becomes FA compared to pure MA (Figure 1la). Importantly,
the subbandgap absorption slightly reduces from SC to DC

www.entechnol.de

(=10"* and then significantly drops for TC and passivated
TC perovskites to around 10>, indicating significantly reduced
trap states in the films upon introduction of multicationic mix-
ture into the perovskite composition. Indeed, the calculated
Urbach energy (E,), which is a measure of electronic disorder
in a semiconductor, forms a tail in the PDS measurements.
The Urbach energy (E,) was observed to be extremely low for
TC, Rb-TC, and K-TC (~13-14 meV), indicating the lowest dis-
order, which translated into the enhanced semiconductor quality
of these perovskite compositions (Figure 1b). Correspondingly,
the TRPL experiments show a slight enhancement in the charge
carrier lifetime for the FA/MA DC perovskite compared to the
SC one from 61.8 to 77.1 ns (Figure 1c). The carrier lifetime fur-
ther improves significantly for the TC sample to 196.9 ns and
reaches the longest lifetime for the passivated TC perovskites
(328.3 ns for Rb-TC and 364.4 ns for K-TC). The reason behind
this significant increased carrier lifetime after cesium addition
can be attributed to the increased crystallinity, which was proved
by the larger grain sizes for TC-based perovskite films compared
to SC in scanning electron microscopy (SEM) (Figure S1,
Supporting Information), the elimination of Pbl, peak after
addition of Cs (Figure S2a, Supporting Information) in X-ray
diffraction (XRD), and a strong increase at intermediate
orientations in the synchrotron Grazing-incidence wide-angle
X-ray scattering (GI-WAXS) diffraction patterns (Figure S2b,
Supporting Information). This increased crystallinity therefore
reduces defect states in the bulk for TC and results in a prolonged
carrier lifetime.">'%?% It has also been reported that cation mix-
ing also causes broken symmetry in ground-state charge density
and the induced polarizabilities enhances the excited carrier
lifetime.?? In Figure S3, Supporting Information, we also show
the TRPL of these perovskites measured at different fluences.
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Figure 1. Optoelectronic characterization of multiple cation and passivated perovskite thin films. a) The absorption spectra, b) Urbach energy (E,) for
perovskite thin films (MAPb(lo.s5Bro.15)3 (SC), FA0.85MAg.15Pb(lo.85Bro.15)3 (DC), Cso.05FA0.80MA0.15Pb(lo.85Bro.15)3 (TC), and 5% K- or 5% Rb-passivated

TC) measured by photothermal deflection spectroscopy. c) TRPL decays of the perovskites with excitation at 400 nm and a pulse fluence of 0.5 ) cm™

2

(excitation density of approximately 10'® cm™). d) PLQE of perovskite thin films measured under illumination with a 532 nm laser at an excitation
intensity equivalent to approximately 1sun (60 mW cm™?) after 600's of illumination. e) Open-circuit voltage (Voc) and f) short-circuit current (Js)

as a function of perovskite composition.
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We then plotted the setup-limited (time resolution about 1.5 ns),
initial PL signal, PL,, for pulsed optical excitation (Figure S3f,
Supporting Information). The transient PL measures the radia-
tive component of the recombination rate

dn
PL(t) =~ di

(1) 1)
where n is the charge carrier density.”) We find that the initial
PL signal scales quadratically with pump power and thus carrier
density for all the different compositions, indicating a bimolecu-
lar recombination process for all the investigated charge carrier
densities, as discussed previously in the literature.**

In Figure 1d, we show the external PL quantum efficiency
(PLQE) of the perovskite thin films with different cations and
passivation agents measured at excitation densities equivalent
to solar illumination conditions. We observe a significant
increase in PLQE from 6% for SC to 13% for DC followed by
further enhancement to 18% for TC and 22% for Rb-TC and
reach a remarkable value of 41% for K-TC, further showing clear
evidence that both Rb and K exhibit excellent passivation ability
for TC perovskites. The corresponding PL spectrum for each of
the perovskite compositions is shown in the inset of Figure 1d.
Note that the major shift of PL peak from SC (761 nm) to DC
(807 nm) is due to the substitution of larger sized FA compared
to MA, leading to higher symmetry of cubic phase and a reduced
bandgap.”” No obvious peak shift was observed after the inclu-
sion of Cs, but further addition of both K and Rb caused a slight
redshift to 815 nm due to the excess iodide content introduced by
KI or RbI, respectively.”!

