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ABSTRACT

Low-dimensional ternary copper iodides are highly promising for future health displays and eco-friendly lighting due to their
structural stability, excellent optoelectronic properties, high abundance, and low cost. However, the lack of a deep understanding
of the complex charge transfer (CT) mechanism in their excited state dynamics hinders the efficiency progress of copper-based
optoelectronic devices. Here, we provide a comprehensive analysis of the intermolecular CT excited-state dynamics in CsCu,1,
light-emitting diodes (LEDs) and demonstrate the long-range coupled characteristics of CT excitons. We report a strategy to
achieve long-range coupled CT excited state by spatially separating electron-hole pairs, thereby enhancing the electroluminescence
performance of CsCu,I; LEDs. Carrier dynamics analysis reveals that the long-range coupled CT excited state achieves the
highest delayed fluorescence contribution at the optimal coupling intensity, facilitating more efficient triplet energy harvesting.
Accordingly, the CsCu,I; LEDs exhibit a maximum external quantum efficiency of 4.3% and a peak luminance of 3666 cd/m?,
representing the highest luminance reported to date. Furthermore, the universality of the long-range coupled CT excited state has
been demonstrated in other device structures. This study establishes a new method to pave the way for enhanced performance of

CsCu,I; LEDs toward practical applications.

1 | Introduction

Over the past decade, high-performance and low-cost solution-
processed metal halide perovskite light-emitting diodes (PeLEDs)
have greatly promoted research in next-generation displays and
lighting [1-3]. The extraordinary breakthroughs in lead(Pb)-
based PeLEDs have brought the external quantum efficiency
(EQE) to a high level of 30%, showing strong momentum to
catch up with commercial organic light-emitting diodes (OLEDs)
[4-6]. However, the large-scale commercial production of lead-

based PeLEDs is bound to face concerns about human health
and environmental hazards caused by toxic lead elements [7].
Therefore, low-toxicity cations with similar structures, such as tin
ions (Sn?*) [8-10], cuprous ions (Cu*) [11-13], and germanium
ions (Ge*") [14, 15], have been widely developed to replace
lead ions (Pb**) to effectively alleviate toxicity issues. Among
them, one-dimensional (1D) ternary copper (Cu) halide CsCu,1;,
with high structural stability, solution processing compatibility,
and high-performance broadband warm white emission, have
attracted lots of attention on the lead-free development path
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Intermolecular CT excited state
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FIGURE 1 | Concept scheme of intermolecular CT excited state and long-range coupled CT excited state (PF: prompt fluorescence, DF: delayed

fluorescence).

of PeLEDs [16-19]. Although the performance of CsCu,I; LEDs
has been optimized from multiple perspectives, such as additive
engineering [11, 17, 20], buried interface modification [12, 19], and
dipole layer design [21], there is still a gap compared to traditional
Pb-based PeLEDs. The electron localization caused by the low-
dimensional structure and the strong spin-orbit coupling (SOC)
induced by the heavy Cu atoms lead to complex excited-state
dynamics within the CsCu,l; LEDs [22-25], and studies on it
have never stopped. For instance, the distinct spectral response
of excited states in the CsCu,l; emission layer during PL and
EL processes was attributed to carrier injection imbalance [26].
Besides, the interfacial copper iodide complex emission center
induced by the charge transport layer was considered to be the
origin of the low turn-on voltage in CsCu,I; LEDs [16]. With the
continuous deepening of research on copper iodide-based LEDs,
these underlying charge transfer mechanisms urgently need to be
clarified, and consensus on insights is required. Otherwise, it will
restrict the further optimization of the performance of devices.

