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Interfacial layers play very important roles in perovskite solar cells and the enormous diversity of

reported materials has contributed to the outstanding progress of these photovoltaic devices.

Nevertheless, the interfacial materials are commonly developed to be used in solar cells with a specific
architecture, either conventional (n—i—p) or inverted (p—i—n). We report the exceptional performance of
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a small molecule, whose structural features, based on hydrogen bond-directed self-assembly, allow its
application as hole transporting layer (HTL) in n—i-p and p—i—n perovskite solar cells with the same
efficiency. This particularity has been investigated through a comparative study with a very similar mole-

cule that cannot self-assemble, evidencing the benefits of the structural integrity of hydrogen bonded

rsc.li/frontiers-materials

Introduction

Perovskite solar cells have become an emerging photovoltaic
technology with promising prospects.' The impressive improve-
ment in the power conversion efficiency (PCE) along the last
decade has reached a maximum value higher than 25%,>*
which makes these devices an inspiring alternative for the
development of future generation solar cells. The continuous
progress in the performance of perovskite solar cells involves a
multidisciplinary research effort seeking for the optimization of
many different features such as perovskite composition, fabri-
cation methods, and development of innovative materials
(additives, passivating agents, dopants, hole transport layers,
HTLs, and electron transport layers, ETLs)." Moreover, this
motivating evolution has been simultaneously achieved for
the different architectures of perovskite solar cells, namely
the conventional, n-i-p (mesoporous and planar),”® and
the inverted, p-i-n (planar).”® In this regard, the stratified
architecture of perovskite solar cells, essentially consisting of
the external electrodes, the interfacial layers, and the active
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HTLs in terms of charge extraction and recombination, independently on the device architecture.

layer, has been a common design for the fabrication of these
devices.” To a great extent, the optimization of the efficiency
has been achieved by exploring a plethora of interfacial layers,
including both HTLs and ETLs.’ The critical importance of
these layers is necessarily linked to the roles they play:
(i) selective charge carrier extraction from the active layer;
(i) charge carrier transport to the electrodes; (iii) protection
and stabilization of the perovskite active layer. To fulfil these
functions, the interfacial layers must ideally meet certain
requirements: (i) transparency to the solar radiation not to
interfere with the absorption, at the active layer, of the incident
sunlight or the light reflected within the solar cell; (ii) energy
level alignment between the highest occupied molecular orbital
(HOMO) and the valence band edge of the perovskite, in the
case of HTLs, or the lowest unoccupied molecular orbital
(LUMO) and the conduction band edge of the perovskite in
the case of the ETLs; (iii) energy level alignment between the
HOMO (LUMO) of the HTL (ETL) and the work function of the
corresponding electrode (transparent or metallic) depending
on the architecture of the solar cell, i.e., n-i-p or p-i-n; (iv) high
LUMO energies, in the case of HTLs, or low HOMO energies, in
the case of ETLs, to block wrongly directed charge carries
within the solar cell; (v) good charge mobility to get a balanced
transport of both holes and electrons; (vi) adequate film form-
ing ability to avoid rough interfaces; (vii) compatible functio-
nalization to interact with the perovskite interface. Given the
abovementioned roles of the interfacial layers, all these features
aim at the main objective of reducing the charge accumulation
and recombination in the solar cell to improve its performance.
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Concerning the research about HTLs an immense diversity
of materials has been reported.’®"" Excellent results have been
achieved for different approaches related to inorganic
materials’>'?® and organic materials, where, in turn, we could
make a difference between polymers and small molecules.'*™”
Typically, these materials have been processed as thin films,
but small molecules have lately gained much attention because
of their integration as self-assembled monolayers.'®*>° Focus-
ing on the organic HTLs, the devices that have reached record
efficiencies correspond to doped hole transporting materials.
Although, this is not an unfavorable aspect of the perovskite
solar cells, because the reported efficiencies are a proof of the
validity of doped interfacial layers, the necessity of optimizing
the devices with dopant-free HTLs has been convincingly
argued. The reasons for that are related to the detrimental
effect that dopants have on the chemical degradation of the
perovskite layers and to the simplification on the number of
components employed in the fabrication of the solar cells,
affecting the fabrication protocol itself and the manufacturing
costs. Accordingly, the development of dopant-free HTLs has
become a very active research topic that has contributed to the
progress of this technology.?'”>* At this point, it is important to
highlight that despite the myriad HTLs reported in the litera-
ture, these have been normally developed for a specific solar
cell architecture, either n-i-p or p-i-n. Moreover, it is com-
monly found that those materials performing well for a certain
architecture, do not perform equally well for the opposite
architecture, as it was pointed out by Grisorio et al. a few years
ago.” In fact, very few precedents have been reported for hole
transporting materials that lead to similar efficiencies in perovs-
kite solar cells with conventional and inverted architectures.”®
Certainly, this could be a very interesting approach for general-
izing the fabrication methodologies of perovskite solar cells.
Nevertheless, there are so many different aspects that affect the
performance of solar cells (fabrication method and fabrication
conditions, thin film properties, material and/or mixed materials
purity and composition, to mention a few), and in some cases
are so difficult to control, that it makes very intricate to find
materials with dual applicability. A possible rational approach
to this objective would require the use of materials whose
structure is not affected when its thin film is processed in
combination with different adjacent layers. As we have recently
reported, the robustness of organic semiconductors can be
enhanced by controlling their solid state structure through
hydrogen-bond directed self-assembly.>’>° The strength of
hydrogen bonding, within the context of non-covalent inter-
actions, bestows the desired stability to the supramolecular
self-organization of molecular materials. To further explore this
hypothesis, we report herein a comparative study of two struc-
turally related molecules, namely anthradi(7-azaindole), ADAI,
and anthradiindole, ADI, (Fig. 1). Whereas ADAI presents a
centrosymmetric structure with hydrogen bond donor and accep-
tor sites strategically located to set reciprocal hydrogen bonds,
ADI, with a very similar centrosymmetric structure, lacks the
hydrogen bond acceptor sites and cannot self-assemble through
hydrogen bonding. Both molecules have been integrated as HTLs
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Fig. 1 ADI and ADAI structures (HBA: hydrogen bond acceptor site; HBD:
hydrogen bond donor site).

