Journal of _
Materials Chemistry C

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal

Development of high-efficiency near-infrared
organic light-emitting diodes using TPA-DCPP
via interface exciplex formation

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5tc04226g

*ab

Cheng-Yen Chuang,? Bishal Paul,® Jhih-Yu Ke,? Sih-Han Ji,® Sheng-Yuan Chu
and Po-Ching Kao®

Near-infrared organic light-emitting diodes (NIR OLEDs) hold great promise for applications in
biomedical imaging, optical communication, and night-vision technologies. However, their efficiencies
remain limited by the intrinsically narrow bandgaps of NIR emitters and severe aggregation-caused
quenching (ACQ). Here, a high-efficiency NIR OLED is demonstrated using an interfacial exciplex
formed between CBP and PO-T2T as an energy-transfer medium to sensitize the NIR emitter TPA-
DCPP. This interfacial exciplex strategy avoids the use of heavy-metal complexes and complex thermally
activated delayed fluorescence molecular design, enabling a heavy-metal-free and structurally simple
device concept. The exciplex exhibits efficient Forster resonance energy transfer (FRET) to the guest
emitter due to the strong spectral overlap between its emission and the TPA-DCPP absorption band.
Through systematic optimization of the device architecture—including transport-layer thickness and
guest-doping concentration—the optimized OLED achieves a maximum external quantum efficiency
(EQEmay) of 15.2% and a peak luminance of 2152 cd m™2 at 700 nm. This work highlights the
effectiveness of interfacial exciplex-mediated energy transfer in mitigating ACQ-induced efficiency
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losses, providing a straightforward and reproducible pathway toward high-performance, heavy-metal-

Open Access Article. Published on 06 February 2026. Downloaded on 3/17/2026 9:56:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-c free NIR OLEDs.

1. Introduction

Organic light-emitting diodes (OLEDs) have been extensively
studied for display and lighting technologies owing to their
high brightness, wide viewing angles, and mechanical flexibil-
ity. Among different emission regions, near-infrared (NIR)
OLEDs have garnered growing interest for specialized applica-
tions in optical communication, night-vision displays, and
biomedical imaging."™ However, achieving high efficiency
in NIR OLEDs remains a persistent challenge because the
small bandgaps of NIR emitters promote non-radiative decay
and aggregation-caused quenching (ACQ), resulting in severe
efficiency losses.”® Recent strategies to enhance NIR OLED
performance have focused on the development of thermally
activated delayed fluorescence (TADF) emitters and heavy-metal
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complexes to harvest triplet excitons. Although TADF materials
can utilize triplet excitons without the need for metals, their
complex synthesis routes and limited chemical stability hinder
large-scale application.’®? In contrast, heavy-metal complexes
provide high efficiency but are costly and raise environmental
concerns.” Therefore, a simple and effective approach that
enables efficient triplet utilization while maintaining facile
fabrication is highly desirable.

Exciplex systems, generated through intermolecular charge
transfer between donor and acceptor molecules, offer a promis-
ing pathway to address these limitations."*"” They exhibit
intrinsic reverse intersystem crossing (RISC) characteristics
similar to TADF materials and can be readily formed via
molecular blending without complex chemical modification.™*
Notably, interfacial exciplexes can act as efficient energy-
transfer bridges to sensitize guest emitters when sufficient
spectral overlap is present.'® In this work, an interfacial
exciplex-based NIR OLED is demonstrated using CBP (donor)
and PO-T2T (acceptor) as the exciplex pair to transfer excitonic
energy to the NIR emitter TPA-DCPP. Through systematic opti-
mization of the transport-layer thickness and guest-doping
concentration, the device achieves efficient energy transfer and
balanced carrier recombination, delivering a maximum external
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quantum efficiency (EQEn.) of 15.2% and a peak luminance
of 2152 cd m™ 2 This study establishes a straightforward
and reproducible device architecture that leverages interfacial
exciplex-mediated energy transfer to realize high-efficiency NIR
emission, providing a practical and cost-effective alternative
to complex TADF or phosphorescent systems. Compared with
conventional thermally activated delayed fluorescence emitters
and heavy-metal complexes, the interfacial exciplex strategy
employed here offers advantages in terms of simple device
fabrication and high device performance.

