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The reverse intersystem-crossing (RISC) channels from triplet to singlet charge-transfer states (such as
exciplex or electroplex states) frequently occur in donor:acceptor heterojunction organic light-emitting
diodes (OLEDs) to achieve high external quantum efficiency. Although exciplexes have been exten-
sively investigated, there are few reports on the physical microscopic processes for electroplex-based
devices. Herein, three kinds of donor:acceptor heterojunction OLEDs are fabricated: two coexisting
electroplex and exciton devices and one pure exciplex-based device. Amazingly, via the fingerprint mag-
netoelectroluminescence measurement at room temperature, we observe an abnormal current-dependent
RISC, which is enhanced with increasing bias current (I ) in the coexisting electroplex and exciton but
electroplex-dominated device; the conversion from ISC to RISC in the coexisting electroplex and exciton
but exciton-dominated device; and only the normal I -dependent ISC, which weakens with increasing I
in the pure exciplex-based device. This is because low-energy-triplet electroplexes are well confined by
the high triplet energies of electron donors and acceptors, promoting the occurrence of the RISC process
in electroplexes, and Dexter energy transfer from triplet excitons to triplet electroplexes enhances the
RISC process with increasing I, causing the abnormal I -dependent RISC and the conversion from ISC
to RISC. Moreover, as the operational temperature rises from 10 to 300 K, these two coexisting electro-
plex and exciton devices present the conversion from ISC to RISC at different temperatures, but the pure
exciplex-based device shows only the normal temperature-dependent ISC, which is enhanced with increas-
ing temperature. This is because the RISC channel is an endothermic process and temperature-dependent
electroluminescence measurements show that the electroplex emission weakens as the temperature is
reduced, causing the weakened RISC process and even the presence of the ISC process at low temper-
ature. These experimental results demonstrate that the electroplex emission plays an important role in the
occurrence of strong RISC processes. Our work deepens our microscopic understanding of the charge-
transfer states in donor:acceptor heterojunction devices but also paves the way for utilizing electroplex
states to design highly efficient OLEDs.
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I. INTRODUCTION

Exciplex- and electroplex-based organic light-emitting
diodes (OLEDs) have attracted extensive attention because
they can harvest singlet and triplet charge-transfer states
(CT1 and CT3, respectively) by the reverse intersystem-
crossing (RISC, CT1←CT3) process to raise the exter-
nal quantum efficiency (EQE) of OLEDs [1–3]. More-
over, using magnetoelectroluminescence (MEL) as a fin-
gerprint probing technique, Zhao et al. observed the
RISC process of 4,4′,4′′-tris(carbazol-9-yl)triphenylamine
(TCTA):2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-tr
iazine (PO-T2T) exciplexes in balanced OLEDs [4].
In recent years, much scientific research has mainly
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focused on the RISC process and the device perfor-
mances from exciplex states [5–7]. One reason is that
the exciplex emission can be observed in both electro-
luminescence (EL) and photoluminescence (PL) spectra,
but the electroplex emission occurs only under an exter-
nal electric field, i.e., the electroplex emission cannot
happen under photoexcitation [8,9]. Like the exciplex,
the electroplex can be used to fabricate stable white
OLEDs or as a host for fluorescence, phosphorescence,
and thermally activated delayed fluorescence (TADF)
[3,10–12]. For example, Tang et al. fabricated a warm-
white OLED with a maximum EQE of 13.7% via uti-
lizing a broad interfacial electroplex emission [12]. Yun
et al. developed a bipolar host, 3-(4-(9H -carbazol-9-yl)-
6-(3-(triphenylsilyl)phenyl)-1,3,5-triazin-2-yl)benzonitrile
(SiTCNCz), with the TADF property and obtained a high
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EQE of 20.4% from a 3,3′-di(9H -carbazol-9-yl)biphenyl
(mCBP):SiTCNCz electroplex-based deep blue phospho-
rescent OLED through dual triplet-exciton upconverting
channels [3]. Although both exciplex and electroplex states
show redshifted and broad EL spectra compared with the
PL spectra of their monomers, electroplex states often pos-
sess lower energies and smaller splitting energies (�EST)
between CT1 and CT3 than exciplexes [13,14]. Accord-
ingly, electroplex states are more conducive to the occur-
rence of the RISC process than exciplexes because the
triplet-exciton energies of donor and acceptor molecules
are easily higher than those of electroplex states, and elec-
troplex states can be well confined within the emitting
layer without any energy-loss channel. That is, to some
extent, an electroplex can be an ideal alternative to an exci-
plex. Nevertheless, many microscopic dynamic processes
of electroplex-based OLEDs are still unclear because the
electroplex states are rarer than exciplexes.

Herein, using the donor:acceptor mixing system as
an emissive layer, three kinds of donor:acceptor het-
erojunction OLEDs are fabricated: a coexisting elec-
troplex and exciton but electroplex-dominated device
(hereafter referred to as device A or the electroplex-
dominated device), a coexisting electroplex and exciton
but exciton-dominated device (device B or the exciton-
dominated device), and a pure exciplex-based device
as a reference one (device C or the exciplex-only
device). Devices A–C have light-emission layers of
mCBP:Bphen, mCBP:TPBi, and m-MTDATA:Bphen,
respectively. Here, Bphen, TPBi, and m-MTDATA are the
abbreviations of 4,7-diphenyl-1,10-phenanthroline, 1,3,
5-tris(N -phenyl-benzimidazol-2-yl) benzene, and 4,4′,
4′′-tris(N-3-methylphenyl-N-phenylamino)triphenylamine,
respectively. The MEL responses of these three devices
are measured at a range of bias currents (I ) and various
operational temperatures, because MEL can be utilized as
an effective detection tool to visualize various evolution
channels occurring in devices [15–17], such as RISC and
ISC of charge-transfer states or polaron pairs (see Fig. S1
and its relevant interpretation within the Supplemental
Material [18]). Intriguingly, abundant physical behaviors
of I -dependent MEL curves can be observed in these
three devices at room temperature (300 K). Specifically,
electroplex-dominated device A presents the fingerprint
MEL traces of a magnetic-field- (B) mediated RISC pro-
cess at all I and the MEL magnitudes are enhanced with
increasing I (i.e., abnormal I -dependent RISC process),
while the MEL traces in the exciton-dominated device
B show the conversion from B-mediated ISC to RISC
processes with increasing I. Contrarily, the exciplex-only
device C shows the fingerprint MEL curves of B-mediated
ISC process at each I and the MEL magnitudes decrease
with increasing I (i.e., normal I -dependent ISC process).
Clearly, these emissive states (including electroplexes,
excitons, and exciplexes) of devices have remarkable
effects on the different MEL curves and the intensity of