in perovskite solar cells with n-i-p and p-i-n architectures where
we have observed an excellent consistency of the performance for
the devices fabricated with the self-assembled material, ADAI,
that has not been shown by the analogous ADI.

Results and discussion

The synthesis of ADAI and ADI has been reported elsewhere.””
Their electronic structures have been determined through the
combination of UV-vis spectroscopy and cyclic voltammetry. In
this regard, the optical absorption bands are mainly located in
the UV and extending towards the blue region of the visible
spectrum (Fig. 2). Dissolved in dimethylformamide (DMF at
2.5 x 107> M), ADI and ADAI display two bands characteristic
for fused polyaromatic systems: a strong band at about 335 nm
and a less intense band at 420 nm, each with a superimposed
fine structure resulting from coupling to the C=C stretch
vibrations. In acenes these transitions are polarized along
the long and short axes of the molecules, respectively.’® In
thermally evaporated thin films, the spectra of ADI and ADAI
are bathochromically shifted and more complex due to inter-
molecular interactions.*'*> For ADI, the first peak at 451 nm is
relatively intense. This suggests J-type aggregation in which the
short axes of adjacent chromophores are in a slipped co-facial
orientation. This is in agreement with the 23-24° tilt angle of
the connector between the centroids of the n-n stacked mole-
cules and their short axes as inferred from the crystal structure

1.0 -=-=-=- ADI solution
—— ADI thin film
---- ADAI solution

0.8 —— ADAI thin film

0.6

0.4

0.2

Normalized absorbance

0.0

450

500 550

Wavelength (nm)

Fig. 2 Normalized absorption spectra in DMF solution (2.5 x 10> M) and
as thin films on quartz substrates, deposited by thermal evaporation in high
vacuum (1077-10"% mbar).
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Table 1 Optical and electrochemical characterization

Jonset” (MM) Eope” (€V) Eonset ox. (MV) HOMO® (eV) LUMOY (eV)

ADAI 463 2.68 1000 —5.36 —2.50
ADI 471 2.63 776 —5.14 —2.31
“Thin film absorption spectrum.® Eope = 1240/Zonget © Enomo =