2. Results and discussion

2.1 Photoluminescence and absorption characteristics of the
host, guest, and exciplex in NIR OLEDs

Fig. 1 displays the normalized absorption spectra of TPA-DCPP,
CBP, and PO-T2T, together with the photoluminescence (PL)
spectra of CBP, PO-T2T, and their exciplex blend CBP: PO-T2T
(1:1).

This measurement serves two purposes. First, it reveals the
spectral overlap between the exciplex (CBP:PO-T2T) emission
and the guest emitter (TPA-DCPP) absorption, which is essen-
tial for Forster resonance energy transfer (FRET). Efficient FRET
occurs only when substantial overlap exists between the donor
emission and the acceptor absorption spectra. In this case, the
CBP:PO-T2T exciplex exhibits a PL peak at 488 nm, and its
emission band overlaps strongly with the UV-vis absorption
spectrum of TPA-DCPP, enabling effective excitonic energy
transfer.

Second, the measurement confirms the formation of the
exciplex. The PL peaks of neat CBP and PO-T2T films appear at
377 nm and 388 nm, respectively. Upon co-deposition, the
blend exhibits a distinct red-shifted PL peak at 488 nm, clearly
indicating the formation of an exciplex through intermolecular
charge-transfer interactions between the donor (CBP) and
acceptor (PO-T2T).

Notably, only exciplex emission is observed in the CBP:PO-
T2T blend, with no discernible residual emission from the
locally excited states of CBP or PO-T2T. This behavior arises
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Fig. 1 Absorption spectra of TPA-DCPP, CBP, and PO-T2T, and PL
spectra of CBP:PO-T2T, CBP, and PO-T2T.
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because the exciplex state possesses a significantly lower emis-
sion energy than the excited states of the individual donor and
acceptor molecules. As a result, excitons generated upon photo-
excitation of the CBP:PO-T2T film rapidly relax from the higher-
energy CBP and PO-T2T excited states into the lower-energy
exciplex state. Consequently, radiative recombination from the
locally excited donor or acceptor states is effectively suppressed,
and photoluminescence is dominated by exciplex emission.

In addition, exciplex emission is typically associated with
characteristic excited-state dynamics, including a longer emis-
sion lifetime and the presence of delayed emission components
compared with those of the individual donor or acceptor
materials. Such behavior has been clearly demonstrated for
CBP/PO-T2T interfacial exciplex systems,'® where time-resolved
photoluminescence measurements revealed a distinct red-shifted
exciplex emission accompanied by prompt (nanosecond-scale)
and delayed (microsecond-scale) decay components. These time-
resolved features provide strong evidence for the formation of a
charge-transfer exciplex state and support its role as an efficient
energy donor for Forster resonance energy transfer (FRET) to
guest emitters.

Furthermore, the intrinsic excited-state dynamics of neat
CBP, including its singlet and triplet lifetimes, have been well
established by a study.>® The absence of comparable long-lived
or delayed emission components in neat CBP further supports
that the emission behavior observed in CBP/PO-T2T blends
originates from exciplex formation rather than from the locally
excited donor states.

In the present study, exciplex identification is therefore
based on the emergence of a new red-shifted steady-state PL
emission band that is absent in the neat CBP and PO-T2T films,
together with its demonstrated role as an effective energy-
transfer donor to TPA-DCPP, rather than on direct PLQY
measurements.

CBP functions as an electron donor and PO-T2T as an
electron acceptor, enabling efficient intermolecular charge
transfer at their interface and resulting in the formation of a
charge-transfer exciplex state with an emission energy lower
than the locally excited states of the individual materials. The
emission energy of this exciplex exhibits strong spectral overlap
with the absorption band of TPA-DCPP, providing the physical
basis for efficient Forster resonance energy transfer from the
exciplex to the NIR guest emitter.

