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Modulation of intermolecular interactions in hole
transporting materials for improvement of
perovskite solar cell efficiency: a strategy of
trifluoromethoxy isomerizationy
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Rational design of hole transport materials (HTMs) can significantly enhance the performance of perovskite
solar cells (PSCs). In this work, in order to provide a strategy of molecular design, three HTMs (JY4-JY6) are
designed through modulating the intermolecular interactions within carbazole-diphenylamine-based
HTMs for enhancing the efficiency of PSCs. On the basis of the DFT, TD-DFT, Marcus theory, and MD
simulations, though the designed HTMs exhibit similar electron structures, optical properties and
solubility, trifluoromethoxy isomerization in the designed HTMs can yield different intermolecular
interactions and surface adsorption on perovskite films. Specifically, the molecule of JY6 demonstrates
an inter-molecular co-directional alignment, which can offer an additional C—H/m stacking pathway for
promoting a strong electronic-coupling between the adjacent molecules. Related experiments further
confirmed heightened hole mobility, smoother film morphology, enhanced hole extraction and reduced
charge recombination at the perovskite/JY6 interface. Therefore, PSC devices based on JY6 achieve
a champion PCE of 22.06% compared to the devices based on JY4 (PCE of 18.84%) and JY5 (PCE of
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20.94%) under equivalent conditions. Through a combination of theoretical calculations and
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Introduction

In recent years, perovskite solar cells (PSCs) have garnered
widespread research interest as an emerging photovoltaic
technology, owing to their advantages of high efficiency and low
cost. The PSC devices have achieved a certified power conver-
sion efficiency (PCE) of up to 26.1%.* The PSC devices typically
employ a sandwich structure comprising a perovskite photo-
active absorption layer, an electron transport layer (ETL), a hole
transport layer (HTL) and a metal electrode (e.g. silver elec-
trode).>* Given various processing methods that enable the
fabrication of high-quality perovskite films and electron trans-
port materials (ETMs), the design and development of organic
small-molecule hole transport materials (HTMs) have become
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experimental exploration, we substantiate the feasibility of obtaining potential HTMs via trifluoromethoxy
isomerization to modulate the intermolecular interactions for enhancing the efficiency of PSCs.

particularly crucial.*® HTMs as an integral part between the
electrode and perovskite layer in PSC devices play a critical role
in the transporting and extraction of photo-generated carriers,
and the protection of the perovskite.”” Therefore, rational
design of HTMs can significantly enhance the performance of
PSCs.

In the molecular design of HTMs for PSCs, the main strate-
gies include adjusting molecular structures, designing isomeric
forms, and introducing functional groups. For example, Tang
et al*® considered the structure-property relationship and
designed and synthesized two HTMs (PQ and DB) with similar
molecular structures. Among them, DB, which has a core
benzoyl structure, due to its flexible molecular structure, effec-
tively interacts with the underlying perovskite, thereby
enhancing the overall performance and stability of the devices.
Yang et al.** developed two fluorinated isomeric HTMs (spiro-
mF and spiro-oF) based on spiro-OMeTAD for assembling PSC
devices. The presence of fluorine atoms inhibits the intrusion of
oxygen and water for promoting the device stability. The meta
position fluorine atom in spiro-mF induces non-covalent inter-
actions and internal interactions, resulting in a higher hole
mobility and improved performance of PSC devices based on
spiro-mF. Kin et al.** proposed an end-group trifluoromethoxy
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substitution strategy to enhance the long-term stability of PSCs.
Given its high hole mobility and strong hydrophobicity, the PCE
of PSCs based on SGT-405s (C,, CF;) increased from 19.31% to
20.14%. Modulation of the molecular structure is an effective
way to develop efficient HTMs. However, for the development of
HTMs, we should not only pay close attention to the change of
the chemical structure, but also should have an insight into the
influence of intermolecular interactions on the performance of
HTMs in PSC applications.