_e(Eonset ox. — Eonset ox. Fc/Fc+) + Enomo Fe (FC stands for ferrocene;

Eonset ox. Feffer = 0.44 V; Exomo re = —4.8 €V). “ Erumo = Exomo + Eopt-

(Fig. 4 and Fig. S1, ESIf). For ADAI the long-wavelength
absorption increases more slowly from its onset and reaches
a first maximum at 427 nm. Such spectra are often indicative of
H-type aggregation, in which chromophores are packed on top
of each other, in agreement with a much larger tilt angle of
87-88° in the slipped-stack packing (Fig. 4 and Fig. S1, ESI¥).
According to the onset of the lowest energy band, the thin films
of both materials have a wide optical bandgap (ADAI: 2.68 eV;
ADI: 2.63 eV), which makes these molecules virtually transpar-
ent to the visible and near-infrared radiation.

The cyclic voltammograms showed irreversible oxidation
waves whose anodic onsets (ADAIL: 1.00 V; ADI: 0.78 V) evidenced
the electronic effect of the pyridine rings in the ADAI structure. In
consequence, the HOMO energies estimated from the electro-
chemical data displayed a deeper value for ADAI (—5.36 eV) than
ADI (—5.14 eV) (Table 1). By adding the energy of the optical
bandgap to the HOMO energy, the LUMO energy was indirectly
estimated (LUMOpap: —2.50 €V; LUMOpp;: —2.31 eV).

Considering the architectures of the p-i-n and n-i-p solar
cells where these molecules will be incorporated as HTLs, they
both show suitable energy level alignment with the valence band of
the CH3;NH;PbI; perovskite active layer that will be used in this
case (Fig. 3), as well as with the work functions of the ITO (—4.7 eV)
and gold (—5.1 eV) electrodes adjacent to the HTLs in the solar
cells with inverted and conventional architectures respectively.
Then, the interfacial energy gradient at both sides of the HTLs
should favor hole extraction. Moreover, the depicted LUMO energies
are high enough to block electrons generated in the active layer.

The solid state structure of these molecules, determined by
X-ray diffraction experiments, shows significant differences
(Fig. 4). As intended, the 7-azaindole units integrated in the
centrosymmetric ADAI structure promote the formation of
reciprocal hydrogen bonds between the N-H in the pyrrole ring

-2.31
-2.50

-3.8

CH,NH,Pbl,

-5.14

-5.36
Fig. 3 Energy levels at the HTL/perovskite interface.

-5.4
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Fig. 4 Crystal structures of (a) ADAI (dotted lines represent hydrogen
bonds) and (b) ADI.

and the nitrogen in the pyridine ring. This results in a
hydrogen-bonded ribbon-like structure that leads to a supra-
molecular organization of the conjugated molecules which are
almost coplanar. Consequently, the m-stacking of adjacent
ribbons produces a slipped-stack columnar arrangement where
molecules are densely packed. When the crystal structure is
expanded, neighbor ribbons define a highly ordered sequence
of stacked molecules. Differently, ADI molecules pack following
a herringbone pattern, mainly governed by edge-to-face (C-
H---m and N-H- - 1) and face-to-face interactions. These differ-
ences in the crystal packing and the intermolecular contacts
entail a higher density in the case of ADAI and should have an
effect on the charge transport properties of these materials.

