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Hybrid perovskites stand out as one of the leading materials in the new
generation of photovoltaics. Their stability under operating conditions,
however, remains an ongoing challenge. In particular, aging at the interface
with the charge transport materials contributes to the degradation during
operation. To address this, functionalized triarylamine-based modulators are
employed, which are known to form hole-transporting supramolecular stacks,
at the interface between the perovskite active layer and the hole-transporting
material in conventional perovskite solar cells. As a result, the improvements
of the operational stabilities are demonstrated without compromising
device performances, providing a promising strategy for advancing
photovoltaics.
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1. Introduction

Hybrid perovskite solar cells have
reached remarkable performances over
the past decade.[1] This has been, how-
ever, accompanied by limited stabilities
under device operating conditions of
voltage bias and light.[1–4] One of the
main factors contributing to the lim-
ited stability during operation is ion
migration, which can induce degra-
dation processes, particularly at the
interface with the selective charge-
transport layers.[4–7] This is further pro-
nounced for organic hole-transporting
materials, such as the commonly
employed 2,2′,7,7′-tetrakis[N,N-di(4-
methoxyphenyl)amino]−9,9′-spirobifluo-
rene (spiro-OMeTAD), which feature low

conductivity in the order of 10−6 cm2 V−1 s−1 that
requires doping with metal salts, such as lithium
bis(trifluoromethylsulfonyl)imide.[4,8–10] To prevent the detri-
mental ion migration across the interface,[5–7] the use of thin
interlayers of molecular assemblies or graphene composites
has been particularly effective.[2,4,11–14] However, most of these
layers interfere with hole transport and often compromise
the performances, stimulating the development of alternative
strategies.[4]

Triarylamines (TAAs) are common constituents of hole-
transporting materials in perovskite solar cells that feature
superior durability[15] as well as the potential for interfacial
passivation.[16,17] In addition, functionalized TAAs have the ca-
pacity to form supramolecular stacks, and it was shown that
adding supplementary hydrogen bonding moieties, such as
amide functions, enables assembling TAA molecules into highly
organized supramolecular structures (Figure 1),[18–23] which can
be doped by light or electrochemical activation.[18–21] Such par-
tial oxidation of TAA results in an enhanced delocalization of
charge carriers along the supramolecular wires with exceptional
hole-transporting performances.[22,23] While other amide-based
hole-transporting materials[24–26] and additives[27,28] have shown
promise in perovskite photovoltaics, TAA-based assemblies have
so far not been used as interfacial modulators in perovskite solar
cells.

In this study, we have assembled TAA trisamides at the
interface between hybrid perovskites and the hole-transport
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Figure 1. TAA modulation in perovskite solar cells. a) Schematic of a perovskite solar cell with the active layers and the structure of the triarylamine
(TAA) employed in this study (n = 11) at the interface with the hole-transporting material (HTM). b) TAA self-assembly in a supramolecular stack.[22,23]

layers and investigated the structural and optoelectronic char-
acteristics in thin films and perovskite solar cells. We ob-
tain more operationally stable solar cells without compro-
mising their resulting photovoltaic performances, offering a
promising strategy for advancing material design in perovskite
photovoltaics.

2. Results and Discussion

Films of hybrid perovskites based on the FA0.97MA0.03Pb(I0.97
Br0.03)3 composition were deposited on glass substrates via two-
step spin-coating in accordance with reported procedures, as de-
scribed in the experimental section of the Supporting Informa-
tion (Figures S1–S7).[29–31] We analyzed a series of TAA moieties
functionalized with different alkyl chain lengths, identifying the
modulators that are compatible with the use of orthogonal sol-
vents for the preparation of thin films. In particular, only the
TAA derivative with the longest alkyl chain length (n = 11, Figure
1a) demonstrated solubility in the appropriate solvents (i.e.,
chlorobenzene and 1,1,2,2-tetrachloroethane). This permitted
modulation of the interface with the hole-transporting layer from
the corresponding TAA solution in 1,1,2,2-tetrachloroethane in
concentrations of 0.5 mg mL−1 followed by annealing for 10 min
at 100 °C, as detailed in the experimental section. Hereafter, the
pristine perovskite films or devices are referred to as the con-
trol, and TAA-treated (i.e., modulated) ones are abbreviated as
TAAT.