In fact, the intermolecular interactions within HTMs play an
important role in promoting the efficiency of PSC devices owing
to their influence on electronic structure, charge transport
properties, and interfacial characteristics between HTMs and
the perovskite photoactive layer. For instance, Jen et al.*® re-
ported two donor-m-linker-donor (D-m-D) HTMs (NO1 and
NO02), where NO1 self-assembled into an ordered layered struc-
ture through intermolecular interactions, exhibiting excellent
hole mobility and interfacial properties. Cheng et al.** investi-
gated the enhanced intermolecular interactions in YI-MPF with
the peripheral fluorine groups, which featured a highly polar-
ized structure and exhibited strong electron density delocal-
ization to achieve the improvement of hole mobility. In
addition, density functional theory (DFT), time-dependent DFT
(TD-DFT), and molecular dynamics (MD) simulation studies
can provide a clearer understanding of molecular geometry,
optoelectronic properties, and the optimization of PSC device
performance.”>™® Wei et al.® employed DFT calculations to
reveal the superior isotropic coordination ability of the halo-
genated HTM with perovskites, passivating Pb>* defects to
a greater extent to improve device stability. Cheng et al.*®
utilized a multifluorinated molecule (6FPPY) as an interface
modifier. Theoretical calculations and experimental results
demonstrated that the fluorine functional groups in 6FPPY
along with its highly conjugated planar core strengthened
interface interactions and reduced energy losses during charge
recombination. In our previous work, DFT predictions were
utilized to elucidate the theoretical characteristics of isomers
RQ4-RQ6. The results of theoretical simulations and experi-
mental findings indicated that the para-substituted RQ6
exhibited closely packed molecular stacking, which results in
improving the interfacial interactions at the perovskite/HTM
interface.*

On the basis of the molecular design of HTMs in PSC
applications, we focus on the influence of intermolecular
interactions on the material function and the performance of
PSC devices. Starting from -carbazole-diphenylamine-based
HTMs, three HTMs of JY4-JY6 were designed with a tri-
fluoromethoxy isomerization strategy to modulate intermolec-
ular interactions. As depicted in Fig. 1a, trifluoromethoxy
groups are positioned at the para, meta, and ortho positions of
the end-chain phenyls, respectively. Employing DFT, TD-DFT,
Marcus theory, and MD simulations, we have investigated
their geometric structures, frontier molecular orbital energy
levels, optical absorption, hole transport properties, intermo-
lecular interactions, and the interface characteristics between
the perovskite and HTMs. Theoretical simulation results reveal
that the designed HTMs exhibit similar electron structures,
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Fig. 1 (a) Chemical structures of corresponding isomeric HTMs. (b)
Optimized geometries of the investigated molecules in this work as
obtained using the B3P86/6-311G(d,p) method.

optical properties and solubility. However, trifluoromethoxy
isomerization in the designed HTMs can yield different inter-
molecular interactions and surface adsorption on perovskite
films. For example, compared to JY4 and JY5, JY6 was demon-
strated an intermolecular co-directional alignment, which can
offer an additional C-H/m stacking pathway for promoting
a strong electronic-coupling between the adjacent molecules.
To validate the accuracy of the theoretical findings, JY4-JY6
were synthesized for the fabrication of PSC devices. Experi-
mental characterization confirmed that when used as the HTM,
JY6 exhibited a higher hole mobility, smoother film
morphology, and more efficient hole extraction. Under identical
conditions, PSC devices based on JY6 achieved a champion PCE
of 22.06%, surpassing the performance of devices based on JY4
(PCE of 18.84%), JY5 (PCE of 20.94%) and spiro-OMeTAD (PCE
of 21.53%). This work underscores the efficacy and reliability of
coupling theoretical simulations with experimental investiga-
tions. Furthermore, an efficient strategy of trifluoromethoxy
isomerization in carbazole-diphenylamine-based HTMs to
modulate the intermolecular interactions for enhancing the
efficiency of PSCs is feasible.

Results and discussion
Theoretical simulations

In order to investigate the relationship between the molecular
structure and molecular interactions for providing a strategy for
promoting the material function, three isomers of HTMs (JY4,
JY5, and JY6) were designed. Starting from carbazole-
diphenylamine derivatives with biphenyl substitution, tri-
fluoromethoxy groups in the designed JY4, JY5, and JY6 are
introduced to replace the end phenyl rings in the para, meta,
and ortho positions, respectively (Fig. 1a). According to our
previous studies, the B3P86/6-311G (d,p) functional and basis
set can give accurate results in line with the experimental values
based HTMs.”

for carbazole-diphenylamine derivative

This journal is © The Royal Society of Chemistry 2024
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Therefore, ground-state structural optimization for the
designed molecules was performed on the basis of the B3P86/6-
311G (d,p) functional and basis set. As depicted in Fig. 1b, the
dihedral angles of JY4, JY5 and JY6 between the
trifluoromethoxy-substituted benzene and benzene ring are
142.0°, 142.2° and 128.7°, respectively. Between the middle
benzene ring and the carbazole-diphenylamine, the dihedral
angles are about 129.2-129.8° for the designed molecules. It can
be seen that the JY6 molecule exhibits a smaller dihedral angle
and higher planarity than other molecules, which potentially
enhance the intermolecular -7 interactions in favor of facili-
tating hole transport.”® In addition, in comparison with the
ground-state dipole moments of JY4 (2.01D) and JY5 (3.77D)
(Table 1), the ortho substitution of trifluoromethoxy in JY6
yields a significantly higher ground-state dipole moment
(3.81D), which is favorable for strengthening the intermolecular
interactions and promoting the hole extraction and
transport.”***

