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(PSCs)
exceptionally high power conversion efficiency (PCE) values in conjunction with their low-cost and

Perovskite solar cells have reshaped thin-film photovoltaic technology owning to their
facile production. PSCs are fabricated following either an inverted or a normal material stacking
structure. Inverted PSCs, although they exhibit lower PCE values compared with normal PSCs, show
negligible hysteresis, a better stability, and a prolonged lifetime. In this work, novel azulene derivatives,
namely Az-4TPA and biAz-4TPA, were synthesized and incorporated in inverted PCEs. These new
molecules were extensively characterized and showed good optoelectronic properties. Furthermore, we
uncover the relationship between the PCE and the wetting properties of the substrate on which the
perovskite layer is grown, demonstrating that a hydrophobic substrate is required. To increase the
hydrophobicity of the azulene thin film's surface, PTAA was used. By forming an ultra-thin biAz-4TPA/
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Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have
shown a remarkable evolution in terms of their power
conversion efficiency (PCE), reaching 25.2%." Moreover, the
layers of PSCs materials are mostly deposited from solutions®
and using techniques that are scalable for large-area devices
with high throughput,®* and thus PSCs have the potential to
dominate the market, either as standalone thin-film solar cells®
or as tandem solar cells with established silicon solar cells.®”

Two types of cell architecture dominate PSCs, that is, normal
or inverted PSCs, that can have either a planar® or a meso-
porous structure.” Currently, normal PSCs show the highest
efficiencies and have been widely investigated; however, their
major drawbacks are high hysteresis,'®'" short lifetimes due to
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PTAA bilayer, the optimized devices reached a PCE up to 18.48% and displayed an extended lifetime.

the sensitive spiro-OMeTAD material,">"* and high fabrication
costs due to the Au top metal electrode.’® On the other hand,
inverted PSCs are mostly hysteresis free,'> are more stable than
normal PSCs'®"” and they use the cheaper Ag, Al or Cu as their
back electrodes.*®'® However, inverted PSCs deliver lower PCE
compared to normal PSCs, and expensive materials are used,
such as [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA).

Most high-performing inverted PSCs use PTAA as the hole-
transport later (HTL) material®® due to its high conductivity and
low absorption in the visible region.”™**> Furthermore, PTAA
shows improved stability compared with spiro-OMeTAD, which
it replaces when the lifetime is of importance for stable normal
PSCs,”® and, most importantly, PTAA can easily be deposited
from solution onto flexible** and rigid substrates. However, the
cost of PTAA and of PCBM,%® the most common electron-
transport layer (ETL) material, is high,*® rendering inverted
PSCs expensive and unfavorable for modules.>” PTAA
outperforms most common inorganic and polymer HTLs such
as NiO,?® and PEDOT:PSS,?"*° but it is UV sensitive,*® which
limits the lifetime of the device. Therefore, alternative materials
for PTAA are sought that are suitable for large-area and flexible
substrates, i.e., they must be soluble in common solvents, have
low-temperature annealing requirements and be of low cost for
delivering high-PCE devices. Various oxides®'™* and organic
materials®>~*° have been developed as HTLs in PSCs instead of
PTAA, but some of the most successful and high-performance

J. Mater. Chem. C, 2021, 9,14709-14719 | 14709


http://orcid.org/0000-0001-6083-809X
http://orcid.org/0000-0001-8904-8921
http://orcid.org/0000-0003-0257-1192
http://crossmark.crossref.org/dialog/?doi=10.1039/d1tc02726c&domain=pdf&date_stamp=2021-10-05
http://rsc.li/materials-c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1tc02726c
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC009041

Open Access Article. Published on 17 September 2021. Downloaded on 10/31/2025 8:24:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

approaches employ a bilayer of PTAA with another material.
More specifically, a bilayer of PEDOT:PSS/PTAA increases the
PCE from 16.94% up to 19%"" and to 19.41% on flexible
substrates.*” Similarly, Du et al. have prepared a NiO,/PTAA
bilayer that increased the PCE up to 17.1%."* Moreover, PTAA
bilayers have been formed in conjunction with reduced graphene
oxide,** graphene,* CuO,,*® PFN-P2,*” NiO,,*® and VO,.*’

