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Pyrene-Based Small-Molecular Hole Transport Layers for
Efficient and Stable Narrow-Bandgap Perovskite Solar Cells

Paula Gémez, Junke Wang, Miriam Mds-Montoya, Delia Bautista,
Christ H. L. Weijtens, David Curiel,* and René A. J. Janssen*

Lead-tin (Pb-Sn) hybrid perovskite materials possess ideal narrow bandgaps
(1.2-1.4 eV) for efficient single-junction and tandem solar cells. Poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is commonly used
as hole transport layer (HTL) for Pb—Sn perovskite solar cells (PSCs), despite its
poor stability with these perovskites. Here, two new octacyclic heteroaromatic
molecules, pyrenodiindole (PDI) and pyrenodi-(7-azaindole) (PDAI), are pre-
sented as the HTL for narrow-bandgap (1.23 eV) p-i-n Pb-Sn PSCs. The self-
assembled reciprocal hydrogen-bonded solid-state structure of PDAI bestows
robustness compared to PDI, making it less vulnerable in processing the
perovskite film on top, and improves the reproducibility of device fabrication.
Transient photocurrent measurements and light-intensity-dependent device
characteristics indicate that PDI and PDAI possess similar hole extraction
properties to PEDOT:PSS. As a result, similar open-circuit voltages and fill factors
are obtained in the PSCs. Interestingly, the use of thin PDI and PDAI as HTL in
PSCs changes the optical interference and reduces parasitic absorption in the
near-infrared region, resulting in an improved short-circuit current density.
Consequently, a higher power conversion efficiency of 16.1% is obtained for PDI
and PDAI, compared to 15.1% for PEDOT:PSS. In addition, the self-assembled
structure of PDAI led to a notable enhancement of device stability.

(X). The variation of the nature and ratio of
the different components enables the tun-
ing of the optoelectronic properties of the
perovskite. Record power conversion effi-
ciencies (PCEs) of up to 25.5% have been
achieved using Pb-based perovskite solar
cells (PSCs) with an optical bandgap of
~1.5 eV.l! Nevertheless, the toxicity of Pb
ions makes it desirable to find alternative
perovskite compositions that set the pace
for an environmentally friendly photovol-
taic technology without compromising
the achievements in efficiency.” In the
last few years, several options have been
explored aiming at the replacement of
Pb*" with metals of similar ionic radii
such as Ge*", In", Bi’*", Sb*", and
Sn?*.! Recent developments on Sn-based
PSCs offer pathways toward higher device
performance due to the extended near-
infrared absorption, low exciton binding
energy, and good charge transport.[*
However, the high sensitivity of Sn*" to
oxidation, producing Sn*", causes self-
doping and generates metal vacancies that
deteriorate the perovskite layer and the

1. Introduction

Hybrid metal halide perovskites (AMX3) have emerged as prom-
ising semiconductor materials for high-efficiency and low-cost
photovoltaic (PV) devices. These perovskites are composed of
a monovalent cation (A), a divalent metal cation (M), and a halide

device performance.’) One of the current strategies consists
in the partial substitution of Pb by Sn.[®! This approach presents
the advantage that, along with the reduction of the Pb
content, the combination of Pb and Sn narrows the bandgap
to 1.2-1.4 eV, which is in the optimal range for single-junction
devices in the Shockley—Queisser limit.”) In addition, such a

P. Gémez, M. Mds-Montoya, D. Curiel
Multifunctional Molecular Materials
Department of Organic Chemistry

Faculty of Chemistry

University of Murcia

Campus of Espinardo, Murcia 30100, Spain
E-mail: davidcc@um.es

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/s0lr.202100454.