The distribution of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
within the frontier molecular orbitals (FMO) reflects the elec-
tronic characteristics of the molecules.>® In fact, there are no
significant differences of the FMO distributions for the JY4, JY5
and JY6, as shown in Fig. 2a. For the molecules, the electron
density of the HOMO is mainly delocalized on the carbazole-
diphenylamine moiety, while the LUMO is primarily distrib-
uted over the biphenyl units. The well-separated HOMO and
LUMO indicate charge transfer characteristics, which can
promote the transfer of charges within the molecules from the
donor of the carbazole-diphenylamine part to the acceptor of
trifluoromethoxy-substituted biphenyl.”” The alignment of
energy levels for HTMs with the perovskite is crucial for
enhancing the photovoltaic efficiency.”® A better alignment of
energy levels not only improves hole extraction and transport
but also minimizes energy losses.” As shown in Table 1,
employing the B3P86/6-311G(d,p) functional and basis set, the
HOMO energy levels for JY4, JY5, and JY6 are calculated to be
—5.14, —5.15, and —5.10 eV, respectively. These values are
significantly higher than the valence band (VB) of the perov-
skite, which facilitates the enhancement of electron-hole
separation efficiency and promotes the effective extraction and
transport of holes.** The LUMO energy levels for JY4, JY5, and
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Fig. 2 (a) Frontier molecular orbitals of all investigated molecules. (b—
d) Graphical representation of the density of states (DOSs) of studied
molecules (JY4-JY6), the waveforms of different colors represent the
partial density of states (PDOSs) for various components within
molecules. (e) Simulated absorption spectra of molecules JY4, JY5,
and JY6 using the TD-PBE0/6-31G(d) functional and basis setin DCM.

JY6 are —2.00, —2.13, and —1.95 eV, respectively, all of which are
higher than the conduction band (CB) of the perovskite. These
higher energy levels than the CB of the perovskite can prevent
the photogenerated electrons from flowing towards the metal
electrode while obstructing non-radiative recombination
between electrons and holes.** To corroborate the findings from
the FMO analysis, each molecule was segmented into four parts
such as the -carbazole as the donor, the terminal
trifluoromethoxy-benzene as the acceptor, and the benzene ring
serving as the m-bridge in the intermediate. Density of states
(DOS) analysis (Fig. 2b-d) for the designed HTMs was per-
formed. It can be observed that the HOMO of JY4, JY5, and JY6
is mainly contributed by diphenylamine (DPA) and the core,
with percentages in the order JY6 (97.49%) > JY5 (97.37%) > JY4
(97.34%). This indicates that the carbazole-diphenylamine
portion of these three molecules essentially acts as the donor.
In contrast, the LUMO of all three molecules is mainly
concentrated on the w-bridge and acceptor segments. Specifi-
cally, the contribution of the trifluoromethoxy-benzene moiety
to the LUMO is greater for JY6 (49.98%) than for JY4 (43.27%)
and JY5 (48.20%). This observation supports the results of the
FMO analysis.>***

Table1 Simulated HOMO (eV), LUMO (eV), £q4 (eV), dipole moment u (D), absolute hardness 7 (eV), free energy AG (eV), absorption wavelengths
Aabs(Nm), emission wavelengths Aem(nm), oscillator strength, assignments and Stokes shift (nm) of JY4, JY5, and JY6

Absorption® Emission®
HOMO LUMO E, “w n AG Aabs f Assignments Aem Shift

JY4 —5.14 —2.00 3.14 2.01 2.41 —0.47 402 0.05 H — L+ 1 (80%) 446 44
H — L (17%)

JY5 -5.15 —-2.13 3.02 3.77 2.41 —0.48 403 0.11 H — L+1(71%) 446 43
H — L (26%)

JYeé —-5.10 —-1.95 3.15 3.81 2.46 —0.48 401 0.04 H — L+1(75%) 446 45
H — L (23%)