To validate how these optical characterization results
translate to device performance, we also show the photovoltaic
characterization of the perovskite solar cells using the device
architecture FTO/c-TiO,/mp-TiO,/perovskite/Spiro-OMeTAD/
Au. The J-V curves of the devices and the relative photovoltaic
parameters are shown in Figure S4 and Table S1, Supporting
Information. As expected from the relationship between lumi-
nescence and open-circuit voltage,* the changes in V. of the
devices closely follow the PLQE trends. From the J-V character-
istic of the devices under dark conditions, the dark current onset
of perovskite solar cells also validates the V,, trend. Furthermore,
we see an increase in Ji. from SC, DC to TC (Figure 1f), peaking
for the passivated TC perovskites with Rb and K. This is expected
from their substantially longer charge carrier lifetime from TRPL
measurements because longer carrier lifetime typically leads to
higher rate of charge extraction. We also reach higher values
for fill factor of the solar cells with K- and Rb-passivated TC
(Table S1, Supporting Information), suggesting suppression of
Shockley—Reed—Hall type trap-assisted recombination due to
the passivation effect particularly from K and Rb monovalent cat-
ions at the grain boundaries and interfaces.'®**! Finally, the
enhanced photovoltaic parameters for the passivated perovskite
films reflected in the PCE of the devices reaching more than 20%
for K- and Rb-passivated TC comparing to 15% for SC, 17% for
DC, and 18% for TC-based perovskite solar cells.

To understand the observed enhancement in charge transport
properties with the substitution of multicationic mixtures and
passivation, SCLC measurement was performed in a vertical
device geometry for electron-only devices (FTO/TiO,/
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perovskite/PCBM/Al) and hole-only devices (ITO/PEDOT:PSS/
perovskite/Au) with the same perovskite thickness and
the charge carrier mobility (usci) was estimated using the
Mott-Gurney law given by | = % €0 HisCL ‘;—f, where ] is the cur-
rent density, V is the potential applied, ¢, is the vacuum permit-
tivity, &, is the dielectric constant of the active material, and d is
the thickness of the active layer measured by a stylus
profilometer.

Typical I-V characteristics of different perovskite materials are
shown in Figure 2a,b. Interestingly, it was possible to observe a
trap-free space charge limited regime within <2 V range, indicat-
ing lower degree of disorder in these materials. Devices fabri-
cated from MA SC perovskites exhibited electron mobility p.
of 0.05cm?V~'s™!, in agreement with previous reports,*’!
and increases to 0.07 and 0.12 cm® V~'s™! for DC and Cs-based
TC perovskites. The bulk electron mobility further improves to
0.15 and 0.3 cm? V~'s™! upon Rb and K passivation of the TC
perovskites, respectively. Similar enhancement was also
observed in the case of hole only devices and hole mobility uy,
of up to a maximum of 0.08cm?V~'s™' was observed for
K-passivated TC perovskite devices.