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

DOI: 10.1002/s0lr.202100454

Sol. RRL 2021, 5, 2100454 2100454 (1 of 11)

J. Wang, C. H. L. Weijtens, R. A. ]. Janssen
Molecular Materials and Nanosystems
Institute for Complex Molecular Systems
Eindhoven University of Technology
Eindhoven 5600 MB, The Netherlands
E-mail: r.a.j.janssen@tue.nl

D. Bautista

Scientific Instrumentation Service
University of Murcia

Murcia 30100, Spain

R. A. ). Janssen
Dutch Institute for Fundamental Energy Research
Eindhoven 5612 A, The Netherlands

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH


mailto:davidcc@um.es
https://doi.org/10.1002/solr.202100454
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:r.a.j.janssen@tue.nl
http://www.solar-rrl.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsolr.202100454&domain=pdf&date_stamp=2021-09-08

ADVANCED
SCIENCE NEWS

; ERRL

www.advancedsciencenews.com

narrow bandgap is also suitable for developing all-perovskite
tandem solar cells.®

To date, the efficiency of the best Pb—Sn hybrid perovskite
devices (20-21%) still lags behind that of their Pb counterparts,
but they show continuous and promising progress.'”’ Among the
different strategies investigated for optimizing mixed Pb—Sn
perovskite solar cells, most have focused on engineering the
active layer by modifying the film processing methodology
and adjusting the perovskite composition. In this regard, a
detailed study of the Pb:Sn ratio® or the use of diverse addi-
tives!'!! has demonstrated to be useful to increase device effi-
ciency. It is curious that despite the unquestionable role that
interfacial layers have played in the progress of conventional
Pb-based perovskite solar cells, very little attention has been paid
to their investigation in mixed Pb—Sn devices. Nevertheless, their
involvement in the charge extraction processes and their protec-
tive function are essential features for the optimum performance
and long-term stability of the solar cell. As far as the hole trans-
porting layers (HTLs) are concerned, the small ionization poten-
tial of Pb—Sn perovskite can represent a limiting factor for
interfacial materials requiring a suitable energy level alignment
to be inserted between the perovskite layer and the electrode.?
Currently, poly(3,4-ethylenedioxythiophene):polystyrene sulfo-
nate (PEDOT:PSS) is the most frequently used HTL in Pb-Sn
hybrid devices with an inverted p-i-n architecture.!?"
However, PEDOT:PSS presents some drawbacks that make its
adequacy as HTL questionable. Its acidity causes unwanted reac-
tions with the perovskite layer that induce device degradation.
Analogously, the sensitivity of perovskite solar cells to humidity
advises against using a hygroscopic HTL such as PEDOT:PSS.
The poor thermal stability of PEDOT:PSS leads to a charge
extraction barrier upon aging.'?*) Moreover, the PEDOT:PSS
layer also causes parasitic absorption in the near-infrared region,
which would reduce the photocurrent of the narrow-bandgap
subcell in a tandem device.*!

So far, very few examples of alternative HTLs have been
described for Pb—-Sn perovskite devices and most of them are
based on PEDOT:PSS engineering. In this regard, the integra-
tion of ultrathin bulk-heterojunction organic semiconductors
(PBDB-T:ITIC) between PEDOT:PSS and the narrow-bandgap
perovskite has been reported." The incorporation of these
materials formed a gradient band alignment and, in addition,
had a passivation effect on the surface traps that led to highly
efficient (FASnI3)o6(MAPDI3)g4 (FA is formamidinium, MA is
methylammonium) devices. PEDOT:PSS has also been modified
with a perfluorinated ionomer (NAFION, tetrafluoroethylene-
perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic acid copolymer),
which increased the work function of pristine PEDOT:PSS.["!
This led to a better energy-level alignment with the mixed
Pb—Sn perovskite that improved the open-circuit voltage (Voc)
and, in consequence, the PCE. Another modification consisted
in building a bilayer structure where the combination of Cul
and PEDOT:PSS improved the short-circuit current density
(Jsc) and fill factor (FF) when compared to single HTL devi-
ces." One of the few examples of replacing PEDOT:PSS has
been reported for devices based on FAPbg5Sngsl;, synthesized
via thermal coevaporation of precursors, which used an indium
tin oxide (ITO) contact coated with MoO; followed by the depo-
sition of poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)
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Figure 1. Chemical structures of PDI and PDAI.

as HTL."”) In another example, an anionic conjugated polymer
with alkylsulfonate side groups (PCP-Na) was used with a solu-
tion-processed FAPb, 5Sng 515 perovskite to provide a higher V¢
and FF than PEDOT:PSS.I"*!

