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ABSTRACT: Self-assembled monolayers (SAMs) emerging as cn\@sﬁm
promising hole-selective layers (HSLs) are advantageous for facile 1 N

processability, low cost, and minimal material consumption in the
fabrication of both perovskite solar cells (PSCs) and organic solar

_P=0
cells (OSCs). However, owing to the different nature between HO"dh
perovskites and organic semiconductors, few SAMs were reported to gg“é' :ﬁ;v:,;g?th
effectively accommodate both PSCs and OSCs at the same time. In 0SC: 17.3%
PSC: 22.4%

this regard, a universally applicable SAM that can accommodate both
perovskites and organic semiconductors could be desirable for
simplifying cell manufacturing, especially from an industrial
perspective. In this work, we designed a SAM, TDPA-CI by introducing chlorinated phenothiazine as the headgroup and linking
with anchor phosphonic acid through a butyl chain. The resulting dense SAM was carefully characterized in terms of molecular
bonding, surface morphology, and packing density, and its functions in OSCs and PSCs were discussed from the aspects of
interactions with the absorber layer, energy level alignment, and charge-selective dipoles. The PM6:Y6-based OSCs with TDPA-CI
SAM as the HSL showed a superior performance to those with PEDOT:PSS. Furthermore, the universality was proved with an
efficiency of 17.4% in the D18:Y6 system. In PSCs, the TDPA-Cl-based devices delivered a better performance of 22.4% than the
PTAA-based devices (20.8%) with improved processability and reproducibility. This work represents a SAM with reasonably good
compromise between the differing requirements of OSCs and PSCs.

B INTRODUCTION Compared with the above-mentioned materials, self-
assembled monolayers (SAMs) emerge as new candidates for
HSLs in photovoltaic devices and offer great potential in
industrial manufacturing due to their compatibility with diverse
substrates, easier dopant-free processing procedures, minimum
material consumption, low cost, and green-solvent process-
ability.”** Structures of SAMs can be easily modified to fit
different PSC and OSC systems. For example, Hong et al.
selected bromine-substituted phenothiazine as the SAM
backbone, acting as the HSL in PSCs for the first time. As a
result, a PCE up to 22.44% can be obtained with a high open-

Recently, inverted (p-i-n) perovskite solar cells (PSCs) have
received great attention' ~ due to their low-temperature
processability and better compatibility with flexible sub-
strates”” and tandem device fabrication.®™° However, both
the lower power conversion efficiency (PCE) than conven-
tional (n-i-p) PSCs, and potential stability problems, limited
their further improvement and applications. One of the reasons
stems from the traps located at the interface between
perovskite and hole-selective layers (HSLs), resulting in severe

charge recombination and poor charge extraction.'’ Amon o
thegcommercial HSLS? poly[bgis(4—phenyl)(2,4,6g- circuit voltage (Voc) of 1.09 V and fill factor (FF) of 81%,

trimethylphenyl]amine (PTAA) has always been criticized owin.g t‘o the well—m.atched eierey level and efficient  trap
for energy level mismatch and wetting problems.!>!® passivation at the interface.” Albrecht and co-workers
Coincidently, p-i-n organic solar cells (OSCs) face the similar 1nvte)st1gi1tet()i t}(;e Siel\r/forma;c;u S}f th;bP.SCt]s dWlth dlﬂ.le,rtir,lt
dilemma, where corrosivity, hygroscopicity, high cost, and carbazoie-base o and further fabricated a mono 10 5
parasitic absorption of the traditional HSL pOly(3,4- perovskite/silicon tandem cell with a certified PCE of 29.15%.
ethylenedioxythiophene):poly(styrenesulfonate) (PE- —
DOT:PSS) limit the device performance and compromise Received: November 23, 2023 LANGMUIR
the long-term stability."*'® On this basis, some small organic Revised:  February 9, 2024 S

molecules derived from conventional HSLs were developed Accepted: February 9, 2024
Published: February 21, 2024

and solved some problems, but new materials with good film

stability and strong interaction or adhesion with the adjacent
layers are still needed.'’ ™"’
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In OSCs, Anthopoulos et al. obtained a maximum PCE of
18.03% with the 2PACz SAM as the HSL in the
PM6:BTPeC9:PC,;BM bulk-heterojunction (BHJ) cell,
where the superior performance can be attributed to lower
contact resistance, reduced recombination losses, and
improved interfacial charge transport.”®> To further explore
the effect of SAM conformations, Janssen et al. designed
carbazole-based SAMs with different alkyl chains, and a high
PCE of 17.4% was realized in the OSC based on PM6:BTPeC9
with 3PACz SAM."