The hole transporting ability of these materials was deter-
mined through the fabrication of single carrier devices with the
architecture ITO/MoOs;/HTM/Mo0Os/Ag. The current density vs.
voltage (J-V) characteristics (Fig. S2, ESI#) show the two transport
regimes, namely ohmic (at lower applied voltages) and space
charge-limited current (SCLC, at higher voltages). Hole mobili-
ties are determined by fitting the SCLC range to the Murgatroyd
equation.®® Interestingly, the mobility obtained for ADAI (u, =
1.1 x 10”* em” V' s7') is almost one order of magnitude higher
than that determined for ADI (u, = 1.2 x 107> cm®* V ' s71),
indicating that the molecular arrangement induced by hydrogen
bond-directed self-assembly benefits the charge transport in
ADAI The higher mobility of this material can contribute to a
better charge extraction when integrated into the solar cell
architecture as it will be shown below.
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To study the dual use of ADAI and ADI as HTLs and [6,6]-
phenyl-Ce;-butyric acid methyl ester ((60]JPCBM) as ETL in perovs-
kite solar cells, devices with p-i-n architecture (ITO/HTL/
CH;NH;PbI;/[60]PCBM/LiF/Al) and n-i-p architecture (ITO/SnO,/
[60]PCBM/CH;3NH;PbI;/HTL/Mo0O3/Au) were fabricated. The
details for the fabrication of the solar cells are provided as ESL#
Additionally, we compared the performance of these dopant-free
molecular materials to that of well-established HTLs in perovskite
solar cells, such as poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS), for the inverted architecture, and 2,2',7,7’-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9"-spirobifluorene (Spiro-
MeOTAD), for the conventional one. It is worth mentioning that
the formulation with polystyrenesulfonate makes that PEDOT:PSS
can be considered as a self-doped polymer HTL. Similarly,
the reference devices fabricated with Spiro-MeOTAD also
included lithium bistrifluoromethanesulfonimidate (Li-TFSI),
4-tert-butylpyridine (TBP), and the cobalt complex FK209 as
additives and dopants. The stabilized -V characteristics for the
best performing devices are represented in Fig. 5, (forward and
reverse scans are displayed in Fig. S3, ESIf) and the solar cell
parameters are summarized in Table 2.

The results evidenced that the hydrogen-bonded material,
ADAI, clearly outperformed its analog, ADI, in both architec-
tures, showing higher open-circuit voltage (V,.), short-circuit
current density (Jsc), fill factor (FF), and power conversion
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efficiency (PCE), as well as much lower hysteresis index (HI).>*
Besides, the most remarkable outcome of this investigation is the
excellent uniformity of the solar cell performance incorporating
ADAI as HTL, independently on the device architecture, as well as
the better efficiencies reached in p-i-n and n-i-p devices, even
when compared to the reference materials PEDOT:PSS and doped
Spiro-MeOTAD. These features are ascribed to the particular
structural and charge transporting properties that hydrogen
bond-directed self-assembly bestows to the interfacial material.
The similarity in the device performance between the p-i-n and
n-i-p devices made using ADAI, suggests that there are no major
differences in the ADAI layers deposited on ITO (in p-i-n) or on
the perovskite (n-i-p). While the orientation of organic molecules
in thin films may differ depending on the surface energy and
roughness of the substrate,>*® we previously found that this
material does not alter its molecular organization when evapo-
rated as thin film and hydrogen bonding is a useful driving force
to obtain materials with consistent properties.”” The external
quantum efficiency (EQE) spectra, acquired with bias illumina-
tion to simulate conditions corresponding to the standard solar
spectrum (AM1.5G, 100 mW cm™2), showed a noticeably better
photon-to-electron conversion in the p-i-n devices fabricated
with ADAI when compared to ADI and PEDOT:PSS. These differ-
ences were still significant in the n-i-p devices when comparing
ADAI to ADI, but only marginal when comparing ADAI and doped
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0.50 0.75 1.00

Voltage (V)
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80l m |
— .
X N}M .
< 60 4P 4 4
(NN} 7 AL
G o ]
w —A— PEDOT:PSS
—e— ADI
20+ —u— ADAI g
0 1 1 1 1
300 400 500 600 700 800
Wavelength (nm)
(d) 100 —
80 1
o\\°/ 60 1
L
8 40 —e— ADI (dopant-free)
—#— ADAI (dopant-free)
20l —a&— Spiro-MeOTAD (doped)
0 L 1 1 1
300 400 500 600 700 800

Wavelength (nm)

Fig. 5 Stabilized J-V characteristics and external quantum efficiency (EQE) spectra for p—i—n (a and b) and n—i—p (c and d) architectures, respectively.
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Table 2 Solar cells parameters under standard 1.5AM illumination
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Vo (V)

Jsc (mA em™?) Js¢ (mA em™2)*

p-i-n

PEDOT:PSS 18.62 (18.48 £ 0.35) 16.97
ADI 14.85 (15.52 % 0.76) 16.28
ADAI 19.40 (19.15 + 0.19) 19.88
n-i-p

Spiro-MeOTAD (doped) 20.09 (19.67 + 0.59) 20.24
ADI 16.68 (16.90 + 0.44) 18.77
ADAI 20.48 (20.33 + 0.14) 20.46