Here, we demonstrate the intermolecular charge transfer (CT)
excited state between CsCu,I; and electron transport material
1,3,5-tris (3-pyridyl-3-phenyl) benzene (TmPyPB) in CsCu,l;
LEDs. The systematic study on its photophysical properties
and recombination dynamics has verified the long-range cou-
pling characteristics of this CT excited state. 1,3-Dicarbazole-9-
benzylbenzene (mCP), with bipolar transport property, is selected
as a spacer to adjust the spatial separation distance of electron-
hole pairs in the CT excited state. Under the optimal long-range
coupling intensity, the intermolecular CT excitons exhibit an
ultra-low energy gap between the singlet and triplet states
(AEgr) of 0.046 eV, and show a high thermally activated delayed
fluorescence (TADF) contribution ratio of nearly 60% at room
temperature. The significantly improved triplet energy harvesting
efficiency endows the optimized CsCu,I; LEDs with a 1.5-fold
increase in EQE from 2.9% to 4.3% and a peak luminance of
3666 cd/m?, which could be one of the few reported CsCu,I; LEDs
that can give consideration to both high luminance and high EQE.
Furthermore, other electron transport layers and spacer layers
are introduced to extend the research applicability, confirming
the universality of constructing long-range coupled CT excitons
to enhance the performance of CsCu,I; LEDs. This work re-

examines the understudied intermolecular CT mechanisms in
CsCu,I; LEDs and provides new insight into the decoupling of
excited-state dynamics at the complex interface between heavy
atom-based lead-free emission layers and transport layers.

2 | Results and Discussion

As shown in Figure 1, when an electron-donating (D) material
with typical TADF luminescence characteristics comes into
contact with a TADF-type electron-accepting (A) material, an
intermolecular CT excited state can be formed, also known
as an interfacial exciplex [27-30]. The frontier orbitals of this
interfacial exciplex are separated onto D and A molecules,
resulting in smaller orbital overlap integral between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). The D-A exciplex with significantly
reduced electron-hole pair Coulomb force exhibits enhanced
spin-orbit coupling (SOC) and narrowed AEg;, representing a
favourable TADF system. As a result, the high reverse intersystem
crossing (RISC) process in the intermolecular CT excited state is
accelerated, leading to efficient triplet energy harvesting [31-35].
Moreover, the long-range coupling effect enables the electron-
hole pairsin CT excitons to maintain stable Coulomb interactions
even when moderately separated by spacer (S) molecules with
bipolar transport characteristics. The AEg; of the long-coupled CT
excited state is further narrowed to close to 0, leading to promoted
RISC and maximized exciton utilization efficiency [36-39].

Similar intermolecular CT excitons are thought to dominate the
excited states of CsCu,I; LEDs. The high carrier migration capa-
bility of CsCu,I; has been discussed in previous works [21, 23].
As shown in Figure Sla, there is a huge difference between
the current density-voltage (J-V) curves of the single-carrier
devices based on CsCu,l;. The hole-only device exhibits much
larger current density compared to the electron-only device,
demonstrating the charge-selective transport property of CsCu,1;,
which is intrinsically caused by the effective mass difference
between electron and hole [24, 40]. The self-trapped exciton
(STE) configuration in CsCu,l; causes electrons and holes to
be localized at different positions in the crystal lattice, which
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results in a significant decrease in the overlap of electron-
hole wave functions, similar to the spatial separation of donors
and acceptors in organic TADF materials. When CsCu,I; is in
contact with a common electron-accepting material, like 2,4,6-
tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T), the
emission peak shows a big redshift owing to the obvious charge
transfer at the interface (Figure S1b). But for electron-donating
material, such as tris(4-carbazoyl-9-ylphenyl)amine (TCTA), the
redshift disappears, demonstrating the electron-donating char-
acteristic of CsCu,l;. Combined with the ultraviolet photo-
electron spectroscopy (UPS) and ultraviolet-visible spectroscopy
(UV-vis), the energy level and bandgap (E,) of CsCu,l; and
TmPyPB are determined (Figure S2). The energy band diagram of
CsCu,I;/TmPyPB in the device is drawn in Figure S3. The energy
difference between the valence band maximum (VBM) of CsCu,I;
and the LUMO of TmPyPB, as well as the energy difference
between the conduction band minimum (CBM) of CsCu,I; and
the HOMO of TmPyPB, are both larger than 0.6 eV, which
ensures that holes and electrons gather at the CsCu,I;/TmPyPB
interface and form a stable intermolecular CT excited state.
To gain insight into the frontier orbital configuration, the total
density of states (TDOS) and partial density of states (PDOS)
of CsCu,I;/TmPyPB were analyzed by density functional theory
(DFT)-based first-principles calculations [23, 41]. As shown in
Figure S4, the VBM is mainly composed of the hybrid orbitals
of Cu 3d and I 5p, and the CBM is dominated not only by the
electronic orbitals of Cu 4s and I 5p, but also by 7 electrons of
C 2p orbitals from TmPyPB. To be clear, the CsCu,l;/TmPyPB
structure studied here is not a simple small molecule surface
adsorption model, but a typical Type-II heterojunction. Since the
energy level difference between the CBM of CsCu,l; and the
LUMO of TmPyPB (0.7 €V) is smaller than the energy difference
between VBM of CsCu,I; and the HOMO of TmPyPB (1.1 eV),
the electron cloud spatial interaction and electrostatic interaction
between them cannot be ignored. The CBM orbital of CsCu,l;
and the LUMO orbital of TmPyPB will hybridize through the
spatial interaction to form a new delocalized orbital [42, 43]. That
is why the CBM calculated by DFT (ground states) is a hybrid
orbital mixed with the CBM of CsCu,I; and the LUMO orbital
of TmPyPB. The remarkable electron cloud spatial interaction
confirms the existence of spatially separated frontier orbitals at
the CsCu,Il;/TmPyPB interface.