Although SAM-based photovoltaic devices are well
developed (Tables S1 and S2), OSCs and PSCs generally
require different SAMs with variant film qualities owing to
their different intrinsic natures, which could complicate SAM
processing technologies and potentially increase the cost for
SAM industrialization. To address these issues, we designed
and synthesized a versatile SAM molecule named TDPA-CL
The chlorinated phenothiazine was selected as the headgroup
and was linked to anchor phosphonic acid through a butyl
chain. The SAM was spin-coated on the ITO substrate,
followed by thorough characterization and investigation of
SAM qualities and functions in OSCs and PSCs.

Compared with the commonly used PTAA in PSCs, the
TDPA-CI SAM showed a higher PCE of 22.4% with enhanced
processability and device reproducibility. Moreover, in OSCs
based on PM6:Y6, the TDPA-CI SAM showed a device
performance superior to that of devices with PEDOT:PSS, and
its universality was also proved with the D18:Y6 system with a
PCE of 17.4%. As a result, TDPA-CI was demonstrated as a
potential candidate in replacing PTAA and PEDOT:PSS for
HSLs. Our work represents a reasonably good compromise
between the differing requirements of OSCs and PSCs and
provides insights into new SAM development in photovoltaic
devices.

B RESULTS AND DISCUSSIONS

TDPA-Cl s designed to fit in both OSCs and PSCs (Figure 1),
so the intrinsic characteristics of the organic semiconductor

peecs
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SAM: TDPA-CI

Figure 1. Schematic cross-section of the solar cell with TDPA-Cl
SAM as the HSL. The active layers are PM6:Y6 or perovskite (labeled
as PSK). The inset shows the chemical structure of TDPA-CI. ETL:
electron transport layer; PSK: perovskite.

and perovskite should be carefully considered. Due to the
limited exciton dissociation efficiency in OSCs compared to
PSCs, TDPA-Cl was designed with the electron-rich
phenothiazine scaffold instead of conventional carbazole to
facilitate the charge carrier transport and extraction in both
OSCs and PSCs. Compared with the brominated-phenothia-
zine, the chlorine substituents can mildly downshift the
molecular energy level for the energy alignment and tune the
dipole for the charge selection in both OSCs and PSCs,*” as
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well as achieve denser and more re§ular packing due to the size
effect of smaller chlorine atoms.”” Besides, the halogen and
sulfur heteroatoms can further enhance the PSC device
performance by interfacial passivation.”>”>* Phosphonic acid
was selected as the anchor group to passivate the defects on
the metal oxide substrate via covalent bonds.”” An n-butyl
chain connecting the phenothiazine headgroup and phos-
phonic acid anchor could modulate the material flexibility and
interaction between the functional head and the substrate for
dense packing with optimized conformation.’”"

A densely packed SAM with minimal defects is crucial for
functioning as an efficient HSL in highly efficient and stable
solar cells. The as-prepared SAM was characterized to reveal
their molecular bonding, surface morphology, and packing
density on the substrate surface.

Interface defects can be eliminated by chemical bonding
between anchors and the substrate, which could be evidenced
by characteristic peaks at 1264 (stretching vibrations of C—N)
and 1459 cm™' (phenothiazine ring stretching vibrations) in
the attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR, Figure 2a),**** and the signals of
the molecular characteristic elements, including Cl, N, P, and
S, %% in X-ray photoelectron spectroscopy (XPS, Figures 2b,
S1, and S2) measurements. The covalent bonding could be
further identified for the fitted fingerprint peaks at 533.0 eV
assigned to In—O—P/P=0, while the other two fitted peaks at
532.1 and 531.4 eV were originated from the ITO substrate
(Figure 2c).12’23’29