“ The results in Sy-S; states are calculated from TD-PBE0/6-31G(d) levels in dichloromethane solvent.
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Electrostatic potential (ESP) maps illustrate the charge
distribution within molecules, as shown in Fig. 2a. In the maps,
red, white, and blue represent regions with positive charges,
neutral regions, and regions of concentrated negative charges,
respectively. It can be observed that the negative charges mainly
gather around the carbazole center and the trifluoromethoxy
group. This indicates that both of these components can act as
Lewis bases to a greater extent, inhibiting the migration of lead
ions and improving the quality of the perovskite film.*
Furthermore, good solubility of HTMs in organic solvents and
stability in air are prerequisites for the preparation and appli-
cation of PSCs. As shown in Table 1, JY4, JY5, and JY6 exhibit
similar solvation free energies (AG) in chlorobenzene, which are
approximately 0.47, 0.48, and 0.48 eV, respectively. This
suggests that all molecules have good solubility in chloroben-
zene, which is favorable for uniform film formation during
spin-coating. In turn, it can induce uniform growth of the
perovskite active layer on the top surface, promoting better
interface contact between the perovskite film and HTMs.** The
molecular stability of HTMs can be assessed using the absolute
hardness (1), where a higher 7 value indicates greater stability.*
As can be seen in Table 1, the 5 values for JY4, JY5, and JY6 are
2.41, 2.41, and 2.46 eV, respectively. The UV-vis absorption
spectra of JY4-JY6 in dichloromethane solvent were predicted at
the TD-PBE0/6-31G(d) level. As shown in Fig. 2e and Table 1, the
designed JY4-JY6 exhibit similar optical properties. The
maximum absorption wavelengths (Aubs, max) for these mole-
cules are 402 nm, 403 nm, and 401 nm, respectively, with cor-
responding orbital transitions being HOMO — LOMO + 1. The
oscillator strengths (f) and stokes shifts are 0.05, 0.11, 0.04, and
44 nm, 43 nm, 45 nm, respectively.

The designed organic small molecules as HTMs were ex-
pected to exhibit high hole mobility for PSC applications. To
further obtain insight into the hole transport capabilities,
molecular dynamics simulations (MD) were performed using
the GROMACS program. Hole mobility (uy,) for the three mole-
cules was calculated based on the Marcus electron transfer
theory and the Einstein equation.***” One key parameter
affecting the charge mobility is the reorganization energy (1)
which arises from geometric relaxation during charge trans-
fer.*®?° The calculated hole reorganization energies (4;,) for JY4,
JY5,and JY6 are 0.194, 0.193, and 0.196 eV, respectively. Another
important parameter of electron transfer integral (V) for the
adjacent fragments was calculated.*® V could be simulated from
the PW91/TZP levels in the ADF program,***> which signifies the
intermolecular electron coupling between two adjacent mole-
cules in the structure. The values of V were affected by the
orbital overlap and adjacent interactions. In order to obtain the
models of molecular arrangement for the designed HTMs, we
constructed a 50 x 50 x 50 A box and placed 24 HTM molecules
in it to perform molecular dynamics simulations of isolated
HTMs. (see Fig. 3a). Simulations were carried out under NPT
system conditions of 298.15 K, time step of 1 fs, Berendsen
pressure coupling and velocity scale temperature coupling.
According to the simulated results, the transporting pathways
taking the central molecule with all neighboring molecules were
constructed. The main pathways were extracted as shown in

4070 | J Mater. Chem. A, 2024, 12, 4067-4076

View Article Online

Paper

S=3.2x10+* S=-5.3x10"* S=-6.4x10"*
JY4 JYS JY6

Fig. 3 (a) Representative snapshot of molecular dynamics simulation.
(b) Main charge-hopping pathways of JY4, JY5, and JY6. (c) Isodensity
surface plots of the intermolecular HOMO overlaps of the pathways
with the largest hole transfer integrals. The isodensity value is set at 1 x
1078,

Fig. 3b. On the basis of the selected transporting pathways, the
V of each pathway was calculated. The parameters for each
pathway, as well as the calculated values of hole transfer inte-
gral (Vy), hole transport rate (k;), and hole mobility (uy), are
presented in Table 2. The w;, values for the three HTMs are as
follows: JY6 (5.80 x 10> em> V™' s7') > JY5 (1.06 x 1072 cm?
V7's ) >JY4(2.80 x 107 em? Vs,

The higher hole mobility of JY6 is attributed to its larger
electronic coupling. Visually, the orbital overlaps of the largest
V, for each HTM (JY4-JY6) were extracted. As can be seen in
Fig. 3¢, the regions enclosed in red and yellow indicate the areas
of overlap between the HUMO orbitals of two adjacent mole-
cules with the same and opposite phases, respectively. Under
the same isosurface, JY6 exhibits a larger HOMO-HOMO over-
lap, which is more favorable for hole transport.” Moreover,
utilizing the independent gradient model (IGM) method,
a systematic understanding of the intermolecular interactions
of the designed molecules was attained.*** As depicted in
Fig. 4a, each molecule was treated as an individual fragment. It
is evident that all dimers exhibit a green region, which high-
lights a weak interaction with reduced electronic density, sug-
gesting m-m van der Waals attractions between the dimers.
Every dimer also showcases blue and red zones, indicative of
localised attraction and repulsion forces, respectively.” It is
noteworthy that the intermolecular interactions within the Jy4
dimer are relatively dispersed, whereas those in JY5 and JY6
present a more pronounced IGM isosurface area, reflecting
their enhanced interactions. Contrary to the JY5 dimer, the JY6
dimer manifests a co-facial orientation, with the diphenylamine
segments of the molecules interacting. This provides an addi-
tional avenue for C-H/m stacking, which is also instrumental in
JY6 exhibiting an elevated hole mobility.*>*®