The structural properties of the films were investigated by us-
ing X-ray diffraction (XRD; Figure 2a). XRD patterns of the TAAT
films closely matched those of the control perovskites, suggest-
ing comparable structural characteristics of the perovskite layer,
which was corroborated by grazing incidence wide-angle X-ray
scattering (GIWAXS) measurements (Figure S1, Supporting In-
formation). This was further in accordance with the IR spectra
(Figure S2, Supporting Information), suggesting weak interac-
tions that do not alter the perovskite structural integrity. However,
X-ray photoelectron spectroscopy (XPS) of the films revealed Pb
4f7/2 and 4f5/2 peaks at 138.77 and 143.66 eV, respectively, includ-
ing additional signals at 136.98 and 141.83 eV for the control film
that correspond to the metallic Pb0. These signals were not ob-
served in the treated films, suggesting that the TAA interacts with
Pb on the surface (Figure 2b). The surface of the films was further
assessed by scanning electron microscopy (SEM, Figure 2c–d and
Figure S3, Supporting Information) and atomic force microscopy
(AFM, Figure S4, Supporting Information), without a precise es-

timate of the thin TAA layer thickness, suggesting a comparable
morphology in the presence of modulators even upon ultraviolet
(UV) irradiation of the films.

In accordance with the structural and morphological char-
acteristics, optical properties of hybrid perovskite thin films
were not substantially affected by the presence of TAA moi-
eties and their assemblies at the perovskite layer, as suggested
by UV–vis absorption spectroscopy (Figure 2e). Moreover, the
corresponding Tauc plots (Figure 2f) show a comparable opti-
cal bandgap of the TAA-modulated perovskite and the control
samples of 1.54 eV, which is relevant for maintaining competi-
tive photovoltaic performances of the resulting perovskite solar
cells.

The photovoltaic performances were investigated in the
conventional n-i-p device configuration of fluorine-doped
tin oxide (FTO)/compact TiO2 (≈60 nm)/ mesoporous (mp)
TiO2 (≈150 nm)/ perovskite (≈650 nm)/ spiro-OMeTAD
(≈150 nm)/Au (≈80 nm) (Figure 1) with and without TAA at
the interface between the perovskite and hole-transporting
material (Figure 3, Table 1). To demonstrate the gener-
ality of the approach, we have also analyzed alternative
(FA0.9MA0.1)0.95Cs0.05Pb1.03(I0.93Br0.1)3 perovskite composi-
tions, showing an enhancement of the open-circuit voltage (VOC)
and the resulting power conversion efficiencies (Figure S6,
Supporting Information), despite comparable structural and op-
toelectronic characteristics (Figure S7, Supporting Information).
This is similar to the previous reports based on other amide
additives,[27,28] leading to comparable performances of up to
around 20% power conversion efficiency (PCE) for champion
devices (19.8%; Table 1). Overall, TAA modulation resulted in
comparable short circuit current density (Jsc) and fill factor (FF)
across perovskite compositions, leading to an enhancement of
photovoltaic metrics (Figure 3, Table 1, and Figures S5,S6, Sup-
porting Information), which can be further optimized beyond
the scope of this study.

