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A binary-mixed electron transport layer (ETL) has been reported for constructing solution-processable
near-infrared organic light-emitting diodes (NIR OLEDs). Relative to the single-component ETL, the binary-
mixed ETL composed of PDINN:TPBi can enhance the carrier transport capacity, reduce device impedance,
and weaken fluorescence quenching of the emitting layer. By carefully selecting an appropriate lumines-
cent material Y5 (a nonfullerene electron acceptor in organic solar cells) and precisely fine-tuning the
molecular aggregation in active layer using a mixed solvent, the morphology is optimized and lumines-
cence performance is enhanced, resulting in efficient NIR OLEDs with an emission peak at 890 nm. The
experiment showcases a Y5-based near-infrared OLED with a maximum radiance of 34.9W sr'' m- and
a maximum external quantum efficiency of 0.50%, which is among the highest values reported for non-
doped fluorescent NIR OLEDs with an emission peak over 850 nm.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The near-infrared (NIR) region refers to the wavelength range
of 700-2500 nm. Organic light-emitting diodes (OLEDs) operating
within this band find extensive applications in night vision, bio-
logical imaging, photodynamic therapy, agriculture, telecommuni-
cations, security authentication, and other fields [1-5]. Specifically,
light in the NIR-I region (700-1000 nm), which can effectively pen-
etrate biological tissues, is widely employed in medical fields such
as biological imaging and photothermal therapy due to its signif-
icant role as a crucial window for light transmission. It is note-
worthy that pure organic fluorescent emitters are devoid of heavy
metals, rendering them highly biocompatible and environmentally
friendly, thus positioning them as the preferred choice for these
applications [6-10].

However, practical application of OLEDs in the NIR range is
currently unfeasible. Firstly, the emission peak wavelength Ag is
short, primarily due to limitations imposed by the energy gap law
[11-17]. This law predicts that non-radiative decay rates in or-
ganic solids exponentially increase as the energy gap decreases,
resulted from enhanced coupling between electrons and phonons
between excited and ground states. Consequently, this limitation
implies that long-wave emission from organic solids would be sig-
nificantly weakened, thereby presenting a major technical bottle-
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neck for extending emissions towards longer wavelengths. Sec-
ondly, the enhancement of luminous efficiency in near-infrared lu-
minescent materials poses a significant challenge, thereby imped-
ing their application in OLEDs and hindering their overall devel-
opment. Doping is a method to enhance the luminous efficiency,
as it can regulate the energy levels and mobilities of carriers in
materials, together with suppressing concentration induced fluo-
rescence quenching. Up to now, researchers have proposed various
doping strategies, however, several inherent problems exist within
these doping devices. (1) The selection of appropriate host materi-
als for different colors of dopants is crucial. (2) Controlling the co-
deposition rate and concentration of dopants during preparation
processes, particularly for low doping concentrations ranging from
0.1% to 1%, remains a challenging task. (3) Careful consideration
should be given to the influence of host material carrier mobilities
and energy levels on other functionalities within the doped lumi-
nescent system. (4) Simultaneous utilization of both a host mate-
rial and a dopant inevitably leads to increased costs. To avoid these
drawbacks, in this study, we will fabricate NIR-OLED devices em-
ploying non-doped pure organic materials.

Compared to vacuum evaporation, the solution method of-
fers device fabrication with simpler and more economical equip-
ment, thereby reducing preparation costs. Furthermore, the solu-
tion method enables precise control over device structure and per-
formance through parameter adjustments such as solution concen-
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tration, coating technology, and heat treatment conditions. How-
ever, the challenges of solvent and material solubility issues, where
previously deposited films may partially or completely dissolve, re-
main a major obstacle to constructing solution-processed multi-
layer OLED devices [18-26]. At present, most reports on OLEDs pre-
pared by solution method only have the light-emitting layer un-
dergone solution processing. However, other necessary functional
layers, especially electron transport layer (ETL), still need to be
prepared by vacuum evaporation [27-31]. Although some studies
have proposed the method of realizing all-solution method for
multilayer OLEDs using specific orthogonal solvent strategies and a
small amount of cross-linked functional materials, this method still
has limitations due to factors such as the similar polarity of most
organic molecules and the low selectivity of suitable cross-linked
materials. In addition, there are still limitations in terms of carrier
(electron) injection and transport, so it is necessary to develop a
high-performance, solution-processable ETL [32-34].