In this work, two novel molecules, biAz-4TPA (4,4',4",4""'-
([6,6’-biazulene]-1,1',3,3’-tetrayl)tetrakis(N,N-diphenylaniline))
and Az-4TPA (4,4',4",4'"-(azulene-1,3,5,7-tetrayl)tetrakis(N,N-
diphenylaniline)), were synthesized and incorporated in
inverted PSCs as the HTL. Moreover, we develop an innovative
approach of reducing the PTAA requirements in inverted PSCs
by 62%. This is achieved by substituting the PTAA layer with
a thin bilayer formed of biAz-4TPA and PTAA. PTAA was developed
over the biAz-4TPA layer in order to increase the hydrophobicity of
the surface, which is required for the satisfactory formation and
crystallization of the perovskite layer. Using solutions only,
we fabricated inverted PCEs with varying biAz-4TPA/PTAA film
thicknesses. The devices incorporating the optimal biAz-4TPA/
PTAA bilayer show a higher PCE, up to 18.48%, and an improved
lifetime while reducing the requirements of expensive PTAA.
Our approach greatly reduces the total mass requirements for
the HTL from 2 mg to 1 mg. The results confirm that the azulene
derivative biAz-4TPA facilitates hole extraction and that PTAA is
an efficient surface-modification material for increasing the
hydrophobicity of the substrate, allowing better formation of the
perovskite film.

Experimental

The solvents and the commercial reagents were used as received,
unless otherwise stated. The synthesis and characterization of
the novel compounds are described in the ESIT (S12-526).

Material characterization

Atomic force microscopy (AFM) measurements were performed in
air using XE7 AFM instrument (Park System, Korea). The images
were acquired using a PPP-NCHR cantilever (Nanosensors, USA),
which has a tip with a nominal diameter of 10 nm. Image acquisi-
tion was performed using a drive frequency of ~295 kHz. Inter-
mittent contact mode was used to record the image over an area of
10 x 10 um (512 x 512 data points), using a scan rate of 0.7 Hz. The
working set point was above 70% of the free oscillation amplitude.
The raw AFM images were processed using the free Gwyddion
software.”® An Ossila contact angle goniometer was used for the
contact angle measurements. The UV-Vis spectra were acquired
using a Shimadzu UV-2401 PC Recording Spectrophotometer.
Steady-state photoluminescence and time-resolved photolumines-
cence measurements of the perovskite films were conducted using
an FS5 spectrofluorometer (Edinburgh Instruments). A pulsed laser
diode (2 = 478.4 nm, pulse full-width at half-maximum < 70 ps, and
repetition rate 200 kHz-40 MHz) was used to excite the samples.

Device fabrication

Pre-patterned glass/ITO substrates were cleaned using an ultra-
sonic bath with deionized water, acetone, and isopropanol
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(IPA), respectively, 15 min in each step. Then, the samples were
transferred to an N, glovebox, where they underwent UV-ozone
treatment for 15 min. The biAz-4TPA solution was prepared by
dissolving the synthesized powder in chloroform or chlorobenzene
(Sigma Aldrich) achieving a concentration of 0.25 mg mL™". Then
45 pL of the prepared solution was dynamically dispensed at
2000 rpm for 35 s onto the glass/ITO surface. Afterwards, an
ultra-thin layer of PTAA (Solaris, M,, = 20-70 kDa) was prepared
by spin coating from a PTAA solution in toluene with varying
concentrations (2-0.1 mg mL ™), at an angular speed of 6000 rpm
and for 30 s. The biAz-4TPA/PTAA films were annealed at 110 °C for
10 min. The perovskite solution was prepared by mixing 0.2 M
MABr (GreatCell Solar), 1.14 M FAI (GreatCell Solar), 0.2 M PbBr,
(Alfa Aesar) and 1.24 M Pbl, (TCI America) in 4:1 v/v anhydrous
dimethylformamide (DMF) (99.8%, Sigma Aldrich):dimethyl
sulfoxide (DMSO) (99.9%, Sigma Aldrich) and then adding
5 vol% from a 1.5 M Csl (Alfa Aesar) stock solution and 4 vol%
from a 1.5 M RbI (Alfa Aesar) stock solution. The perovskite layers
were dynamically spin coated onto the biAz-4TPA/PTAA film at
6000 rpm for 45 s. 20 s prior to the end of the spinning process,
200 mL of anhydrous chlorobenzene (CB) (99.8%, Sigma Aldrich)
was dropped onto the spinning perovskite film. Subsequently, the
samples were immediately annealed for 45 min on a preheated
hotplate at 100 °C. Next, a thin layer of PC¢BM (99%, Solenne)
approximately 30 nm thick, was deposited by spin coating a
20 mg mL ™" PC4,BM solution in anhydrous CB onto the perovskite
at 2000 rpm for 60 s. Afterwards, 45 pL from a 0.5 mg mL ™"
bathocuproine (BCP) solution (96%, Sigma Aldrich) prepared in IPA
(99.5% extra dry, ACROS Organics) was dispersed and spin coated
onto the PC¢BM at 4000 rpm for 45 s. Finally, a 100-nm-thick Ag
top electrode was deposited by thermal evaporation under a high
vacuum of 10 ® mbar.