To gain insights into the mode of action of TAA in perovskite
devices, we conducted steady-state (SS) and time-resolved (TR)
photoluminescence (PL) measurements.[32–34] TRPL measure-
ments of control and TAAT films on glass showed a faster de-
cay for TAAT compared to that of the control within the ini-
tial 50 ns (Figure 4a). By applying a mono-exponential fitting
of TRPL curves, the decay time was estimated to be more than
ten times faster for TAAT than that of the control films (Table
S1, Supporting Information). This initial fast decay is a sign of
hole injection from the perovskite film into TAA, suggesting
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Figure 2. Effect of TAA-modulation (TAAT) on the properties of perovskite films. a) XRD patterns, b) Pb 4f core level XPS spectra (asterisk indicates the
signals corresponding to the metallic lead, Pb0), c–d) SEM images of thin films, and e) UV–vis absorption spectra, with f) the corresponding Tauc plots
of the control (black) and TAAT (red) films on microscope glass slides with the energy bandgap (Eg) of 1.54 eV.

that TAA does not act as a barrier layer for charge extraction,
which was in good agreement with the comparable device fill fac-
tor. Furthermore, the SSPL spectra revealed an emission peak at
≈ 800 nm, with a photoluminescence quantum yield (PLQY) of
4.5% for the control, which is an order of magnitude greater than
that observed for the TAAT samples (0.4%; Figure 4b). This indi-
cates a possible increase in non-radiative recombination losses
at the interface of the perovskite film upon modulation, such as
due to charge accumulation (i.e., holes in TAA and electrons in
the perovskite layer). The introduction of spiro-OMeTAD led to
comparable PL and PLQY (Figure 4c), suggesting that TAA does
not increase non-radiative recombination in the device but acts
as a charge-mediating transfer layer. This feature distinguishes
TAA from other amide-based modulators applied to perovskite
photovoltaics to date,[27,28] offering comparable performance
(Table 1).

These changes in photovoltaic performances, however, sug-
gest that supramolecular wiring was not likely to occur or play
a substantial role under these experimental conditions, possi-
bly due to an unfavorable orientation of TAA stacks at the in-
terface, which requires further optimization. This would require
better control of the morphology of the films and their orienta-
tion, such as through the use of alternative solvent systems to
control the supramolecular assemblies.[18–21] Such modulation
can nonetheless be relevant for the resulting operational stabili-
ties that are primarily affected by the interface with the charge-
selective transport layers. The stability of solar cells was thereby
further investigated by monitoring the evolution of the perfor-
mances under continuous operation. Unlike control devices, the
modulated samples maintained over 80% of their performance
for more than 1000 h, showing increased operational stability
compared to the control (Figure 5a). This can be partly ascribed

Adv. Mater. Interfaces 2024, 2301053 2301053 (3 of 7) © 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202301053 by C
ochrane France, W

iley O
nline L

ibrary on [01/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 3. Photovoltaic device performance. Photovoltaic metrics of control (black) and TAAT (red) devices based on FA0.97MA0.03Pb(I0.97Br0.03)3 com-
positions. Experimental details with the representative J-V curves and performance metrics of other devices are shown in the Supporting Information
(Figures S5–S7, Supporting Information).

to the increased hydrophobicity upon modulation, as suggested
by contact angle measurements (Figure 5b), as well as improved
contacts with the hole-transport layer that contribute to the over-
all stability.

In summary, we investigated the effect of triarylamine
trisamide (TAA) derivatives as interfacial modulators be-
tween the perovskite absorber and hole-transporting layers
in perovskite solar cells. We identified the contribution of
the TAA modulators to interfacial charge extraction through
a combination of techniques, including time-resolved photo-
luminescence and photoluminescence quantum yield spec-
troscopy, resulting in an enhancement of operational sta-
bilities without compromising photovoltaic performances.
This sets the stage for future advancements in design-
ing electroactive (supra)molecular modulators in perovskite
optoelectronics.

3. Experimental Section
N,N″,N‴-(nitrilotris(benzene-4,1-diyl))tritridecanamide (TAA) was prepared
in accordance with the previously reported procedures.[19,35] A series of
TAA derivatives of various sidechain lengths were considered (n = 1, 3, 8,
11; Figure 1a), and the one with solubility (0.5–1 mg mL−1) in perovskite
orthogonal solvents (chlorobenzene and 1,1,2,2-tetrachloroethane) was
selected (n = 11, 0.5 mg mL−1).