To further understand the reason for the increased u. and puy,
after cation mixing, temperature-dependent charge transport
measurements were performed on these vertical devices over
a temperature range of 100-300 K. The activation energy
obtained from Arrhenius fits decreases from 153 meV for
MAPD(Ipg5B1g 15); devices to 77meV for K-passivated TC
perovskite, further proving less disorder for K-passivated
perovskites. Similar enhancement is also observed in the hole
activation energy which decreases from 167 to 103 meV for
MAPD(Iy g5B1g 15); to K-passivated TC perovskites, respectively.
From these measurements we observe a clear trend, indicating
that the Cs-based TC perovskite outperforms SC perovskite film
in carrier charge transport facilitated by a decrease in the energy
barrier for both electron and hole transport. The charge carrier
mobility and the associated activation energy can be further
enhanced with Rb and/or K passivation. The higher carrier
mobility of films based on TC (pristine TC, Rb- and K-passivated
TC) has also been reported to contribute on the higher Jy
and FF in the corresponding devices,!'®*! as observed in our
results.

We also performed detailed electrochemical impedance spec-
troscopy measurements on completed photovoltaic devices oper-
ating under illumination and open circuit conditions. The
impedance measurement was performed by applying a small
AC voltage of 50mV while the frequency is swept from
100 Hz to 10 MHz. Electrochemical impedance spectroscopy
(EIS) results are presented as a Nyquist plot, consisting of the
real component of the impedance (Z’) as X-axis and the imagi-
nary part (Z”) as the ordinate. In the Nyquist plot, the low/inter-
mediate frequency feature corresponds to charge accumulation
at the interfaces which is generally characterized by the capaci-
tance at the contacts (referred as C,y) and Debye dielectric relax-
ation as well as the high-frequency component attributed to the
transport of charge carriers. The data are then fitted with an
equivalent circuit which consists of a series and parallel network
of RC circuits, indicating the different resistive and capacitive
components of a perovskite photovoltaic cell (Figure S5b,
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Figure 2. Charge transport behavior in alloyed perovskite devices. I-V characteristics of a) electron only devices (glass/FTO/c-TiO; (=50 nm)/mp-TiO,
(=200 nm) /perovskite (=450 nm)/Al (=80 nm)), b) hole only (glass/FTO/perovskite (=550 nm)/Spiro-OMeTAD (=200 nm)/Au (=80 nm)) devices
utilized for estimating the SCLC mobilities. In the x-axis, V is the applied voltage and Vj; is the built-in potential of the device. (V-V4;) accounts for
the effective energy barrier for electron/hole injection and collection. c) The trends in the extracted SCLC electron and hole mobilities and activation
energies for perovskite solar cells with different perovskite compositions and passivation agents. d) The trends in the extracted recombination resistance
(Rrec) and capacitance at the contacts (Ceon:) from electrochemical impedance spectroscopy measurements for the abovementioned perovskites.

Supporting Information). The series RC circuit incorporates the
dielectric relaxation capacitance (Cg,) and dielectric relaxation
resistance (Rg,). In addition, the equivalent circuit also includes
a parallel RC circuit, which corresponds to the recombination
resistance (Re.) and the capacitance at the contacts (Ceont) OWing
to the charge build-up at the perovskite and the adjacent contacts.
In general, a higher magnitude of R corresponds to lower
possibility of loss of charge carriers due to recombination.
Hence, correspondingly the . increases. Contact capacitance
we refer is capacitance realized at the contacts which would
mean the capacitance expected when the solar cell is operated
as a pure capacitive impedance. Under this circumstance if
the thickness of different perovskite semiconductors is constant
and the absorption coefficient and consequently the Q is con-
stant, then the open-circuit voltage obtained would be directly
proportional to the contact capacitance. This is what is observed
in the impedance measurement and the effective voltage would
be directly related to this parameter. Upon comparing the
devices fabricated with perovskite films varying the A-site cation,
we observe an increase in recombination resistance from
09KQcm™ for SCbased devices to 21.4KQcm™2 for
K-passivated TC perovskite (Figure 2d and S5a, Supporting
Information). The observed increase in R is consistent with
the increase in the ;. magnitude measured in photovoltaic cell.
Similarly, the contact capacitance increases from 1.7 pF cm >
for SC devices to 2.08 pF cm ™2 for the K-passivated TC perov-
skite photovoltaic cell (Figure 2d) which matches the trend in
Vo observed for the solar cells. Notably, the passivated TC

Energy Technol. 2023, 2300358 2300358 (4 of 6)

shows the highest recombination resistance and Cop, and out-
performs the other compositions. These results collectively
show that K- and Rb-passivated TC possess superior optoelec-
tronic and transport properties.

