RESEARCH ARTICLE

W) Check for updates

FUNCTIONAL

www.afm-journal.de

Leveraging Compatible Iridium(l1l) Complexes to Boost
Performance of Green Solvent-Processed Non-Fullerene

Organic Solar Cells

Hao Xia, Miao Zhang,* Huaxi Wang, Yingjie Sun, Zikang Li, Ruijie Ma, Heng Liu,
Top Archie Dela Pefia, Hrisheekesh Thachoth Chandran, Mingjie Li, Jiaying Wu, Xinhui Lu,

Wai-Yeung Wong,* and Gang Li*

In organic solar cells (OSCs), the short exciton lifetime poses a significant
limitation to exciton diffusion and dissociation. Extending exciton lifetime and
suppressing recombination are crucial strategies for improving the OSC per-
formance. Herein, an effective approach is proposed by introducing the phos-
phorescent emitter, tris(2-(4-(tert-butyl)phenyl)-5-fluoropyridine)lridium(ll1),
with long-lived triplet exciton lifetime in OSCs. This research reveals that

the steric structure of fac-Ir(tBufppy); exhibits excellent compatibility with
both the donor PM6 and acceptor BTP-eC9, maintaining efficiencies of over
90% even with a 30% third component loading. Moreover, a 10% addition

of fac-Ir(tBufppy); mitigates excessive aggregation in the acceptor BTP-eC9,
optimizing the active layer morphology and improving the fill factor. Transient
absorption spectroscopy and transient photoluminescence measurements
demonstrate that the introduction of fac-Ir(tBufppy); significantly

extends exciton lifetimes and suppresses recombination, which increases the
short-circuit current (Jsc). Ultimately, employing the non-halogenated solvent
o-xylene for processing, an impressive power conversion efficiency (PCE)

of 18.54% is achieved in devices based on PM6:10%fac-Ir(tBufppy);:BTP-eC9,
surpassing the efficiency of binary PM6:BTP-eC9 devices (17.41%). This work
provides a promising approach to further improve the PCEs in binary OSCs

by introducing a phosphorescent iridium(lll) complex as the third component.

1. Introduction

Organic solar cells (OSCs) were consid-
ered a promising photovoltaic technology
due to their key advantages of solution
processing, lightweight, flexibility, and
transparency.'™ Over the last decade, the
power conversion efficiency (PCE) of OSCs
has witnessed remarkable progress, owing
to the development of new materials, inno-
vations in device engineering, fabrication
processes, and a deeper understanding of
device physics.>®! Particularly noteworthy
is the recent advancement with the devel-
opment of fused-ring acceptors, enabling
OSCs to achieve a performance ~20%.°!
These advancements offer the potential
for the near-future commercialization of
OSCs. Nevertheless, OSCs continue to
face challenges, including a short exci-
ton lifetime and difficulties in modifying
the morphology of the active layer.[1%14]
These issues are crucial constraints
that hinder the further development of
OSCs.
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As widely recognized, exciton diffusion is a crucial process in
OSCs for converting solar energy into electrical energy, hence
playing a significant role in determining the photovoltaic effi-
ciency of OSCs.[**] The exciton diffusion length (L,) can be cal-

culated using the formula L; = V/Dz, where D represents the
diffusion coefficient, and 7 is proportional to the average photo-
luminescence (PL) lifetime within the thin film."®! Hence, the
exciton lifetime serves as a critical parameter in determining
L;. However, it is generally observed that the generation of ex-
citons in the active layer of OSCs occurs in the singlet state.
The lifetimes of single excitons in many semiconducting poly-
mers typically fall within the range of 10-100 ps, resulting in
the corresponding diffusion lengths of 5-10 nm.["”} This char-
acteristic propensity makes excitons prone to recombination be-
fore reaching the donor/acceptor (D/A) interface, resulting in
energy losses and adversely affecting the efficiency of OSCs.
Therefore, a critical approach for elongating the lifetime and
L, of excitons as a strategic approach for enhancing the perfor-
mance of organic solar cells is needed. One important strategy
to augment the L, involves the utilization of long-lived triplet
excitons.®! In many luminescent materials, particularly phos-
phorescent materials, long-lived triplet excitons can be generated
upon excitation, with metal complexes being the most classic
examples.['21l Therefore, in recent years, some research teams
have introduced metal complexes capable of generating long-
lived triplet excitons into OSCs to enhance their efficiency.[2223]
For instance, in a previous fullerene system, Huang et al. incor-
porated trace amounts of an iridium complex into PTB7, achiev-
ing a PCE of 8.71% for the PTB7Ir1:PC,;BM-based device.l?!]
Tao et al. presented the tris-Ir(III) complex TBz3Ir, character-
ized by an extended triplet lifetime and enhanced hole mo-
bility. When blended with Y6, the binary OSCs exhibited a
PCE of 11.35%.1%2] In our previous work, we introduced irid-
ium complexes into the polymer main chain of PM6, synthe-
sizing PM6Ir1. The addition of an appropriate amount of M1
enhanced photon harvesting, triplet exciton lifetime, and charge
mobility, and optimized the active layer morphology. As a result,
the OSCs based on PM6Ir1:Y6 exhibited a remarkable PCE of
16.71%.1231