Materials: Titanium diisopropoxide bis(acetylacetonate) (75 wt% in
isopropanol, Sigma-Aldrich); anhydrous ethanol (99.5%, Fischer Scien-
tific); TiO2 paste (Dyesol 30 NR-D); tin(IV) oxide colloidal dispersion
(15% in water, Alfa Aesar); nickel nitrate hexahydrate (Ni(NO3)2·6H2O,
99.99%, Sigma Aldrich); 2- methoxyethanol (99%, Roth); [6,6]-Phenyl-
C61-butyric acid methyl ester (PC61BM, Sigma Aldrich); chloroben-

zene (CB, 99.8%, ACROS); bathocuproine (BC, 98%, TCI); spiro-
OMeTAD (99%, Xi’an Polymer Light Technology Corp or Merck); lithium
bis(trifluoro-methylsulphonyl)imide (LiTFSI, 99.95%, Sigma Aldrich);
4-tert-butylpyridine (4-tBP, 96%, Sigma-Aldrich); lead iodide (PbI2,
99.9985%, Alfa Aesar); formamidinium iodide (FAI, 398%, Greatcellsolar);
methylammonium iodide (MAI, 398%, Greatcellsolar); methylammonium
chloride (MACl, 99%, Dyenamo); N,N-dimethylformamide (DMF, 99.8%,
Acros); dimethyl sulfoxide (DMSO, 99.7%, Acros), 𝛼,𝛼,𝛼-trifluorotoluene
(TFT, 99%, anhydrous, Sigma Aldrich).

Perovskite thin films were fabricated based on either FA0.97MA0.03
Pb(I0.97Br0.03)3 (procedure 1) or (FA0.9MA0.1)0.95Cs0.05Pb1.03(I0.93Br0.1)3
(procedure 2) compositions, as specified in the description, by spin-
coating the perovskite precursor solution on the substrates (specified
in figure captions) through a stepwise preparation process reported
previously.[30,31] The preparation was based on either procedure 1 or 2,
as detailed below. A comparable procedure was used for the devices,
complemented with the deposition of the hole-transporting layer and
Au electrodes to complete the devices. Procedure 1 was primarily used
for thin-film and device characterization and operational stability mea-
surements (Figures 3–5; Figures S1–S5, Supporting Information), un-
less otherwise stated, whereas procedure 2 was applied to demonstrate
the generality of the approach across compositions, with comparable

Table 1. Summary of average and champion device photovoltaic perfor-
mance metrics.

Device JSC [mA cm−2] VOC [V] FF [%] PCE [%]

Control Average 23.2 ± 0.4 1.084 ± 0.009 74 ± 2 18.6 ± 0.5

Champion 23.3 1.093 74 19.2

TAAT Average 23.3 ± 0.3 1.090 ± 0.008 75 ± 1 19.1 ± 0.5

Champion 23.5 1.101 76 19.8
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Figure 4. a) Time-resolved photoluminescence spectroscopy (TRPL) of perovskite (black) and TAA-modulated (TAAT, red) perovskite films on micro-
scope glass slides. The solid lines indicate mono-exponential fit curves to the measured data (circles). Lifetimes are detailed in Table S1 (Supporting
Information). b) Steady-state PL spectra of perovskite on glass (black) and TAA-modulated perovskite film on glass (red) on either (b) microscope glass
slides or c) contact with the hole-transport material (spiro-OMeTAD). The error band represents the standard deviation of five samples per condition.

structural and optoelectronic characteristics (Figures S6,S7, Supporting
Information).