Differences among the three excited states in CsCu,I; (D),
CsCu,I;/TmPyPB (D-A), and CsCu,I;/mCP/TmPyPB (D-S-A) are
schematically shown in Figure 2a. The excited-state relaxation
process of CsCu,I; (D) is dominated by the intrinsic self-trapped
exciton (STE) emission mechanism [22], while CsCu,I;/TmPyPB
(D-A) tends to form spatially separated intermolecular CT excited
states. The bipolar transport material mCP with appropriate
energy levels was selected as a spacer molecule to achieve long-
range coupling of CT excited states (Figure S5). By moderately
adjusting the thickness of mCP (0-25 nm), the radiative recom-
bination efficiency of long-range coupled CT excitons can be
optimized. Spectroscopic characterizations were performed to
analyze the differences in photophysical properties of the three
excited states. The UV-vis and PL spectra of D, D-A, and D-
S-A are exhibited in Figure 2b. The absorption peaks of the
three samples are all located at 315 nm, indicating that the
ground state electronic structures of the three samples are all
dominated by the CsCu,l; bulk phase. Compared with sample

D, the D-A film shows a significantly enhanced PL intensity
with a redshift of the emission peak, proving that when the
ground state in D-A is excited, it tends to form a CT excited state
with lower energy, structural stability, and higher recombination
efficiency. The inserted mCP spacer properly lengthens the spatial
separation distance of electron-hole pairs, resulting in weak
electron coupling intensity and increased CT exciton energy,
which is manifested as an obvious blueshift of the emission peak
of sample D-S-A. D-S-A film exhibits the highest PL intensity
among the three samples, indicating that the long-range coupled
intermolecular CT excitons possess the most efficient radiative
recombination. Here, the mCP spacer is designed into three
thicknesses: S1, S2, and S3 (Figure S6), corresponding to small
thickness (~3.4 nm), medium thickness (~11.6 nm), and large
thickness (~22.7 nm). All “D-S-A” samples in the following
represent sample D-S2-A with medium mCP thickness.

The UV-vis and PL spectra of D-S-A films with different mCP
spacer thicknesses are exhibited in Figure S7a. As the mCP
thickness increases, the PL spectra of the D-S-A films show a
blueshift from 569 to 550 nm, indicating that the energy of the
CT excited state is progressively enlarged by the spacer layer. In
order to exclude the potential impact of charge transfer between
D and S on the PL emission, PL spectra of D-S films with different
spacer thicknesses were measured. With the increasing thickness,
the films stably present a uniform emission peak at 558 nm
(Figure S7b), demonstrating that the blueshift in PL spectra of
the D-S-A films is entirely attributed to the increase in the CT
excited state energy by the spacer-induced spatial separation.
Besides, the absorption peaks show a negligible blueshift with
the increase of mCP thickness, which can be ascribed to the
weak rearrangement of the electron cloud at the CsCu,I;/mCP
interface caused by the carbazole group of mCP. The unaffected
E, certifies that this interfacial interaction has little impact on the
groundstate electronic structure of CsCu,I; (Figure S8a).