This journal is © The Royal Society of Chemistry 2024
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Table 2 The reorganization energy Ay, (eV), hole coupling V (eV), hole transport rate k;; (s, center-of-mass distance r; (A) and hole mobility un
(cm? V™t s71) of the main hopping pathway selected for JY4, JY5, and JY6

Molecules Pathways 2% [eV] r? [A] v [eV] k7 [s pn’ [em* vtsTh
JY4 1 0.194 12.707 —3.13 x107* 5.72 x 108 2.80 x 107*
2 14.719 4.71 x 107* 1.30 x 10°
3 13.508 —7.79 x 10°* 3.55 x 10°
4 11.181 —4.80 x 10°* 1.35 x 10°
JY5 1 0.193 14.066 1.46 x 1073 1.26 x 10*° 1.06 x 1073
2 9.060 1.56 x 1072 1.43 x 10*°
3 9.136 6.08 x 107° 2.18 x 107
4 12.949 1.04 x 1073 6.34 x 10°
JY6 1 0.196 11.082 8.78 x 107* 4.38 x 10° 5.80 x 107
2 13.875 —1.05 x 1073 6.30 x 10°
3 15.336 —4.12 x 107* 9.64 x 10°
4 12.499 3.42 x 107? 6.66 x 10'°

“ Inner reorganization energy for holes. ? Center-of-mass distance. ° Hole coupling V (eV). ¢ Hole transport rate k;. © Hole mobility up.

7 ©

E,q =-3.11eV
JY6

E,q=-327eV

Fig. 4 (a) IGM analysis based on the original molecular density shows
the weak interaction of the designed HTM dimer. All iso-surfaces
(isovalue = 0.001) are colored for the promolecular density range of
—0.05 < p(r) < 0.05 a.u. (b) The distribution of HTMs on the perovskite
surface after 10 ns is simulated by the MD method. (c—e) Adsorption
energy of the perovskite surface to the HTM and electron charge
density differences.

The stacking and orientation of HTMs on the perovskite
surface are crucial for enhancing the device performance.
Therefore, we further conducted MD simulations to explore the
deposition process of HTMs on the perovskite layer. The
simulations were conducted under NVT ensemble conditions.
At 10 ns, the interactions between HTMs and the perovskite
surface are as follows: JY6/PVK (—1074.27 k] mol ™) < JY5/PVK
(—966.05 k] mol ') < JY4/PVK (—871.71 k] mol '), indicating
a stronger interaction of JY6 with the perovskite. Additionally,
we investigated the adsorption states of single HTMs on the
perovskite surface. Based on configurations sampled from MD
simulations, JY6 exhibited a flatter adsorption state compared

This journal is © The Royal Society of Chemistry 2024

to the randomly stacked JY4 and JY5. Utilizing first-principles
calculations to comprehend molecular properties and behav-
iors, we simulated the charge density difference (CDD) between
the perovskite surface and HTMs (JY4-JY6), as shown in Fig. 4c-
e. Here, the yellow region represents electron accumulation,
while the blue region represents electron depletion. The corre-
sponding adsorption energies (Eads) of HTMs on the perovskite
surface are JY6 (—3.27 eV) < JY5 (—3.11 eV) < JY4 (—3.07 eV).
Clearly, JY6 demonstrates stronger interface contact.

The results from theoretical simulations indicate that the
three newly designed HTMs possess appropriate energy levels
and exhibit similar optical properties. However, by controlling
the substitution positions of trifluoromethoxy groups, the
adjacent-substituted JY6 molecule undergoes meaningful
changes in its internal charge properties. Compared to JY4 and
JY5, JY6 provides additional intermolecular stacking modes,
demonstrating a higher hole mobility. It displays a distinct
mechanism for enhancing interface interactions at the
perovskite/HTMs interface. Therefore, JY6 holds promise as
a candidate HTM.