To further investigate the morphology of SAM-decorated
ITO, atomic force microscopy (AFM) and scanning electron
microscopy (SEM) techniques were performed. In the AFM
images, TDPA-Cl-decorated ITO showed a comparable
roughness (1.19 nm, Figure 2d) to that of a clean ITO (1.10
nm, Figure S3) because of having an ultrathin SAM coverage.
With the energy dispersive spectroscopy (EDS) modules of
SEM, the characteristic elements of Cl, N, P, and S of TDPA-
Cl showed a uniform distribution on the substrate, indicating
no severe aggregations formed on the SAM-decorated ITO
surface (Figures 2e, S5, and $6).*

The molecular SAM density was calculated as 4.6 X 107'°
mol cm™ by a UV—vis-based method®” from Figures 2f and S7
and delivered areas per molecule (S) of 33.0 A2 which is
within a similar range with some other reported SAMs (~20
A?).%*% The packing quality was further investigated with the
time-dependent contact angle measurements in Figure 2g and
Table S3. As small-sized water molecules will gradually
permeate through the SAM to the hydrophilic anchor and
substrate, leading to the decreased contact angle with time, a
big decay constant k of 2.24 min~" and contact angle of 18.8°
after 10 min indicate the dense and regular packing of the
SAMs. 404!

The functions of the TDPA-CI SAM in OSCs and PSCs can
be discussed from the aspects of interactions with adjacent
layers, energy level alignment, and charge-selective dipoles.
Theoretical calculations were conducted to simulate the SAM
interfacial interaction (Figure 3a) and molecular dynamic
distribution (Figure 3b) in PSCs.”” As we expected, orbital
overlaps were found between Pbl,-terminated perovskite*’ and
TDPA-Cl SAMs with a binding energy of —0.235 eV/
molecule, which indicate that TDPA-CI SAM plays an active
role in the formation of the high-quality perovskite film mainly
due to the Lewis acid—base interaction between heteroatom (S
and CI) and Pb*".** In OSCs, the interface compatibility is also
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Figure 2. Characterization of the TDPA-Cl SAM. (a) ATR-FTIR
absorbance spectra of the TDPA-CI SAM on ITO. (b,c) High-
resolution XPS of P 2p and O 1s with the TDPA-Cl SAM,
respectively. The P 2p peak centered at 133.4 eV consists of the two
components: 132.9 eV (P 2P ;,,) and 133.8 ¢V (P 2P, ,).** (d) AFM
image of the TDPA-CI SAM on ITO. (e) SEM image and its
corresponding Cl (orange), N (blue), P (pink), and I (purple)
element EDS mapping of the TDPA-CI SAM on ITO. (f) Normalized
UV—vis spectra of TDPA-CI in solutions (107> M) and solid films.
(g) Time-dependent contact-angle measurements.

significantly improved due to the aromatic nature of TDPA-CI
as 2e%videnced by the contact angle measurements of Figure
2g.”

The energy levels of the TDPA-Cl SAM were determined by
cyclic voltammetry (CV) and UV—vis measurements (Figures
S7 and S8). The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) energy
levels were calculated to be —5.42 and —2.30 eV, respectively,
which were consistent with the HOMO of 5.47 eV from
ultraviolet photoelectron spectroscopy (UPS) (Figures 3¢, S10,
and S16). Therefore, the TDPA-Cl SAM showed a good
energy level alignment with both perovskite (valence band
maximum, VBM: —5.90 eV) in PSCs*® and PM6 (HOMO:
—5.56 eV) in OSCs*, which could facilitate the efficient hole
extraction and electron blocking toward the anode.
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The dipole of TDPA-CI was calculated as 3.81 D pointing
downward the substrate by DFT calculations (Figure 3d),
which will help downshift the ITO work function®”*® and
facilitate charge selection through forming an interfacial
electric field."” As the shown in UPS measurements (Figures
3c and S9), the work function of the TDPA-Cl-decorated ITO
is 5.00 eV, deeper than those of PTAA and PEDOT:PSS,
which is favorable for efficient hole-extraction at the interface
by minimizing the energy offset to achieve higher FF and V¢
of the corresponding photovoltaic devices.'””’