The Urbach energy (Ey) values extracted from the UV-vis spectra
of the three samples are shown in Figure 2c. Sample D-A exhibits
a higher Ey compared to D, which is attributed to the high
sensitivity of intermolecular CT exciton energy to interfacial
dynamic disorder [44, 45]. The decrease in Ey of the D-S-A film
indicates that the enlarged spatial separation distance of electron-
hole pairs leads to a rapid attenuation of the electron coupling
intensity in the CT excited state and the interaction between D
and A, which reduces the structural disorder at the D-A interface
and weakens the sensitivity of the CT exciton energy to local
dynamic disorder. A consistent downward trend of Ey is observed
in the Ey diagrams with increasing spacer thickness (Figure
S8b,¢).

Temperature-dependent PL spectroscopy was implemented to
analyze the exciton binding energy (E,) of the samples. All the
samples show a consistent trend of PL intensity, first increasing
and then decreasing as the temperature increased (Figure S9a-c).
The interval in which the PL intensity monotonically decreases
with temperature (178 to 298K) is selected for data fitting by the
Arrhenius formula [46, 47].

As shown in Figure 2d, sample D-A shows a reduced E,,
indicating that the Coulomb attraction of the intermolecular
CT excitons in D-A is weakened. The mCP spacer enlarges the
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FIGURE 2 | Photophysical properties differences between the different excited states. (a) Schematic illustration of different charge transfer
processes. (b) UV-vis and steady-state PL spectra (1, = 260nm), (c) Urbach energy diagrams, (d) integrated PL intensity as a function of 1000/T,
(e) time-resolved PL decay curves of the samples with different excited states, as well as the instrument response function (IRF).

spatial separation of electron-hole pairs, resulting in a lower
E, (243.16meV). The time-resolved photoluminescence (TRPL)
curves were fitted with a biexponential decay function [48]. As
shown in Figure 2e, all the samples exhibit long lifetimes on the
microsecond level, demonstrating that excited-state relaxation in
all samples is dominated by the TADF process. Among them,
D-A film exhibits increased average lifetime from 1.4 to 2.0 us
compared to sample D, indicating that the intermolecular CT
excited state has a more efficient TADF process than the localized
excited state (LE) in D. The D-S-A film shows the highest average
lifetime (2.6 ps), indicating that the weakened electronic coupling
intensity of CT excited states is beneficial to enhancing the exciton
recombination efficiency. It can be seen from the TRPL spectra of
samples with different thicknesses of mCP that the CT excitons
of D-S2-A exhibit the longest decay lifetime (Figure S10a). The
photoluminescence quantum yield (PLQY) data also demonstrate
the highest radiative recombination efficiency in D-S2-A (Figure

S10b,c). The detailed fitting parameters for TRPL spectra are
summarized in Table S1. More details on the calculation of these
fitting parameters can be seen in Figure S10.

In order to determine whether there are observable CT excited
states between mCP and TmPyPB, the UV-vis and steady-state PL
spectra of pure mCP, TmPyPB, and mCP/TmPyPB samples were
further characterized. All the samples were synthesized under
the same experimental conditions as the preparation of the D-
S-A system. As shown in Figure Slla, the absorption spectrum
of the mCP/TmPyPB mixed sample is very similar to that of the
pure TmPyPB sample, with the main absorption peak located at
~260 nm, which can be attributed to the larger thickness of the
TmPyPB layer dominating the absorption intensity. Although the
thickness of mCP in the mixed film is very thin, the characteristic
absorption peaks attributed to mCP at 296, 329, and 343 nm
can still be observed, which proves the existence of mCP. Apart
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from this, the absence of new absorption peaks, broadened peaks,
and shifted peak positions indicates that there was no new
ground-state transition in the mixed film. The PL spectra of the
mixed film as well as the mCP and TmPyPB films are shown
in Figure Sllb. The mixed film was excited from both sides.
For the sample excited from the mCP side (mCP/TmPyPB), it
shows intrinsic double-peak emission consistent with mCP in
the ultraviolet band (~ 350 nm). For the sample excited from
the TmPyPB side (TmPyPB/mCP), it also shows intrinsic PL
emission at 357 nm consistent with TmPyPB. Therefore, under the
experimental conditions of the D-S-A system, a typical exciplex
emission cannot be generated in the mCP/TmPyPB mixed film.
This may be due to the incompatibility of the HOMO and LUMO
energy levels of them, which hinders the complete formation
of the exciplex. It demonstrates that the mCP/TmPyPB exciplex
cannot be effectively formed in this D-S-A system and does not
contribute to the blueshift of PL spectra and the improvement of
fluorescence properties.