Device characterization

The PSCs were evaluated under an inert atmosphere using an
ABB solar simulator (Sol1A, Oriel), equipped with a 450 W Xe
lamp and an AM1.5G filter. The intensity was calibrated at
100 mW cm™” using a KG3-window Si reference cell. The j-V
curves were recorded at a constant scan rate of 20 mV s~ using
a multiplexor test board system (Ossila), and no device pre-
conditioning was applied before the measurements. A black
metallic aperture mask was used during each measurement to
set the active area of the fabricated devices at 0.04 ecm?® and to
reduce the influence of the scattered light. The external
quantum efficiency (EQE) spectra were recorded using a QE-T
system from Enlitech. A chopping frequency of 60 Hz was used.
Calibration of the light intensity was performed using a quartz-
window Si solar cell. The integrated current density was
calculated by integrating the product between the spectral
response of the test cell and the AM1.5G reference spectrum.
Optoelectrical characterization was performed using a transient
module of a commercially available measurement platform,
ARKEO (Cicci Research s.r.l.). Transient photovoltage (TPV)
experiments were performed in small perturbation mode by
confining the intensity of the light pulse to less than 10% of the
background voltage. Thus, the equilibrium of the field induced

This journal is © The Royal Society of Chemistry 2021
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by the background bias remained undisturbed. By doing so, the
voltage decay of the measured devices follows first-order
behavior and directly reflects the lifetime of the charge carriers.
Transient photocurrent (TPC) experiments were performed in
both large and small perturbation regimes. Large perturbations
were induced over 200 ms under a 0.8 duty cycle, while small
perturbations were loaded with a 0.001 cycle and passed
through an external circuit of 50 Q resistance. Signals from
both the open-circuit voltage (for TPV) and the short-circuit
current (for TPC) were monitored after passing them through
voltage and impedance amplifiers, respectively. In order to
observe the photoinduced charge extraction through linearly
increasing voltage (photo-CELIV) measurements, a 470 nm fast
LED source driven by a 100 mA current and exhibiting a
Lambertian radiation pattern was used. The relaxation pulse
width was set to 20 ms, charged by a 50000 V s™' ramp,
following a 13 ms delay after the injection pulse. The collected
signals were processed through a transimpedance amplifier
and passed through a 100 MHz bandwidth digitizer running in
single-shot mode. The lifetime behavior of the PSCs was
monitored using an ISOS testing laboratory from InfinityPV
in ISOS-L2 operation mode. The devices were first encapsulated
with a piece of glass and a UV-curable epoxy as an adhesive
(Ossila E132). Then, the devices were placed inside the test
chamber and exposed under continuous illumination. The
apparatus was equipped with a solar simulator using a metal
halide light source simulating the AM1.5G spectrum in the
range of 300-900 nm. The light intensity was calibrated at
100 mW cm ™ using a Si reference cell. The humidity in the test
chamber was below 15%, while the temperature was over 65 °C.
Between the J-V measurements the devices were left in the
open-circuit condition.

Results and discussion

Fig. 1a shows the molecular structures of the novel azulene
derivatives, namely Az-4TPA and biAz-4TPA. Az-4TPA was
prepared through Suzuki coupling between Az-4Bpin and 4-
bromo-N,N-diphenylaniline; biAz-4TPA was prepared through
Suzuki coupling between 4Br-Bi-Az and (4-(diphenylamino)
phenyl)boronic acid (synthetic details and characterizations
are provided in the ESIt). The electrochemical properties of
both molecules were explored using cyclic voltammetry (CV)
under an argon atmosphere in dichloromethane (DCM)
solution with 0.1 M NBu4PF; at a scan rate of 20 mV s~ '. CV
exhibited an electron oxidation wave with an anodic peak
potential Ep,; at 0.49 and 0.67 V vs. Fc/Fc+ for Az-4TPA and
biAz-4TPA, respectively, assigned to the one-electron oxidation
of the lateral TPA branch (Fig. 1b). From CV measurement, the
highest occupied molecular (HOMO) energy levels of Az-ATPA
and biAz-4TPA are —4.83 and —5.01 eV using the equation of
Euomo = [(Eox — E1/2(rerrocene)) T 4.8] eV (Fet/Fe (—4.8 eV) as a
reference), respectively. The photo-physical properties of
Az-4TPA and biAz-4TPA were characterized via UV-Vis absorption
and PL measurements in the solution state at room temperature.