1.00 (0.96 + 0.03)
0.94 (0.90 + 0.04)
1.04 (1.05 + 0.01)

1.11 (1.12 + 0.01)
0.89 (0.88 + 0.02)
1.07 (1.08 + 0.01)

FF PCE (%) PCE®® (%)* HI

0.73 (0.76 + 0.02) 13.75 (13.51 + 0.28) 12.39 0.023
0.51 (0.57 + 0.04)  8.49 (7.64 + 0.84)  9.33 0.095
0.77 (0.75 £ 0.02) 15.50 (15.00 + 0.48) 15.92 0.027
0.66 (0.62 + 0.06) 14.76 (13.68 + 1.53) 14.83 0.007
0.44 (0.44 + 0.02)  6.61 (6.47 + 0.50)  7.35 0.147
0.70 (0.66 + 0.04) 15.30 (14.73 + 0.73) 15.32 0.007

sc calculate integration of the spectrum with the .5G spectrum. calculated from Jgc. Average parameters and standar
“ J3& calculated by integration of the EQE sp ith the AM1.5G sp b pCES® calculated fi 8. Average p. d dard

deviation are given into brackets. ¢ HI: hysteresis index.

Spiro-MeOTAD, with the ADAI reaching a higher response for
wavelengths above 650 nm. The integration of the EQE spectra
led to J5¢ values that matched well those directly determined
from the J-V curves.”” The higher quantum efficiencies are
related to the larger Jsc measured for ADAL

The morphology of the HTLs and the perovskite layers was
evaluated by atomic force microscopy (AFM) and scanning elec-
tron microscopy (SEM). The HTLs deposited onto ITO substrates
exhibited similar morphological features with small round-
shaped grains homogenously covering the entire substrate sur-
face, which contrast to the featureless morphology of the PED-
OT:PSS layer (Fig. 6a—c). A rougher surface was observed for the
ADI films compared to both ADAI and PEDOT:PSS. As can be
seen in the SEM images (Fig. 4d-f), these differences in the
underlying HTL affect the morphology of the perovskite depos-
ited atop. In this regard, the perovskite grown on PEDOT:PSS
showed granular domains with different sizes that leave some
voids at the grain boundaries (Fig. 4d).*® On the other hand, the
perovskite layers deposited on the small molecular HTLs (Fig. 4e
and f) exhibited a more compact surface morphology.

To better understand the charge transfer processes at the HTL/
perovskite interface, steady-state photoluminescence (SSPL) experi-
ments and time-resolved photoluminescence (TRPL) measurements

PEDOT:PSS

Fig. 6
images of the perovskite layer coated on the indicated HTL.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 4019-4028

were performed. The perovskite fluorescence was compared to
that of the perovskite with the HTLs located underneath or atop
to reproduce the deposition sequence of the layers used in the
p-i-n and n-i-p configurations, respectively (Fig. 7). The
presence of HTLs causes fluorescence quenching of the pristine
perovskite, possibly because free holes generated upon exciting
the perovskite layer are transferred to the HTL and contribute to a
loss of radiative recombination.*® The larger quenching observed
for ADAI is ascribed to its better robustness to the solution
processing of the perovskite layer deposited on the HTL, due to
the effect of the hydrogen bonded structure.”® This fact was also
demonstrated acquiring the absorption spectra of the films of the
HTLs before and after performing a DMF wash using the same
deposition conditions as for the perovskite layer (Fig. S4, ESI%).
The ADAI film remained virtually unchanged whereas the ADI film
was partially washed away. The effect of the deposition sequence is
further evidenced by the larger quenching observed when the
HTLs are deposited on the perovskite layer. Anyhow, these results
show the better consistency in the performance of the self-
assembled ADAI as HTL in the two configurations.