Temperature-dependent TRPL spectroscopy from 78 to 298 K was
performed to study the joint contribution of phosphorescence
(Phos) and TADF components to the decay lifetime of the three
excited states (Figure 3a—-c). The total PL decay lifetime (7) can
be fitted by the modified Boltzmann relation according to the
following equation: [49-52]

T= 3 1 AE;
T o (-5)
71 751 kT

where kg represents the Boltzmann constant. The singlet and
triplet lifetimes (75, and 7r,) and AEg; can be obtained by fitting
the 7 vs. temperature curves with the above formula. Compared
with D, sample D-A exhibits significantly increased 75, and 7y,
and a reduced AEg; from 0.083 to 0.076 eV (Figure 3d,e), indi-
cating that the lower frontier orbital overlap in D-A disminishes
the exchange energy and facilitates the proximity of the S, and T,
energy levels. The AEg; of sample D-S-A is further narrowed to
0.046 eV, endowing the long-range coupled CT excited state with
the highest RISC efficiency (Figure 3f). The relative contribution
ratio of Phos (I;/I) and TADF (I /I) in the whole temperature
window can be evaluated according to the following equations:
[49, 50]

In _ 1
3151 kgT
ISl ITl
St
1 I

The fitting curves show that the exciton relaxation at low
temperature is dominated by the Phos of the T, state (Figure 3g-i).
With the increased temperature, the T, state returns to the S, state
through an efficient RISC process and contributes to fluorescence
emission in the form of TADF. Sample D-S-A exhibits the highest
TADF emission fraction (frapp) of 59.1% at room temperature
(298K), indicating that the smallest AEg; helps achieve the best
triplet energy harvesting efficiency. Similarly, the temperature-
dependent TRPL measurements of the samples with different
mCP thicknesses were also performed (Figure S12a,b). Compared
with sample D-A, the incorporation of spacers with different

thicknesses endows the CT excitons with noticeably reduced AE¢;
and increased frapr (Figure S12c—f). Among them, the AEq; of
sample D-S3-A shows a small rebound to 0.054 eV, which is
attributed to the increased probability of degradation back to the
LE state by the weakened CT excited state characteristics induced
by the excessively thick spacer. Therefore, an appropriate spacer
layer thickness is crucial to improve the radiative recombination
efficiency of the long-range coupled CT excited state in D-S-
A. Furthermore, fundamental decay rates and time constants
were calculated to evaluate the TADF behavior of the CT excited
state. All of the constant values for D and D-S-A samples
and their calculation details are summarized in Tables S2 and
S3. The D-S2-A sample exhibits the fastest reverse intersystem
crossing rate (kgisc) by virtue of its smallest AEgr, and the
variation trend of kysc With the thickness of the spacer layer is
consistent with other photophysical measurements mentioned
above.

Femtosecond transient absorption spectroscopy (fs-TAS) was
implemented to analyze the differences in excited-state dynam-
ics of the three samples with a 320 nm pump pulse laser
(Figure 4a-c). Rather rich spectral dynamics within the first
1 ps are shown in fs-TA spectra of sample D in Figure 4d:
two characteristic absorption signal peaks at 465 and 520 nm
are observed, one positive and one negative, corresponding to
the excited state absorption (ESA) of STE and the bleaching
of defect bound excitons (DBE), respectively. The rising DBE
bleaching peak signal indicates that there is an intermediate
state or trapping center induced by lattice defects during the
formation of STE in CsCu,l;, which is considered to be the
main cause of rapid non-radiative decay of sample D [22, 53,
54]. The DBE bleaching signal reaches its maximum intensity at
approximately 1.4 ps and then gradually decays until it disappears
at 52 ps, demonstrating that defect trapping is an ultrafast process,
and the energy transfer process from DBE to STE is ongoing
simultaneously. In addition, the ESA signal of sample D exhibits
a redshift from 465 to 495 nm with the generation of DBE, which
may be associated with the intrinsic structural relaxation of STE
induced by the energy back-transfer of DBE. Similar ESA signal
and no extra bleaching peaks are observed within the entire
wavelength range of detection in both D-A and D-S-A films,
indicating that the weak electronic coupling intensity of the CT
excited state effectively suppresses the generation of sub-bandgap
intermediate states caused by lattice distortion (Figure 4e,f).
The rise rate of the ESA signal can reflect the ease of excited-
state formation. The formation of LE in sample D relies on the
electronic excitation and vibrational relaxation processes of the
molecule itself, which is more time-consuming than the rapid
charge transfer at the interface. Thus, its ESA signal rises at
the slowest rate, reaching its maximum intensity at about 6 ps.
After the ground state in D-A is excited, due to the close contact
between D-A molecules, the excited-state electrons transfer to
the LUMO of A at a fast speed, and the subsequent CT excited
state is effectively formed in a very short time of 1.8 ps. Since
the incorporated spacer layer increases the spatial distance and
difficulty for excited-state electrons in D-S-A to transfer from
D to A, resulting in an extended rise time of the ESA signals
to 3.4 ps.