electroplex emission relative to exciton emission deter-
mines whether the RISC process or the ISC process is
dominant. This is because the low-energy triplet electro-
plex is well confined in the emissive layer by the high-
energy triplet excitons of electron donors and acceptors,
promoting the occurrence of the RISC process. More-
over, the effective Dexter-energy-transfer (DET) chan-
nel from triplet excitons to triplet electroplexes causes
abnormal I dependence of RISC processes from electro-
plex states. Specifically, the DET channels from triplet
excitons to triplet electroplexes (T1,Bphen→CT3,mCBP:Bphen,
T1,TPBi→CT3,mCBP:TPBi) can effectively occur in devices
A and B at large I, and are enhanced with increas-
ing I. The occurrence of DET increases the number of
CT3 states and RISC processes from mCBP:Bphen and
mCBP:TPBi, thereby leading to the abnormal I depen-
dence of the RISC process and the conversion from ISC
to RISC processes with increasing I in electroplex- and
exciton-dominated devices A and B, respectively. Fur-
thermore, as the operational temperature rises from 10
to 300 K, these two coexisting electroplex and exciton
devices A and B display the conversion of characteristic
MEL responses from the B-mediated ISC to RISC pro-
cesses, but exciplex-only device C displays the MEL traces
of the ISC process at all operational temperatures and the
MEL magnitudes increase as the temperature rises. This
is because the RISC process is an endothermic process
and temperature-dependent EL spectra show that electro-
plex emission weakens with decreasing temperature, and
thus, the RISC process weakens with decreasing tempera-
ture and even the ISC process occurs at low temperature.
Our research work deepens our physical understanding
of charge-transfer states in donor:acceptor heterojunction
devices but also has important implications for employing
electroplex states to fabricate high-efficiency OLEDs.

II. EXPERIMENTAL SECTION

In this study, all donor:acceptor heterojunction OLEDs
are fabricated with the following device structure [see
Fig. S2(a) within the Supplemental Material [18] ]: indium
tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (PEDOT:PSS)(40 nm)/1,1-bis[(di-4-
tolylamino)phenyl]cyclohexane (TAPC)(40 nm)/donor
(20 nm)/donor:acceptor(1:1, 50 nm)/acceptor(50 nm)/
lithium fluoride (LiF)(1 nm)/Al(100 nm). Among them,
two devices are obtained by combining the mCBP donor
with Bphen or TPBi acceptors, and these are named
devices A and B, respectively. For comparison, pure
exciplex-type device C based on m-MTDATA:Bphen is
also prepared. Herein, ITO/PEDOT:PSS is a composite
anode, LiF/Al is a composite cathode, and TAPC is used
as a hole-transporting layer to reduce the hole-injection
barrier. During the preparation of samples, PEDOT:PSS
is spin-coated onto well-cleaned ITO-patterned glass
substrates followed by annealing at 120 °C for 10 min in
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air. Other organic functional layers are grown using the
deposition technique of a multiple-source organic molecu-
lar beam under high vacuum (∼10−5 Pa). The active area
of the device is 2× 3 mm2.

After device fabrication, the samples are mounted on
the cold finger of a closed-cycle cryostat (Janis CCS-
350S) that is located between the poles of an electromagnet
(Lakeshore EM647). The magnitude of an external B is
measured using the Hall probe of a gaussmeter placed
close to the samples. The applied bias voltage is sup-
plied by a Keithley 2400 source meter, and the relative
light-emissive brightness of devices is determined using a
magnetic insensitive silicon photodetector connected with
a Keithley 2000 multimeter and recorded by a personal
computer. The device operational temperatures are set with
the use of a temperature controller (Lakeshore 331). In
addition, the EL spectra of devices are measured with
a SpectraPro-2300i spectrometer (Princeton Instruments).
The stable PL spectra and transient PL decays of pris-
tine and blend films are measured with an Edinburgh
fluorescence spectrometer (FLS 1000).

III. RESULTS AND DISCUSSION

A. Analyses of the emission behaviors of
mCBP:Bphen, mCBP:TPBi, and m-MTDATA:Bphen

under optical and electrical excitation

To investigate the combined effects of different elec-
tron donors and acceptors with various highest occupied

molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) levels on device emission species,
a series of bulk heterojunction OLEDs are fabricated
(see Sec. II). Among them, the selected donor materials
are mCBP and m-MTDATA, and the acceptor materi-
als are Bphen and TPBi; their molecular structures are
shown in Fig. S2(b) within the Supplemental Material
[18]. Figure 1 displays schematic diagrams of LUMO
and HOMO energy levels in the emitting layers and the
formation processes of exciton, electroplex, and exciplex
states. When the mCBP:Bphen film is excited by a xenon
lamp with a wavelength of 280 nm (corresponding to
an excited photon energy of 4.43 eV), both the mCBP
donor and Bphen acceptor are excited to generate sin-
glet excitons, according to the energy differences (3.7 and
3.4 eV) between the LUMO and HOMO levels of mCBP
and Bphen molecules [19,20]. Notably, the singlet-exciton
energy of mCBP is higher than that of Bphen; thus, only
the Bphen exciton emission (PL1) can be observed after the
Förster-resonance energy transfer of singlet excitons from
mCBP to Bphen molecules under optical excitation. How-
ever, when an external bias voltage is applied to device
A, based on mCBP:Bphen, because the energy-level off-
sets of the LUMO and HOMO between mCBP and Bphen
molecules are 0.6 and 0.3 eV, respectively, the majority
of injected electrons accumulate on the LUMO level of
Bphen and partially injected holes reside on the HOMO
level of mCBP, so then electrons recombine with holes to
form the electroplex (EL1), which is not observed under
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FIG. 1. Emission behaviors of (a) mCBP:Bphen, (b) mCBP:TPBi, and (c) m-MTDATA:Bphen under optical and electrical
excitations.
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photoexcitation. Meanwhile, a minority of holes can over-
come the energy barrier to reach the HOMO level of Bphen
due to the small energy-level offset between the HOMOs of
mCBP and Bphen. Thus, these injected holes can recom-
bine with electrons on the LUMO of Bphen to generate
Bphen’s exciton emission (EL1

′). Therefore, both elec-
troplex states of mCBP:Bphen and Bphen excitons are
simultaneously produced in device A under electrical exci-
tation, but the electroplex quantity is greater than that of
the exciton (i.e., EL1 > EL1

′), i.e., device A is the coex-
isting electroplex and exciton but electroplex-dominated
device.

When the TPBi [21] acceptor with the same HOMO
level as that of mCBP [19] is used instead of Bphen,
the emission behavior of the mCBP:TPBi codeposited
film under optical excitation is similar to that of the
mCBP:Bphen codeposited film, forming a low-energy
TPBi exciton emission (PL2) compared to that of the
mCBP exciton. Nevertheless, due to the exactly equal
HOMO levels of mCBP and TPBi, more holes will
pass through mCBP to reach the TPBi HOMO levels
in device B under the action of an external bias volt-
age. In this case, a large number of electrons at the
LUMO level of TPBi preferentially recombine with holes
at the HOMO level of TPBi to generate strong exci-
tons on TPBi acceptor molecules (EL2

′). Additionally,
minority residual electrons recombine with holes at the
HOMO level of mCBP, resulting in the weak electroplex
emission (EL2) of mCBP:TPBi. This means the presence

of more excitons than electroplexes (i.e., EL2 < EL2
′) in

device B under electrical excitation, i.e., device B is the
coexisting electroplex and exciton but exciton-dominated
device.

To increase the HOMO-level difference between the
donor and acceptor, the m-MTDATA donor with the
HOMO level of 5.1 eV [20] is used instead of mCBP.
In this case, regardless of optical or electrical excitation,
the huge energy-level offsets of the LUMO and HOMO
levels between m-MTDATA and Bphen molecules lead
to the accumulation of electrons at the LUMO level of
Bphen and holes at the HOMO level of m-MTDATA,
thereby the radiative transition from electrons to holes
forms only exciplex emissions (i.e., PL3 and EL3 are iden-
tical). Thus, the pure exciplex emission is observed from
m-MTDATA:Bphen in device C. Notably, these above rea-
sonable analyses for the emission behaviors of devices
A–C are verified by their PL and EL spectra in the
following section.

B. Photoelectric properties and I -dependent MEL
responses of devices A–C at 300 K

The normalized EL spectra of devices A–C and the nor-
malized PL spectra of the corresponding donor:acceptor
blend films and each monomer material are displayed
in Figs. 2(a)–2(c), respectively. As can be seen from
Fig. 2(a), the PL peak of the mCBP:Bphen codeposited
film (402 nm) is almost identical to that of the Bphen
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FIG. 2. (a) Normalized PL spectra of mCBP, Bphen, and mCBP:Bphen films and normalized EL spectrum of device A. (b) Nor-
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devices A–C at 300 K.
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FIG. 3. Transient PL decay profiles of (a) m-MTDATA and Bphen pristine films; (b) m-MTDATA:Bphen blend film; (c) mCBP,
Bphen, and mCBP:Bphen films; and (d) mCBP, TPBi, and mCBP:TPBi films.

film (385 nm), suggesting that only the Bphen exciton
emission exists in mCBP:Bphen under optical excitation,
which can be also proved in the transient PL decay of this
blend film depicted in Fig. 3(c). Interestingly, besides the
Bphen exciton emission at around 400 nm, device A has
another main EL spectrum peak at 588 nm, and this main
peak is redshifted compared with the PL peaks of the con-
stituent pristine materials. These results indicate that a new
species called an electroplex or electromer is formed in
device A under electrical excitation, because these emis-
sions can only be observed in the EL spectra [10–14,22].
From the EL and PL spectra displayed in Fig. 2(b), the
TPBi exciton has a characteristic emission peak at 387 nm,
which is almost identical to the emission peak (390 nm) of
the mCBP:TPBi blend film. However, we observe double-
emissive states in the EL spectrum of device B, with peaks
at 410 and 590 nm. Due to the absence of the PL peak at
590 nm in the mCBP:TPBi blend film, the TPBi exciton
and electroplex or electromer coexist in device B. Never-
theless, we rule out electromer emissions of mCBP, Bphen,
or TPBi in devices A and B. This is because carbazole-
based mCBP has a strong electron-donating ability [23],
when mCBP is combined with Bphen or TPBi that pos-
sesses an electron-accepting ability, exciplex or electroplex
formation is preferential. Meanwhile, the donor:acceptor
mixing ratios of the emissive layers in our fabricated
devices are 1:1. This indicates that the donor (or acceptor)