Furthermore, morphology control presents another signifi-
cant challenge in OSCs.[>*?7] Due to the limited diffusion dis-
tance of exciton and the inherently low charge carrier mobil-
ity of organic semiconductors, achieving an appropriate active
layer morphology emerges as a key factor for attaining high-
efficiency OSCs. Recent reports in the literature suggest that
ternary strategies represent one of the most effective approaches
for regulating the active layer morphology.[2*3%1 Additionally,
there are studies indicating substantial enhancements in OSC
efficiency by introducing a small quantity of metal complexes
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into the polymer backbone to optimize the active layer morphol-
ogy. For instance, Peng et al. incorporated a small amount of
Pt(Ph),(DMSO), into the polymer and synthesized Pt-PSFTZ.[*!]
This modification increased steric hindrance along the polymer
main chain, inhibited polymer aggregation, regulated phase sep-
aration, optimized morphology, and consequently improved de-
vice efficiency to 16.35%. Min et al. incorporated different con-
centrations of iridium (Ir) complexes into PM6, resulting in a
set of z-conjugated polymer donors named PM6-1r0.5, PM6-Ir1,
PM6-1r2.5, and PM6-1r5.032] The best device based on PM6-1r1:Y6
(1:1.2, w/w) exhibited an outstanding PCE of 17.24%. However,
in the aforementioned studies, it was observed that excessive
incorporation of metal complexes (greater than 10%) had ad-
verse effects, leading to reductions in FF and Js.. This may
Dbe attributed to the poor compatibility between the metal com-
plexes and PM6 and Y6.1*¥! Therefore, synthesizing phospho-
rescent materials that are highly compatible with the acceptors
and can generate long-lived triplet excitons presents a significant
challenge.

Hence, in this work, we synthesized a spatially stereo-
structured complex, fac-Ir(tBufppy);, and observed its excel-
lent compatibility with the donor PM6 and acceptor BIP-eC9
(Figure 1). Even with the addition of 30%, the efficiency remained
over 90% of the optimal efficiency. The introduction of 10% fac-
Ir(tBufppy), optimized the active layer morphology leading to en-
hanced FF. Additionally, transient absorption spectroscopy and
transient PL measurements indicated a significant extension in
exciton lifetime with the introduction of fac-Ir(tBufppy),, effec-
tively suppressing exciton recombination. Ultimately, by employ-
ing the non-halogenated solvent o-xylene (O-XY) for processing,
devices based on PM6:10%fac-1r(tBufppy),:BTP-eC9 achieved an
impressive PCE of 18.54%, surpassing the efficiency of binary
PMG6:BTP-eC9 devices (17.41%). This study demonstrates a suc-
cessful approach to synergistically prolonging exciton lifetime
and modifying the morphology of the active layer to improve the
device’s performance.

2. Results and Discussion

2.1. Synthesis, Optical and Electrochemical Properties

The synthesis route for fac-Ir(tBufppy), is outlined in Scheme
S1 (Supporting information). Compounds 1 and 2 were pro-
cured from an organic reagent supplier. Compound 3 was ob-
tained through Suzuki coupling between compounds 1 and 2.
Compound 3 was subjected to a bridging reaction to yield com-
pound 4, followed by a debridging reaction to obtain the final
yellow product, fac-Ir(tBufppy);. All synthetic details are pro-
vided in the Electronic Supporting Information (ESI). Compre-
hensive characterization of all products was performed using 'H-
NMR, and additionally, *C-NMR and MALDI-TOF mass spec-
trum and single crystal structure were employed for product con-
firmation. Fac-Ir(tBufppy); was soluble in common solvents such
as chlorobenzene, O-XY, dichloromethane, and chloroform. Fac-
Ir(tBufppy); shows good thermal stability with a high decom-
position temperature of 387 °C for its 5% weight loss, as illus-
trated by the thermogravimetric analysis curve in Figure S1 (Sup-
porting Information). This behavior indicates that the prepared
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Figure 1. a) Molecular structure, b) energy levels of fac-Ir(tBufppy)3, PM6 and BTP-eC9, c) absorption spectra of fac-Ir(tBufppy),;, PM6 and BTP-eC9 in
films, d) absorption spectra and PL spectra of fac-Ir(tBufppy); in toluene solution and neat film, e) transient decay of fac-Ir(tBufppy); in PMMA film.

iridium(III) complex has good thermal stability for the fabrica-
tion of organic photovoltaics.

The optical characteristics of fac-Ir(tBufppy),, PM6, and BTP-
eC9 were investigated through UV-vis—near-infrared (UV-vis—
NIR) absorption spectra in thin films (Figure 1c), and the
corresponding optical data are summarized in Table 1. Fac-
Ir(tBufppy); exhibits absorption in the range of 350-500 nm,
complementing the absorption profiles of PM6 and BTP-eC9.
The optical band gap (E,*”') of fac-Ir(tBufppy); is calculated to
be 2.37 eV. In the blend films, an increase in the concentration of
fac-Ir(tBufppy), corresponds to enhanced absorption, suggesting
improved photon harvesting capabilities. In both solution and
film, fac-Ir(tBufppy), exhibited minimal shifts in the position of
its absorption and PL peaks (Figure 1d), a characteristic likely at-
tributed to its stable 3D structure. Moreover, the PL spectra of
fac-Ir(tBufppy); covered a range of ~#470-650 nm, entirely over-
lapping with the absorption spectrum of PM6. This alignment
strongly suggests the possibility of energy transfer between fac-
Ir(tBufppy),; and PM6.