3. Conclusions

In summary, we systematically compared the optoelectronic and
charge transport properties of mixed halide perovskites with
varying cations (MA, FAMA, CsFAMA, K-passivated CSFAMA,
Rb-passivated CsFAMA). Increasing cation complexity from
SC, DC to TC significantly reduced the trap density in the thin
film, as evidenced by a decrease in Urbach energy, an increase in
PLQE, and improved charge carrier lifetime. This is also sup-
ported by the increase in charge carrier mobility and decreased
activation energy for charge transport. Further passivation of the
TC perovskite with K and Rb enhanced the optoelectronic char-
acteristics of the semiconductor. The improvement in optoelec-
tronic and charge transport properties for K- and Rb-passivated
devices also resulted in relative enhancement in device efficiency
by 15% and 13%, respectively, compared to reference devices.

4. Experimental Section
Film and Device Fabrication: All the organic cation salts were purchased

from GreatCell Solar; the Pb compounds were from TCl and Csl and Rbl
from Alfa Aesar. Spiro-OMeTAD was purchased from Borun Chemicals
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and used as received. Unless otherwise stated, all other materials were
purchased from Sigma-Aldrich.

The SC perovskite MAPb(lo g5Bro 15)3 precursor was prepared by dis-
solving Pbl, (1.2wm), MAI (1.11 M), MABr (0.21 m), and PbBr, (0.21 m)
in a mixture of anhydrous DMF:DMSO (4:1, volume ratios). The DC-based
perovskite (i.e., Cso0sFA0.70MAg 15Pb(lo.s5 Bro1s)s) was prepared by dis-
solving Pbl, (1.2m), FAI (1.11m), MABr (0.21m), and PbBr, (0.21wm)
in a mixture of anhydrous DMF:DMSO (4:1, volume ratios). For TC perov-
skite precursor, this is followed by addition of 5 volume percent from Csl
stock solution (1.5m in DMSO) into the DC solution. Then, to make
RB- and K-passivated TC perovskite, a 5 volume percent from Rbl stock
solution (1.5M in DMF:DMSO, 4:1, volume ratios) and Kl stock solution
(1.5m in DMF:DMSO, 4:1, volume ratios) was added to the abovemen-
tioned TC solution, respectively. We then spin-coated the perovskite sol-
utions using a two-step program at 2000 and 6000 rpm for 10 and 40s,
respectively, and dripping 150 pL of chlorobenzene after 30 s and annealed
the spin-coated films at 100 °C for 1 h. All the film preparations were per-
formed in a nitrogen-filled glove box. The devices were fabricated following
the same procedures for substrate preparation as well as deposition of
both electron and hole transport layers (i.e., TiO,, Spiro-OMeTAD) as
in our previous work.[?®!

PDS: PDS measurements were acquired on a custom-built setup by
monitoring the deflection of a fixed wavelength (670 nm) laser probe beam
following absorption of each monochromatic pump wavelength by a thin
film immersed in an inert liquid FC-72 Fluorinert (3M Company).
The Urbach energy (E,) is calculated in each spectrum using the formula
a = agets, where a is the absorption coefficient, aq is a constant, and E is
the photon energy.

TRPL: TRPL measurements were acquired with a gated intensified CCD
camera system (Andor iStar DH740 CCI-010) connected to a grating spec-
trometer (Andor SR303i). Excitation was performed with femtosecond laser
pulses which were generated in a homebuilt setup by second-harmonic gen-
eration (SHQ) in a BBO crystal from the fundamental output (pulse energy
1.55 eV, pulse length 80fs) of a Ti:Sapphire laser system (Spectra Physics
Solstice). Temporal resolution of the PL emission was obtained by measur-
ing the PL from the sample by stepping the iCCD gate delay relative to the
pump pulse. The gate width was 20 ns. Carrier lifetime of each sample was
obtained by fitting exponential decay function from the TRPL data.