To further clarify the energy transfer pathway, the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of all materials involved
in this work are summarized, and a corresponding energy level
diagram is provided (Fig. 2). As shown in the diagram, the
relative alignment of the HOMO and LUMO levels of CBP and
PO-T2T facilitates intermolecular charge transfer at their inter-
face, enabling exciplex formation. Moreover, the energy levels
of the resulting exciplex state are well matched with those of
the NIR emitter TPA-DCPP, allowing efficient excitonic energy
transfer from the exciplex to TPA-DCPP. This favorable energy-
level alignment provides a clear physical basis for the observed
exciplex-mediated Forster resonance energy transfer and the

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Energy band diagram (HOMO and LUMO) of the materials.

resulting efficient near-infrared emission. Based on Fig. 2, the
formation mechanism of the exciplex suggests that an inter-
facial exciplex between CBP (donor) and PO-T2T (acceptor) was
formed, followed by Forster resonance energy transfer (FRET)
from the exciplex to the TPA-DCPP molecules, which ultimately
results in efficient near-infrared emission from TPA-DCPP.
In addition, by appropriately adjusting the thicknesses of
NPB (HTL) and PO-T2T (ETL), balanced hole and electron
injection is achieved. This balance effectively confines the
recombination zone to the CBP/PO-T2T interface, thereby
enhancing exciplex formation and improving the efficiency of
exciplex-mediated energy transfer.

2.2 Transmittance spectra of EML with different guest-doping
concentrations

By adjusting different doping concentrations of CBP:TPA-DCPP
thin films, transmittance spectra were recorded to investigate
whether varying doping concentrations would significantly
affect the photon output.*' Since the magnitude of photon
output directly influences the efficiency of subsequently fabri-
cated devices, this measurement serves as an important basis
for the experiment.**?*

As shown in Fig. 3, the average optical transmittance within
the visible range remains above 93% for all doping concentrations.
Therefore, in this study, the doping of TPA-DCPP does not cause a
significant impact on the photon output, indicating negligible
influence on the device’s electroluminescence efficiency.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Transmittance spectra of the emitting layer (EML) with different
doping concentrations of TPA-DCPP.

2.3 Contact-angle measurements and surface-energy analysis
of the emissive layer with different guest-doping
concentrations

The influence of different concentrations of the near-infrared
(NIR) guest emitter TPA-DCPP doped into the CBP host on the
surface properties of the resulting films was systematically
investigated. Because interfacial interactions strongly affect
device performance, contact angles between deposited droplets
and film surfaces were measured using a contact-angle goni-
ometer to determine the surface energy and polarity of the
films."® CBP:TPA-DCPP films with doping concentrations of
5, 10, 15, and 20 wt% were examined. Deionized (DI) water and
diiodomethane (CH,I,) served as the testing liquids, and the
sessile-drop method was employed for all measurements.

The contact angles of CBP:TPA-DCPP (X wt%) films mea-
sured with DI water are shown in Fig. 4(a-d), with values of
97.69°, 93.91°, 89.72°, and 95.86°, respectively. When measured
with diiodomethane, the contact angles shown in Fig. 5(a-d)
were 63.45° 57.70°, 52.89°, and 58.48° respectively. These
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Fig. 4 The contact angles of deionized water were measured on
CBP:TPA-DCPP thin films with doping concentrations of 5 wt%, 10 wt%,
15 wt%, and 20 wt%, respectively.
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Fig.5 The contact angles of diiodomethane were measured on
CBP:TPA-DCPP thin films with doping concentrations of 5 wt%, 10 wt%,
15 wt%, and 20 wt%, respectively.

measured contact angles were substituted into eqn (1) to
calculate the surface energy and surface polarity, as summar-
ized in Fig. 6 and Table 2.

For the CBP:TPA-DCPP (5 wt%) film, the surface energy and
surface polarity were determined to be 27.82 mJ m~> and 0.038,
respectively. As the TPA-DCPP concentration increased to
15 wt%, the surface energy and polarity rose to 34.99 mJ m >
and 0.052, respectively. This increase suggests that higher guest
doping enhances intermolecular interactions between CBP and
TPA-DCPP molecules, leading to modified film morphology
and stronger interfacial bonding.”* However, when the doping
concentration reaches 20 wt%, the surface energy decreases
slightly, likely due to the emergence of surface defects at
excessive guest loading. Higher surface energy and polarity
reflect stronger interfacial cohesion between the layers, which
in this study facilitates more effective exciplex formation.

2.4 Photoluminescence spectra of the emissive layer with
different guest-doping concentrations

The photoluminescence (PL) spectra of CBP:TPA-DCPP (X wt%)
films with neat TPA-DCPP and varying doping concentrations
(x = 5, 10, 15, and 20) are presented in Fig. 7. The PL

Surface energy(m3l/m?)