Synthesis, characterization, and device performance

The synthesis routes for these HTMs are presented in Fig. S1.}
The 'H NMR spectra, '*C NMR spectra, and HRMS data can be
found in Fig. S2-S10.T Using Pd(PPh;), as a catalyst, 1,4-dioxane
as the solvent, and a potassium carbonate solution to provide
a basic environment, the three target compounds were
successfully synthesized via Suzuki coupling reactions. Taking
into account the filling effect of the molecular film, we charac-
terized the HOMO energy levels of JY4-]JY6 films using ultravi-
olet photoelectron spectroscopy (UPS). The cutoff energy region,
onset energy region, and corresponding energy diagrams in the
UPS spectra are shown in Fig. 5a and b. The work functions of
JY4-JY6 films are —4.13, —4.05, and —4.15 eV, resulting in
HOMO energy levels of —4.90, —4.88, and —4.83 eV for JY4, JY5,
and JY6, respectively (as shown in Fig. 5b). The UV-visible
absorption spectra of JY4, JY5, and JY6 are depicted in Fig. 5c,
and the corresponding parameters are listed in Table 3. Three
HTMs exhibit similar absorption features, with their absorption
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Fig. 5 (a) UPS spectra of the JY4-JY6 films (b) energy diagram for JY4-JY6. (c) Measured absorption spectra of JY4, JY5, and JY6. (d) Energy
levels of JY4, JY5, and JY6 in PSC devices. (e) Dark J-V curves of JY4, JY5, and JY6 for measurement of hole mobility.

bands primarily located in the ultraviolet region. Notably, the
absorption peaks are observed within the 250 to 500 nm range,
with maximum absorption wavelengths (A,ps) occurring at
around 420 nm. The onset of absorption (Aonsec) is found to be
441, 443, and 440 nm for JY4, JY5, and JY6, respectively.
Calculations based on the onset of absorption yield optical
bandgaps (E;) of 2.81 eV for JY4, 2.80 eV for JY5, and 2.81 eV for
JY6. Based on UPS and UV experimental data, the energy level
diagrams of JY4-]JY6 as HTMs applied to PSC devices were ob-
tained (Fig. 5d). Importantly, the HOMO and LUMO levels of the

designed HTMs are higher than the VB and CB of the perov-
skite, indicating a good level alignment between HTMs and the
perovskite. This alignment facilitates effective hole extraction
and reverse recombination of electrons. The electrochemical
performance of JY4, JY5, and JY6 was analyzed using cyclic
voltammetry (CV), as shown in Fig. S11.7 Ferrocene was used as
an internal standard for these measurements. All three HTMs
exhibit two distinct redox processes.

The parameters of hole mobility for JY4, JY5, and JY6 were
determined using the space charge limited current (SCLC)

Table 3 Experimental results such as optical properties, HOMO/LUMO energy, and hole mobility of JY4, JY5, and JY6

Aonset Hole mobility

Amax” [nmM] [nm] Eo,” [eV] E, [eV] Epomo [€V] Erumo [€V] [em* Vs
JY4 417 441 0.37 2.81 ~4.90 —2.09 2.31 x 107*
JY5 419 443 0.37 2.80 —4.88 —2.08 3.85 x 107*
JY6 420 440 0.38 2.82 -4.83 —2.01 4.78 x 107*

“ Absorption spectra were measured in DCM solution. ” Onset of oxidation potentials measured by cyclovoltammetry. © Optical band gap (Ey)

obtained from the onset values of absorption (Aonset)-
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Fig. 6 The GIWAXS images of (a) JY4, (b) JY5 and (c) JY6. (d) The
corresponding line cuts from GIWAXS patterns for JY4-JY6.

method with an ITO/PEDOT:PSS/HTMs/Ag configuration for
hole-only devices.”” As shown in Fig. 5e, the hole mobilities of
the HTMs are as follows: JY6 (4.78 x 10~ * em* V' s7') > JY5
(3.85 x 107 *em*V ' s ) >JY4 (2.31 x 10 * em® V' ' s71). This
trend is consistent with the computational results. However, the
higher hole mobility of JY6 is likely attributed to the enhanced
dipole-dipole interactions between neighboring molecules due
to the ortho-position substituted trifluoromethoxy groups,
which promote close molecular packing.*®