The electrochemical potentials of fac-Ir(tBufppy); were de-
termined through cyclic voltammetry analysis (Figure S2, Sup-
porting Information). The highest occupied molecular orbital
(HOMO) level of fac-Ir(tBufppy), is calculated using the onset

Table 1. Photophysical properties of fac-Ir(tBufppy);.

oxidation by employing an empirical equation, resulting in val-
ues of 5.02 eV. The lowest unoccupied molecular orbital (LUMO)
level of fac-Ir(tBufppy), is calculated to be 2.65 eV according to
the absorption cutoff. The HOMO and LUMO levels of PM6
and BTP-eC9 were obtained from referenced reports,**l as illus-
trated in Figure 1b. These energy levels demonstrate an ordered
cascade, potentially facilitating efficient exciton dissociation and
charge transfer.

2.2. Single Crystal Structure Analysis and Theoretical Calculations

The single crystal structure (Figure S3, Supporting Information)
reveals that fac-Ir(tBufppy); is a homoleptic tris-cyclometalated
iridium(III) complex with a facial configuration. The details of
crystal data, atomic coordinates, bond lengths, and angles are
reported in the Cambridge crystallographic database (number:
2264 431). The iridium(III) center is coordinated by three iden-
tical CN ligands, forming a distorted octahedral coordination
geometry. This spatial geometry effectively prevents molecular
packing or aggregation, providing an explanation for the simi-
lar spectral range and shape observed in absorption and PL mea-
surements of fac-Ir(tBufppy), in both solution and film states.

Complex Ey [eV]) AT nm]?) AT m]°)

P [9%]” T [ps]? x, [10°s71]0 Ko [10° 57110

fac-Ir (tBufppy), 237 370/379 520/535

76.5 1.71 4.47 1.41

? Calculated by the equation: E, = 1240/4, 4 is absorption threshold; ®) peak wavelength in solution/film absorption; 9 peak wavelength in solution/film PL; Dp quantum
yield in PMMA (2 wt.% complex doping) using an integrating sphere; °) Observed decay lifetime in PMMA film was fitted by the double fit exponential function: 7 = 12.97%t,
+87.03%7, (7, =0.85 ps, 7, = 1.85 ps); 0 k, = ®p /7, k,, = (1 — ®p)/7 (k, and k,, denote the radiative and non-radiative rate, respectively).
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Phosphorescence

Figure 2. a) HOMO and LUMO energy levels of the electron cloud distribution of fac-Ir(tBufppy)s. b) Schematic diagram of phosphorescence emission

principle. ¢) Natural transition orbital (NTO) analysis of fac-Ir(tBufppy);.

In Figure S3 (Supporting Information, black), only several in-
termolecular short-range interactions are observed between fac-
Ir(tBufppy); molecules, involving a C-C distance of 3.3 A, C-F
distance of 3.0 A, and C-H distance of 2.7 A.

According to the single crystal structure of fac-Ir(tBufppy),,
density functional theory (DFT) calculations were con-
ducted by employing the Gaussian software package with
the GENECP/PBELPBE basis set. The calculated distributions
of HOMO and LUMO for fac-Ir(tBufppy), are illustrated in
Figure 2a. The HOMO is primarily located in the iridium center
(Ir) and the tert-butyl-substituted benzene unit (Ph-tBu), while
the LUMO predominantly resides in the fluorine-substituted
pyridine unit (Py-F). Consequently, the absorption behavior
of fac-Ir(tBufppy),; can be ascribed to the synergistic effects
arising from both metal-to-ligand charge transfer (MLCT) and
ligand-to-ligand charge transfer (LLCT) transitions.

For a comprehensive insight into the electronic structures and
absorption characteristics of fac-Ir(tBufppy),, a natural transition
orbital (NTO) analysis was conducted using time-dependent den-
sity functional theory based on the optimized S, geometry. The
distributions of hole (H) and particle (P) orbitals for the lowest
singlet and triplet states (S; and T,) are depicted in Figure 2c,
and the corresponding calculated data are summarized in Table
S1 (Supporting Information). In the excited state S;, the hole or-
bital is predominantly situated on the Ir center (~44%) and the
Ph-tBu unit (x%36%), while the particle orbital is primarily con-
tributed by the Py-F unit (%75%). Consequently, the high-energy
absorption of fac-Ir(tBufppy); is attributed to a combination of
MLCT [dz(Ir) — 7*(Py-F)] and LLCT [z (Ph-tBu) — z*(Py-F)] tran-
sitions. The orbital distributions of the excited state T, exhibit a
similar scenario to that of S;. The hole orbitals of T, predomi-
nantly reside in the Ir center (%27%) and the Ph-tBu unit (~28%),
while the particle orbital is mainly contributed by the Py-F unit
(~47%). As a result, the low-energy absorption of fac-Ir(tBufppy),
is ascribed to a mixture of triplet-metal-to-ligand charge transfer

Adv. Funct. Mater. 2024, 34, 2411058 2411058 (4 of 11)

(*MLCT) [dx(Ir) - #*(Py-F)] and triplet-ligand-to-ligand charge
transfer (*LLCT) [z (Ph-tBu) — z*(Py-F)] transitions.

