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Host-guest complexation has demonstrated potential for controlling hybrid organic-inorganic metal halide
perovskite materials. In particular, crown ethers have been used due to their capacity to interact with metal
cations (e.g., Pb®™) and small organic cations (e.g., methylammonium (MA)), which can affect hybrid perovskite
materials and their solar cells. However, this strategy has been underexploited in perovskite photovoltaics, and
the underlying mechanisms are not well understood. In this study, we investigate the influence of 15-crown-5
(15C5) and its benzannulated derivative (benzo-15-crown-5, B15C5), as well as amino-functionalized analogues
(15-crown-5)-2-methylamine, 2A-15C5, and 4’-aminobenzo-15-crown-5, 4A-B15C5, on MAPbI; perovskite
crystallization and inverted solar cell performance. We demonstrate the propensity of crown ether modulators to
interact with Pb?" cations at the perovskite interface by density functional theory calculations. This has been
shown to facilitate oriented crystal growth and homogeneous film formation, as revealed by X-ray diffraction
analysis complemented by scanning electron microscopy. As a result, we demonstrate an increase in the power
conversion efficiency of the solar cells of interest to advancing hybrid photovoltaics.

Keywords: ion complexation, host—guest complexation, host—guest systems, hybrid halide perovskites,
perovskite solar cells.

Introduction

Perovskite solar cells (PSCs) have recently emerged as
one of the leading solar cell technologies due to
superior optoelectronic characteristics, stimulating
efforts towards commercialization.!'~3 The photoactive
layer of PSCs consists of ABX; metal halide perovskite
materials, including the monovalent A cation (A7),
divalent metal cation (B°™), and halide anion X (X").
They form a {BX¢} corner-sharing octahedral frame-
work with the A cation occupying the central cavity.>*
Various types of metal halide perovskite materials can

Supporting information for this article is available on the
WWW under https://doi.org/10.1002/hlca.202200193

be used in solar cells, which mostly involve lead (Pb)
and tin (Sn) as metal cations and different halide
anions (X=Cl, Br, and 1). A-cation can be either
inorganic (such as Cs™) or organic ammonium cation
(e.g., methylammonium (MA) or formamidinium (FA)).
The first reported perovskite solar cell applications
involved methylammonium lead iodide (MAPbI;) and
bromide (MAPbBr;), which are archetypical perovskite
materials."’ They are applied in either normal (n-i-p) or
inverted (p-i-n) PSC device architectures. Despite the
advantages of their planar structure and suitability for
tandem solar cells,®~® inverted devices have yet to be
studied as much as normal PSCs. Recently, self-
assembled interfacial materials, such as MeO-2PACz
([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic

acid), have attracted considerable attention as selec-
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tive charge-extraction layers contributing to the
increase in the efficiency of inverted PSCs (Fig-
ure 1,a).2-8 However, high-quality perovskite thin films
and their interfaces are still required to increase the
performance and stability of PSCs, which stimulates
ongoing efforts. For this purpose, compositional
engineering and various treatment methods have
been investigated to achieve optimal band gaps and
stable photoactive perovskite structures.>*'% |n partic-
ular, additive engineering has been used to improve
the photovoltaic performances of PSCs.''"' For
instance, ionic salts and small organic molecules were
especially relevant as interfacial modulators or spacers
that form layered or two-dimensional (2D) perovskites
featuring enhanced stabilities.">="! The use of crown
ethers as interfacial modulators has recently demon-
strated the capacity to increase the performance of
PSCs through host-guest complexation.!?2~28!

Crown ethers are known to interact with metal
cations (e.g. Cs™ and Pb>™) as well as organic cations
(e.g. MA or FA) through either metal coordination or
hydrogen bonding,?”%8) which was found to affect
perovskite crystal structure and interfacial character-
istics of the corresponding films and devices.?®
However, the underlying mechanisms for their oper-
ation still need to be fully understood, and their utility
across perovskite solar cell architectures, including
inverted devices, remains unexploited. For instance,
crown ethers in conventional triple cation double
halide perovskites were suggested to promote the

formation of high-quality crystals through Cs
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Figure 1. (a) Schematic representation of inverted perovskite
solar cell architecture and the related perovskite material. (b)
The structure of crown ether modulators used in this study,
abbreviated as 15C5, B15C5, 2A-15C5, and 4A-B15C5. I[TO=
indium doped tin oxide; MeO-2PACz=[2-(3,6-dimethoxy-9H-
carbazol-9-yl)ethyl]phosphonic  acid; BCP=bathocuproine,
PCBM = phenyl-C¢y-butyric acid methyl ester.
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complexation.”*?*! These studies, however, do not
consider the impact of competing interactions on
crystal growth, including the complexation of Pb?™.
Moreover, while previous reports mainly relied on
non-benzannulated or  dibenzo-derivatives,?>%”28!
mono-benzannulated systems still need to be inves-
tigated despite their potential to feature more direc-
tional interfacial modulation.