The dynamics of the interfacial charge transfer were char-
acterized by TRPL experiments using the time-correlated single
photon counting (TCSPC) method. The photoluminescence

(a—c) Tapping mode 2 pm x 2 um atomic force microscopy images of the indicated HTL on ITO; (d—f) Top-view scanning electron microscopy

| 4023
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Fig. 7 Photoluminescence spectra registered by excitation of the per-
ovskite through the HTL interface. The relative position of the HTL with
respect to the perovskite is indicated.

decay was fitted to a bi-exponential model (Fig. S5, ESIf).
Concerning the two temporal regimes, the faster decay, 14, is
ascribed to charge transfer from the perovskite to the HTL and/
or interface recombination, whereas the slower component, 1,,
is attributed to bulk and/or surface recombination.’>*' When
comparing to the pristine perovskite layer, a much shorter 7,
lifetimes (2-3 vs. 22 ns, Table S1, ESIi) is detected in the
presence of ADI or ADAI This is consistent with the loss in
PL intensity (Fig. 7) and interpreted as a fast charge transfer
process from the perovskite to the HTL that reduces radiative
recombination. The enhanced non-radiative recombination
compared to the pristine layer will reduce the maximum
attainable V,, but as can be seen in Table 2 the V. of the cells
with ADAI is comparable to that obtained for the reference
devices with p-i-n and n-i-p architectures using PEDOT:PSS or
Spiro-MeOTAD as HTL. On the other hand, ADI provides a
consistently lower V.

To further investigate the effect of the HTLs on the charge
recombination mechanisms and its relationship with the
performance of the solar cells, Jsc and V,. were probed by
increasing the intensity of the incident light. The experiments

4024
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were performed by illuminating the devices with blue (4 =
405 nm) and red (/ = 730 nm) monochromatic LEDs.*> Because
of lower absorption coefficient red light penetrates further into
the active layer and provides results useful for the evaluation of
recombination in the bulk of the perovskite layer. In contrast,
blue light is mainly absorbed at the front perovskite/HTL (for
p-i-n) or perovskite/ETL (for n-i-p) interface, which can
be helpful to study the perovskite interfacial section. The
dependence of Jsc on the light intensity, expressed as photon
flux (@), is modelled by the equation: Jsc= C®*, where C and «
are constants.*>** A double logarithmic representation shows a
linear relationship between Jsc and @ (Fig. 8a and b inset) with
the slope corresponding to «. Ideally, this exponent should have
a value o =~ 1, if bimolecular recombination of the photogen-
erated free charges and space-charge effects are not signifi-
cantly affecting the performance of the solar cell.**** To better
analyze the evolution of o with the light intensity, o values are
assessed as o = log(Jsc/C)/log @ and plotted as a function of
log @ (Fig. 8a and b). It is worth highlighting that the devices
fabricated with ADAI and ADI present o very close to the ideal
value which remains consistent with red and blue lights at
different intensities, in either p-i-n or n-i-p architectures.
These results indicate that the evaluated undoped materials
can efficiently extract the photogenerated charges at short-
circuit without a relevant contribution of bimolecular recombi-
nation pathways independently on their relative position with
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Fig. 8 Evolution of o and short-circuit current (inset) as a function of the
photon flux (@) in devices with (a) p—i—n and (b) n—i—p configuration.
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respect to the active layer. A similar behavior was observed for
the doped Spiro-MeOTAD in n-i-p solar cells. Nevertheless,
PEDOT:PSS-based p-i-n devices showed a more noticeable
deviation from ideality (0treq = 0.966; tpjye = 0.947).

To analyze the recombination mechanisms at open circuit,
the Voc was measured by increasing the incident light intensity
(Fig. 9a and b). The Vo dependence on light intensity follows
the equation Voc = % — —nid];BT
the bandgap, niq is the ideality factor, kg the Boltzmann
constant, T the absolute temperature, and g the elementary
charge. Generally, as a figure of merit, an ideality factor of 1
is related to a predominant band-to-band radiative recombina-
tion, whereas a value of 2 is associated to a larger impact of a
trap-assisted Shockley-Read-Hall (SRH) recombination.*® The
ideality factors extracted from the slope of the V,. vs. @ plot in
the higher intensity range are listed in the legends of Fig. 9a
and b. Thus, regarding the devices with inverted configuration,
the use of ADAI as HTL led to n;q values that can be associated
to the occurrence of combined recombination mechanisms
with either blue or red illumination. In the case of ADI, a

d
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Fig. 9 Semilogarithmic representation of the open-circuit voltage as a
function of @ in devices with (a) p—i—n and (b) n—i—p configuration. Light
ideality factors are indicated in the legends.
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similar situation was detected with blue light. However, these
devices exhibited a larger contribution of trap-assisted recom-
bination, as it can be inferred from the 7;q value measured with
red light, leading to a lower V..