This journal is © The Royal Society of Chemistry 2021
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In Fig. 1c, the UV-Vis absorption spectra, in chloroform solution,
showed an intense absorption mainly in the UV region because
of the limited conjugation length in each molecule, which was
deliberately designed to be transparent in the visible region, and
the absorption maximum (1255,) was at 310 nm for Az-4TPA and
352 nm for biAz-4TPA, and the onset point ( ﬁgﬁet) was at 507 nm
for Az-ATPA and 457 nm for biAz-4TPA (Fig. S1, ESIT). From the
absorption onsets, the optical band gaps were estimated to
be 2.44 and 2.71 eV for Az-4TPA and biAz-4TPA, respectively.
The different optical band gaps of Az-4TPA and biAz-4TPA can be
attributed to their different degrees of electronic conjugation in
the molecule. The azulene moiety of Az-4TPA can make the
molecule more conjugated, while the 6,6"-biazulenyl moiety of
biAz-4ATPA has a repulsion effect between the hydrogens on the
two seven-membered rings, resulting in the lower conjugation of
biAz-4TPA. Meanwhile, upon excitation (378 nm) of Az-4TPA and
biAz-4TPA, intense emissions at around 410, 434 and 460 nm
were observed (Fig. 1c). To corroborate their HOMO energy
levels, we also performed ultraviolet photoelectron spectroscopy
(UPS) measurements (Fig. 1d and Fig. S2, ESIt). The ionization
potential (IP) values were determined according to the equation
IP = hv — (Ecytott — Ew, onset) to be 4.82 and 4.77 eV for Az-ATPA
and biAz-4TPA, respectively. Combining the measured IP and the
optical bandgap values, the LUMO levels of Az-4TPA and biAz-
4TPA were estimated to be —2.38 and —2.06 eV, respectively.
These frontier orbital energy levels calculated via UPS are more
practical than those from CV due to the use of solid-state
measurements. In Table S1 (ESIT) are listed the estimated values
for the band gap, the HOMO and the LUMO for both materials.
In Fig. 2 we compare the estimated energy levels of the new
azulene derivatives with that of PTAA and perovskite. The suitable
optical band gap and the perfect match of the energy levels of
Az-ATPA and biAz-ATPA with PTAA suggest that these two small
molecules might be excellent HTL candidates in perovskite
solar cells.

The solubilities of the Az-4TPA and biAz-4TPA molecules
were tested in various solvents in order to select the most
appropriate solvent for the spin-coating process and to estimate
their maximum solubility. Fig. S3 (ESIt) shows solutions of
1 mg of Az-4TPA and biAz-4TPA in 1 mL of chlorobenzene,
DMF, dichloromethane and chloroform. Both materials have a
low solubility in DMF and chlorobenzene, but a high solubility
in chloroform. Az-4TPA shows low solubility in dichloro-
methane, while biAz-4TPA is soluble in this solvent. Therefore,
chloroform is an excellent solvent for both materials. However,
chloroform is highly toxic, very reactive and a low-boiling
solvent that should be avoided if possible. Therefore, the
materials were dissolved in hot chlorobenzene instead, since
it is a safer solvent and is extensively used in the fabrication of
perovskite solar cells. 20 mg of biAz-4TPA is soluble in 1 ml
chlorobenzene at 120 °C (Fig. S3i, ESIt).

Thin films of Az-4TPA and biAz-4TPA were deposited on ITO
from a 1 mg mL ' solution and they were characterized in
terms of their morphology and optoelectronic properties.
The morphology of the Az-4TPA and biAz-4TPA films was
studied using AFM. The thin films showed an excellent
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Fig. 1 (a) Chemical structures of Az-4TPA and biAz-4TPA. (b) Cyclic voltammetry curves of Az-4TPA and biAz-4TPA in dichloromethane with 0.1 M

NBU4PF at a scan rate of 20 mV s~ (c) UV-Vis absorption spectra of Az-4TPA (1 x 10~ mol L% and biAz-4TPA (5 x 107° mol L™Y), and steady-state
fluorescence spectra of Az-4TPA (1 x 107> mol L™) and biAz-4TPA (5 x 107> mol L™ in chloroform (both excitations at 378 nm). (d) Ultraviolet

photoelectron spectroscopy (UPS) spectra of biAz-4TPA.

morphology according to the optical microscopy images and
AFM topography images presented in Fig. S4 (ESIt).
The resulting thin films are very smooth and show an RMS
roughness of about 1 nm. Similarly, biAz-4TPA forms a very
smooth and compact thin film on ITO with an RMS roughness
of 1.4 nm.