molecules are spatially well separated from each other, and
the molecular spacing distances are relatively large. How-
ever, the electromer is defined as the two same intermolec-
ular species with a distance of 0.3–0.4 nm [24] and exists
only during electrical excitation, which demands very
close molecular distances. Obviously, our device structures
are disadvantageous for electromer formation. In fact, the
intensity of the electromer-emission bands in most bulk
heterojunction devices involving multiple emissive states
is usually weak [24,25], whereas the peak located at around
580 nm dominates over the exciton emission in device A
and is comparable to the exciton emission in device B.
In contrast, the electromer-emission bands often present
obvious redshifts with increasing device I [24], but our
devices A and B do not show any peak shifts, as displayed
in Fig. S3 within the Supplemental Material [18]. These
experimental results rule out any electromer formation in
devices A and B. In passing, as reported in the literature
[22], the electromer emission of CBP peaks at 625 nm,
and mCBP has the same HOMO and LUMO energy lev-
els as those of CBP, thus mCBP should have a similar
electromer-emission peak at around 625 nm. Therefore, the
emission components peaking at 580–590 nm in devices
A and B are mCBP:Bphen and mCBP:TPBi electroplexes
rather than electromers of mCBP, Bphen, or TPBi.

Furthermore, note that the electroplex emission is much
larger than the Bphen exciton emission in device A, while
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the EL spectrum of device B is dominated by the TPBi
exciton emission. These phenomena can be supported by
the emission behaviors of mCBP:Bphen and mCBP:TPBi
under electrical excitation, as shown in Fig. 1. Mean-
while, we find that the electroplex emissions in Figs. 2(a)
and 2(b) are significantly redshifted compared with those
from excitons in their donor and acceptor counterparts.
As reported in the literature [8], an electroplex is formed
by the cross-recombination of a hole in the HOMO from
donor molecules (D+) and an electron in the LUMO
from acceptor molecules (A−), while an exciton is the
direct transition from an electron in the LUMO to a hole
in the HOMO of the single molecule. The electroplex
energy is determined by the HOMO-LUMO energy-level
difference between donor and acceptor molecules and
the electron-hole binding energy [8], whereas the exci-
ton energy is dependent on the HOMO-LUMO difference
of individual constituent molecules. Since the HOMO-
LUMO differences between mCBP and Bphen or TPBi
molecules are smaller than those of individual donor
and acceptor molecules, the energy of an electroplex is
lower than that of the constituent molecules. Significantly,
mCBP:Bphen and mCBP:TPBi electroplexes have simi-
lar emission wavelengths. Although the HOMO-LUMO
energy differences of devices A and B are 3.1 and 3.3 eV,
respectively, their larger electron-hole binding energies,
due to the strong electron-donating ability of mCBP, can
result in little difference in the emission wavelengths peak-
ing at 580–590 nm for devices A and B. On the other
hand, the band-gap difference between devices A and B is
only 0.2 eV; such a small energy difference is acceptable
for the observed similar emission wavelengths provided
that electroplex states in devices A and B have small
binding-energy differences (0.2 eV).

In contrast, the EL spectrum of device C from Fig. 2(c)
reflects a different emissive peak from those of devices A
and B. Specifically, the EL spectrum of device C almost
completely coincides with the PL spectrum of the m-
MTDATA:Bphen codeposited film, and the emission peak-
ing at 567 nm, which corresponds to the HOMO-LUMO
energy-level difference (2.1 eV) of m-MTDATA and
Bphen molecules, is significantly redshifted and broadened
compared with the PL emission peaks of m-MTDATA
(426 nm) and Bphen (385 nm), respectively. This confirms
effective exciplex formation, which occurs under both
optical and electrical excitation. Clearly, the experimen-
tal results shown in Figs. 2(a)–2(c) are in good agreement
with the emissive behavior analyzed in Fig. 1. Due to var-
ious device structures and energy levels, the EL spectra of
these three devices show multicomponent emissions con-
taining electroplex and exciton states (devices A and B)
and pure exciplex emissions (device C). For the systems
with coexisting excitons and electroplexes, little research
has focused on their internal microscopic mechanisms.
Fortunately, the noncontact and nondestructive fingerprint

MEL traces occurring in OLEDs can be used to visualize
these microscopic processes [15–17]. Hence, MEL curves
from devices A–C are systematically investigated as fol-
lows. The main purpose of the MEL measurement for
device C with exciplex-only emissions is used to compare
exciplexes and electroplexes to determine the microscopic
mechanisms of the electroplex states.

Figures 2(d)–2(f) show the I -dependent MEL curves of
devices A–C at 300 K, respectively. The MEL is usually
defined as MEL= (�EL)/EL= [EL(B)−EL(0)]/EL(0)×
100%, where EL(B) and EL(0) are the EL intensities with
and without an external B, respectively. As can be seen
from Figs. 2(d) and 2(f), devices A and C have completely
opposite MEL traces. Specifically, the MEL curves of
device A first rapidly reduce (i.e., the upright Lorentzian-
type line shape) in the range of |B| ≤ 9 mT (low-field
effects, LFEs) followed by the slow decrease in the range
of 9 mT < |B| ≤ 300 mT (high-field effects, HFEs) at each
I. Nevertheless, the MEL traces of device C present rapidly
increasing LFEs (i.e., the inverted Lorentzian-type line
shape) and slowly increasing HFEs at all I. As reported
in the literature [4,16], sharply decreasing (or increasing)
LFEs are usually attributed to the B-mediated RISC (or
ISC) process of intermolecular polaron pairs or charge-
transfer states, and the flat tendency of HFEs is because the
suppression of RISC or ISC processes by B reaches satu-
ration (see Fig. S1 and its detailed explanation within the
Supplemental Material [18]). It is worth mentioning that,
as I increases from 10 to 200 μA, the amplitude values
of the MEL curves in devices A and C at 9 mT mono-
tonically increase and decrease; these are characteristic of
the abnormal I -dependent RISC process and the normal
I -dependent ISC process, respectively [26,27]. Interest-
ingly, the LFEs of MEL responses in device B display a
gradual change from ISC to RISC processes as I rises.
Combined with the EL spectra of these three devices in
Figs. 2(a)–2(c), it can be concluded that these different
MEL line shapes have one-to-one corresponding EL spec-
tra. That is, the MEL traces of device A, with electroplex-
dominated double-emissive states, present the abnormal
I -dependent RISC process; the MEL traces of device B,
with exciton-governed double-emissive states, show the
conversion from ISC to RISC processes with increasing I ;
and the MEL curves of device C, with pure exciplex emis-
sions, depict the normal I -dependent ISC process. Notably,
when the electroplex is present in the devices, the RISC
process is more likely to occur. Therefore, we speculate
that the electroplex emission is the main reason for the
occurrence of the RISC process. Furthermore, as can be
seen from Figs. 2(d)–2(f), there is no obvious change in
the HFEs of the MEL responses for these three devices,
although their LFEs show abundant behaviors. Accord-
ingly, these LFEs of these three devices are the focus of
our work. Thus, we discuss only the physical microscopic
mechanisms reflected by the LFEs of all MEL curves, and
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the specific microscopic evolution channels are analyzed
in Sec. III E.