CBP:TPA-DCPP(Swt%) CBP:TPA-DCPP(10wt%) CBP:TPA-DCPP(15wi%) CBP:TPA-DCPP(20wi%)

View Article Online
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Table 1 Surface tension and components of the test solution

Surface tension (mN m ) 0 " L
H,O 51.0 21.8 72.8
CH,I, 2.3 48.5 50.8

characteristics provide insights into the energy-transfer effi-
ciency, concentration quenching, and intermolecular interac-
tions within the emissive layer.

As shown in Fig. 7, the PL intensities of the 5 wt% and
10 wt% films are relatively weak, which can be attributed to the
low concentration of the guest emitter TPA-DCPP. At these
lower doping levels, most of the emission originates from the
CBP host, indicating limited energy transfer efficiency and,
consequently, reduced PL intensity. When the doping concen-
tration increases to 15 wt%, energy transfer from the host to
the guest becomes more efficient, leading to dominant guest
emission and the highest observed PL intensity. However, a
further increase to 20 wt% results in enhanced concentration
quenching, thereby reducing PL intensity. These findings sug-
gest that a doping concentration of 15 wt% provides the
optimal balance between energy transfer and exciton quench-
ing. Although PL spectra alone may not be sufficient to unam-
biguously identify exciplex emission, Colella et al.>> employed
PLQY measurements, together with PL and time-resolved
spectroscopy, to verify exciplex emission and correlate its
efficiency with AEgr and RISC processes. They have confirmed
that the CBP:PO-T2T blend forms the exciplex. Further con-
firmation of this behavior will be discussed in the subsequent
device performance analysis.

It is evident from Fig. 7 that the PL peak of TPA-DCPP is
significantly red-shifted relative to the CBP:TPA-DCPP blended
films at lower doping concentrations. At low doping levels, TPA-
DCPP molecules are well dispersed within the CBP host matrix,
resulting in relatively blue-shifted emission. As the TPA-DCPP
doping concentration increases, a systematic redshift of the PL
peak is observed, which can be attributed to enhanced inter-
molecular interactions among TPA-DCPP molecules as the
average intermolecular distance decreases. These solid-state
effects modify the emissive environment, leading to a gradual
redshift of the emission toward that of the neat TPA-DCPP film.
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Fig. 6 Surface energy (left) and surface polarity (right) of CBP:TPA-DCPP films with doping concentrations of 5 wt%, 10 wt%, 15 wt%, and 20 wt%,

respectively.
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Table 2 Results of contact angle measurements using deionized water and diiodomethane, and calculations of surface energy and surface polarity

Water angle CH,I, angle Surface energy Surface polarity y2 «/S P+ yg
CBP:TPA-DCPP (5 wt%] 97.69 63.45 27.82 0.038 1.06 26.76 27.82
CBP:TPA-DCPP (10 Wt%) 93.91 57.70 31.47 0.045 1.42 30.05 31.47
CBP:TPA-DCPP (15 Wt%) 89.72 52.89 34.99 0.052 1.85 33.14 34.99
CBP:TPA-DCPP (20 Wt%) 95.86 58.48 30.50 0.035 1.09 29.41 30.50
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Fig. 7 Photoluminescence spectra of CBP:TPA-DCPP films with different
doping concentrations.

At the highest doping concentration (20 wt%), the PL spectrum
approaches the emission characteristics of TPA-DCPP, indicat-
ing a transition toward guest-dominated emission. However,
excessive aggregation at high concentrations also introduces
concentration quenching, consistent with the reduced PL
intensity observed. Overall, the observed doping-dependent
spectral evolution supports the interpretation that the emission
peak shift arises from changes in the molecular environ-
ment and intermolecular interactions as a function of guest
concentration.

2.5 Optimization of single-carrier devices for balanced carrier
transport

Single-carrier devices were fabricated to determine the optimal
parameters for achieving balanced carrier transport within the
emissive layer. By adjusting the thicknesses of the hole-transport

CBP

NPB TCTA NPB

TPA-

CBP bcep

PO-T2T

LiF/Al

Voltage(V)

Fig. 9 J-V (current density—voltage) characteristics of single-carrier
near-infrared OLED devices.

layer (HTL) and electron-transport layer (ETL), the carrier recom-
bination zone can be precisely controlled to maximize device
efficiency. Accordingly, two types of single-carrier devices—hole-
only devices (HODs) and electron-only devices (EODs)—were
fabricated, as illustrated in Fig. 8.