Motivated by this context, we report the use of conjugated
small molecules, based on self-assembled azapolyheteroaro-
matics (Figure 1), as HTL for narrow-bandgap mixed Pb—Sn
perovskite solar cells. Recently, we reported that anthradi-7-
azaindole (ADAI) as a non-doped HTL can effectively replace
PEDOT:PSS in inverted MAPDI; solar cells.™ ADAI self-assem-
bles in the solid state forming an interfacial layer that improved
the morphology of the perovskite layer and reduced nonradiative
recombination in MAPbIs-based devices. The distinctive feature
of ADATI’s molecular design is based on the integration of hydro-
gen bond donor and acceptor sites within the conjugated skele-
ton via the condensation of the 7-azaindole building block. The
rational location of these sites in a centrosymmetric structure
promotes the molecular self-assembly via reciprocal hydrogen
bonding. We demonstrated that, as a consequence, ADAI exhib-
its a significant robustness that substantiates a consistent perfor-
mance as hole transporting material.®? Based on these
antecedents, the hydrogen-bonded network becomes an appeal-
ing structural motif that could further contribute to the protec-
tion of the active layer and the stability of solar cells. Therefore,
we synthesized molecular materials in which we extend the
n-conjugated core from anthracene as used in ADAI to pyrene.
Subsequent double condensation of two 7-azaindole units results
in pyrenodi-(7-azaindole) (PDAI), which has a narrower energy
gap between the highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO) than ADAI and
shows a good energy-level alignment with a narrow-bandgap
FAo.66MAg34Pbo sSnosl; perovskite. To investigate the effect
of the hydrogen-bond-directed self-assembly on the properties
of the HTL, an analogous octacyclic molecule, pyrenodiindole
(PDI) that cannot form reciprocal hydrogen bonds has been
synthesized and investigated. Interestingly, both materials
outperform PEDOT:PSS as HTL by increasing Jsc due to the
changes of optical interference and reduced parasitic absorption
in narrow-bandgap PSCs. Importantly, a remarkable improve-
ment in the device stability has been obtained when using the
self-assembled PDAI as HTL.

2. Results and Discussion

The synthetic route for the molecules PDI and PDAI is
shown in Scheme 1. Initially, a double palladium-catalyzed
Buchwald-Hartwig®"!  cross-coupling  reaction  between
1,6-diaminopyrenel®” and the corresponding dihaloderivative,
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Scheme 1. Synthetic routes of PDI and PDAI.

o-dibromobenzene or 2,3-dichloropyridine, leads to the forma-
tion of the N-arylated intermediates 1 and 2, respectively.
Subsequently, a photoinduced regiospecific double intramolecu-
lar cyclization between the C—X (X =Cl or Br) carbons in the
peripheral aromatic rings and the carbons in the positions 2
and 7 of the pyrene unit affords the desired polyheteroaromatic
systems PDI and PDAL®® The structures of the intermediate
and final products were unequivocally characterized by nuclear
magnetic resonance and high-resolution mass spectrometry. All
the details can be found in the Supporting Information
(Figure S1-S4, Supporting Information). To improve the purity
of the materials to be used as HTLs, they were purified by
gradient sublimation under high-vacuum conditions.

The optical characterization of PDI and PDAI was performed
by UV-vis absorption spectroscopy in N,N-dimethylformamide
(DMF) solution and in the solid state as thin films deposited
on quartz substrates (Figure 2). Both materials display similar
vibrational fine structure in solution and their spectra are mostly
located in the UV region with a small absorption in the lower
wavelength limit of the visible region. In thin films broader

—— PDI solution 1
- - - = PDI thin film
—— PDAI solution

- - - - PDAI thin film

Normalized absorbance

300 400 500 600
Wavelength (nm)

Figure 2. Normalized absorption spectra of PDI and PDAI in DMF solu-
tion (2.5 x 107° M) (solid lines) and as a thin film on the quartz substrate
(dashed lines).
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hV, 97 %
PDI

hv,79%
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Table 1. Optical properties and frontier orbital energies.

| fil filma) ox_b) Q] cv d) DFT e) ups  f)
Twee Amx Eg™ Edheer”  Ehomo”  Efumo”  Eromo”  Ehowmo

[nm]  [nm]  [ev] i [eV] [eV] [eV] eV]
PDI 460 472 253 093 535 -282 -481  -5.02
PDAI 468 502 232 112  —554  -322  —497  —489