In addition, the EQE values of these three devices are
given in Fig. S4 within the Supplemental Material [18]
as a function of luminance. As can be seen, the EQE
maxima of devices A–C are 1.85%, 0.72%, and 5.26%,
respectively. Notably, although both devices A and B dis-
play relatively low EQE values compared with that of
exciplex-based device C, electroplex-dominated device A
has a much larger EQE than that of exciton-dominated
device B. This can be attributed to the presence of a
stronger RISC process from electroplex states in device
A than in device B. As reported in the literature [28], the
EQE of an OLED can be expressed as EQE= γ ηrηPLηout,
where γ is the charge-carrier balance factor, ηr is the
fraction of radiative excitons, ηPL is the photolumines-
cence quantum yield (PLQY) of an emitter, and ηout is
the optical outcoupling efficiency of the device. Clearly,
these parameters are closely related to the device struc-
tures and materials selected. Due to the large PLQY of the
m-MTDATA:Bphen film, a high EQE is usually obtained
in typical exciplex-based device C [29]. For devices A and
B, although the utilization of triplet excitons, as reflected
by their MEL curves, is high, i.e., ηr has a relatively large
value, an unbalanced charge-carrier injection (small γ ) and
low PLQYs lead to their low EQEs. This indicates that the
structural design and functional layer thickness of devices
A and B need to be further optimized, and related work for
improving the electroplex-based device efficiency is still
under investigation.

C. Transient PL characteristics of a series of pristine
and blend films

Figures 3(a)–3(d) depict transient PL decay profiles of
a series of pristine and blend films at 300 K. Their rele-
vant fitting data obtained from a double-exponential decay
model, R(t)=B1exp(−t/τ 1)+B2exp(−t/τ 2), are listed in
Table S1 within the Supplemental Material [18], where
t is the transient time, and τ 1 and τ 2 are the relaxation
lifetimes of the first and second components, respectively.
It is clearly found that the transient PL decay curve of
the m-MTDATA:Bphen film [Fig. 3(b)] displays a double-
exponential decay, and prompt and delayed fluorescence
lifetimes of 0.196 and 4.09 μs can be observed, which are
obviously prolonged lifetimes (∼μs) relative to the life-
times (∼ns) of m-MTDATA and Bphen [Fig. 3(a)]. This
can be ascribed to the occurrence of RISC processes of
exciplexes in the blend film of m-MTDATA:Bphen. How-
ever, notably, device C, based on m-MTDATA:Bphen,
shows MEL responses of the net B-mediated ISC process.
This is because MEL is an overlapping effect of the ISC of
polaron pairs and the RISC of charge-transfer states, and
the ISC is stronger than the RISC. In contrast, the tran-
sient PL profiles of mCBP:Bphen (with the Bphen exciton

emission) [Fig. 3(c)] and mCBP:TPBi blend films (with
the TPBi exciton emission) [Fig. 3(d)] are similar to that
of the mCBP neat film, and they all exhibit decay lifetimes
of nearly a few nanoseconds, which means the existence
of only prompt fluorescence. Obviously, when each com-
ponent is excited in the blend film under optical excitation
and there is energy transfer from one film to another, the
resultant fluorescence decay of the blend film is deter-
mined by the transient PL of the monomer material with
slower decay (longer lifetime) behavior. Because the effi-
cient energy-transfer processes from mCBP to Bphen or
TPBi occur in the mCBP:Bphen or mCBP:TPBi films, and
the fluorescence decay of mCBP is slower than that of
Bphen or TPBi, the observed transient PL curves of the
blend films are close to that of mCBP rather than Bphen or
TPBi, which exactly reflects the efficient energy-transfer
processes existing in the blend films. In passing, the elec-
troplex states cannot occur in the optical blend films of
mCBP:Bphen or mCBP:TPBi. Thus, these above results
reveal the absence of exciplexes and the presence of exci-
tons in both mCBP:Bphen and mCBP:TPBi films, which
is in excellent agreement with the analyses of the PL and
EL spectra discussed in Sec. III B.