The Ir(I1I) complexes have been widely demonstrated as effec-
tive phosphorescent compounds with longer triplet decay times
compared with the singlet emission of many organic molecules.
As described above, fac-Ir(tBufppy), exhibits an intense absorp-
tion intensity in the UV region below 400 nm, so photogener-
ated excitons by itself have a low contribution in the process
of photo-to-electric conversion due to both the low irradiance
power and light transmittance of ITO substrate in this region.
However, fac-Ir(tBufppy), exhibits a strong PL ability covering
from 500 to 650 nm, which overlaps with the absorption spec-
tra of the host materials, especially the donor of PM6. This part
of the energy can be well utilized through the effective Forster
energy transfer processes between fac-Ir(tBufppy), and PM6 (or
BTP-eC9), contributing to the photocurrent increase of the cor-
responding OSCs.*] The emission property of fac-Ir(tBufppy),
was carefully investigated using both the DFT calculation and
experimental test through the Edinburgh FS5 Spectrofluorom-
eter. The calculated emission energy is ~2.3 eV from the lowest
triplet characteristics of fac-Ir(tBufppy),, which is well matched
with the emission peak at 535 nm of fac-Ir(tBufppy); in the film
state. The DFT results demonstrate that fac-Ir(tBufppy), exhibits
phosphorescent characteristics, where the intersystem crossing
process is obviously enhanced due to the heavy metal effect of
the iridium atom. Figure le displays the transient decay curves
of fac-Ir(tBufppy), in PMMA film with a 2 wt.% doping ratio. fac-
Ir(tBufppy), exhibits a long lifetime of ~1.71 ps as well as a high
PLQY value of 76.5%, resulting in a large radiative rate (k,) of
4.47 x 10° 57! and a small non-radiative rate (k,,) of 1 x 10°s7L.
These results illustrate the intense and highly efficient phospho-
rescent emission of fac-Ir(tBufppy),, implying the advantages of
iridium complex as a photosensitizer or additive in photovoltaic
applications. Table 1 summarizes the photophysical properties
of fac-Ir(tBufppy);. The diagram scheme of the PL mechanism of

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Device structure diagram. b) J-V curves and c) EQE curves of the corresponding devices with different ratios of fac-Ir(tBufppy)s. d) The PL
spectra of PM6 neat films, control, and 10%fac-Ir(tBufppy);-based blend film. €) The PL spectra of fac-Ir(tBufppy); and PM6 neat films, and PM6 with
different ratios of fac-Ir(tBufppy); blend films. f) The TRPL spectra of PM6 neat films, and PM6 with different ratios of fac-Ir(tBufppy); blend films. g)
The curves of J, versus Vg in the optimized solar cells. h) The dependence of Py, on the Jsc of the optimized solar cells. i) The dependence of Py,

on Vg of the optimized solar cells.

fac-Ir(tBufppy), is shown in Figure 2b based on all the above de-
scriptions. Two distinct processes can be highlighted in OSCs
through the introduction of fac-Ir(tBufppy),: one is that UV light
can be effectively captured to generate a population of long-
lived triplet excitons; the other is that the triplet emission energy
can be reused by the host materials via Forster energy transfer
mechanism.[®*! Therefore, the photogenerated excitons in active
layers should be significantly increased with the incorporation
of fac-Ir(tBufppy); phosphor contributing to the higher Jg. and,
thus, higher PCE of the corresponding devices.

2.3. Photovoltaic Properties

To estimate the photovoltaic performance of the correspond-
ing devices, PM6:fac-Ir(tBufppy),:BTP-eC9 ternary OSCs were
fabricated with fac-Ir(tBufppy); as the third component. All
OSCs were fabricated by maintaining the PM6:BTP-eC9 weight

Adv. Funct. Mater. 2024, 34, 2411058 2411058 (5 of 11)

ratio as 1:1.2 with various contents of fac-Ir(tBufppy); (0%, 5%,
10%, 20%, 30%, and 50% by weight of PM6) using a halogen-
free solvent (O-XY). Although non-halogenated solvents gener-
ally have poorer solubility compared to halogenated solvents, as
for a high-boiling-point solvent, O-XY can improve its solubil-
ity for BIP-eC9 under heating conditions, meeting the process-
ing conditions. The device structure is ITO/PEDOT: PSS/Active
layer/PFN-Br/Ag (Figure 3a), and the detail of the device prepa-
ration process is shown in ESI. The current density—voltage (J—
V) curves of these OSCs are depicted in Figure 3b, and the cor-
responding device parameters are summarized in Table 2. The
optimized host binary OSCs based on PM6:BTP-eC9 exhibited
a PCE of 17.41% with an open-circuit voltage (V) of 0.843, a
Jsc 0£26.99 mA cm~2, and an FF of 76.52%, which is consistent
with the related reported results.?”] We observed that with an
increase in the fac-Ir(tBufppy); content, the Vi of the ternary
device consistently decreased slightly, while ., FF, and PCE ini-
tially increased and then decreased. The optimal performance
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Table 2. The photovoltaic parameters of the binary and ternary devices.