?Bandgap estimated from the absorption onset; ®Versus Ag/AgCl; 9From CV:
EQomo = —(4.8 + Egiee — E DEstimated from EQyo = EQoyo + ER™;

omset Fo/Fes )i
®From DFT; P'From UPS.

and bathochromically shifted spectra were obtained as a result
of the intermolecular interactions gaining relevance in the solid
state. The optical bandgaps were determined for PDI and PDAI
from the onset of the low-energy absorption (Table 1). The
molecules have limited absorption in the visible region and in
thin layers will hardly interfere with the sunlight absorption.
The HOMO energies (ESY,,0) were estimated from the onsets
of the oxidation waves (ESS) via cyclic voltammetry (CV) on thin
PDI and PDAI films (Figure S5, Supporting Information), result-
ing in —5.35eV for PDI and —5.54 eV for PDAI (Table 1). The
LUMO energies (ESYyo) Were estimated by adding the optical
bandgaps (Ef™) to EGYyo. The deeper HOMO energy for
PDALI reflects the electron-withdrawing effect of the pyridine
rings. Density functional theory (DFT) calculations confirm
the effect of the electron-withdrawing pyridines in a map of
the electrostatic potential, which is positive near the nitrogen
atoms of pyrrole but negative near those of pyridine
(Figure S6, Supporting Information). The ionization potentials
(IPs) estimated by DFT are 4.81eV for PDI and 4.97 eV for
PDAI. Using ultraviolet photoelectron spectroscopy (UPS)
(Figure S7a, Supporting Information), we find that the IPs
amount to 5.02 eV for PDI and 4.89eV for PDAI for ~15nm
films on ITO. The IPs measured by UPS depend somewhat
on film thickness (Figure S7b, Supporting Information). The
HOMO energies obtained by UPS are less deep than those
obtained by CV (Table 1). Moreover, the HOMO energy deter-
mined by UPS is deeper for PDI than for PDAI, which is unex-
pected considering the electron-deficient pyridine rings of PDAIL
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Although intermolecular interactions and molecular orientation
can affect the ionization potential in thin molecular films,*
there is at present no simple explanation for the observed differ-
ences in IP between CV, DFT, and UPS but, independently of the
method used for the determination of the electronic structure of
the HTLs, both PDI and PDAI show a suitable gradient in the
alignment of the energy levels with the adjacent materials
(Figure 3) and fulfill the requirements for their incorporation
in the solar cell architecture. For PEDOT:PSS, the IP is
5.06eV.”") The energy of the valence band edge for the
Pb—Sn mixed perovskite determined by UPS is —5.58 eV. The
conduction band edge of the low-bandgap Pb—Sn perovskite is esti-
mated at —4.35 eV and therefore the LUMO energies determined
for PDI and PDAI are high enough for these materials to act as
electron blocking layers. The energy diagram using these and pre-
vious published values for C4o*® and BCP'*”! is shown in Figure 3.

The thermal stability of the materials was studied by
thermogravimetric analysis (Figure S8, Supporting Information),
which showed that both molecules have high decomposition
temperatures (corresponding to a 5% weight loss), 443 °C for
PDI and 534°C for PDAI The significantly higher thermal
stability of PDALI is attributed to the robustness bestowed by
the hydrogen-bond-directed self-assembly controlled through the
strategically located 7-azaindole substructures. These enable
the integration of hydrogen bond donor sites (pyrrole-NH)
and hydrogen bond acceptor sites (pyridine-N) within the fused
polyheteroaromatic system itself. The intermolecular hydrogen
bonding was further corroborated by Fourier transform infrared
(FT-IR) spectroscopy of the solid materials. A notable shift of
the N—H stretch vibration to lower wavenumbers, consistent
with hydrogen bond formation, is evident when comparing the
spectra of PDI (3425 cm™") and PDAI (3135 cm™") (Figure S9,
Supporting Information).

Structural characterization by X-ray diffraction experiments
provide an insight into the effect of the molecular structure
on the solid state packing. Both pyrene-based octacyclic struc-
tures are virtually flat. PDI crystallizes in a monoclinic lattice
(space group P2;/n) where each molecule is in van der Waals
contact with six neighboring molecules. Some of them set n—=
interactions and pack in parallel planes forming a slipped stack
arrangement with an interplanar distance of 3.14 A (Figure 4a).