Here, we study representative crown ethers as
modulators of archetypical MAPbI; perovskite materi-
als and their interactions with metal ions, Pb?" in
particular. For this purpose, we rely on 15-crown-5
(15C5), benzo-15-crown-5 (B15C5), and their amino-
functionalized derivatives, namely (15-crown-5)-2-
methylamine (2A-15C5) and 4’-aminobenzo-15-crown-
5 (4A-B15C5; Figure 1,b). We demonstrate the role of
crown ether functionalization in perovskite film for-
mation and the performance of inverted perovskite
solar cells.

Results and Discussion

Crown ether modulation was investigated in inverted
perovskite solar cells of p-i-n device architectures
(Figure 1,a) employing methylammonium lead iodide
(MAPbI;) as archetypical perovskite material.>?*) The
film and device preparation methods are provided in
the Experimental Section and the Supporting Informa-
tion.

For the design of molecular modulators, the core
15-crown-5 (15C5) structure was selected due to its
compatibility with binding Pb?** ions (175 pm).%®!
Moreover, benzannulated crown ether analogues were
considered effective in controlling crystal growth®!
and improving contact with hole-transporting materi-
als. In addition, analogues with amine functional
groups were considered as they could contribute to
the structural control through interaction with the
perovskite surface by hydrogen bonding that mimics
A-cation binding to the perovskite interface (Fig-
ure 1,b).

Density functional theory (DFT) simulations were
performed to evaluate the binding of representative
crown ether modulators to Pb? ™. They were optimized
at the B3LYP/6-31G(d) level of theory using Gaussian
16 software.®® The optimized structures were then
used to evaluate the binding energies to Pb*" in
vacuum. We used B3LYP functional and 6-31G(d) basis
set for lighter elements (H, C, N, and O) and LanL2DZ
effective core potential for the heavy metal atom
(Pb).'-3% Binding energies (BE) of Pb?" with crown
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ethers (Table 1) were evaluated using Egn. 1: and the
electronic energies of crown ether, Pb?*, and crown
ether - Pb?" complex.

BE = Ect_por+ —Ece — Eppo+ (1
where

E; = Energy of the crown ether

Epy2- = Energy of Pb?" ion
Ece_py2- = Energy of crown ether

—Pb?" complex.

All the BE values were calculated in vacuum, and a
negative value of BE indicates stable complex forma-
tion (Table 7). The benzannulated crown ether modu-
lators formed more stable complexes than the
aliphatic ones (e.g., BEspg15c5—BE2a-15¢5=13.08 kcal/
mol). The DFT calculations also suggest that the
additional amino functional group has the potential to
stabilize the resulting host-guest complex further.
These complexation effects were further investigated
experimentally.

Table 1. Binding energies of crown ether modulators and Pb?*
in this study based on DFT calculations.

Crown ether 15C5 B15C5 2A-15C5 4A-15C5
Binding energy
(kcal/mol) -223.15 -232.00 -228.39 -241.47
Crown-ether— - 2% 2 &‘ Y
L J [ 3
Pb?* complexes®! : : P a o ‘. '3 ° '
s 9 924 , 20 9 O 9% g e .
%o 99 % e . o o 9% o4
=y 95%9 > 29

1 DFT-optimized geometries at B3LYP/6-31G(d) level of theory in vacuum.The hydrogen atoms are
omitted here for clarity. Gray, blue, red, and black color spheres represent C, N, O, and Pb atoms,
respectively.
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To assess the effect of the crown ether additives
on the perovskite films, the optimized concentration
of 1 mol-% of crown ethers was added to the MAPbI;
precursor solutions to form a film using the anti-
solvent method (experimental details are specified in
the Experimental Section and Figures S1-54 and Ta-
bles S1-54).1293% Films were prepared by spin coating
and subsequent annealing. The structural properties
and morphology of perovskite films were studied by
X-ray diffraction (XRD) and scanning electron micro-
scopy (SEM; Figure 2), respectively. XRD patterns
evidenced the formation of a tetragonal (/4/mcm)
MAPbI; crystal structure in accordance with the
previous reports (Figure 2,a).”’ 3> While the films
processed with 1 mol-% of crown ether modulators
exhibited comparable XRD patterns as the untreated
reference MAPbI; Y there was a noticeable increase
in the (110)/(220) peak intensity in the treated
samples, which suggests that crown ether could
enhance preferential growth orientation in the (110)
plane during film formation. This was more pro-
nounced for the samples with amine-group-functional-
ized crown ethers (2A-15C5 and 4A-B15C5) than
others. SEM images of the film surface (Figure 2,b)
further indicated that the perovskite grain domains
increase upon treatment with benzannulated crown
ethers. The SEM cross-section, however, showed that
changes in film thickness are insignificant, yet a more
uniform growth was found in the B15C5 case. In
contrast, samples containing 15C5 were not uniform
and featured smaller domains. This effect on the
morphology suggests that the crown ether modula-
tion could direct the formation of a more uniform
perovskite film by influencing crystal growth without
the appearance of a new crystal phase.