www.afm-journal.de

Third component ratio Voc [V] Jsc? [mA cm™2) JscEQE [mA cm™ FF [%] PCE, .2 [%]

Control® 0.843 26.99 25.89 76.52 17.41 (17.18 + 0.18)
5%fac-Ir (tBufppy);© 0.840 27.32 26.13 78.93 18.11 (17.89 + 0.15)
10%fac-Ir (tBufppy) ;) 0.838 27.77 26.52 79.67 18.54 (18.35 + 0.13)
20%fac-Ir (tBufppy);©) 0.835 27.69 26.38 77.53 17.92 (17.76 + 0.11)
30%fac-Ir(tBufppy);© 0.831 26.91 25.86 76.41 17.08 (16.81+ 0.17)
50%fac-Ir(tBufppy);© 0.825 21.97 21.15 74.39 13.49 (13.20 + 0.19)

a)JSC measured from devices; ) PCE obtained from 15 devices, with 0.5% DIO additive;

was achieved at a content of 10% (PCE = 18.54%), with V.,
Jsc» and FF values of 0.838 V, 27.77 mA c¢m~2, and 79.67%, re-
spectively. The decrease in V. may be attributed to the higher
HOMO energy level of fac-Ir(tBufppy),. The initial increase and
subsequent decrease in other parameters may be explained by
the fact that a small amount of fac-Ir(tBufppy), can optimize the
morphology of the active layer in the host binary. However, an
excessive amount of fac-Ir(tBufppy), may disrupt the stacking of
molecules in the host binary system. These details will be elab-
orated in the subsequent morphology section. It is worth not-
ing that FFs still achieve higher values of 74.39% in ternary de-
vices (50%), which may result from the good compatibility of fac-
Ir(tBufppy), with the host component. The External Quantum Ef-
ficiency (EQE) spectra are illustrated in Figure 3c. The optimized
ternary devices, featuring 10% fac-Ir(tBufppy),, demonstrated el-
evated EQE values in both the donor and acceptor absorption
ranges compared to the control devices (0% fac-Ir(tBufppy);). Ad-
ditionally, the J values obtained from EQE spectral integration
align closely with those acquired from the J-V measurement,
with an error margin of less than 5% (Table 2). Furthermore, the
absorption spectra of the blend films were measured to under-
stand the impact of the iridium complex on photon harvesting
within the active layer. As shown in Figure S4a,b (Supporting In-
formation), adding a small amount of fac-Ir(tBufppy), increases
the absorption of the blend film, which explains why ternary de-
vices with 10% and 30% fac-Ir(tBufppy), maintain high J. and
EQE. However, when the fac-Ir(tBufppy), content is increased to
50%, the thickness of the blend film decreases, likely due to the
reduced viscosity of the solution caused by the high concentration
of small molecules. This leads to a significant drop in absorption
intensity for the 50% fac-Ir(tBufppy); ternary blend film, result-
ing in lower EQE and Jy for the device.

2.4. Charge Separation, Transport and Recombination

To understand the enhancement of Ji. and FF in ternary
OSCs, a PM6-based single component device and PM6:PM6:fac-
Ir(tBufppy)3-based binary device were constructed, the J-V
curves and corresponding parameters shown in Figure 3d and
Table S2 (Supporting Information). The single-component de-
vice based on PM6 demonstrated a Js- of 0.023 mA cm™, and
an FF of 31.24%. However, in PM6:fac-Ir(tBufppy),-based binary
device with varying ratios (ranging from 1:0.5, 1:1 to 1:1.5), the Jq
obviously improved from 0.029 to 0.043 mA ¢cm~2, with a corre-
sponding rise in FF from 33.57% to 36.08%, while V|, remained
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9 PMEx9%IrA = 10:x%10:12 mg mL~", the concentration of PM6 is 10 mg mL™".

almost constant. These significant improvements in Js- and FF
observed with the increasing content of fac-Ir(tBufppy), strongly
suggest the presence of energy transfer between PM6 and fac-
Ir(tBufppy);.[*®!

Furthermore, the steady-state PL and time-resolved PL (TRPL)
were measured for the corresponding blend films, and the re-
sults are shown in Figure 3e,f and Figure S4a (Supporting In-
formation). The PM6 neat film, control, and ternary blend films
were excited with 580 nm of light, and an intense emission peak
was observed in the PM6 neat film. The emission of the PM6
neat film is almost completely quenched in control and 10%Ir-
based ternary blend films with high quenching efficiencies of
96.3% and 96.4%, respectively. The results show that both blend
films exhibit efficient charge transfer from donor to acceptor.*”’
To comprehend the enhancement observed in Jy. within the
10% Ir-based ternary system, PL spectra were acquired for fac-
Ir(tBufppy); and PM6 neat films, as well as PM6 films, blended
with varying ratios of fac-Ir(tBufppy); (Figure 3e). The PL range
for fac-Ir(tBufppy); and PM6 neat films spanned ~500-600 and
650-800 nm, respectively. Upon the introduction of different ra-
tios (5-50%) of fac-Ir(tBufppy), into PM6 films, the PL signal orig-
inating from fac-Ir(tBufppy), almost entirely vanished. Simulta-
neously, the PL intensity of PM6 markedly increased. To be more
specific: At 0%, 5%, and 10% fac-Ir(tBufppy),, the PL intensity
of blend films is obviously increase due to the effective energy
transfer. At a larger ratio from 20% to 50%, the PL intensity
displays a relatively slow growth but still larger that the control
film, which should be attributed to the multiple interactions of
energy transfer efficiency, film morphology, and varied compo-
sition. Moreover, TRPL measurements were employed to char-
acterize both PM6 neat films and PM6 films blended with var-
ious proportions of fac-Ir(tBufppy), (Figure 3f). The lifetime of
the PM6 neat film was determined to be 0.216 ns, while the life-
times of blend films for PM6, combined with different ratios (5—
50%) of fac-Ir(tBufppy),, increased with the concentration of fac-
Ir(tBufppy);. The respective lifetimes were 0.224, 0.229, 0.241,
0.265, and 0.304 ns. These phenomena suggest an efficient en-
ergy transfer from fac-Ir(tBufppy), to PM6, elucidating the ratio-
nale behind the elevated ] observed in the 10% Ir-based ternary
device.