In recent years, the development of organic solar cells has
entered a new era characterized by highly efficient charge sep-
aration and low voltage loss, attributed to the emergence of a
novel class of nonfullerene electron acceptors with an acceptor-
donor-acceptor (A-D-A) molecular structure. This advancement is
primarily driven by the strong intramolecular charge transfer ef-
fects and rigid planar configurations exhibited by these A-D-A type
organic semiconductors, which enhance m-electron delocalization,
resulting in reduced band gap and increased oscillation intensity
for enhanced near-infrared absorption coefficient. Moreover, A-D-
A type organic semiconductors offer several additional advanta-
geous features crucial for minimizing energy loss in organic so-
lar cells including sharp optical absorption edges, suppressed non-
radiative recombination rates, low energy disorder, and high lu-
minescence (radiative recombination) yields. Considering the reci-
procity between light absorption and emission, these properties
render this unique organic semiconductor not only an optimal
choice for solar cells but also offer novel insights into construct-
ing high-efficiency non-doped organic fluorescent NIR-OLEDs. Non-
fullerene electron acceptor compounds (such as Y5) have high ex-
ternal electroluminescence quantum efficiency values in organic
solar cells, and their electroluminescence (EL) emission wavelength
can locate over 800 nm. Additionally, such molecules form ] ag-
gregates through end-to-end overlap stacking in the solid state,
making them a potential near-infrared organic electroluminescent
material. Consequently, here we fabricate non-doped NIR-OLED de-
vices employing such nonfullerene acceptor materials.

In addition, in this study, a novel method was employed
to treat the ETL to optimize the performance of solution-
treated non-doped NIR-OLED. Specifically, two different elec-
tron transport materials were dissolved in the same solvent
(methanol) and physically blended to prepare a binary-mixed
electron transport layer. The two electron transport materials
are  N,N’-bis[3-[3(dimethylamino)propylamino]propyl]-perylene-
3,4:9,10-bis(dicarboximide) (PDINN) and 1,3,5-tris(1-phenyl-1H-
benzimidazol-2-yl)benzene (TPBi). PDINN is commonly employed
as a cathode modification layer in organic solar cells due to its
high solubility in alcohol solvents, which facilitates convenient
solution processing. Moreover, PDINN can effectively decrease
the work function of the air-stabilized cathode (silver and cop-
per) while maintaining optimal interface contact with the active
layer. Currently, the use of PDINN as an ETL in OLED devices
has not been reported. TPBi is widely used as an ETL in OLED
devices, effectively mitigating the exciton-hole interaction-induced
hole quenching effect and thereby significantly enhancing the
overall efficiency. However, TPBi is commonly employed as
an evaporated ETL, and its application in solution-processed
NIR-OLEDs remains unexplored. Our results demonstrate a sig-
nificant enhancement in electron mobility for the binary-mixed
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ETL compared to that of the single-component ETL device. The
impedance spectroscopy tests demonstrate a decrease in the
resistance of the binary-mixed ETL, leading to an enhance-
ment in conductivity. Therefore, the incorporation of PDINN
blended with TPBi at a ratio of 1:4 significantly enhances the
external quantum efficiency (EQE) for 2,2'-((2Z,2'Z)-((12,13-bis
(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-€]
thieno[2”,3”:4',5|thieno[2’,3":4,5]pyrrolo[3,2-g|thieno[2/,3":4,5]-th
ieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(3-o0xo-2,3-dihy
dro-1H-indene-2,1-diylidene))dimalononitrile ~ (Y5)-based  NIR
OLEDs (Ag,=890nm), resulting in an EQE improvement from
0.41% and 0.45% to 0.50%, which is among the highest efficiency
for non-doped fluorescent NIR-OLED [35].