25 -2.49

3.0
3.5
4.0
451 1T0_
_50 4
-5.5
-6.0
-6.54 -6.35
-7.0 i

&
3

Energy (eV)
¢'ﬂ|
o| PEDOT:PsS
o

Figure 3. Energy-level diagram for the solar cell configurations with the
three different HTLs (PEDOT:PSS, PDI, and PDAI). For PDI and PDAI,
the colored bars are based on CV; the dashed-lined colorless bars are
based on UPS.
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In addition, edge-to-face interactions (C—H---m, 2.86 A) connect
the molecules packed in almost orthogonal planes (86.1°).
When the crystal network is expanded, a herringbone pattern
can be recognized (Figure 4b). Interestingly, different from
the typical herringbone arrangement, where edge-to-face interac-
tions are commonly set through the long molecular edge, in this
particular case these interactions are established through the
short edge of the PDI molecule. On the other hand, PDAI crys-
tallizes in a monoclinic unit cell (space group C2/c) and the sub-
stitution of the peripheral benzene rings by pyridine rings led to
a completely different solid state packing governed by
reciprocal pyrrole-NH--N-pyridine hydrogen bonds (2.27 A).
The centrosymmetric structure of PDAI facilitates the formation
of ribbon-like structures stabilized by four hydrogen bonds that
produce a supramolecular expansion of the n-conjugated surface
(Figure 4c). Consequently, n—n interactions are favored and
promote the packing of molecules in parallel ribbons that
define a slipped columnar arrangement. Edge contacts between
molecules packed in neighboring ribbons reveal that in the
expanded structure the adjacent columnar packing adopts
different directions, leading to a robust crystalline network
(Figure 4d).

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed for thin films, thermally evapo-
rated onto ITO/glass substrates (Figure S10, Supporting
Information). For PDI diffraction peaks are present in the
out-of-plane direction at q, =0.43 and 0.48 A™*, whereas for
PDAI there is one diffraction peak at g, = 0.67 A" and a diffuse
7 stacking peak at g, ~1.8-1.9 A~'. The diffraction intensity in
the in-plane direction is very low for both compounds. These
results indicate that evaporated PDI and PDAI films are
semicrystalline and have some preferential orientation.

Thin films deposited on ITO substrates were also character-
ized by X-ray photoelectron spectroscopy (XPS). The signal
ascribed to the N 1s core level confirmed the presence of two dif-
ferent nitrogen atoms at the surface in the as-deposited PDAI,
where the deconvoluted peaks at 399 and 400 eV can be assigned
to the pyridinic and pyrrolic nitrogen atoms, respectively
(Figure 5).*8 In agreement with the structure of PDI, only
the pyrrolic nitrogen at 400 eV was observed (Figure 5a). With
the aim of mimicking the solution processing used for deposit-
ing the Pb—Sn perovskite films, both substrates were washed
with DMF. As a result, both the C 1s and N 1s XPS signals of
PDI thin films are significantly reduced (Figure 5a,c).
Contrariwise, the PDAI layer was largely retained on the sub-
strate after DMF washing, showing that it is more robust under
the experimental conditions used for the device fabrication
(Figure 5b,d). UV-vis absorption spectra (Figure S11,
Supporting Information) confirm this difference between PDI
and PDAI A substantial decrease of absorbance is seen for
the DMF-rinsed PDI layer, whereas the PDAI layer shows less
reduction (Figure S11, Supporting Information). Thermal
annealing (100 °C, 10 min) provided no significant improvement
in robustness against processing of DMF on top of these
materials.

The performance of ultrathin PDAI and PDI HTLs in planar
p—i—n PSCs was evaluated in a LiF/glass/ITO/HTL/perovskite/
Cgo/BCP/Ag device structure. The LiF layer was thermally evap-
orated as antireflection coating”® PDAI and PDI were
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Figure 4. X-ray structures of a,b) PDI and c,d) PDAI. Solvent molecules have been omitted in the structure of PDI for the sake of clarity. Orange dotted

lines represent hydrogen bonds.