D. EL spectra and MEL curves of devices A and B
with a 520-nm high-pass filter

From the MEL curves displayed in Figs. 2(d)–2(f),
the net ISC process is obtained in device C, while the
RISC processes are observed in devices A and B. There-
fore, electroplex states play a key role in the occurrence
strength of RISC processes in devices A and B. On the
basis of the above analysis, a high-pass filter with a min-
imum transmissibility wavelength of 520 nm is used in
the EL and MEL measurements for devices A and B
at 300 K. The EL spectra with and without the appli-
cation of this high-pass filter for devices A and B are
displayed in Figs. 4(a) and 4(b), respectively. When this
filter is applied, the exciton emission (around 400 nm) will
not pass through the filter and only electroplex emissions
(peaking at 588 nm) are detected. In this case, the filtered
MEL traces for devices A and B are shown in Figs. 4(c)
and 4(d), respectively. Surprisingly, the filtered LFEs from
devices A and B present the abnormal I-dependent RISC
process and the enhanced MEL magnitudes, compared
with the unfiltered LFEs. Particularly, with the application
of the 520-nm high-pass filter, the MEL curves from device
B change from the conversion from ISC to RISC to the
abnormal I -dependent RISC process, which is enhanced
with increasing I. The reason behind this amazing change
may be related to the great variation of exciton quanti-
ties in device B. When the exciton-dominated emission
is filtered, only the electroplex emission is left. The ISC
process originating from B-mediated polaron-pair states,
as the precursors for these dominating excitons, will be
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FIG. 4. (a),(b) Normalized EL spectra
with and without the 520-nm high-pass
filter for devices A and B, respec-
tively. (c),(d) I -Dependent MEL curves
of devices A and B with a 520-nm high-
pass filter, respectively.

suppressed in the MEL measurements. This leads to the
greatly enhanced RISC process because MEL is an over-
lapping effect when there are several B-sensitive channels
(here, ISC and RISC for LFEs) and ISC and RISC have
opposite MEL traces. Notably, the magnitudes of the fil-
tered LFEs for device B are larger than those for device
A; this is in excellent agreement with the stronger DET
process occurring in device B than device A. Therefore,
these experimental findings undoubtedly demonstrate the
significant influence of the electroplex-emissive states on
the occurrence of the RISC process and the effective DET
channels from triplet excitons to triplet electroplexes in
devices A and B.

Since the different mixing ratios between donor and
acceptor in the donor:acceptor blend film as an emis-
sive layer may modulate the EL spectra of devices with
double-emissive states [8,30], we investigate the EL spec-
tra of mCBP:Bphen- and mCBP:TPBi-based OLEDs with
donor:acceptor mixing ratios of 1:4 and 4:1, namely,
devices A1, A2, B1, and B2, as exhibited in Figs.
S5(a) and S5(b) within the Supplemental Material [18],
respectively. Compared with devices A and B with a
donor:acceptor mixing ratio of 1:1, their normalized EL
spectra just present slightly decreased exciton emissions.
This is because, as the ratios of Bphen and TPBi accep-
tors increase or reduce, the distance between the donor
and acceptor molecules increases compared with the case
of a mixing ratio of 1:1. The increased molecular dis-
tance facilitates electroplex formation [25], which leads
to weakened exciton emissions. On the other hand, as
displayed in Figs. S6(a)–S6(d) within the Supplemental
Material [18], the MEL traces of devices A1 and A2 show

an abnormal I -dependent RISC process, while the MEL
traces of devices B1 and B2 present the conversion from
ISC to RISC processes with increasing I. For devices A,
A1, and A2, their EL spectra are always dominated by
electroplex emissions, which lead to similar microscopic
mechanisms in the devices. That is, these three devices
present similar MEL line shapes induced by B-mediated
RISC of the electroplex states. However, the EL spectra
of devices B and B1 are dominated by exciton emissions,
and the EL spectrum of device B2 is governed by elec-
troplex emission. Although the main emission component
of the EL spectrum changes in device B2, the occurrence
intensities of these two emission states are similar, which
results in the observed ISC process due to the superposi-
tion effects of the MEL traces. Therefore, the MEL traces
of devices B, B1, and B2 show the conversion from B-
mediated ISC to RISC processes with increasing I. As we
can see, the I dependences, line shapes, and magnitude val-
ues of these MEL responses in devices A1, A2, B1, and B2
are analogous to those with a mixing ratio of 1:1, indicat-
ing the slight impact of the mixing ratios between donor
and acceptor on the microscopic mechanisms of devices
A and B.

E. Underlying physical microscopic processes
occurring in devices A–C

Through a comparative analysis of our experimen-
tal data, as discussed in Sec. III D, we conclude that
the observed RISC-governed MEL traces originate from
the conversion from triplet to singlet electroplex states
(CT1←CT3), but the underlying physical mechanisms in
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FIG. 5. Underlying physical microscopic processes in (a) device A and (b) device B.

coexisting electroplex and exciton devices need to be fur-
ther investigated. Figures 5(a) and 5(b) exhibit schematic
diagrams of excited-state formation and microscopic pro-
cesses in devices A and B, respectively. When an external
positive bias voltage is applied, the injected electrons and
holes from the cathode and anode electrodes can move
toward each other and recombine in the donor:acceptor
blend layer [7]. Notably, some injected charge carriers can
also recombine in the electron-transporting layer (ETL) of
Bphen and TPBi for devices A and B due to the energy-
level alignments shown in Figs. 1(a) and 1(b), respectively.
Then, weakly bound singlet- and triplet-polaron pairs (PP1
and PP3) are formed in the donor:acceptor mixing layer
[31] and on the ETL molecules in a ratio of 1:3, respec-
tively. Sequentially, PP1 and PP3 in the mCBP:Bphen and
mCBP:TPBi mixing layer in devices A and B will form
weakly bound CT1 and CT3 states with rate constants of
kS and kT or dissociate back into free carriers, but PP1
and PP3 on the ETL molecules in devices A and B can
generate strongly bound singlet and triplet excitons (S1