The charge transport characteristics of the control and ternary
blend films were examined using the space-charge limited cur-
rent method, as illustrated in Figure S5 (Supporting Informa-
tion) and tabulated in Table S5 (Supporting Information). The
hole-only and electron-only device structures were ITO/PEDOT:
PSS/Active Layer/MoO,/Ag and ITO/ZnO/Active Layer/Ag,
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respectively. For the PM6:BTP-eC9 binary devices, the hole (y,)
and electron (u,) mobilities were determined to be 1.71 x 10~
and 2.91 X 10~* cm? V! 572, respectively. Upon the incorporation
of 10%, 30%, and 50%fac-Ir(tBufppy);, the 1, values arrived to
1.97x107%,1.61 x 107, and 1.24 X 10~* cm? V! 572, respectively,
while the y, values were measured as 3.08 x 107*, 2.87 x 10~*, and
2.49 x 10~ cm? V-1 §72, respectively. Consequently, the w, /u,
ratio for the control, 10%, 30%, and 50%fac-Ir(tBufppy),-based
ternary devices was calculated to be 0.59, 0.64, 0.56, and 0.50, re-
spectively. The marginally improved hole and electron mobilities
upon adding 10% fac-Ir(tBufppy), elucidates the rationale behind
the enhanced FF in the optimized ternary device.

The analysis of exciton dissociation and charge collection in
OSCs commonly involves studying the photocurrent density (/,,,)
versus effective voltage (V.q) curves.*”! In this context, ], is de-
fined as the difference between current densities under illumi-
nation (f;) and in the dark (Jp). V.4 is determined as V;, — V,,
where Vj, is the voltage when [, = 0, and V, is the applied volt-
age. As depicted in Figure 3g, when V.4 > 2V, ], reaches satu-
ration, indicating efficient dissociation of nearly all excitons into
electrons and holes. The exciton dissociation efficiency (n,) is de-
fined by the J; /], values under short-circuit conditions. The
n4 values for control, 10%fac-Ir(tBufppy);, 30%fac-Ir(tBufppy),,
and 50%fac-Ir(tBufppy);-based devices are 0.963, 0.977, 0.961,
and 0.948, respectively. This suggests a more efficient exciton dis-
sociation in the 10%fac-Ir(tBufppy),-based ternary device. These
findings demonstrate that incorporating appropriate amounts
of fac-Ir(tBufppy); as a third component in binary OSCs ef-
fectively enhances 7,4, leading to simultaneous improvements
in Jsc and FF. Furthermore, charge recombination is another
significant factor influencing J;- and FF, and it was investi-
gated by establishing a relationship between Js. or V. and
light intensity (Pyg,). The light intensity (Pjg,,) dependence of
Jsc can be described by the relation Jsc o (Pjg,)®, providing
an insight into the charge recombination behavior in the de-
vices. As depicted in Figure 3h, the fitted a values for the
control, 10%fac-Ir(tBufppy);, 30%fac-Ir(tBufppy);, and 50%fac-
Ir(tBufppy);-based devices are 0.97, 0.98, 0.96, and 0.95, respec-
tively. This indicates the weakest bimolecular recombination in
10%fac-Ir(tBufppy);-based devices.[*!l Additionally, the extent of
trap-assisted recombination can be assessed through the relation-
ship Vo & nKT/qln (Pyg,), where n represents the ideality factor,
Kis the Boltzmann constant, T is the absolute temperature, and q
is the elementary charge. The slope of this relationship indicates
the predominant recombination type in OSCs. A slope of kT/q
suggests that bimolecular recombination is the primary recom-
bination mechanism, while a slope close to 2kT/q indicates sig-
nificant trap-assisted recombination. As illustrated in Figure 3i,
the slopes for control, 10%fac-Ir(tBufppy),, 30% fac-Ir(tBufppy)s,
and 50%fac-Ir(tBufppy),-based devices are 1.16, 1.12, 1.17, and
1.23 kT q71, respectively. This suggests the least trap-assisted re-
combination in 10%fac-Ir(tBufppy);-based ternary OSCs.[*243]