deposited on top of the ITO substrate via thermal evaporation
(~10 nm, after optimization) and compared with a solution-proc-
essed PEDOT:PSS layer (=50 nm). FAj sMAg 34Pbg 5Sng 513 was
deposited by a two-step solution process and had a bandgap of
1.23 V.l The formation of narrow-bandgap perovskite films
is not affected by the HTL. Top-view scanning electron micro-
scope (SEM) images of the FA( s6MAy 34Pbg 5Sng 515 films depos-
ited on PEDOT:PSS, PDI, and PDAI (Figure 6a—c) show compact
and pinhole-free surface morphologies with a comparable mean
grain size of around 450nm (Figure S12, Supporting
Information). The UV-vis—NIR absorption spectra of these films
are very similar with a characteristic narrow-bandgap onset
around 1000nm (Figure 6d). X-ray diffraction (XRD)
(Figure 6e) indicates that in each case the perovskite adopted
the same cubic structure because the same set of crystallographic
planes are detected, despite the sample on PDAI showing slightly
lower peak intensities.

Figure 7a shows the stabilized current density-voltage (J-V)
curves of the best-performing PSCs with PEDOT:PSS, PDI, and
PDAI as HTLs. The external quantum efficiency (EQE) spectra
and device parameters are displayed in Figure 7b and Table 2,
respectively. It is found that the control device with PEDOT:
PSS exhibits a PCE of 15.1%, with a Jsc of 27.6 mA cm™? (cor-
rected by EQE), a Voc 0f 0.77V, and a FF of 0.71. For PSCs with
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PDAI and PDI, comparable Voc and FF are obtained while the
Jsc is improved by 1.5 to 29.1 mA cm ™2, according to the integra-
tion of EQE spectra. The EQE spectra indicate that the enhanced
Jsc is due to an increase of the spectral response in the 300400,
500-700, and 850-950nm regions. As a result, the devices
fabricated with PDAI and PDI exhibit higher PCEs with a value
of 16.1%. The PCEs from J-V characteristics are also confirmed
by steady-state power output tracking (Figure 7c), in which the
devices with PDAI and PDI are performing better than that with
PEDOT:PSS. All devices show very small hysteresis between
downward and upward scans (Figure S13, Supporting
Information). Notably, the dark -V curves suggest that the
device based on PDAI has a lower leakage current density than
the PDI (Figure 7d), attributed to the better robustness of PDAI
on the ITO substrate against solution processing.

Figure S14, Supporting Information, shows box plots of the
statistical distribution of performance characteristics of PSCs
with PEDOT:PSS, PDI, and PDAI. Whereas the control device
with PEDOT:PSS exhibits an average PCE of 14.2 + 2.2%, devi-
ces with PDI have a much broader spread in the performance
(10.0 £ 5.5%), most likely due to the higher susceptibility and
partial dissolution of PDI layers for perovskite precursor solu-
tions. In comparison, devices with PDAI display similar average
PCEs (13.8£2.05%) as those obtained with PEDOPT:PSS.
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Figure 5. XPS high-resolution scan spectra of the a,b) N 1s and c,d) C Ts core levels for (a,c) PDI and (b,d) PDAI thin films before and after DMF washing.
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Figure 6. Top-view SEM images of deposited FAq¢sMAg 34PbosSngsls films. a) On PEDOT:PSS. b) On PDI. c¢) On PDAI. Scale bars are 1pm.
d) UV-vis—NIR absorption spectra of FAgesMAg34PbosSnosl; deposited on different HTLs. The spectra are offset vertically by 0.1 OD to
enable comparison. e) XRD patterns of FAggsMAg 34Pbg sSng sl3 deposited on different HTLs.
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Figure 7. Device characteristics of FAg MAg 34Pbo sSng 513 solar cells using PEDOT:PSS, PDI, and PDAI as HTL. a) Stabilized J-V curves. b) EQE spectra
measured under 940 nm bias light. ¢) Voc and PCE tracking. d) Dark J-V curves.

Table 2. Photovoltaic parameters of representative narrow-bandgap PSCs with PEDOT:PSS, PDI, or PDAI as HTL.

HTL Jsc Voc FF PCE Jsc, eqe PCE?
[mAcm 3 | [%] [mAcm? %]
PEDOT:PSS 28.1 0.77 0.71 15.3 27.6 15.1
27.5+0.69 0.74 +0.07 0.69 4 0.07 142422
PDI 28.8 0.78 0.71 16.0 29.1 16.1
24.29 +6.74 0.64+0.18 0.58+£0.16 10.0+5.5
PDAI 29.0 0.77 0.72 16.0 29.1 16.1
28.17 4+ 1.01 0.73 +0.05 0.67 + 0.06 13.842.1

ACorrected PCE obtained by calculating the Jsc integrated from the EQE spectrum and Voc and FF from the stabilized j-V measurement.