Photovoltaic devices were fabricated using the n-i-p architecture with
the constituent layers as follows: FTO/(40 nm) c-TiO2/(250 nm) mp-
TiO2/(450 nm) perovskite/(180 nm) spiro-OMeTAD/(80 nm) Au based
on the procedure reported previously.[30,31] An active area of 0.25 cm2

(5 mm × 5 mm) was defined by the gold electrodes and a 0.16 cm2

black metal mask was used during PV measurements to define the aper-
ture area. For this purpose, glass sheets covered by FTO (Nippon sheet
glass 8 Ω sq−1) was thoroughly brushed with a 10% Hellmanex (Hellma
GmbH) water solution and then placed under sonication in a 2% Hell-
manex water solution for 30 min. After that, the Hellmanex solution was
replaced by acetone and later ethanol and sonicated during 15 min and
10 min, respectively. Then, a ca. 40 nm-thick TiO2 compact layer (c-TiO2)
was deposited by spray pyrolysis with a precursor solution of titanium di-
isopropoxide bis(acetylacetonate) (75 wt% in isopropanol) in anhydrous
ethanol (99.5%) at 450 °C. After the spraying, the substrates were kept at
450 °C for 30 min. Then, a suspension of TiO2 paste (Dyesol 30 NR-D)
in ethanol was used to cast a ca. 250 nm-thick mesoporous TiO2 (mp-
TiO2) layer by spin coating at 4000 rpm for 20 s with an acceleration of
2000 rpm s−1. After the spin coating, the solvent was allowed to evapo-
rate on a hot plate at 80 °C for 10 min and then sintered at 450 °C for
30 min under dry air flow. UV-ozone treatment for 15 min was used before
the deposition of the c-TiO2 and mp-TiO2. A ca. 450 nm-thick perovskite
layer was deposited on the substrates by spin coating following the antisol-
vent method to complete the solar cell devices based on either procedure
1 or 2.

Procedure 1: The perovskite layer was deposited using a single-
step deposition method from a precursor solution based on
FA0.97MA0.03Pb(I0.97Br0.03)3 composition.[31] The solution was prepared
in Ar atmosphere by dissolving PbI2 (1.51 m), FAI (1.47 m), and MABr
(0.03 m), PbBr2 (0.03 m) and MACl (0.6 m) in anhydrous DMF/DMSO
(4:1 (v:v)). The precursor solution was spin-coated onto the mesoporous
TiO2 films in a one-step program at 600 and 5000 rpm for 30 s. CB of
200 μl was dropped on the spinning substrate 10 s prior the end of the
program. This was followed by annealing the films at 150 °C for 10 min.
The substrates were cooled down to room temperature before depositing
100 μL of TAA solution in 1,1,2,2-tetrachloroethane (0.5–1 mg mL−1) on
the substrates while they were spin-coated at 5000 rpm for 30 sec and
heated at 100 °C for 5 min. For completing the fabrication of devices,
HTM was deposited onto perovskite films by spin-coating at 4000 rpm for
20 s. HTL involved 90 mg of spiro-OMeTAD doped with LiTFSI (17.8 μl
prepared by dissolving 520 mg LiTFSI in 1 mL of acetonitrile) and 28.8 μl
of 4-tBP dissolved in 1 mL of CB. Finally, ≈80 nm gold layer was thermally
evaporated as contact electrodes to complete the devices.

Procedure 2: The precursor perovskite solution based on
(FA0.9MA0.1)0.95Cs0.05Pb1.03(I0.93Br0.1)3 composition was drop-casted on
the substrates and spun at 2000 rpm (200 rpm s−1 acceleration) and

6000 rpm (acceleration of 2000 rpm s−1) for 10 s and 30 s, respectively.[30]

During the last 10 s of the second spin-coating step, 220 μL of the TFT
antisolvent was drop-casted. The perovskite film was then dried on a
hot plate at 100 °C for 60 min. The substrates were allowed to cool
down for 10 min. A 60 μL of the solution of TAA of the concentration
of 0.5–1 mg mL−1 dissolved in 1,1,2,2-tetrachloroethane was deposited
onto the perovskite film, which was followed by spin-coating at 5000 rpm
for 30 sec and heating at 80 °C for 10 min. A 70 mM solution of spiro-
OMeTAD in CB was prepared. LiTFSI and 4-tBP were used as additives
in a 0.5 and 3.3 mol% (relative to spiro-OMeTAD), respectively. This
solution was spin-coated on the perovskite film at 2000 rpm (acceleration
of 1200 rpm s−1) for 20 s to form a ca. 180 nm HTL. The perovskite and
spiro-OMeTAD layers were deposited in a dry air glovebox. In the final
step, 80 nm gold electrodes were deposited by thermal evaporation.