Photovoltaic performance based on TDPA-Cl SAM was
further characterized. Figure 4a,b shows the representative
current density—voltage (J—V) curves and EQE plots. Table 1
summarizes the related photovoltaic parameters of derived
OSCs and PSCs. First, the conventional device structure of
ITO/SAM/PM6:Y6/PNDIT-F3N/Ag was adopted in the
OSCs. Compared with the PCE of 16.6% from PEDOT:PSS,
the TDPA-Cl-based device exhibited an enhanced PCE of
17.3% with an EF of 75.7%, V. of 0.860 V, and J,. of 26.6 mA-
cm™? under 1 sun illumination (AM 1.5G, 100 mW-cm™2). In
addition, the TDPA-Cl SAM showed a good universality when
applied to a different active material system of D18:Y6,
delivering a high PCE of 17.4% with an FF of 75.6%, V. of
0.832 V, and J,. of 27.6 mA-cm™* (Figure S11). It is notable
that the OSC performance enhancement can be mainly
attributed to the distinct FF values induced by the better
energy level alignment and interfacial conditions.”” Moreover,
the PSCs employing TDPA-CI SAM showed a PCE of 22.4%,
FF of 81.4%, V,. of 1.151 V, and J,. of 23.9 mA-cm™ in a
device with a configuration of ITO/SAM/perovskite/Cyy/
BCP/Ag, which was superior to that of PTAA with a PCE of
20.8%. The designed Cl and S effectively passivated the
perovskite surface,'”***" improving the FF and V,. in the
PSCs and further enhancing the PCE. The material stability
and SAM-based device stability are revealed in Figures S4, S12,
S13, and S14. Although there is still a gap between TDPA-CI-
and carbazole-based SAMs in device performance, TDPA-CI
demonstrates optimized performance in both OSCs and PSCs
compared with traditional HSLs. The universality can be
attributed to the structural design of TDPA-CI in the three
aspects we mentioned: energy level, molecular dipole, and
interaction with adjacent layers.

Compared with carbazole, phenothiazine is an electron-rich
scaffold with good chemical stability and very high hole
mobilities, which can facilitate exciton dissociation efficiency in
OSCs."” Chlorine as an electron-withdrawing heteroatom can
appropriately adjust the molecular energy level and dipole for
good energy alignment and effective charge selection in both
the OSCs and PSCs. On the contrary, carbazole-based
molecules are predominantly used in high-performance PSCs
benefiting from their matching energy levels with perovskite
(VBM: —5.90 eV).”***” However, their deeper energy levels
make it challenging to accommodate organic semiconductors
(e.g, PM6 HOMO: —5.56 eV)™* at the same time.

On the other hand, both phenothiazine- and carbazole-based
SAMs can exhibit good wettability to organic semiconductors
in OSCs due to their organic nature. In PSCs, though with
high performance, a carbazole-based SAM still suffers from
poor wettability. On this basis, chlorinated phenothiazine with
electron-donating atoms (sulfur and chlorine) in top exposed
positions can effectively improve the wettability and device
performance by strengthened interaction with the perovskite.
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Figure 4. Performances of the photovoltaic devices with the TDPA-
Cl SAM as the HSL. (a) J=V curves. (b) EQE curves.

Table 1. Performance Table for OSC (PM6:Y6) and PSC

HTL Vo (V) Ji (mA/cm?) PCE (%) FF (%)
OPV PEDOT:PSS 0.863 26.1 16.6 73.8
TDPA-Cl 0.860 26.6 17.3 75.7
PSC PTAA 1.109 24.0 20.8 79.7
TDPA-CI 1.151 23.9 22.4 81.4

B CONCLUSIONS

In conclusion, we designed and explored a chlorinated
phenothiazine-based SAM (TDPA-Cl) as an effective HSLs
in both OSCs and PSCs. A dense SAM with good regularity
was fabricated by spin-coating and the quality of interfaces in
both PSCs and OSCs was significantly improved, evidenced by
SAM characterization and photovoltaic device applications.
The TDPA-Cl SAM showed a superior performance than
PEDOT:PSS in the PM6:Y6-based OSCs, and its universality
was also proved with the D18:Y6 system, resulting in a PCE of
17.4%. In PSCs, the TDPA-Cl SAM improved the device
performance to 22.4%, which was higher than 20.8% of PTAA-
based devices. The performance of the TDPA-CI SAM showed
great potential in replacing conventional HSLs. This work
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provides insight for designing new SAMs compatible with
different photovoltaic applications.