HODs were constructed by replacing the ETL with the HTL
material to function as a hole-blocking layer, whereas the
reverse configuration yielded EODs. The device structures were
as follows:

Electron-only devices: ITO/PO-T2T (20 nm)/TCTA (5 nm)/
CBP (10 nm)/CBP:TPA-DCPP (10 wt%, 10 nm)/PO-T2T (Y nm)/
LiF (1 nm)/Al (100 nm).

Hole-only devices: ITO/NPB (X nm, X = 50, 60, 70)/TCTA
(5 nm)/CBP (10 nm)/CBP:TPA-DCPP (10 wt%, 10 nm)/PO-T2T
(20 nm)/NPB (20 nm)/LiF (1 nm)/Al (100 nm).

As shown in Fig. 9, the optimal configuration was achieved
when both the HTL and ETL thicknesses were 60 nm. Under

¢ CBP e
LiF/Al

TCTA
TPA-
pcep

PO-T2T PO-T2T

110

Fig. 8 Schematic illustration of carrier transport in single-carrier NIR OLED devices: HOD (left) and EOD (right).
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Fig. 10 Schematic diagrams of device structures with different transport
layer thicknesses: (a) different ETL thicknesses and (b) different HTL
thicknesses.

these conditions, the device exhibited the most balanced
carrier injection and transport, enabling a broader recombina-
tion zone and more efficient exciton formation. This balanced
carrier transport enhances energy-transfer efficiency, ultimately
leading to improved overall device performance.

From a mechanistic perspective, the exciplex state exhibits a
significantly lower emission energy than CBP (donor) and PO-
T2T (acceptor), and this behavior can be clearly understood
from the PL emission peak positions of the three species. The
exciplex emission appears at 488 nm, whereas the PL peaks of
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CBP and PO-T2T are located at 377 nm and 388 nm, respec-
tively. This pronounced energy difference causes excitons gen-
erated upon photoexcitation of the CBP:PO-T2T film to rapidly
relax from CBP (D) and PO-T2T (A) into the lower-energy
exciplex state. As a result, photoluminescence emission from
CBP (D) and PO-T2T (A) is effectively suppressed, and only
exciplex emission is observed.

2.6 Optimization of transport-layer thickness in near-infrared
OLEDs

Although the optimal transport-layer thicknesses were identi-
fied using single-carrier devices in the previous section, the
actual optimum in complete OLEDs may differ due to the more
complex charge-recombination and energy-transfer processes.
Therefore, in this section, the optoelectronic performance of
near-infrared (NIR) OLEDs with different transport-layer thick-
nesses was systematically investigated.®

Fig. 10a shows the device configuration with a fixed HTL
thickness and varying ETL thickness. The structure was ITO/
NPB (60 nm)/TCTA (5 nm)/CBP (10 nm)/CBP:TPA-DCPP
(10 wt%, 10 nm)/PO-T2T (X nm, X = 50, 60, 70)/LiF (1 nm)/Al
(100 nm). Fig. 10b illustrates the complementary structure,
where the ETL thickness was fixed while the HTL thickness
was varied, following the configuration: ITO/NPB (Y nm, Y = 50,
60, 70)/TCTA (5 nm)/CBP (10 nm)/CBP:TPA-DCPP (10 wt%,
10 nm)/PO-T2T (60 nm)/LiF (1 nm)/Al (100 nm). By adjusting
the thicknesses of the HTL and ETL, the transport distances of
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Fig. 11 Optoelectronic performance of NIR OLEDs with different PO-T2T thicknesses: (a) J-V characteristics, (b) L—V curves, (c) EQE-J curves, and (d)

EL spectra.
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Table 3 Comparison of optoelectronic characteristics for devices with
different ETL thicknesses
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Table 4 Comparison of optoelectronic characteristics for devices with
different HTL thicknesses

ETL Linax EQE 1ax Turn on EL peak HTL Linax EQE ax Turn on EL peak
(nm) (cd m™?) (%) voltage (V) (nm) (nm) (cd m™?) (%) voltage (V) (nm)

50 1758 9.34 2.75 660 50 1049 10.0 2.75 680

60 2322 11.5 2.75 680 60 2322 11.5 2.5 680

70 1438 7.36 2.75 676 70 1350 8.7 2.75 680

holes and electrons were tuned, and the resulting optoelectro-
nic characteristics were evaluated.