The hydrophilicity of the surface of the thin film is a critical
parameter that controls the wettability and the growth of the
overlayers. Thus, in addition to surface morphology character-
ization using AFM, the thin films of Az-4TPA and biAz-4TPA

14712 | J Mater. Chem. C, 2021, 9, 14709-14719

were characterized via contact angle measurements. These
measurements involve a sessile water droplet on the test
surface while monitoring the evolution of the droplet. The
wettability of the surface is revealed by the resulting contact
angle, and if the contact angle is high, i.e., close to 90°, then the
surface is considered to be hydrophobic. Fig. 3 compares the
contact angle of the water droplet formed on thin films of (a)
biAz-4TPA formed from 1 mg mL™" solution, (b) biAz-4TPA
(0.25 mg mL ™~ ")/PTAA(0.75 mg mL '), (c) Az-4TPA formed from
1 mg mL ™" solution and (d) pure PTAA formed from 2 mg mL ™"

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Energy level diagram of Az-TPA, biAz-4TPA and perovskite materials.
The values are referenced to the vacuum energy E,, which is assumed to be
0 eV. The dashed lines indicate the Fermi level. The LUMO and HOMO of
PTAA were set at 2.3 and 52 eV, respectively. For the perovskite, the
conduction band (CB) was set at 3.9 eV and the valance band (VB) at 5.4 eV.

solution. The azulene derivatives show high hydrophilicity
since the contact angle was measured at ~48.8° and 49.5°
for biAz-4TPA and Az-4TPA, respectively. By contrast, the
biAz-4TPA/PTAA and pure PTAA surfaces are considered to be
hydrophobic with contact angles of 78.9° and 82.5°, respectively.
PTAA is highly hydrophobic, which facilitates the growth of high-
quality perovskite polycrystalline thin films.>!

Finally, in order to fully characterize the materials regarding
their optoelectronic properties, we measured the conductivity
of the thin films using the two-probe method. Specifically, a
thin film of known thickness was sandwiched between ITO and
an evaporated Au metal electrode. Using a Keithley source
measurement unit, the current density response was measured
by varying the voltage from —2 V to 2 V. Fig. S5a (ESIt) shows
the current density versus the applied voltage. The experimental
points fall in a straight line for both materials, indicating
ohmic behaviour and similar conductivities. From the slope of
the line, we estimate the conductivity to be ~2.05 x 107> S cem ™"
for both materials.

The newly synthesized organic molecules were first tested as
PTAA replacement in order to probe the charge-extraction

Fig. 3 Water contact angle measurements of (a) biAz-4TPA, (b) optimal
biAz-4TPA/PTAA bilayer, (c) Az-4TPA and (d) PTAA (2 mg mL™Y). The
azulene thin films show hydrophilicity, exhibiting contact angles of 48.8°
and 49.5° for (a) biAz-4TPA and (c) Az-4TPA, respectively. The hydro-
phobicity increases with the PTAA interlayer. Pure PTAA in panel (d) shows
a contact angle of 80.8°. The contact angle of the biAz-4TPA/PTAA bilayer
in panel (b) was measured at 78.9°.

This journal is © The Royal Society of Chemistry 2021
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dynamics of the new materials in the PSCs. Fig. S6 (ESIt)
compares the performance of the control devices and devices
incorporating biAz-4TPA or Az-4TPA as HTLs. The devices
employing the azulene derivatives deliver a low PCE, which is
around 10%. The performance of Az-4TPA is systematically
lower compared with biAz-4TPA. Hence, we focused on biAz-
4TPA for further development. We varied the concentration of
the biAz-4TPA solution in order to tune the thickness of the
HTL in the fabricated devices. This optimization procedure
revealed the optimum concentration of the biAz-4TPA solution
to be 0.25 mg mL~'. To investigate the reason for the low
PCE in biAz-4TPA-only devices, we deposited thin films of
biAz-4TPA, PTAA and a bilayer of biAz-4TPA/PTAA on ITO,
followed by a perovskite layer. The samples were investigated
in terms of the morphology and dynamics of the carriers.
The surface of the samples was characterized via AFM and
the topography images are presented in Fig. 4 and compared
with the perovskite layer grown on PTAA, which is the control
sample. Clearly, the surface morphology of the perovskite is
affected by the substrate. Compared with the perovskite grown
on PTAA, the perovskite grown on biAz-4TPA shows grains that
are not well formed and the thickness of the perovskite layer is
lower. On the other hand, crystallization of the perovskite
layer grown on biAz-4TPA is not altered according to the
XRD diffractograms of Fig. S7 (ESIf) and UV-Vis absorption
measurements (Fig. S5b, ESIT). We conclude that the biAz-4TPA
substate due to its lower hydrophobicity, compared to PTAA,
negatively affected the growth of the perovskite layer, decreasing
the performance of the devices. To resolve this, we increased the
hydrophobicity of the biAz-4TPA surface by using the hydro-
phobic PTAA over biAz-4TPA, forming an ultra-thin bilayer of
biAz-4TPA/PTAA. The thickness of PTAA was reduced as a result
of using lower concentrations of PTAA solutions. The goal was to
uncover the minimum amount of PTAA need to form an ultra-
thin layer over biAz-4TPA, which is enough to increase the

Fig. 4 AFM images of the perovskite layer grown on (a) biAz-4TPA,
(b) PTAA and (c) the optimal biAz-4TPA/PTAA bilayer.