and T1) with rate constants of kS and kT. Notably, PP1 and
PP3 can transform into each other due to hyperfine inter-
actions [32–34], and generally the ISC from PP1 to PP3
(PP ISC) is dominant in OLEDs, because a larger value
of kT than kS (i.e., kT > kS) will induce a stronger ISC
than RISC in polaron-pair states [35,36], and their related
physical backgrounds are described in Text S2 within the
Supplemental Material [18]. In addition, a large number
of singlet states (S1, CT1) can rapidly deactivate to the
ground state (S0) and produce prompt fluorescence (PF).
Differently, for the Bphen and TPBi excitons in devices
A and B, S1 and T1 cannot present the RISC process
(S1← T1) due to their large energy barriers from T1 to
S1. Nevertheless, there are weak spin-exchange interac-
tions and small energy differences between CT1 and CT3
because they are intrinsically intermolecular excited states
[7,37] in the mCBP:Bphen and mCBP:TPBi mixing layers.
Thus, CT1 can be produced through the RISC process from
CT3 to CT1 (CT1←CT3), leading to delayed fluorescence
(DF). As reported in the literature [38–40], T1 energies
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of donor and acceptor should be high enough in high-
efficiency exciplex- or electroplex-based OLEDs so that
the energies of exciplexes and electroplexes can be well
confined, and the CT RISC process can be significantly
promoted. Therefore, the T1 exciton energies of mCBP
[E(T1,mCBP= 3.0 eV)] [41], Bphen [E(T1,Bphen= 2.56 eV)]
[42], and TPBi [E(T1,TPBi= 2.73 eV)] [43] materials
are given in Figs. 5(a) and 5(b). Clearly, E(T1,mCBP)
and E(T1,Bphen) are higher than the CT3 energy of
the mCBP:Bphen electroplex [E(CT3,mCBP:Bphen= 2.3 eV),
as calculated from the EL spectrum onset (535 nm)].
Similarly, E(T1,mCBP) and E(T1,TPBi) are also higher
than the CT3 energy of the mCBP:TPBi electro-
plex [E(CT3,mCBP:TPBi= 2.3 eV), as calculated from the
EL spectrum onset (535 nm)]. As a result, these
possible energy-loss channels (CT3,mCBP:Bphen→T1,mCBP,
CT3,mCBP:Bphen→T1,Bphen, CT3,mCBP:TPBi→ T1,mCBP, and
CT3,mCBP:TPBi→ T1,TPBi) can be effectively suppressed;
thus, the strong CT RISC can exist in mCBP:Bphen and
mCBP:TPBi electroplex states due to the complete con-
finement of CT3. Moreover, CT3 states have a longer
lifetime and a larger quantity than PP1 states [29], causing
the stronger CT RISC than the PP ISC in mCBP:Bphen
and mCBP:TPBi electroplex states. It is worth men-
tioning that the DET channels (T1,Bphen→CT3,mCBP:Bphen,
T1,TPBi→CT3,mCBP:TPBi) from triplet excitons to triplet
electroplexes exist in devices A and B. Because DET
usually refers to a short-range interaction between triplet
excitons, it occurs from high-energy triplet excitons to
low-energy ones [44,45]. Furthermore, DET can affect
the evolutionary pathways of excited states and the opto-
electronic performance of devices. Specifically, the occur-
rence of DET increases the number of CT3 states from
mCBP:Bphen and mCBP:TPBi, thereby facilitating the
RISC processes from CT3 to CT1 in electroplex states and
enhancing DF.

To explain the abundant behaviors of I -dependent MEL
traces shown in Figs. 2(d)–2(f), I -dependent EL spectra
of devices A–C at 300 K are shown in Figs. S3(a)–S3(c)
within the Supplemental Material [18], respectively. As
we can see, the normalized EL spectra of electroplex-
dominated device A, exciton-dominated device B, and
exciplex-only device C remain nearly constant with
increasing I. This is probably because both electroplex and
exciton components from devices A and B are enhanced
at a certain ratio as I rises, leading to a fixed ratio of elec-
troplex emission relative to exciton emission in devices A
and B. Thus, we do not consider the relative changes in
the emissive intensity of electroplexes and excitons when
interpreting the rich I -dependent MEL curves of devices A
and B. Factually, for devices A and B, at low current den-
sities, the quantity of PP3 as the precursor of excitons in
the ETL is relatively small, and the quantity of T1 gener-
ated from PP3 is also small. Thus, the DET (T1→CT3)
process is weak. Since the number of electroplexes is

greater than that of excitons in device A, and the amount
of excitons is greater than that of electroplexes in device
B [Figs. 2(a) and 2(b)], the MEL curves of devices A
and B are determined by the microscopic processes of
the electroplexmCBP:Bphen (i.e., CT RISC-dominated MEL)
and excitonTPBi (i.e., PP ISC-governed MEL), respectively.
This is because the MEL profiles of devices mainly depend
on the superposition of B-sensitive microscopic processes,
and ISC and RISC processes have opposite MEL responses
[29]. Therefore, RISC and ISC processes can be observed
in devices A and B at low current densities, respectively.
As I rises, the number of PP3 for the formation of excitons
increases, further producing more T1. A large amount of
CT3 can be formed by the DET channels from T1, enhanc-
ing CT RISC of electroplexes. Consequently, the CT RISC
channels in devices A and B increase with an increase of I,
that is, an abnormal I -dependent RISC process is obtained
in device A, whereas the conversion from ISC to RISC
processes with increasing I can be observed in device B.