The ESA decay kinetics are fitted by a classic biexponential
function that includes a fast decay component (z;) and a slow
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FIGURE 3 | TADF-phosphorescence dual-channel emission processes. PL decay curves varying with temperature from 78 to 298 K for (a) sample
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(f) sample D-S-A. Simulation of temperature dependence of the fractional contributions of TADF and phosphorescence to the total emission in

(g) sample D, (h) sample D-A, (i) sample D-S-A.

decay component (7,). The fast decay component corresponds to
the excited-state quenching processes such as rapid non-radiative
recombination, energy transfer, or charge separation, and the
slow decay component reflects the long-lived radiative recombi-
nation relaxation paths of the excited state [55, 56]. The average
lifetime of the excited state (., ) can be calculated by the intensity-
weighted average formula: 7., = (A;-7,2+A,15,2)/(A;T,4+A,T,).
The detailed fitting data are displayed in the illustration of
Figure 4g-i. Compared with sample D, the 7., of sample D-
A is significantly increased from 516.92 to 617.43 ps, and the
dominated fast decay contribution is effectively suppressed in
D-A, demonstrating that the efficient recombination of the CT
excited state alleviates the energy loss caused by the relaxation
process of high-energy intermediate state in D. The long-range
coupled CT excited state in D-S-A exhibits reduced non-radiative
decay component due to the attenuated electronic coupling
intensity. The extremely small AEg; contributes to achieving the
highest TADF recombination efficiency, thus realizing the longest
T 0f 697.29 ps.

X-ray diffraction (XRD) was performed to analyze the effect of
mCP on the crystallinity of CsCu,I; films. The major diffraction
peaks of the samples are consistently located at 26.09°, which
correspond to the (221) crystal plane of orthorhombic CsCu,l;
(PDF#45-0076), indicating no disruption occurs to the lattice
structure of CsCu,l; in D-S films (Figure S13). The upper mCP
layer with medium thickness endows the CsCu,l; film with
optimal crystallization quality, demonstrating that mCP with the
S2 thickness is confirmed to derive optimal interaction with
CsCu,l;. Atomic force microscopy (AFM) was further used to
analyze the effect of the mCP spacer layer on the crystallization
quality of the CsCu,I; film. As shown in Figure S14, sample
D-S2 shows the optimal morphology and the lowest surface
roughness (Ra = 12.6 nm). As the thickness of the spacer layer
increased to S3, the roughness increased sharply, indicating that
only mCP with an appropriate thickness can exert the best
crystallization control on the underlying CsCu,I; film. X-ray
photoelectron spectroscopy (XPS) was conducted to study the
interlayer interaction between mCP and CsCu,l;. As shown in
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Figure S15, when depositing mCP on CsCu,l;, the characteristic
peaks of Cu 2p and I 3d shift toward higher binding energy. As
the thickness of mCP increases, the degree of peak shift gets
more evident. The large-scale peak shift exceeding 1.2 eV can
be associated with the intensive charge transfer between mCP
and CsCu,l;. The unique ambipolar transport property of mCP
enables it to act as an electron acceptor to receive charges from
the donor (CsCu,l;), laying the foundation for efficient charge
transfer in the long-range coupled CT excited state in D-S-A.