To gain a deeper understanding of the underlying mechanisms
responsible for the higher [ and FF in the 10%fac-Ir(tBufppy);-
based ternary device, femtosecond transient absorption spec-
troscopy was employed to investigate the dynamics of photo-
induced hole transfer and polaron recombination in these blend
films. Specifically, an 800 nm pump laser beam selectively excited
the acceptor material BTP-eC9, and the time-dependent spectral
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evolution was compared among the control, 10%, and 30%fac-
Ir(tBufppy);-based blend films. In Figure 4, we present the 2D
color plot and the corresponding spectral line cuts at various de-
lay times. As the delay time progresses, a decay in the BTP-eC9
singlet excitons ground state bleach (GSB) intensity probed in
the 680—770 nm range was observed, corresponding to excitons
either dissociating to form free charges or decaying back to the
ground state. Additionally, positive photo bleach peaks emerged
in the 540-660 nm range (Figure 4d—f), aligning well with the
absorption features of PM6 (Figure 1). Notably, pure BTP-eC9
exhibited no positive bleach at 480-620 nm (Figure S6, Sup-
porting Information), indicating that singlet exciton dissociation
through hole transfer occurred in the corresponding blend films
with PM6. Furthermore, the observed decay process in the sin-
glet excitons GSB is consistent with the rising positive polaron
photo-bleach, suggesting efficient hole transfer at the interfaces
between the donors and acceptors in the blend films. The decay
lifetimes of singlet excitons in control, 10%lr, and 30%Ir ternary
blend films were determined to be 1.97, 2.49, and 2.55 ps, poten-
tially attributed to the longer lifetime of the Ir-complex. However,
this does not exclusively mean detrimental to charge generation,
but instead more of describing the nanomorphology, mobilities,
and interface energetics as other factors are imparting highly ef-
ficient charge generation despite a slower process.!*!] In fact, the
slower process can even assist and benefit charge generation.*”]
Furthermore, investigation of polaron lifetimes (Figure 4h) re-
vealed slightly slower sub-ns polaron recombination in the two
ternary films, suggesting that the Ir-complex has the potential to
suppress polaron recombination based on bimolecular recombi-
nation (i.e., known to be dominant at sub-ns regime), contribut-
ing to improved FF. Although the FF of 30%Ir-based devices is
lower than that without Ir complex, it may be that 30%Ir com-
plex has some detrimental effects in morphology, increasing the
trap-assisted recombination (i.e., more observable beyond sub-ns
regime) but also highly regulating the FF. Transient photocurrent
(TPC) characterization was also performed to quantitatively an-
alyze charge recombination and extraction in devices. As shown
in Figure 4i, the photocurrent decay time of the control, 10%,
30%, and 50% fac-Ir(tBufppy);-based ternary devices were 2.90,
2.78,3.36, and 9.50 ps, respectively, indicating that charge extrac-
tion in the 10% fac-Ir(tBufppy);-based ternary device is the most
efficient.[*¢]

The grazing-incidence wide-angle X-ray scattering (GIWAXS)
technique was employed to examine the molecular stacking and
orientation of films. As depicted in Figure 5a—f, the (100) diffrac-
tion peak in the in-plane (IP) direction of the control blend
film, as well as the 10%, 30%, and 50% fac-Ir(tBufppy);-based
ternary blend films, is observed at 0.307 A~' (d = 20.46 A,
CCL=74.37A),0.308 A~ (d=20.39 A, CCL="78.50A), 0.307 A~!
(d = 20.46 A, CCL = 78.50 A), and 0.307 A~! (d = 20.46 A,
CCL = 74.37 A), respectively. Furthermore, the (100) diffrac-
tion peaks in the out-of-plane (OOP) direction of the control
blend film and the 10%, 30%, and 50% fac-Ir(tBufppy);-based
ternary blend films are located at 0.308 A~! (d = 20.39 A, CCL =
56.52 A), 0.313 A~' (d = 20.06 A, CCL = 64.96 A), 0.329 A~!
(d = 19.08 A, CCL = 68.09 A), and 0.330 A~ (d = 19.03 A,
CCL = 67.28 A), respectively. The (010) diffraction peaks in the
OOP direction of the control blend film and the 10%, 30%, and
50% fac-Ir(tBufppy);-based ternary blend films are consistently
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Figure 4. a—c) 2D color plot of fs-TA spectra of control, 10%fac-Ir (tBufppy); and 30%fac-Ir (tBufppy);-based ternary blend at indicated delay times under
800 nm excitation with a fluence below 10 pj cm=2. d—f) The fs-TA spectra of control, 10%fac-Ir(tBufppy); and 30%fac-Ir (tBufppy)s-based ternary blend
at indicated delay times. g) Lifetime of single exciton with the corresponding sum of exponential fittings. h) Hole polaron generation and recombination
dynamics with the corresponding sum of exponential fittings. i) TPC diagram of control binary, 10%, 30%, and 50%fac-Ir (tBufppy);-based ternary devices.

located at 1.80 A~! (d = 3.48 A), with corresponding similar
CCLs of 22.79, 22.88, 22.43, and 22.33 A, respectively. Based on
the aforementioned results, it is evident that the introduction of
10% fac-Ir(tBufppy), enhances lamella stacking of PM6 (the (100)
peak located at 0.3 A~') both in the IP and OOP directions,
thereby benefiting charge transport,|*’) which should be the main
reason for the high FF of over 74% in all devices with 5-50% Ir
complex.