Thermal annealing (100 °C, 10 min) of PDI and PDAI prior to
depositing the perovskite layer improves the reproducibility,
but results in a slightly reduced record PCE (Figure S14d,
Supporting Information).

The EQE spectra (Figure 7b) indicate an increased Jsc by
1.5mAcm™? after replacing the thick PEDOT:PSS layer
(~50 nm) by ultrathin PDI or PDAI HTLs. The equal improve-
ment of the EQE in specific spectral regions for PDI and PDAI
compared to PEDOT:PSS suggests that the Jsc enhancement is
possibly due to an optical effect. To assess this explanation, the
fraction of photons absorbed by the narrow-bandgap perovskite
in the device was estimated using the transfer-matrix model for

Sol. RRL 2021, 5, 2100454 2100454 (7 of 11)

50 and 5 nm thick HTLs. The simulations reveal that replacing
the 50 nm thick PEDOT:PSS layer with a 5nm HTL indeed
improves the fraction of absorbed photons considerably in spe-
cific regions of the spectrum (Figure S15, Supporting
Information). Constructive interference and reduced parasitic
absorption in the NIR region contribute to the increased fraction
of absorbed photons. To experimentally confirm the optical
effect, we fabricated perovskite devices based on ~5 and
50nm thick PEDOT:PSS HTLs. The thin PEDOT:PSS layer
was prepared by adding water dropwise onto a spinning
PEDOT:PSS substrate.*” For solar cells prepared in the same
batch (Figure S16, Supporting Information), we found that both

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 8. Light-intensity dependence of a) Isc and b) Vo of PSCs with different HTLs. A 730 nm LED was used as the light source.

devices exhibit a comparable Voc and FF. Interestingly, an
enhancement in the Jsc of 2.1 mA cm ™2 was observed for the
thin PEDOT:PSS-based device, which shows an EQE spectrum
that is similar to that of PDI and PDAI devices. The results
demonstrate that the ultrathin PDI and PDAI HTLs are benefi-
cial to the Jsc.

The energy-level offset between the charge transport layers
and the perovskite can drastically increase the rate of interface
recombination and hence limit the maximum attainable
Voc.2W The fact that the cells with different HTLs show a similar
Voc suggests that the narrow-bandgap devices are not limited by
differences in nonradiative recombination at the perovskite/HTL
interfaces. Additional information about the charge extraction
and recombination were obtained from measuring the light
intensity (I) dependence of Jsc and Voc. Figure 8a reveals a lin-
ear relationship (Jsc o« I, where @ ~ 1), which demonstrates that
there are no significant energy barriers or space charges to limit
the charge extraction process in such devices at short circuit.*?
The light-intensity dependence of Voc measurements
(Figure 8b) shows slight differences in the light-ideality factor
(determined from the slope of the Voc versus the logarithm
of the light intensity over kpT, where kp is the Boltzmann

(@) : : : :

1.0 E
c
S osf ]
>
3
5 06F E
N
o
© 04F i
[0)
N
g o2r — PEDOT:PSS i
£ —PDI

—— PDAI
Z 00 , , ,
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Time (us)

constant). The deviation of the ideality factor from the value
of 1 can be interpreted as a contribution of Shockley—Read—
Hall (SRH) recombination. The values obtained for the different
HTLs suggest that the devices have similar recombination
mechanisms.*!

To study the charge extraction, we performed transient pho-
tocurrent measurements by applying a 50 us square pulse of
monochromatic excitation (543 nm LED) to the device (0V, dark
condition) while monitoring its temporal photocurrent response.
As shown in Figure 9a, the three devices display a fast rise and
stabilization of the photocurrent within a few microseconds after
turning on the illumination, suggesting a rapid trap-filling pro-
cess in the solar cells.?? After turning off the illumination, a
comparably fast decay process is observed, and the charge transit
time is found to be 0.90 us for PDAI, and 0.96 ps for both
PEDOT:PSS and PDI. Accordingly, the vertical charge carrier
transit mobility®? is determined to be 2.6, 2.7, and
2.9x 10 *cm?V 's™! for devices with PEDOT:PSS, PDI, and
PDAI, respectively. The results indicate that charge extraction
by PDI and PDAI is similar to that of PEDOT:PSS.