As shown in Fig. 11a-d and Table 3, for devices with varying
ETL thicknesses, the luminance values at 50, 60, and 70 nm
were 1758 cd m ™2, 2322 c¢d m~ 2, and 1438 cd m ™2, respectively,
while the corresponding external quantum efficiencies (EQEs)
were 9.34%, 11.5%, and 7.36%. Among these, the device with a
60 nm ETL exhibited the highest luminance and optimal
efficiency. Similarly, Fig. 12(a-d) and Table 4 show the J-V,
L-V, EQE, and EL characteristics of devices with different NPB
(HTL) thicknesses. The luminance values at 50, 60, and 70 nm
were 1049 cd m ™2, 1350 cd m~ 2, and 2322 cd m ™, respectively,
while the corresponding EQEs were 10.0%, 11.5%, and 8.7%.
The 60 nm HTL device again demonstrated the highest lumi-
nance and best efficiency, indicating balanced carrier injection
and efficient recombination at this thickness.

Overall, optimization of both the ETL and HTL confirms that
a thickness of 60 nm for each layer yields the most balanced
carrier transport and efficient exciton recombination, consistent

(a)

T T T T T T
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o
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T T T
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10 2% NPB(70nm) i

0.1 1 10

Current density(mA/cm?)

with the trends observed in the single-carrier device analysis
(Section 2.5). These results verify that the 60 nm HTL/ETL
configuration provides the optimal parameters for high-
performance NIR OLED operation.

2.7 Optoelectronic characteristics and efficiency performance
of devices with varied guest-doping concentrations

The optoelectronic characteristics and efficiency performance
of near-infrared (NIR) OLEDs incorporating different guest-
doping concentrations®” were systematically investigated. Four
devices were fabricated with TPA-DCPP doping concentrations
of 5,10, 15, and 20 wt%. The device architecture, illustrated in
Fig. 13, was ITO/NPB (60 nm)/TCTA (5 nm)/CBP (10 nm)/
CBP:TPA-DCPP (X wt%, 10 nm)/PO-T2T (60 nm)/LiF (1 nm)/Al
(100 nm), where X represents the TPA-DCPP doping ratio.

As shown in Fig. 14(a-c), increasing the doping concen-
tration from 5 wt% to 15 wt% leads to a marked enhancement
in device performance, with the external quantum efficiency
(EQE) improving from 7.36% to 15.2% and the luminance
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Fig. 12 Optoelectronic performance of NIR OLEDs with varying NPB thicknesses: (a) J-V characteristics, (b) L=V curves, (c) EQE-J curves, and (d) EL

spectra.
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Fig. 13 Schematic diagrams of device structures with different doping
concentrations.

correspondingly increasing. However, when the doping concen-
tration is further increased to 20 wt%, the EQE decreases to
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Table 5 Summary of optoelectronic characteristics of near-infrared
OLEDs at different doping concentrations

TPA-DCPP Linax EQEax Turn on EL peak
(Wt%) (ed m™"?) (%) voltage (V) (nm)

5 1813 7.36 2.9 656

10 2322 11.5 2.75 680

15 2152 15.2 2.75 700

20 1737 11.7 3.25 708

11.7%, and the luminance drops to 1737 c¢d m™ > This
reduction is attributed to the shortened intermolecular dis-
tance between TPA-DCPP molecules at high doping levels,
which intensifies intermolecular interactions and suppresses
efficient energy transfer, thereby lowering exciton utilization
efficiency. Additionally, excessive guest loading can promote
non-radiative processes such as triplet-triplet annihilation
(TTA), leading to further efficiency loss.>®

Fig. 14(d) shows that as the doping concentration increases
from 5 wt% to 20 wt%, the emission peak shifts from 656 nm to
708 nm, corresponding to a pronounced redshift. This spectral
shift originates from enhanced energy transfer efficiency and
increased exciton formation and recombination within the
emissive layer at higher doping concentrations. The summar-
ized optoelectronic performance parameters of NIR OLEDs
with different doping concentrations are presented in Table 5.
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Fig. 14 Optoelectronic characteristics of near-infrared OLEDs with different guest-doping concentrations: (a) J-V curves, (b) L—V curves, (c) EQE-J

curves, and (d) EL spectra.
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These results indicate that an optimal doping concentration of
15 wt% achieves the best trade-off between exciton generation,
energy transfer, and concentration quenching, resulting in the
highest overall device efficiency.