To evaluate the effect of the binary-mixed ETL on the de-
vice performance, OLEDs are fabricated using a device structure
of indium tin oxide (ITO)/[2-(9H-carbazol-9-yl)ethyl]phosphonic
acid (2PACz)/emissive layer (EML) (100 nm)/PDINN:TPBi (10 nm)/Ag
(100nm). The molecular structures of EML and ETL components
are illustrated in Fig. 1a. Their UV absorption and the photolumi-
nescence (PL, for Y5) spectra are shown in Fig. 1b. We observed
strong absorptions in the film states of TPBi and PDINN within the
wavelength ranges of 310-350nm and 420-520nm, respectively.
Additionally, Y5 exhibited significant absorption in the film state
at wavelengths ranging from 600 nm to 780 nm [36], and its fluo-
rescence emission peak locates at 940 nm. Therefore, it is a suitable
material as an emissive layer in near-infrared OLEDs.

We adopted a method of introducing poor solvent to treat the
EML. Briefly, a mixed solvent was prepared by adding 0.5% (v/v)
acetonitrile (ACN) to chloroform (CF), which was used to regu-
late the aggregation behavior of light-emitting material Y5. To
gain a more precise comprehension of the morphological changes
in the EML deposited from mixed solvent, we primarily investi-
gated the molecular stacking characteristics of Y5 thin films with
varying blending ratios using 2-dimensional (2D) grazing-incidence
wide-angle X-ray scattering (GIWAXS), as shown in Fig. 2. From
Figs. 2a and b, it is evident that the lamellar stacking corresponds
to diffraction peaks in the gxy range of 0-0.5 A1 undergoes a tran-
sition from ordered to disordered morphology upon the introduc-
tion of ACN (0.5% case). However, within the g, range of 1.5-2 A1,
diffraction peaks representing w-m stacking of molecules remain
discernible. Nevertheless, Figs. 2c and d demonstrate that a fur-
ther increase in ACN concentration (1% and 5% cases) leads to
almost complete disappearance of ordered m-m stacking among
small molecules. This indicates that by introducing an appropriate
amount of ACN as a mixed solvent, the EML retains a certain level
of organization in micro-scale regions while transitioning to disor-
der on a macro-scale. Ultimately, with increasing the ACN content,
disorder further intensifies and crystalline peaks vanish (i.e., even
the microscopic order is also disrupted). Therefore, in the CF+0.5%
ACN case, the retained microscopic order facilitates charge trans-
port and exciton delocalization, which is beneficial to enhance ra-
diation decay [37]; meanwhile, the disordered lamellar stacking
can prevent exciton from diffusing to the low-energy traps. As a
result, the EQE and radiance in the corresponding devices are im-
proved. In contrast, the introduction of excessed ACN (1% and 5%)
in the solvent will make Y5 molecules completely disordered, thus
being disadvantageous to charge transport and exciton delocaliza-
tion. For detailed device information, please refer to the Supple-
mentary materials (Fig. S1 and Table S1 in Supporting information).

In order to analyze the effect of different processing solvents
on the electro-optical properties of emissive layers, we charac-
terized charge transport in devices. The electron and hole mo-
bilities of the active layer were measured via electron-only de-
vices with an ITO/ZnO/Y5/PDINN/Ag structure and hole-only de-
vices with an ITO/2PACz/Y5/MnO3/Ag structure using the space-
charge-limited current (SCLC) method [38,39], as shown in Fig. S2
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Fig. 1. (a) Molecular structures and (b) UV absorption and PL emission spectra of the main components.
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Fig. 2. 2D GIWAXS patterns of Y5 films deposited from different solvents: (a) CF,
(b) CF+0.5% ACN, (c) CF+ 1% ACN, and (d) CF+5% ACN.

Table 1

Electron and hole mobilities of Y5 in devices deposited from different solvents.
Solvent e (cm? V-1s7T) My (cm? V1sT) e/ Ity
CF 6.96 x 104 3.02x 104 2.30
CF+0.5% ACN 7.25x 10 537 x 10 1.35

(Supporting information). The results of calculated mobilities are
summarized in Table 1. After using the mixed solvent (CF+0.5%
ACN), the electron mobility increases from 6.96 x 104 cm?2 V-1 s~!
to 7.25x 10~% cm? V-1 s1, and the hole mobility increases from
3.02x107% cm? V-1 571 to 5.37 x 1074 cm2 V' s'1. The closer hole
and electron mobility values manifest that the charge transport in
OLEDs becomes more balanced, thus are beneficial to the improve-
ment in electroluminescence (EL) performance.