The optoelectronic characteristics were further
investigated by UV-vis absorption spectroscopy and

Figure 2. Structural properties and morphology of perovskite thin films prepared with and without (Ref) crown ether modulators.
(a) X-ray diffraction patterns on microscope glass slides and (b) top-view (top) and cross-sectional (bottom) SEM images (scale=
1 um) of thin films on ITO glass based on control (Ref) and treated perovskite compositions.
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photoluminescence (PL) spectroscopy. UV-vis absorp-
tion spectra (Figure 3,a) showed a high absorption
coefficient with a sharp absorption edge independ-
ently of the treatment, suggesting that the presence
of modulators does not compromise optoelectronic
characteristics in accordance with the XRD data. The
steady-state photoluminescence (PL) measurements
(Figure 3,b), however, indicated that PL intensity is
enhanced in the treated perovskite films, except for
the 4A-B15C5, where a stronger interaction between
the crown ether modulator and Pb®" could result in
decreasing PL™" In addition, the modulation resulted
in @ minor blue shift of the PL signals in the presence
of crown ethers, which could be associated with
compressive stress. These effects are relevant for the
resulting photovoltaic device performances.

The effect of crown ether modulation on PSC
performances was investigated in conventional indium
tin oxide (ITO)/ [2-(3,6-dimethoxy-9H-carbazol-9-
yl)ethyllphosphonic acid (MeO-2PACz)/MAPbI;/phenyl-
Cgo-butyric acid methyl ester (PCBM)/bathocuproine
(BCP)/Ag device configuration (Figure 1,a).? The opti-
mization identified the 1 mol-% concentration as the
most effective (Figures S1-54, Tables S1-54). The pho-
tovoltaic performance (Figure 4) of PSCs containing
B15C5 and 2A-15C5 featured greater open-circuit
voltage (Vq(), fill factor (FF), and power conversion
efficiency (PCE) as compared to the untreated refer-
ence devices (Table 2). On the contrary, devices with
15C5 and 4A-B15C5 showed lower performances
based on all photovoltaic parameters (Table 2 and
Figure S5). This is in accordance with the effect on the
preferential (110)-oriented perovskite film that is
favourable for efficient photovoltaic performance 344
Moreover, the photovoltaic performance also corrobo-
rates the differences in the perovskite film morphology
(Figure 2,b). The PSC devices fabricated using B15C5
and 2A-15C5 had higher short-circuit current density
(Js¢) as compared to control devices, which is in

—~
Y
-~
—~
O
-~

— Ref — Ref
o8 I
Blses ——2A-15C5
——4A-B15C5

——2A-15C5

——4A-B15C5

Absorbance (a.u.)
PL Intensity (a.u.)

450 500 550 600 650 700 750 800
Wavelength (nm)

700 725 750 775 800 825 850
Wavelength (nm)

Figure 3. (a) UV-vis absorption spectra and (b) steady-state PL
spectra of perovskite films before (Ref) and after modulation
(15C5, B15C5, 2A-15C5, and 4A-B15C5).
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Figure 4. Statistical data of photovoltaic characteristics: (a)
short-circuit current density (J;), (b) open-circuit voltage (V,,),
(c) fill factor (FF), and (d) power conversion efficiency (PCE)
collected from eight devices for the control (Ref) and modu-
lated (15C5, B15C5, 2A-15C5, and 4A-B15C5) solar cells.

Table 2. Photovoltaic parameters for champion devices deter-
mined from J-V measurements of PSCs based on MAPbl; with
different crown ether additives. The average values are
obtained from the devices with statistics shown in Figure 4.