CsCu,I; LEDs are sequentially manufactured according
to the multilayer structure of ITO/Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:
PSS)/CsCu,l;/mCP/TmPyPB/LiF/Al (Figure 5a). To verify
the effectiveness of the constructed long-coupled CT excited
state, the overall performances of LEDs were evaluated by
summarizing their electroluminescence (EL) characteristics.
Current density-voltage-luminance (J-V-L) curves demonstrate
that the luminance of all devices rises rapidly after the voltage
exceeds 2.4 V (Figure 5b), and the D-S2-A device exhibits a

maximum peak luminance of 3666 cd/m?, which is the highest
luminance reported in solution-processed CsCu,I; LEDs to
date. The normalized EL spectra under a voltage of 4.0 V were
extracted to compare the spectral response dependence of the
long-range coupled CT excited state on the spacer thickness
(Figure 5¢). The D-S0-A device exhibits a broadband warm-white
light emission at 564 nm and a distinct blueshift for the EL peaks
with the increase of the mCP thickness, which is consistent
with the PL spectra in Figure S7a and can be attributed to
the decrease in Coulomb attraction energy of electron-hole
pairs [36, 37].

As shown in Figure 5d, the D-S2-A device exhibits the highest
peak EQE of 4.3%, which is 1.5 times higher than that of the
device without spacer (D-S0-A), demonstrating that an appro-
priate spatial separation distance in the CT excited state can
definitely promote the maximization of radiation recombination
efficiency. Detailed performance parameters for the device are
summarized in Table S4. Twenty devices with different spacer
layer thicknesses were prepared for the robustness test of EQE
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FIGURE 5 | Characterization of CsCu,l; LEDs with different spacer layer thicknesses. (a) Schematic illustration of CsCu,I; LEDs with multiple

heterostructures. (b) J-V-L curves, (c) normalized EL spectra (the inset is the emitting photograph of D-S2-A device with a 4 mm? active area),
(d) EQE-current density curves, (e) the peak EQE statistical distribution and (f) the peak luminance statistical distribution of the D-S-A devices with
different thicknesses of S. (g) Device performance comparison of this work with other reported solution-processed CsCu,I; LEDs. (h) Nyquist plots by

EIS measurements under a bias voltage of 2.5 V and (i) capacitance variation vs. voltage curves at 8 kHz of the devices.

and luminance. The statistical distribution box plots of peak EQE
and peak luminance are shown in Figure 5e,f. The D-S2-A device
exhibits an average peak EQE of 4.0% and an peak average lumi-
nance of 3443 cd/m?, indicating that the strategy of constructing
long-range coupled CT excited state to enhance the performance
of CsCu,I; LEDs has good reproducibility. The half lifetime (Ts,)
of the CsCu,I; LEDs was measured by applying a constant voltage
and monitoring the luminance change curve. The classical Ty,
is defined as the time it takes for luminance to decay from
100 cd/m? to half at a constant bias voltage. As shown in Figure
S16, the D-S2-A device exhibits the best Ts,, verifying that the
long-range coupling effect of CT excited states at an appropriate
distance can greatly improve the exciton recombination efficiency
and help the device to achieve the highest EL performance.
The reported peak EQE and peak luminance data for solution-
processed CsCu,I; LEDs are summarized in Figure 5g. This work
achieves a good balance between high luminance and high EQE
by manipulating long-range coupled CT excited state in CsCu,I;

LEDs. The relevant parameters of these reported CsCu,I; LEDs
are presented in Table S5.

Electrochemical impedance spectroscopy (EIS) and capacitance-
voltage (C-V) characteristic curves were implemented to analyze
the carrier transport and recombination dynamics of the devices.
A simplified equivalent circuit model was used to fit the Nyquist
plots, as shown in the inset of Figure 5h, the circuit consists of
five components: series resistance (Ry), charge transfer resistance
(R.), charge transfer capacitance (C,,), recombination resistance
(Ryec), and recombination capacitance (C,..). Among them, R
can indirectly reflect the difficulty of the interface CT excited-
state formation in the devices, and R, is negatively correlated
with the radiative recombination efficiency of the CT excited
state [21, 57]. All the detailed fitting data are shown in Table Sé.
A constant increasing trend of R, is observed with the spacer
thickness increasing, which can be associated with the enlarged
cross-interface tunneling distance of carriers and accordingly
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without or with spacer.