As far as the n-i-p devices are concerned, higher ideality
factors are obtained for ADI and ADAI This result is more
pronounced in the case of ADI, showing a more evident effect
of trap-assisted recombination (Fig. 9b). Conversely, undoped
ADAI stays closer to the results obtained for the reference solar
cell fabricated with doped Spiro-MeOTAD, whose njq values
indicate that SRH recombination pathway seems to prevail, in
combination with a band-to-band mechanism.*” The ideality
factors do not strongly depend on the illumination wavelength.
The fact that the ideality factors are consistently higher for ADI
compared to ADAI, while the V. is much less for ADI shows that
ADAI reduces the effect of charge trapping in the recombination.
Both in p-i-n and n-i-p devices, ADAI provides consistently
higher V,, values. This shows again the versatility of this material
as HTL in devices with conventional and inverted architectures.

To identify the interactions taking place at the perovskite/
HTL interface that can affect the solar cell performance, X-ray
photoelectron spectroscopy (XPS) experiments were performed
with perovskite samples covered by an ADI or ADAI layer (5 nm
thick) deposited via thermal evaporation (Fig. 10). The XPS
spectra of the Pb 4f core level of the perovskite comprises two
symmetric peaks corresponding to the Pb 4f;,, and Pb 4f,, levels
located at binding energies (BE) of 138.8 eV and 143.7 eV,
respectively.*® These peaks were shifted 0.3 eV and 0.6 eV towards
lower BE values in the samples coated with ADI and ADAI,
respectively. The larger shifts detected in the case of ADAI are
indicative of stronger interactions.*® In this regard, the electron
lone pair of the nitrogen atom in the pyridine rings of ADAI can
interact with the lead cations, particularly those at the surface of
the perovskite layer, with vacancies in their coordination
sphere.”® The XPS spectra of the N 1s were also measured for
the pristine perovskite, showing the peak of the methylammo-
nium (MA) cation at 402.7 eV, and the perovskite/HTL bilayers.
Two peaks were clearly resolved for the sample containing ADI,
ascribed to the Npyrrole (400.3 €V) and the Ny, (402.4 €V). The
spectrum corresponding to the sample containing ADAI was
deconvoluted to obtain the three expected peaks, namely Nyyridine
(399.2 €V), Npyrole (400.3 €V) and Ny, (401.8 eV). Whereas the
possible interaction between the perovskite and the HTL is
evidence by the shift of the Ny, peak, it is also worth highlighting
that the Npyrigine peak is shifted to higher energies with respect to
the BE reported for the pyridine (398.8 eV)*! indicating a coordi-
native interaction with the lead cations. These results addition-
ally indicate the adequacy of the ADAI structure to work as
interfacial layer and reinforce its versatility as HTL to be used
in solar cells with conventional and inverted architecture.

Conclusions

In summary, it has been demonstrated that the rational
design of polyheteroaromatic systems to promote hydrogen
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Fig. 10 Pb 4f and N 1s core level XPS spectra of bare CH3sNHzPbls and CHsNHzPbls coated with ADI and ADAI.

bond-directed self-assembly can become a suitable approach
for the development of novel charge transporting materials.
The particular structural features, based on the integration of
7-azaindole into the conjugated skeleton of ADAI, have led to
the convergence of several properties that result in a versatile
dual interfacial layer. Thus, hydrogen bonding bestows robust-
ness to the material that admits the processing of adjacent
films in different device architectures. Self-assembly also
favours the nanostructuration of the material, its compatibility
with an appropriate perovskite morphology and the improve-
ment of the charge transport ability. Additionally, the presence
of coordinating sites in the ADAI structure allows the
defect passivation of undercoordinated lead cations at the
surface of the perovskite layer, becoming an additional feature
for improving its performance as dopant-free interfacial layer in
p-i-n and n-i-p solar cells, and outperforming reference HTLs
specific of each architecture.
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