Through the grazing-incidence wide-angle X-ray scattering
(GIWAXS) technique, we conducted a detailed investigation into
the molecular stacking of JY4-JY6 films. Fig. 6 presents the two-
dimensional (2D) GIWAXS patterns and corresponding one-
dimensional (1D) film GIWAXS line cuts. As shown in Fig. 6a-
¢, it is observed that the molecules in films of JY4-JY6 exhibit
random orientation. According to Fig. 6(d), the JY4, JY5, and JY6
films exhibit w-m diffraction peaks at 1.31, 1.33, and 1.37 A,
respectively, with corresponding - stacking distances of 4.79,
4.72, and 4.58 A. Experimental results indicate that the substi-
tution of adjacent trifluoromethoxy groups in the JY6 film
contributes to a more compact molecular stacking. This posi-
tively influences the charge transport characteristics and device
performance of JY6.***° To further investigate the surface
morphology of the films for the designed HTMs, we conducted
atomic force microscopy (AFM) measurements. The root mean

k. y
() Rvs=27.7 [T (b)) Rvis—12.1 [k
Peroyskite Perovskite/JY4
Onm Onm
(c) RMS=9.82 L () RMS=9.64 T
Perovskite/JY5 Perovskite/J¥ 6
Onm Onm

Ipm Ipm

Fig. 7 (a) AFM image of the perovskite film. (b—d) AFM images of JY4,
JY5, and JY6 films on the perovskite.
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square roughness (RMS) of the bare perovskite film surface was
the highest at 27.7 nm (Fig. 7a). After spin-coating the designed
HTMs onto the perovskite film, the RMS significantly decreased
in the following order: perovskite/JY6 (9.64 nm) < perovskite/JY5
(9.82 nm) < perovskite/JY4 (12.1 nm). This suggests that when
these three molecules are applied to PSC devices, JY6 exhibits
better film-forming ability. A smoother film morphology leads
to improvements in hole transport at the perovskite/JY6 inter-
face and a reduction in charge recombination, which has
a significant impact on enhancing the performance of PSC
devices.”

Considering the suitable energy levels, excellent hole
mobility, and outstanding film-forming ability of the designed
HTMs, we fabricated PSCs with the structure of FTO/TiO,/
C50.05FA0.55MA¢.10Pb(I0.55BT0.04Clo.0s)s/ HTMs/Ag  (Fig. 8a) to
explore the photovoltaic performance of JY4, JY5, and JY6. We
optimized the thickness of the HTM films in PSC devices with
JY4-JY6 at different concentrations (40, 50, and 60 mg mL™").
The relevant data are presented in Tables S5-S7.7 The film
thickness data of HTMs at different concentrations are detailed
in Table S8.f In this work, the devices exhibited optimal
performance when the concentration of HTMs was 50 mg mL ™.
Fig. 8b illustrates the best J-V curves of PSCs based on JY4, JY5,
and JY6 at the optimized concentration under AM 1.5G illumi-
nation, with parameters detailed in Table 4. It can be observed
that the PSC based on JY6 exhibits a champion PCE of 22.06%,
with a Ve of 1.10 V, Jsc of 24.46 mA cm ™2, and FF of 81.99%,
significantly higher than those of the PSC based on JY4 (PCE of
18.84%) and the PSC based on JY5 (PCE of 20.94%). Through
the above tests, we find that by tuning the substitution positions
of the trifluoromethoxy groups, the Vo, Jsc, and FF parameters
of devices based on ortho, meta, and para HTMs gradually
improve. The significant improvement in Jsc and FF for JY6 can
be attributed to its excellent control over the perovskite film
quality and higher hole mobility, while the additional inter-
molecular interactions provided by JY6 and its stronger inter-
action with the perovskite improve the Voc. Furthermore, we
conducted a comparative analysis of the performance of devices
based on the classic Spiro-OMeTAD under identical conditions
(as illustrated in Fig. S12 and Table S37). The maximum PCE
achieved for Spiro-OMeTAD-based devices was 21.53%, with
a Voo of 1.114 V, Jsc of 24.61 mA cm 2, and FF of 78.53%.
Notably, PSC devices utilizing JY6 exhibited superior efficiency
compared to those based on spiro-OMeTAD. Hysteresis has
a significant impact on the performance and stability of PSC
devices.* Fig. S13 and Table S4f present the forward and
reverse scan J-V curves, along with the corresponding photo-
voltaic parameters, for the optimal devices based on JY4-JY6
and spiro-OMeTAD. The hysteresis index (HI) for PSC devices is
ranked as follows: spiro-OMeTAD (3.16%) < JY6 (3.17%) < JY5
(3.82%) <JY4 (5.10%). The HI of the PSC devices based on JY6 is
comparable to that of PSC devices based on spiro-OMeTAD,
indicating that by tuning the substitution positions of the tri-
fluoromethoxy groups at the ortho, meta, and para positions, the
charge accumulation at the perovskite/HTM interface has been
reduced.* Considering the reproducibility of device photovol-
taic performance, we fabricated 18 devices for each HTM

J. Mater. Chem. A, 2024, 12, 4067-4076 | 4073
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(a) PSC device assembly diagram. (b) J—V curves of JY4, JY5, and JY6 based PSC devices. (c) J—V curves under reverse and forward scans

for JY4, JY5, and JY6. (d) EQE and integrated JSC of the JY4-JY6 based PSCs. (e) Steady-state PL spectra of the perovskite films, and JY4, JY5,
and JY6 films on the perovskites. (f) Time-resolved PL decay of the perovskite films, and JY4, JY5, and JY6 films on the perovskites.