SEM: The surface morphology of the films was examined using a ZEISS
EVO LS 15 SEM. The accelerating voltage used is 15 kV using secondary
electron.

XRD: XRD was performed using a Bruker X-ray D2 Phaser diffractome-
ter with Cu Ko, , radiation (A=1.541A). Spectra were collected with an
angular range of 10<20<70 and A6=0.02173 over 10min.
Measurements were made on as prepared films on glass.

GI-WAXS: GI-WAXS measurements were performed at the XMaS beam-
line (ESRF, France) as described in our previous works.['>2%3% A fixed-exit,
water-cooled, double crystal Si(111) monochromator, placed at 25 m from
the source was used to monochromatize the X-ray beam coming from a
bending magnet (E.=9.8 keV). The X-ray energy was tuned to 10keV
(1.2398A) and a Rh-coated toroidal mirror was used to focus the
monochromatic beam horizontally and vertically. The beam flux was
~5 x 10'° photons s~ at the sample position. The original beam spot size
was 500 (horizontal) x 400 (vertical) pm? at the sample position. We
employed a set of motorized slits (Huber, Germany) immediately before
the sample to have a better-defined footprint in the vertical direction. The
final beam spot size with slits was 300 (horizontal) x 115 (vertical) ym?.
The beam footprint was extended 300 pm horizontally and throughout the
perovskite films. The samples were measured at an out-of-plane incident
angle a; of ~0.3°, corresponding to a penetration depth of 140 nm, prob-
ing a significant portion of the bulk. Data processing was performed with
the MATLAB Software (GI-WAXS GUI) described in our previous
works 2132

Solar Cell Characterization: Current-voltage characteristics were
recorded by applying an external potential bias to the cell while recording
the generated photocurrent with a digital source meter (Keithley Model
2400). The light source was a 450 W xenon lamp (Oriel) equipped with
a Schott-K113 Tempax sunlight filter (Praezisions Glas & OptikGmbH)
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to match the emission spectrum of the lamp to the AM1.5G standard.
Before each measurement, the exact light intensity was determined using
a calibrated Si reference diode equipped with an infrared cutoff filter (KG-3,
Schott). EQE spectra were recorded as a function of wavelength under a
constant white light bias of approximately 5 mW cm 2 supplied by an array
of white light emitting diodes. The excitation beam coming from a 300 W
xenon lamp (ILCTechnology) was focused through a Gemini-180 double
monochromator (Jobin Yvon Ltd.) and chopped at approximately 2 Hz.
The signal was recorded using a Model SR830 DSP Lock-In Amplifier
(Stanford Research Systems). All measurements were conducted using
a nonreflective metal aperture of 0.105 cm? to define the active area of
the device and avoid light scattering through the sides.

Bulk Transport Measurements: Hole only devices were fabricated on
precleaned FTO substrates (15 Qsq™"). The mesoporous perovskite layer
with the different interfacial layers was fabricated in the same way as
described for the solar cell device fabrication. Metal electrodes Au for
the devices were coated by thermal evaporation (10~ mbar, 0.1As™",
80 nm thick). The devices were characterized using Keithley 4200 SCS
and temperature was varied using a RF probe station from Cryogenic
Technologies.

EIS: EIS of the solar cells was carried out using a precision
impedance analyzer HP4294A while the device was illuminated using a
home built light source with close to 1 Sun intensity. The device was driven
by a small AC frequency of 30 mV and obtained impedance parameters
were fitted with a standard circuit to estimate the physical parameters.
In the EIS measurements, the device is driven at a small AC voltage of
30mV while the frequency is swept from 100Hz to 10 MHz. The
equivalent circuit for impedance spectroscopy measurement was reported
in previous literature®® and is shown in Figure S5b, Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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