J. Mater. Chem. C, 2021, 9,14709-14719 | 14713
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hydrophobicity of the surface and to form a good perovskite
layer, but without hindering the charge extraction. Fig. 4c reveals
that the morphology of the perovskite layer deposited on biAz-
ATPA/PTAA is similar to the control device. Moreover, PL analysis,
as shown in Fig. 5a, reveals that the biAz-4TPA/perovskite
interface facilitates charge extraction, while the bilayer with
PTAA shows more quenching indicating improved charge
extraction. Reducing the thickness of the PTAA layer further
increases the PL quenching. Transient PL analysis agrees with
the improved charge extraction at the biAz-4TPA/PTAA inter-
face. Fig. 5b shows the transient PL curves of the biAz-4TPA/
perovskite and biAz-4TPA/PTAA/perovskite interfaces, demon-
strating the improved interface of biAz-4TPA with an ultra-thin
PTAA layer on top. However, the PL decay shows similar results
for all the samples, which indicates that biAz-4TPA exhibits a
comparable performance to PTAA in terms of hole transfer, and
devices without the PTAA interlayer show a worse performance
due to the not well-formed perovskite morphology that is
induced by the low hydrophobicity of biAz-4TPA. Consequently,
biAz-ATPA can efficiently extract hole carriers, but interface
engineering is needed to increase the hydrophobicity of the
surface. This is achieved by the ultra-thin film of PTAA over the
biAz-4TPA surface.

The performance of the devices was monitored via current-
voltage measurements under 1 Sun conditions. Fig. 6 presents
the optimized results on varying the PTAA interlayer thickness.
For clarity in the figures, we use the shorthand ‘biAz’ instead of
the complete name biAz-4TPA. Without reducing the PTAA
thickness and by inserting the biAz-4TPA layer in the control
device (biAz/PTAA, 2 mg mL™'), the PCE does not decline,
which signifies the good charge extraction of biAz-4TPA and the
favourable energy level alignment. This agrees with the energy
level diagram of Fig. 2 and confirming that the biAz-4ATPA/PTAA
bilayer extracts holes efficiently. The hydrophobicity of PTAA is a
crucial parameter that controls the PCE of the devices; thus, in
order to obtain working devices we only need to have a very thin
bilayer of biAz-4TPA/PTAA. In this context, we decreased the PTAA
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Fig. 6 Box chart of the photovoltaic performance of the control device
compared with the PSCs that incorporate the biAz-4TPA/PTAA interlayer
with a decreasing PTAA film thickness. The triangle symbols indicate the
contact angle values for each surface. Lower contact angles translate to a
hydrophilic surface. The contact angle values were extracted from the
images in Fig. S9 (ESIT).

concentration, iZe., we reduced the PTAA thickness. The PCE
shows a slight improvement with reducing the PTAA thickness,
as is shown in Fig. 6 and Table 1. Table 1 summarizes the
photovoltaic parameters, i.e., the short-circuit current (J), the
open-circuit voltage (V,), the fill factor (FF), and the PCE,
extracted from the current-voltage curves (Fig. S8, ESIt). Further
decreasing the PTAA thickness results in a steady increase of the
PCE up to the PTAA concentration of 0.75 mg mL ™", which is the
optimal value, delivering a mean PCE of 17.42% and a champion
cell of 18.48%. The improvement derives from the higher V., FF
and Ji upon formation of the optimal biAz-4TPA/PTAA bilayer.
This behaviour concurs with the PL characterization results,
which showed improved charge extraction within the optimal
biAz-4TPA/PTAA (0.75 mg mL ') bilayer. Lower concentrations
result in a non-uniform PTAA interlayer, which was manifested by
the lower FF, V,. and J,. values obtained. Moreover, Fig. 6
correlates the contact angle values with the PCE. Hydrophobic
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Fig. 5 Steady-state (a) and transient photoluminescence (b) characterization of the perovskite deposited on biAz-4TPA, the biAz-4TPA/PTAA bilayer and

on glass.
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Table 1 Photovoltaic parameters of the investigated PSCs extracted from their corresponding J-V curves. The errors are calculated from device

statistics. The values in parentheses correspond to the champion devices

PSC PCE (%) Jse (MA cm™?) Voe (V) FF (%)