Attenuated total reflection Fourier Transform Infrared spectroscopy (ATR-
FTIR) was measured with Nicolet 6700 from ThermoFisher Scientific with
ATR obtained with the golden gate accessory from Specac.

X-ray diffraction (XRD) patterns were recorded on an X’Pert MPD PRO
(PANanalytical) equipped with a ceramic tube providing Ni-filtered (Cu
anode, 𝜆 = 1.54060 Å) radiation and a RTMS X’Celerator (PANalytical).
The measurements were done in BRAGG-BRENTANO geometry from
2𝜃 = 5–60°. The samples were mounted without further modification,
and the automatic divergence slit (10 mm) and beam mask (10 mm)
were adjusted to the dimension of the films. More information is avail-
able under the https://doi.org/10.15151/ESRF-ES-1021690577. GIWAXS
measurements were performed at the ESRF SNBL BM01 beamline.

UV–vis absorption measurements were recorded using Varian Cary5 UV–
vis spectrophotometer.

Steady-state photoluminescence (PL) spectra were recorded by exciting
the perovskite films deposited onto microscope glass. The emission be-
tween was recorded with a Fluorolog 322 spectrometer (Horiba Jobin Yvon
iHr320 and a CCD). The samples were mounted at 60° and emission was
recorded at 90° from the incident beam path.

Time-resolved photoluminescence (TRPL) was measured via time-
correlated single photon counting (TCSPC) using a LifeSpec II (Edinburgh
Instruments) fluorescence spectrometer with a picosecond pulsed diode
laser (EPL-510, Edinburgh Instruments) at 510 nm and 85 ps pulse width.

Photoluminescence quantum yield (PLQY) was measured using an in-
tegrating sphere (Fluorolog, Horiba JobinYvon), an Andor Kymera 193i
spectrograph, and a 660 nm continuous-wave laser (OBIS, Coherent) set
at 1-Sun equivalent photon flux (1.1 μm beam full-width half-maximum,
632 μW); photoluminescence was collected at normal incidence using a
0.1 NA, 110 μm-diameter optical fiber.[33] For the absolute spectral cal-
ibration of the PLQY measurement system, a radiometrically calibrated
halogen lamp (HL-3 plus CAL from Ocean Optics) was used.

Current-voltage characteristics of pristine (control) as well as the modu-
lated perovskite layer-based PSCs were obtained under standard AM 1.5G
illumination at a light intensity of 100 mW cm−2. The J-V curves were
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Figure 5. Operational stability of perovskite devices. a) Maximum power point tracking evolution of the unencapsulated device under full solar illumina-
tion (AM 1.5 G, 100 mW cm−2 under nitrogen at 25 °C). The time to reach 80% of initial power conversion efficiency (T80) is extrapolated for modulated
samples for comparison. b) Contact angle measurements with a water droplet with control (top) and TAAT (bottom) films.

recorded at a scanning rate of 50 mV s−1 under standard AM 1.5G solar
radiation and reverse bias (from VOC to JSC).

Incident photon-to-current efficiency (IPCE) was recorded with a com-
mercial apparatus (Aekeo-Ariadne, Cicci Research s.r.l.) based on a 300-W
Xenon lamp.

Contact angle measurements were recorded with a drop shape analyzer
(KRÜSS, DSA100) at ambient temperature to assess hydrophilicity of sur-
faces.

X-Ray Photoelectron Spectroscopy (XPS) measurements were carried out
using a PHI VersaProbe II scanning XPS microprobe (Physical Instruments
AG, Germany).

Operational stability measurements were performed on complete devices
using Fluxim Litos Lite system by monitoring maximum power point under
N2 atmosphere at ambient temperature.
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