2.8 Capacitance-voltage characteristics of devices with varied
guest-doping concentrations

The influence of different guest-doping concentrations on
device performance was further examined through capaci-
tance-voltage (C-V) measurements, which provide direct
insights into carrier injection, transport, and accumulation
processes.”® The measurements were performed at a fixed
frequency of 100 Hz under an applied bias voltage (V) ranging
from -3 V to 12 V in a non-destructive manner.

As shown in Fig. 15, the evolution of capacitance with bias
can be divided into four characteristic regions, exemplified
here by the device with a 15 wt% TPA-DCPP doping concen-
tration (green solid line):

Region I (V, < V; & 4 V): no carrier injection occurs, and the
capacitance remains constant.

Region I (V, > V,): once the applied voltage exceeds the
threshold voltage (V,), carrier injection begins, leading to a
gradual increase in capacitance.

Region II (V, & Vu; = 10 V): carrier accumulation at the
interface saturates, reaching the maximum capacitance value.

Region III (V, > V;): when the applied voltage exceeds the
built-in voltage (V4,;), electrons and holes recombine in the
emissive layer, producing electroluminescence and causing a
rapid decrease in capacitance.

The extracted electrical parameters for devices with 5 wt%,
10 wt%, 15 wt%, and 20 wt% TPA-DCPP are summarized as
follows: threshold voltages (V;) of 5.1 V, 4.4V, 4.0 V, and 4.4 V;
built-in voltages (V4;) of 11 V, 10 V, 10 V, and 10.8 V; and
saturation capacitances of 1.2 nF, 1.4 nF, 1.55 nF, and 1.41 nF,
respectively. A lower threshold voltage reflects more efficient
carrier injection, while a smaller built-in voltage corresponds to
a reduced turn-on voltage. Conversely, a higher saturation
capacitance indicates stronger carrier accumulation at the
interface.
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Fig. 15 Capacitance-voltage characteristics of devices with
TPA-DCPP doping concentrations at 100 Hz.

different
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Table 6 Comparison table of optoelectronic properties and efficiencies
of OLEDs based on TPA-DCPP in the near-infrared spectral range

Linax EQE 1ax Turn on EL peak

(cd m™*?) (%) voltage (V) (nm)
This work 2152 15.2 2.75 700
29 2577 9.6 3.4 648
30 1151 4.4 3.2 674
31 <300 13.2 5.7 650
32 4691 16.4 2.9 663
33 <100 10.19 — 693
34 — 7.8 3.21 710
35 603 7.68 3.5 698
36 812.6 12.49 4.3 692

Among all devices, the 15 wt% TPA-DCPP device exhibits the
highest saturation capacitance and the lowest built-in voltage,
demonstrating superior carrier accumulation and the lowest
turn-on voltage. These electrical characteristics are consistent
with the optoelectronic performance results presented in
Fig. 14, further confirming that the 15 wt% doping concen-
tration provides the optimal charge-balance condition for high-
efficiency operation.

Table 6 compares the optoelectronic performance of the
TPA-DCPP-based NIR OLEDs developed in this study with
previously reported results. The present device exhibits mark-
edly higher efficiency and a lower turn-on voltage relative to
earlier works. Moreover, the proposed fabrication approach
offers distinct advantages in terms of low cost, structural
simplicity, ease of processing, and excellent reproducibility.

3. Conclusion

In this work, a comprehensive material and device analysis was
performed to investigate the optical and surface properties
governing near-infrared (NIR) OLED performance. Photolumi-
nescence (PL), transmittance, and contact-angle measurements
confirmed efficient energy transfer from the interfacial exciplex
to the guest emitter. By systematically optimizing the device
architecture—including transport-layer thickness, guest-
doping concentration, and emission-layer configuration—and
analyzing carrier behavior through capacitance-voltage (C-V)
characterization, a high-efficiency NIR OLED was successfully
realized.