Control 16.72 + 0.47 (17.49) 20.12 + 0.36 (21.30) 1.099 + 0.010 (1.111) 74.52 + 1.61 (73.92)
biAz/PTAA (2 mg mL ™Y 16.82 + 0.53 (17.72) 20.69 + 0.26 (21.26) 1.097 + 0.013 (1.093) 74.09 + 1.99 (76.29)
biAz/PTAA (1 mg mL ™) 16.88 + 0.61 (17.81) 20.41 + 0.50 (21.11) 1.106 + 0.017 (1.103) 74.77 + 1.84 (76.49)
biAz/PTAA (0.75 mg mL ) 17.42 + 0.64 (18.48) 20.81 + 0.40 (21.87) 1.105 + 0.016 (1.117) 75.74 + 1.47 (75.66)
biAz/PTAA (0.5 mg mL™Y) 14.53 + 1.22 (16.33) 19.37 + 0.37 (21.08) 1.031 + 0.032 (1.104) 72.69 =+ 4.39 (70.16)
biAz/PTAA (0.25 mg mL ) 11.17 + 1.29 (12.60) 16.62 + 0.89 (18.85) 1.003 + 0.025 (0.976) 64.09 + 3.80 (68.50)
biAz/PTAA (0.1 mg mL ') 10.04 + 1.09 (11.97) 16.14 + 0.49 (18.78) 0.981 + 0.028 (0.976) 60.91 =+ 6.00 (65.28)

surfaces, which are the case for a PTAA concentration of
more than 0.5 mg mL ™", deliver high PCE values, whereas we
observe a significant drop in the PCE when the biAz-4ATPA/PTAA
surface becomes hydrophilic at a PTAA concentration below
0.25 mg mL ™"

The devices show negligible hysteresis, as is shown in
Table S2 (ESIt), in which the PCE was calculated from the
reverse and forward J-V scans. In addition, the hysteresis index
was calculated using the equation®

Hysteresis index = [PCEReverse scan — PCEForward scan)/

PCEReverse scan*

The hysteresis index is around 0.02 for all devices, meaning
that the devices are hysteresis-free.

The thickness of the ultra-thin biAz-4TPA/PTAA bilayer could
not be easily estimated. For this reason, UV-Vis measurements
were conducted in order to indicate the thickness of the film.
Fig. 7 presents the UV-Vis absorption spectra of films formed by
biAz-4TPA and bilayers of biAz-4TPA/PTAA. As expected, the
film of biAz-4TPA formed from the 1 mg mL ™" solution showed a
high absorption, while the absorption was reduced as the
concentration, ie., the film thickness was reduced. Interestingly,
the biAz-4TPA film formed from the optimal solution
concentration (0.25 mg mL ™) exhibited an exceptionally low
absorption, which indicates an ultra-thin film. The same
behaviour was also observed in the spectra of the biAz-4TPA/
PTAA bilayers. The absorbance was reduced with lower PTAA
concentrations. According to the literature, a PTAA solution of
2 mg mL ' forms approximately a 10-nm-thick film.>
Consequently, we can assume that the bilayer resulting from
the 0.25 mg mL ™" biAz-4TPA and 0.75 mg mL ™" PTAA solution
was much thinner than 10 nm. The very low absorbance of the
optimal biAz-4TPA/PTAA concentration allowed more photons
to reach the perovskite layer, producing additional photo-
carriers, along with reducing the series resistance due to the
thinner biAz-4TPA/PTAA bilayer.

We studied the performance of control PCSs while reducing
the thickness of PTAA. Fig. S10 (ESI) compares the photovoltaic
parameters of the control device with devices fabricated with
thinner PTAA layers, achieved by reducing the PTAA concen-
tration. The PCE drops close to 14% and to 11.5% when the
concentration of PTAA was reduced to 1.5 and 0.75 mg mL™,
respectively. The drop in PCE derives from a parallel drop in V.
and FF, which can be attributed to pinholes forming in the

This journal is © The Royal Society of Chemistry 2021

0.16 T T v T T T T v T —]
1 —=— biAz (0.25 mgmL™)

0.144 + biAZ (0.5 mgmL™)
1 —+— biAz (1 mgmL™)

0124 +— biAz (0.25 mgmL"") PTAA (0.75 mgmL™)
= o0, + biAz (0.25 mgmL""y PTAA (1 mgmL™)
2 biAz (0.25 mgmL"")/ PTAA (2 mgmL™)
:: 0.08 -
o
c 4
(0]

8 0064 i

[e]

172

£ 004 .
0.02 i
0.00 >

T T T T T T T T T T
300 400 500 600 700 800
Wavelength (nm)
Fig. 7 UV-Vis absorbance spectra of biAz-4TPA thin films deposited
from 0.25, 0.5 and 1 mg mL™! solutions and of bilayers formed using a

0.25 mg mL™! biAz-4TPA solution and varying concentrations of PTAA
(0.75, 1 and 2 mg mL™Y).