The different OLED device structures based on Y5 are shown
in Fig. 3a, and the corresponding EL parameters are summarized
in Table 2 and Table S2 (Supporting information). The maximum
EQE of OLEDs with the single-component ETLs are 0.45% (TPBi)
and 0.41% (PDINN), respectively. The radiance and EQE change
obviously when PDINN is mixed with TPBi. Gradually introduc-
ing TPBi into PDINN results in a trend of initially decreasing

Table 2
Optimized EL parameters of Y5-based OLEDs with the binary-mixed ETL or the
single-component ones.

PDINN/TPBi  Emission Peak (nm) EQE (%) Radiance (W sr''m2)? Vo, (V)
1:0 887 0.41 30.0 1.27
1:4 892 0.50 349 1.24
0:1 897 0.45 325 1.20

a Voo was determined as the radiance reached 0.01W sr—! m2.

and then improving device performance. When TPBi is added to
PDINN at a mixing ratio of 1:9 (10:90), the device performance
decreases, showing inferiority compared to the single-component-
ETL devices. We optimized the PDINN:TPBi ratio and found that
the optimal ratio was 1:4 (20:80). As shown in Fig. 3b, OLED with
binary-mixed ETL(PDINN:TPBi = 1:4) exhibits great increase in cur-
rent density, which demonstrates that the electron injection effi-
ciency is markedly improved compared with that of the reference
devices. Moreover, the V,, decreases to 1.24V, while the maximum
EQE increases from 0.41% to 0.50% compared with devices with a
single PDINN ETL (Fig. 3c). The reduction of the electron injection
barrier is responsible for this phenomenon (vide infra). The results
illuminate that the device with the ETL of PDINN:TPBi has better
performance than that of the device with the ETLs of PDINN or
TPBi. Fig. 3d shows the normalized EL spectra of OLEDs with dif-
ferent ETLs. Obviously, these devices exhibit NIR emissions with
a peak near 900 nm. Devices with the binary-mixed ETL show a
certain shift of emission peak compared to those with a single-
component ETL. We notice that these devices show efficiency roll-
off under high current density as shown in Fig. 3c. For fluorescent
OLEDs, exciton—polaron interaction, carrier imbalance, and Joule
heating are mainly responsible for the efficiency roll-off [40]. This
effect may be ascribed to the electron-dominated characteristics of
the non-fullerene small molecule fluorescent material Y5, which
could result in a narrow exciton formation region and high exci-
ton density leading to exciton quenching under high radiance or
high current conditions.

In order to analyze the effect of the binary-mixed ETL on
the electrical performance of the emissive layer, we prepared
electron-only devices with the structures of ITO/ZnO/Y5/PDINN or
PDINN:TPBi or TPBi/Ag (Fig. 4). The electron mobilities in de-
vices with different ETLs obtained by SCLC method are summa-
rized in Table S3 (Supporting Information). The obtained J'/2-V
curves are shown in Fig. 4a. The use of binary-mixed ETL sig-
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Fig. 3. Device structures (a), the current density-radiance-voltage (J-R-V) characteristics (b), EQE curves (c) and the EL spectra (d) of the NIR OLEDs with binary-mixed and

the single-component ETL.
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Fig. 4. (a) J'2—V curves and (b) the impedance spectra of devices with differ-
ent ETLs in dark conditions. Device structures for (c) electron-only devices and
(d) impedance test devices with different ETLs. (e) The equivalent circuit used for
impedance spectrum analysis.

nificantly increased the electron mobility from 7.64 x 10~* cm?
V-1 s (PDINN) and 719x10% cm? V-! s-! (TPBi) to
9.22x10* cm? V-! s~1 by up to ~20% at the optimal blend ra-
tio, indicating that the binary-mixed ETL can significantly improve
the electron transport.