The optimized device achieved a maximum external quan-
tum efficiency (EQEay) of 15.2%, a peak luminance exceeding
2000 cd m?, and a low turn-on voltage while maintaining
stable NIR emission. These results demonstrate the effectiveness
of interfacial exciplex-mediated energy transfer in achieving
balanced carrier transport and enhanced exciton utilization.

The developed device architecture offers strong potential for
applications in visible light communication (VLC), night-vision
and security technologies, and biomedical areas such as photo-
dynamic therapy (PDT). In addition, this work clarifies that the
exciplex is formed through a straightforward thermal evapora-
tion and co-deposition process, without additional synthesis
or complicated fabrication steps, which facilitates device fabri-
cation and reproducibility. In addition, the high device
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performance, including a maximum EQE of 15.2%, low turn-on
voltage, and stable near-infrared emission, is explicitly high-
lighted to demonstrate the effectiveness of this method.

4. Experimental

All organic materials used in this study, including CBP, PO-T2T,
TPA-DCPP, NPB, and TCTA, were commercially obtained with a
stated purity higher than 99.5% and were used as received. The
devices were built on glass substrates coated with indium
tin oxide (ITO), which had a sheet resistance of 10 Q and a
thickness of 150 nm. ITO was used as the anode. For charge
transport, 2,4,6-tris[3-(diphenylphosphinyl)phenyl]}-1,3,5-triazine
(PO-T2T) was utilized as the electron transport layer (ETL), and
tris(4-carbazoyl-9-ylphenyl)amine(TCTA) and  N,N’-di(1-
naphthyl)-N,N'-diphenyl-(1,1’-biphenyl)-4,4’-diamine(NPB) were
used as the hole transport layer (HTL). CBP (4,4’-bis(NV-
carbazolyl)-1,1'-biphenyl) was used as the host material due to
its excellent carrier transport characteristics and also formed an
exciplex at the interface with PO-T2T. 7,10-Bis(4-(diphenylami-
no)phenyl)-2,3-dicyanopyrazino-phenanthrene(TPA-DCPP)  was
used as a near-infrared dopant. Lithium fluoride (LiF) was
employed as the electron injection layer (EIL), and aluminum
(Al) was used as the cathode. The device structure configuration
is: ITO/NPB (X nm, X = 50, 60, 70)/TCTA (5 nm)/CBP (10 nm)/
CBP:TPA-DCPP (10 nm, Y wt%, Y = 5, 10, 15, 20)/PO-T2T (Z nm,
Z = 50, 60, 70)/LiF (1 nm)/Al (100 nm).

The ITO-coated glass substrates were sequentially cleaned
with acetone, isopropanol, and deionized water, dried using
nitrogen gas, and then treated with ultraviolet-ozone for
20 minutes to eliminate surface impurities before deposition.
All organic and metal layers were deposited at room tempera-
ture using thermal evaporation under high vacuum conditions
(<107° Torr). The deposition rate for all organic layers was
maintained at approximately 1.0 A s . The active light-emitting
area of each device was 2.5 mm X 2.5 mm. The deposition rates
were monitored using a quartz crystal microbalance and cali-
brated using an Alpha-Step profilometer.

Measurements were conducted using an optoelectronic
measurement system consisting of a source meter (Keithley-
2400) and a spectroradiometer (PR-655). This system, con-
nected to appropriate software, enabled the measurement of
OLED device characteristics, external quantum efficiency-
current density (EQE-J), luminance-voltage (L-V), and the
electroluminescence spectrum (EL spectrum).

We conducted surface energy measurements (FTA-1000B) on
CBP:TPA-DCPP films deposited on substrates. Deionized water
(DI water) and methylene iodide (CH,l,) are used as test
solutions for contact angle measurements, and we can calculate
the surface energy using the following geometric formula:

B|—

1

yL % (14 cos0) = 2(y2 x 97)242( x 91) ®
These two values can be obtained from the contact angles of

different test liquids by solving two simultaneous equations.

Table 1 shows surface tension data for DI water and CH,I, for
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polar and nonpolar solvents. Finally, an impedance analyzer
(Agilent E4990A) was used to observe the effects of different
bias voltages on the devices with voltage oscillation signals
ranging from 100 Hz to 10 MHz.
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