PTAA. The surface of PTAA is hydrophobic, according to Fig. S9a
(ESIt), supporting the theory that the pinholes are the source of
the PCE decline and not the morphology of the perovskite layer.
Therefore, when the concentration of PTAA is below 2 mg mL™?,
the ITO substrate is exposed directly to the perovskite layer,
leading to increased charge carrier recombination. On the other
hand, the devices incorporating the biAz-ATPA/PTAA bilayer
performed exceptionally well, although the PTAA was formed
from a 0.75 mg mL ™" solution. Such a low PTAA concentration is
not expected to form a uniform and pinhole-free film, but in this
case, biAz-4TPA protects the device from the shunt pathways.
We can conclude that biAz-4TPA was responsible for the increase
in the PCE, as shown in Fig. 6, and that PTAA is mostly required
in order to increase the hydrophobicity of the biAz-4TPA surface.

The EQE measurements confirmed our observations, as
shown in Fig. S11 (ESIt). PTAA absorbs at the UV region of
the spectrum, and thus the EQE of the control device shows less
generated current close to 400 nm. Reducing the PTAA results in
increasing the EQE in the UV range and the visible region due to
the improved interface. The biAz-4TPA/PTAA (0.5 mg mL )
bilayer shows a flat but lower response due to the inferior
perovskite layer. The integrated current density calculated from
the EQE matches well with the J,. values. In addition, transient
photovoltage and photocurrent measurements were conducted

J. Mater. Chem. C, 2021, 9,14709-14719 | 14715
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(a) Lifetime decay extracted from TPV measurements, (b) normalized V. decay, (c) normalized current density decay and (d) drift mobility estimation

from photo-CELIV measurements.

in order to explain the enhancement of the PCE upon the
formation of the biAz-4ATPA/PTAA bilayer. Fig. 8 depicts the
transient measurements of complete devices that incorporate
the biAz-4TPA/PTAA bilayer. The estimated carrier lifetimes,
depicted in Fig. 8a, were extracted from the corresponding
transient tails of the TPV decay curves (Fig. 8b) that follow a
single exponential trend. In particular, the TPV results show that
deposition of the optimum PTAA concentration (0.75 mg mL ")
over biAz-4TPA reduces the charge recombination rate and
increases the charge carrier lifetime. The absence of a uniform
lifetime recombination trend is linked to the effect of the
homogeneity loss within the bulk of the bilayer constituents.
Fig. 8c shows the transient photo-current measurements that
were conducted for confirmation of previous results. It is
observed that the reduction of PTAA to a minimum possible
concentration has a beneficial impact on the charge transfer
capabilities due to a reduction in the film thickness and thus the
series resistance, which is an obstacle to the carrier extraction
procedure. Moreover, by promoting charge extraction with a
linearly increasing voltage (photo-CELIV technique), the drift
mobility of the carriers can be estimated.>® As shown in Fig. 8d,
the reduction of the PTAA thickness improves the charge carrier
drift mobility by approximately half an order of magnitude
compared with the biAz-4TPA/PTAA (2 mg mL ") bilayer without

14716 | J Mater. Chem. C, 2021, 9, 14709-14719

the PTAA reduction. This effect leads to an efficient charge
transfer, which agrees with the previous transient measurement
analysis. Notably, the delay of the photogeneration pulses does
not affect the drift mobility, which means that the charge carrier
transport is optimally balanced.

To sum up, the ultra-thin biAz-4TPA/PTAA bilayer enhances
the performance of the devices by increasing all the photovoltaic
parameters, especially J;. and FF. The increase in Js,. can be
attributed to the reduced thickness and the lower light
absorption of the biAz-4TPA/PTAA bilayer, which results in higher
light transmittance towards the perovskite layer, increasing the
photogenerated carriers. The thinner HTL bilayer compared with
the control PTAA reduces the series resistance, which is expressed
as a higher FF value.

The stability of the PSC is also a crucial performance
parameter for the commercial future of this technology. PSCs
are prone to degradation under humidity,'® thermal stress,”*
and UV light,”® reducing the lifetime of the devices.”® Interface
engineering has been proved to be successful for inhibiting the
degradation of the devices and extending their lifetime, under
working conditions.>”*® This, evaluation of the lifetime of the
investigated PSCs was performed by implementing the ISOS-L2
protocol in which the samples are tested under continuous 1
Sun illumination at a temperature above 65 °C. Fig. 9 presents

This journal is © The Royal Society of Chemistry 2021
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