To assess the impact of fac-Ir(tBufppy); on morphology,
tapping-mode atomic force spectroscopy (AFM) was employed
to investigate the surface morphologies of the blend films,
with AFM height images presented in Figure 5g—j. The blend
films comprising the control, 10% fac-Ir(tBufppy);, 30% fac-
Ir(tBufppy);, and 50% fac-Ir(tBufppy);-based ternary films ex-
hibit a progressive increase in root-mean-square roughness

Adv. Funct. Mater. 2024, 34, 2411058 2411058 (8 of 11)

(0.871, 0.988, 1.450, and 2.540 nm, respectively). This trend sug-
gests that the addition of fac-Ir(tBufppy), facilitates the aggrega-
tion of donor and acceptor.!*8] However, excessive addition leads
to overlarge aggregates, inhibiting exciton dissociation. This phe-
nomenon elucidates the rationale behind the superior perfor-
mance observed in ternary devices based on 10%fac-Ir(tBufppy);,
as it strikes a balance in promoting PM6 aggregation without hin-
dering exciton dissociation.

The phase separation within the active layer is intrinsically in-
fluenced by the compatibility between donor and acceptor ma-
terials, a characteristic that can be elucidated through their re-
spective surface energy parameters. Thus, contact angle mea-
surements were employed to ascertain the surface energy val-
ues of each component. Figure S7 (Supporting Information) de-
picts the water contact angles for pristine films of PM6, BTP-eC9,
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Figure 5. 2D GIWAXS patterns of a) control, b) 10% fac-Ir(tBufppy);-based ternary film, c) 30% fac-Ir(tBufppy);-based ternary film, and d) 50% fac-
Ir(tBufppy);-based ternary film. The 1D line cuts along e) in-plane and f) out-of-plane of the corresponding films. AFM images of g) control, h) 10%
fac-r(tBufppy);-based ternary film, i) 30% fac-Ir(tBufppy);-based ternary film, and j) 50% fac-Ir(tBufppy);-based ternary film.

fac-Ir(tBufppy);, and blend film of PM6:10%fac-Ir(tBufppy),,
measuring 103.568°, 93.336°, 93.377°, and 101.880°, respec-
tively. Ethylene glycol (EG) contact angles were measured with
the values of 74.386°, 64.121°, 65.241°, and 72.280°, respec-
tively. According to Wu’s model,l*! their corresponding sur-
face energies were calculated as 25.206, 27.384, 26.663, and
25.776 mN m~! (Table S3, Supporting Information). Moreover,
the Flory—Huggins interaction parameter (y) was applied to as-
sess the compatibility between the components.l*”! This param-
eter denoted as y, _ 5, which is determined by y,_p = K(1/7, —
\/ﬁ)z, where y, and y, represents the surface energies of A
and B, respectively. The resulting y values, summarized in
Table S3 (Supporting Information), were calculated as 0.0451,
0.0048, and 0.0243 K for ¥ py _ grp - ecor Xfuc—1r(tButppy), ~BIP—cco and
XPM6:10%facIr(tBufppy), —BTP—cco» T€SPectively. The result shows that
the surface energy of fac-Ir(tBufppy), is between that of PM6
and BTP-eC9, which indicated fac-Ir(tBufppy); shows good com-
patibility with PM6 and BTP-eC9. Furthermore, based on the
x values, the blend films of PM6:10% fac-Ir(tBufppy), exhibit
enhanced compatibility with BTP-eC9, suggesting that 10% fac-
Ir(tBufppy), optimizes the active layer morphology. This op-
timization is attributed to the superior FF observed in fac-
Ir(tBufppy);-based ternary devices.
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3. Conclusion

In summary, we synthesized a spatially stereo-structured metal
complex, fac-Ir(tBufppy);, with strong phosphorescent emis-
sion, and took advantage of its long exciton lifetime for high-
performance ternary PM6:fac-Ir(tBufppy),:BIP-eC9 device. We
elucidated the functional mechanism of fac-Ir(tBufppy), and sys-
tematically investigated its impact on the morphology of the ac-
tive layer and the photovoltaic performance of the device. It is
noteworthy that fac-Ir(tBufppy), demonstrated excellent compati-
bility with the donor PM6 and acceptor BTP-eC9, maintaining the
device efficiency above 90% of the optimal efficiency even with
a 30% addition. In addition, transient absorption spectroscopy
and transient PL measurements indicated the introduction of
fac-Ir(tBufppy), significantly prolonged the exciton lifetimes in
the ternary device and effectively suppressed exciton recombi-
nation. In addition, we observed that the introduction of 10%
fac-Ir(tBufppy), was able to improve the lamellar aggregation of
PM6 and improve the FF by optimizing the active layer morphol-
ogy. Ultimately, by employing the non-halogenated solvent O-XY
for processing, devices based on PM6:10% fac-Ir(tBufppy),:BTP-
eC9 achieved an impressive PCE of 18.54%, surpassing the ef-
ficiency of binary PM6:BTP-eC9 devices (17.41%). This study
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demonstrates a successful approach to synergistically prolong-
ing exciton lifetime and modifying the morphology of the active
layer to improve device performance. The development of a new
iridium indophosphor that exhibits favorable energy level align-
ment and compatibility with host materials is a pivotal focus in
the future molecular design for highly efficient green solvent-
processed OSCs.
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