To further understand the influence of the binary-mixed ETL
on the charge injection and transport, AC impedance spectroscopy
measurements were carried out and the results are shown in
Fig. 4b. The device structure and equivalent circuit used for
impedance analysis are shown in Figs. 4d and e. The correspond-
ing resistance data are summarized in Table S4 (Supporting infor-
mation). The impedance of OLEDs obviously decreases after intro-
ducing TPBi to PDINN, indicating decrease in the electron injection
barrier and improvement of electron transport.

Exploring the mechanisms of driving voltage reduction and cur-
rent efficiency improvement would be beneficial for understand-
ing the interface engineering and promoting further optimiza-
tion of OLEDs. Thus, we conducted ultraviolet photoelectron spec-
troscopy (UPS) to investigate the changes in work function (WF)
of the cathodes combined with the three ETLs. The measured re-
sults are shown in Fig. 5, and the calculated WFs are shown in
Table S5 (Supporting Information). For the PDINN/Ag sample, the
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Fig. 5. UPS spectra of PDINN/Ag, PDINN:TPBi/Ag, and TPBi/Ag. Inset shows the
energy-level alignments of the three ETLs relative to Y5.

secondary electron spectroscopy onset occurs with higher binding
energy, leading to a lower WF of 3.80eV by calculation, and for
the TPBi/Ag sample, the secondary electron spectroscopy onset oc-
curs with lower binding energy, leading to a higher WF of 4.18 eV.
Upon blending the two components to form binary-mixed ETL (the
PDINN:TPBi/Ag case), the corresponding WF changes to 3.92eV.
The observed WF changes suggest the successful formation of an
alloy phase between PDINN and TPBi, which in turn influences the
injection of electrons.

We also employed contact angle characterization to compare
the surface properties of ETLs. As shown in Figs. 6a and b, the
diiodomethane (DME) contact angle on the surface of PDINN:TPBi
is 18°, which is smaller than that of PDINN (32°), while the con-
tact angle of glycerol on the surface of PDINN:TPBi is 56°, which is
greater than the contact angle of glycerol on PDINN (52°). Thus, the
surface free energies (ys) of PDINN and PDINN:TPBi are calculated
as 46.53 and 49.82 mN/m, respectively (Table S6 in Supporting in-
formation). The solubility parameter (§) of PDINN is changed from
12.48 to 12.91 (cal/cm3)'/2 after introduction of TPBi. The Flory-
Huggins interaction parameter (x ) between ETL and Y5 is changed
from 0.40 (PDINN&Y5) to 0.53 (PDINN:TPBi&Y5) (Table S6). The
bigger x value indicates the interaction between molecules be-
comes weak (the repulsion arises), leading to poorer miscibility be-
tween the two components. The enlarged surface energy and inter-
action parameter can contribute to improvement in film formation
and prevention of ETL penetration into EML, being beneficial to im-
prove charge injection and reduces charge recombination, thereby
improving the EQE [38,41]. It is worth mentioning that the x be-
tween PDINN and TPBi is 0.38. A small yx also indicates that PDINN
and TPBi can be blended well.
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excitation.

We then tested the PL spectra of the EML Y5 in contact
with/without three ETLs (Fig. 6¢). As can be seen that less PL
quenching is observed at the Y5/PDINN:TPBi or Y5/TPBi interface
compared with Y5/PDINN interface. Based on the results of other
research groups [36], we can attribute the effective exciton re-
straint function of TPBi and the improvement of carrier injec-
tion/balance at EML/ETL interfaces through self-balancing effect,
which is beneficial to improving conductivity. The enhanced device
performance of the binary-mixed ETL devices primarily stems from
the synergistic effect of both transport materials, which collectively
enhance charge transport in OLED devices. And the quenching of
Y5 fluorescence in the EML by the electron transport layer is at-
tenuated.

In summary, we synergistically integrated the merits of PDINN
and TPBi for application as an ETL in NIR OLEDs, resulting in an
enhanced carrier injection/transport performance in devices and
weakened fluorescence quenching of the EML by simply blend-
ing TPBi with PDINN. Consequently, replacing the original single-
component ETLs with a PDINN:TPBi binary-mixed ETL improves
the EQE of NIR OLED when utilizing Y5 as the EML. Moreover, the
full solution processing method and non-doped EML for this kind
of NIR OLED will facilitate future industrial production.
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