The degree of electronic disorder of the perovskite films
deposited onto the different HTLs was determined from the

100
10
102
103
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10°°
10°®
107
108
10°

EQE normalized

—— PEDOT:PSS E, = 16.3 meV ]
——PDIE, = 16.3 meV 1
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Figure 9. a) Short-circuit photocurrent measured with 50 ps square-pulse illumination. b) Sub-bandgap EQE spectra for the PSCs based on PEDOT:PSS,

PDI, and PDAI HTLs.
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Figure 10. a) Electroluminescence spectra of FAggMAg 34Pbg sSng sl3 PSCs with PEDOT:PSS, PDI, or PDAI as HTL. b) Corresponding external electro-

luminescence quantum efficiency as function of current density.

Urbach energy (E,) obtained by fitting the tail of the EQE spectra
in the sub-bandgap region (Figure 9b). The E, is 16.2 £ 0.1 meV
for all three devices, suggesting a similar semiconductor quality
of FAgpesMAg34PbgsSng sl films when deposited on PEDOT:
PSS, PDI, and PDALP®! Other than this Urbach tail, no
defect-related transitions are observed in the sub-bandgap
region.

The electroluminescence (EL) spectra of the cells with the
three different HTLs were measured and the external EL quan-
tum efficiency was estimated (Figure 10). The EL maximizes at
1.25eV. The EQEgs at a forward current density of
J=30mAcm % (close to Jsc in Table 2) of 8.6x107*
(PEDOT:PSS), 3.4 x 10~* (PDI), and 6.4 x 10~* (PDAI) are
within a close range and suggest voltage losses (AVoc = (kgT/
q)In(EQEg;)) of 0.19 to 0.21V. At the bandgap of 1.23 eV, the
Voc in the radiative limit (Voc raq) is about 0.97 V,” and after
subtracting AV, the estimated Vo is 0.77 £0.01V, in excel-
lent agreement with the experimental values from the J-V char-
acteristics measured under simulated AM 1.5G illumination
(Table 2).

X 10} i
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Figure 11. PCE of unencapsulated PSCs based on PEDOT:PSS, PDI, and
PDAI upon storage in the N, atmosphere at room temperature.
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Finally, the device stability was monitored by tracking the PCE
of the solar cells stored in dry N, atmosphere in the dark at room
temperature (Figure 11). During the tracking period, the PEDOT:
PSS-based devices exhibited a significant PCE decay attributed to
a faster degradation at the interface between PEDOT:PSS and
perovskite (Figure 11).%¢ Interestingly, compared to PEDOT:
PSS and PDI, devices fabricated with PDAI working as HTL
did not show any evidence of degradation, indicating a high sta-
bility. In agreement with the aforementioned statements, this
can be attributed to the protective effect of the self-assembled
HTL, whose robust hydrogen-bonded network preserves the
perovskite solar cell from degradation.

3. Conclusion

In summary, we have evaluated two novel n-conjugated small
molecules, PDI and PDAI, for use as HTLs in narrow-bandgap
PSCs. Both materials are synthesized in a simple two-step pro-
cedure. It is found that such HTLs are suitable to obtain good
quality films of the FAgsMAo 34Pbg5sSng sl; deposited on top.
Compared to PDI, PDAI is more robust against solution-
processed perovskite films favored by its hydrogen-bond-directed
self-assembled arrangement. As a result, the devices with PDAI
show much-improved reproducibility. Compared to PEDOT:
PSS, both PDAI and PDI exhibit similar charge
transport properties in narrow-bandgap solar cells, resulting in
a comparable Voc and FF. In both cases, the use of ultrathin
HTLs enhances the Jsc by changing the optical interference
and reducing parasitic absorption from the PEDOT:PSS layer.
Replacing the PEDOT:PSS HTL also significantly improves
the shelf life of narrow-bandgap solar cells. These results encour-
age further research to explore new self-assembled molecular
materials as interfacial layers in perovskite-based photovoltaics.

Supporting Information

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