B EXPERIMENTAL SECTION

UV—Vis Absorption. UV—vis absorption measurements of
solution and thin films were determined with an Agilent Cary 8454
spectrophotometer. All film samples were spin-cast on the indium tin
oxide (ITO) substrates. Solution UV—vis aborption spectra were
collected from the isopropanol solution with the concentration of 1.0
X 107> M. The SAM surface coverage, I' (mol cm™?) was quantified in
eq S1:

o AW/e@)
1000 (s1)

A(A) is the UV—vis absorbance of SAM in Figure S7, and (1) is
the molar extinction coefficient of the SAM in solution calculated
from the absorbance maximum at ca. 319 nm. In this work, £(4) and
I" were calculated as 3.82 X 10* M~ cm™" and 2.93 X 10™° mol cm™,
respectively.

Cyclic Voltammetry. CV measurements were conducted by a
CHI660D electrochemical workstation in acetonitrile containing
Tetrabutylammonium phosphorus hexafluoride (Bu,NPF,, 0.1 M)
as a supporting electrolyte. A glassy carbon electrode was used as a
working electrode, and a platinum wire was used as a counter
electrode. All potentials were recorded versus Ag/AgCl as the
reference electrode. Before measurements, the solution was
deoxygenated by nitrogen bubbling for 10 min. The energy levels
of organic semiconductors were calculated using the ferrocene value
of —4.8 €V as the reference. The scan rate was 50 mV s™'. The film
samples were prepared by dropping the solution (1 mg mL™") onto
the glassy carbon electrodes overnight.

X-ray Photoelectron Spectroscopy. XPS data were obtained
with an Axis Ultra Imaging X-ray Photoelectron Spectrometer from
Kratos Analytical Ltd. by using 300 W AlKa radiation. The base
pressure was about 3 X 107° mbar. The binding energies were
referenced to the C 1s line at 284.8 eV from adventitious carbon.

Ultraviolet Photoelectron Spectroscopy. UPS is conducted in
a surface analysis system (VG ESCALAB 220i-XL) equipped with a
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He discharge lamp (hv = 21.22 eV). The samples are deposited on
ITO in the same process as for device fabrication. The binding
energies were referenced to the Ag signal.
Contact Angle. Contact angle is measured with a DataPhysics
contact angle tester 3/13, and the water drop volume is 0.4 mL.
Time-dependent contact angle tests can be exponentially fitted with
the following equation:

y=y+ Aexp(—x/k) (52)

where y, and A are fitting constants. k is the decay constant. Herein,
the fitting index, R* = 0.99168.

Scanning Electron Microscope (SEM) and Energy-Disper-
sive X-ray Spectroscopy (EDS). The SEM images and EDS
mappings were obtained with Hitachi Regulus 8220 ultrahigh-
resolution SEM and Octane Elect America EDAX. The scan voltage
is 1.0 kV

Thermogravimetric Analysis (TGA). TGA measurements were
conducted on a TA Instruments Q600 SDT thermal analysis system
under N, at a heating rate of 10 °C min™".

Differential Scanning Calorimetry (DSC). DSC measurements
were conducted by using a TA Instruments Q2000 differential
scanning calorimeter under N,.

Attenuated Total Reflection-Fourier Transform Infrared
Spectroscopy. The ATR-FTIR spectrum was obtained using a
Bruker Tensor 27 FTIR spectrometer. A spectrum was obtained by
subtracting the ITO background signal from the signal of the SAM-
modified ITO substrate.

Atomic Force Microscopy. The morphology of thin films was
investigated by a ScanAsyst model AFM (Bruker Dimension Icon
with Nanoscope V controller) under ambient conditions. The
resolution of the AFM image is 512 X 512 pixels.
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ATR-FTIR, Fourier transform infrared spectroscopy; XPS, X-
ray photoelectron spectroscopy; AFM, atomic force micro-
scope; SEM, scanning electron microscope; EDS, energy
dispersive spectroscopy; MD, molecular dynamic; HOMO,
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diylidene)]]bis[propanedinitrile]; ETL, electron transport
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