Devices  Joc [MA/cm?] Ve [V FF [%] PCE [9%]

Reference. 19.6 (19.2) 1.08 (1.06) 77.2(67.8) 159 (13.8)
15C5 17.1 (16.5) 1.03 (1.00) 71.9 (62.6) 12.7 (10.3)
B15C5  19.8(19.3) 1.10 (1.09) 79.0 (76.4) 16.5(16.2)
2A-15C5 19.0 (18.4) 112 (1.11) 78.3(76.3) 16.4 (15.6)
4A-B15C5 13.1 (12.1) 1.01 (0.99) 74.6 (67.9) 9.0 (8.1)

accordance with the incident photon-to-current con-
version efficiency (IPCE) measurements (Figure S6).
Moreover, the modulated devices featured improved
open circuit voltages (V) which point to the reduced
nonradiative recombination upon modulation, corrob-
orating with the PL analysis. The modulation, however,
did not have a major effect on the current-voltage (J-
V) hysteresis (Figure 5). The J-V curves of champion
devices (Figure 5) corresponded to the V- of 1.09V,
Jsc of 18.5 mA/cm?, FF of 76.7 %, and PCE of 15.5% for
control devices, whereas PSC devices treated with
B15C5 showed improvements with Vo of 1.14V, Js
of 21.1 mA/cm? FF of 745%, and PCE of 18.1%
(Figure 5). This highlights the role of crown ether
modulation in photovoltaic performance.
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Figure 5. The J-V curves of the champion cells with and
without crown ether modulators in reverse and forward scan
direction under 1 sun (100 mW/cm?).

Conclusions

In summary, we examined the effect of benzo- and
amino-functionalized crown ethers on MAPbI; perov-
skite materials and inverted solar cells. We show that
selected modulators have the propensity to effectively
coordinate Pb?" and facilitate (110)-oriented perov-
skite growth, as well as homogenous film formation,
as evidenced by DFT calculations, XRD, and SEM. As a
result, the presence of benzo-crown ethers (B15C5) or
amino-functionalized analogues (2A-15C5) results in
higher quality films accompanied by the average
enhancement of power conversion efficiency from
15.9% to 16.5%. This suggests that either benzo- or
amino-functionalization of crown ether modulators
can improve the morphologies of materials and the
corresponding photovoltaic characteristics, which
stimulates further investigations of advanced design
and application across perovskite material composi-
tions and device architectures.

Experimental Section
Device Fabrication

Planar PSCs were fabricated in a nitrogen-filled glove-
box. Indium tin oxide (ITO) glass was cleaned by
ultrasonic cleaning in Hellmanex Ill, deionized water,
isopropyl alcohol (IPA), and ethanol, respectively, then
dried in a drying oven. Cleaned ITO glass was treated
with oxygen plasma (100 W, 80sccm, and 60s;
COVANCE, Femto Science, Hwaseong-si, 18469, Korea)

HELVETICA

for 15 min before use. The hole transporting layer was
prepared on ITO glass by spin-coating the [2-(3,6-
dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid
(MeO-2PACz) (TCl, Japan) solution at 3000 rpm for 30
s, followed by annealing at 100°C for 10 min on a
hotplate. The perovskite precursor solution was spin-
coated onto MeO-2PACz-coated substrates at
4000 rpm for 20 s. During the spin-coating process of
the perovskite precursor solution (with or without the
crown ether), an antisolvent treatment was performed
by applying 200 uL of chlorobenzene onto the spin-
ning substrates at 15 s before the end of the program.
The substrates were immediately transferred to a hot
plate and annealed at 100°C for 20 min. To prepare
the electron-transport layer, [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCs,BM) was spin-coated onto the
perovskite films at 2000 rpm for 30 s with a ramp of
1000 rpm/s followed by annealing at 100°C for
10 min. The bathocuproine (BCP) solution was spin-
coated onto the PCy,BM films at 4000 rpm for 20s
with a ramp of 2000 rpm/s followed by annealing at
70°C for 5 min. Finally, Ag as a contact electrode was
deposited by a thermal evaporator under a high
vacuum (107° Torr) to a thickness of about 100 nm to
complete the device.

Perovskite Film Characterization

The UV-visible absorption spectra were obtained with
a UV-VIS EVOLUTION 300. Steady-state PL spectra were
recorded using an excitation wavelength of 470 nm by
an Edinburgh FS5 spectrofluorometer. XRD patterns
were collected using a Malvern Panalytical X'Pert® MRD
X-ray diffractometer with a Cu radiation source. Sur-
face and cross-sectional morphologies of the perov-
skite films were measured on a Zeiss Gemini 500 field
emission scanning electron microscope.

Device Characterization

Current-voltage (J-V) characteristics of perovskite
solar cells were measured in a forward direction from
—0.1 to 1.2V using a source meter (Keithley 4200)
under AM 1.5 illumination (100 mMWcm™?) from a
Sol3 A class AAA solar simulator (Oriel 69920), with a
step voltage of 50 mV and a delay time of 0.2 s. The
light source intensity was calibrated using a standard
Si solar cell. The active area defined by a metal mask
aperture is 0.0435 cm?.
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