Table 4 Photovoltaic parameters of JY4, JY5, and JY6 based PSC devices

HTMs Voc (V) Jsc (mA em™?) FF (%) PCE (%)

JY4 1.034 (1.002 % 0.020) 24.08 (24.14 £ 0.17) 75.64 (73.47 + 2.09) 18.84% (17.78 + 0.64)°
JY5 1.077 (1.061 + 0.022) 24.15 (24.14 £ 0.15) 80.51 (79.89 £ 1.9) 20.94 (20.45 £ 0.34)
JY6 1.100 (1.098 + 0.023) 24.46 (24.15 £ 0.14) 81.99 (79.94 + 1.13) 22.06 (21.20 + 0.47)

@ The maximum value. * The average values were obtained from 18 devices.

(Fig. S147). It can be seen that compared to JY4, PSCs based on
JY5, JY6 and spiro-OMeTAD exhibit better reliability, particu-
larly JY6, which achieves a higher PCE due to its higher Vo,
while devices based on JY4 show a lower PCE mainly because of
the lower V¢ and FF.

Further investigation of the photoelectric conversion char-
acteristics of the devices was conducted through external
quantum efficiency (EQE) spectra, as shown in Fig. 8d, in
conjunction with the integrated short-circuit current density
curve. We observed strong EQEs for all devices in the range of
400 to 750 nm. The integrated current density values for JY4,
JY5, and JY6 devices were 22.78, 22.85, and 23.22 mA cm 2
respectively, which are consistent with the j-V curve results.

Furthermore, we performed steady-state photoluminescence
(PL) spectroscopy and time-resolved photoluminescence (TRPL)
decay measurements of the perovskite films, as well as perov-
skite films deposited with HTMs, to analyze the carrier
dynamics at the interface between the perovskite and HTM. As
shown in Fig. 8e, compared to the pristine perovskite, there is
a significant quenching of PL intensity at 787 nm when the
HTM is deposited on the surface. The quenching intensity at the
perovskite/HTM interface is ranked as JY6 > JY5 > JY4, with JY6
exhibiting the strongest quenching, indicating faster hole

)
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transfer at the perovskite/JY6 interface. By fitting the TRPL
decay curves of the perovskite samples coated with the three
HTMs using a double-exponential equation (Fig. 8f), it is
evident that the lifetimes of all HTM-deposited perovskite films
are significantly reduced compared to that of the pristine
perovskite film, following the trend of JY6 < JY5 < JY4. The TRPL
results indicate that among the designed HTMs, the highest
hole extraction efficiency occurs between the perovskite and
JY6. Furthermore, charge recombination at the perovskite/JY6
interface is effectively suppressed. Therefore, JY6 exhibits
a pronounced photoluminescence quenching capability and
a shorter luminescence decay lifetime, possibly due to
enhanced molecular stacking facilitated by the co-directional
alignment of the molecules.”*

Conclusions

In summary, we provided a strategy of trifluoromethoxy isom-
erization, aiming to modulate the intermolecular interactions
within carbazole-diphenylamine-based HTMs for enhancing the
efficiency of PSCs. Employing DFT, TD-DFT, Marcus theory, and
MD simulations, we have investigated their geometric struc-

tures, frontier molecular orbital energy levels, optical
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absorption, hole transport properties, intermolecular interac-
tions, and the interface characteristics between the perovskite
and HTMs. Though the designed HTMs exhibit similar electron
structures, optical properties and solubility, trifluoromethoxy
isomerization in the designed HTMs can yield different inter-
molecular interactions and surface adsorption on perovskite
films. Specifically, the molecule of JY6 demonstrated an intra-
molecular co-directional alignment, which can offer an addi-
tional C-H/m stacking pathway for promoting a strong
electronic-coupling between the adjacent molecules. Related
experiments further confirmed heightened hole mobility,
smoother film morphology, enhanced hole extraction and
reduced charge recombination at the interface/HTMs. Therefore,
PSC devices based on JY6 achieved a champion PCE of 22.06%
compared to the devices based on JY4 (PCE of 18.84%) and JY5
(PCE of 20.94%) under equivalent conditions. Our research
underscores the efficacy and reliability of coupling theoretical
simulations with experimental investigations and offers an effi-
cient strategy of trifluoromethoxy isomerization to modulate the
intermolecular interactions for enhancing the efficiency of PSCs.
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