increased activation energy to form long-range coupled CT exci-
tons. The trend of R, initially declined and then rose, realizing its
maximum value in the D-S2-A device, indicating that there is an
optimal thickness window for the spacer layer. The appropriate
thickness can endow the CT excited state with the smallest AEg,
ultimately maximizing the radiative recombination efficiency.
In short, the spacer layer sacrifices part of the carrier injection
and transfer speed in exchange for the optimization of the
excited state and a leap in radiative recombination efficiency.
The C-V characteristic curves at low frequency can more clearly
reflect the differences in carrier transfer behavior during device
operation [21, 58]. To make the data more intuitive, the C-
V curves were initialized (Figure 5i). The D-S0-A device starts
charge transfer at a low voltage (1.7 V) and ultimately shows a
capacitance increment of 0.63 nF, indicating that the interlayer
charge transfer barrier is smaller in D-A devices without spacer
layers, allowing for more rapid and earlier charge transfer and
accumulation. In the D-S-A device, the increasein the spatial
separation distance between D and A molecules results in a
smoother and more controllable accumulation process of the
unbalanced charges at the D-A interface. The low capacitance
variation of 0.22 nF reflects that charge accumulation at the D-
A interface is effectively suppressed, which helps reduce carrier
non-radiative losses and improve exciton utilization efficiency.

To verify the universality of long-range coupled CT exci-
tons in CsCu,l; LEDs, other electron donor materials were
chosen to fabricate D-S-A devices. The EL performance and
EQE-current density curves of the devices are shown in
Figure 6a-d. The D-S-A devices based on 4,6-bis(3,5-bis(3-

pyridylphenyl)-2-methylpyrimidine (B3PyMPM) and 1,3,5-tris(1-
phenyl-1H-benzimidazol-2-yl)benzene (TPBi) both exhibit a sim-
ilar blueshift in the EL spectra, indicating that the energy of
long-range coupled CT excitons is effectively enhanced by the
spacer layer. The EQE of these D-S-A devices is significantly
improved by 4.5 times in D-S-B3PyMPM and by 2 times in D-S-
TPBi, demonstrating that the long-range coupled CT excitons are
universal in CsCu,I; LEDs with different device architectures.

To further expand the applicability of long-range coupling
CT excitons, two additional carbazole molecules with high
triplet energy were selected as spacer layers to fabricate D-S-
A devices. Both N-phenyl-9H-3,9’-dicarbazole (CCP) and 3,5-
bis(3-(9H-carbazol-9-yl)phenyl)pyridine (35DCzPPy) contain car-
bazole groups capable of electrostatic interaction with CsCu,I;,
ensuring the stability of the D-S-A excited state. The molecular
structural formulas and corresponding D-S-A energy level dia-
grams are shown in the insets of Figure 6e,g. The EL spectra
of both D-S-A devices exhibit a recognizable blueshift, and the
EQE of the devices shows an effective improvement (Figure 6e,h),
indicating that carbazole-based TADF molecules with high triplet
energy are universally applicable as a spacer for the CT excited
state in CsCu,I; LEDs. Detailed performance of these extended
devices is summarized in Table S7.

3 | Conclusion

In summary, the overlooked intermolecular CT excited state
dynamics in CsCu,I; LEDs deserve to be re-examined thought-
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fully. This work has successfully covered a comprehensive
understanding of the recombination dynamics for long-range
coupled CT excitons commonly observed in CsCu,I; LEDs. By
rationally designing the spacer thickness, we have implemented
the spatial optimization of the long-range coupled CT excited
state, maximizing the exciton radiative recombination efficiency.
The optimal CsCu,l; LEDs achieved a peak EQE of 4.3% and
a maximum luminance of 3666 cd/m?, representing the highest
luminance among solution-processed CsCu,I; LEDs to date. Our
work pioneers the study of the intermolecular CT excited states
in PeLEDs and provides a new insight into improving the triplet
energy harvesting efficiency from the perspective of optimizing
the spatial configuration of excited states.
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