Figure S8 within the Supplemental Material [18] depicts
a schematic diagram of the microscopic mechanisms in
device C. As reported in the literature [29,42], there is an
energy-leakage channel between the CT3,m−MTDATA:Bphen
exciplex and T1,Bphen in device C because E(T1,Bphen)
is approximately equal to the CT3 energy of the
m-MTDATA:Bphen exciplex [E(CT3,m−MTDATA:Bphen=
2.52 eV)]. This indicates that a large amount of
CT3,m−MTDATA:Bphen is leaked, which weakens the CT
RISC of exciplex states. Therefore, PP ISC is stronger than
CT RISC in device C, and eventually the MEL curves of
exciplex-only device C solely display the net ISC process
because MEL in the exciplex-based device (device C) is an
overlapping effect of the B-mediated ISC of polaron pairs
and RISC of charge-transfer states, and ISC and RISC have
opposite MEL curves. As depicted in Fig. S8 within the
Supplemental Material [18], the energy gap between PP1
and PP3 is significantly smaller than that between CT1
and CT3, but PP and CT states have similar magnetic
field regions affecting these spin-conversion processes.
The specific physical reasons for their similar character-
istic magnetic fields can be found in Text S3 within the
Supplemental Material [18]. Additionally, as I rises via
elevating the device’s bias voltage, the enlarged electric
field in device C accelerates the dissociation of PP states
and shortens the lifetime of PP states [26,46], causing the
weakened PP ISC. Hence, the normal I -dependent ISC
process, which is reduced with increasing I, is obtained in
device C.

F. Temperature-dependent MEL responses of devices
A–C

Generally, the mobility of charge carriers and the recom-
bination rates of electron-hole pairs existing in OLEDs are
dependent on the device’s operational temperature [27,47].
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FIG. 6. Temperature-dependent MEL responses of (a) device A, (b) device B, and (c) device C at 100 μA. (d) MELLFE values for
devices A–C as a function of operational temperature.

We suppose this may result in remarkable temperature
effects on the MEL behaviors of devices. Thus, we mea-
sure the temperature-dependent MEL responses of devices
A–C at a fixed I (100 μA), as shown in Figs. 6(a)–6(c),
respectively. Intriguingly, as the operational temperature
rises gradually from 10 to 300 K, the LFEs of MEL
curves for devices A and B [Figs. 6(a) and 6(b)] show a
conversion from ISC to RISC processes at different tem-
peratures. For example, at 200 K, the LFE of device B
still exhibits the ISC process, but the LFE of device A
converts into the RISC process. This experimental result
is consistent with the existence of a stronger RISC pro-
cess occurring in device A than in device B at 300 K.
According to the literature [37], the reason behind this
conversion from ISC to RISC processes with increasing
temperature is due to the endothermic characteristics of
the RISC process. However, the LFEs of MEL traces from
device C [Fig. 6(c)] reveal that the ISC process increases
as the temperature increases from 10 to 300 K, which
is the same as that of conventional exciton-type devices
(for example, ITO/PEDOT:PSS/N,N ′-bis(naphthalen-1-
yl)-N,N ′-bis(phenyl)-benzidine (NPB)/tris(8-hydroxy-qui
nolinato)aluminium (Alq3)/LiF/Al) [48]. This temperature
dependence can be explained by Onsager theory [26,46].
Specifically, the device voltage quickly increases at a
low operational temperature, and the increased electric

field inside the device can enlarge the separation dis-
tance between electrons and holes in PP states, thereby
enhancing the dissociation of PP states and shortening the
lifetime of PP states. Thus, a weakened PP ISC process
with decreasing temperature is obtained.

To quantitatively analyze the influence of operational
temperatures on the occurrence probabilities of RISC
and ISC processes, Fig. 6(d) depicts the MEL mag-
nitudes of LFEs (MELLFE=MELB = 9 mT−MELB = 0 mT)
as a function of operational temperatures for devices
A–C. Obviously, the MELLFE values of devices A and
B decrease with increasing temperature and even change
from positive to negative, while the MELLFE value of
device C monotonically rises with increasing tempera-
ture. These results directly reflect that the RISC processes
in devices A and B and the ISC process in device C
are synchronously enhanced with increasing operational
temperature, which is better understood with the help
of temperature-dependent EL measurements for devices
A–C, as described in the following section.

G. Normalized temperature-dependent EL spectra of
devices A–C

To further understand the physical behavior of
temperature-dependent MEL traces from devices A–C
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FIG. 7. Normalized temperature-dependent EL spectra of (a) device A, (b) device B, and (c) device C at 100 μA.

depicted in Figs. 6(a)–6(c), we measure their temperature-
dependent EL spectra for devices A–C at I = 100 μA,
as shown in Figs. 7(a)–7(c), respectively. It can be seen
that the EL spectrum of device A gradually changes from
electroplex domination at 300 K to exciton domination
at low temperature. Although the EL spectrum of device
B is always governed by exciton emissions, the electro-
plex is also weakened with decreasing temperature. The
associated reasons behind these phenomena are closely
dependent on the extended lifetime of the exciton com-
pared with the electroplex and the reduced mobility of
charge carriers on donor and acceptor molecules at low
temperature. Their specific reasons are discussed in points
(1) and (2). (1) As the device’s operational temperature
decreases, both the lifetimes of exciton and electroplex
states can be prolonged because of the reduced phonon
thermal perturbation. However, the turn-on voltages of the
devices simultaneously increase with decreasing tempera-
ture, which enhances the electric field inside the devices
and accelerates the dissociation of the exciton and elec-
troplex. Generally, an exciton is a strongly bound state,
while an electroplex is a weakly bound state. Hence, the
electroplex is more prone to dissociate into free charges
than the exciton, and the exciton lifetime is much longer
than the electroplex lifetime under the influence of an
enhanced electric field within the device operating at low
temperature. Consequently, the emission intensity of the

exciton has an obvious enhancement compared with that
of the electroplex in devices A and B with decreasing
temperature. (2) The room-temperature hole mobility of
the mCBP donor is 1.1× 10−3 cm2 V−1 s−1 [49], and the
room-temperature electron mobilities of the Bphen and
TPBi acceptors are 5.2× 10−4 and 3.3× 10−5 cm2 V−1 s−1

[50], respectively. That is, mCBP transports holes much
easier than Bphen and TPBi transport electrons. Thus, with
lower temperatures, the injected electrons in devices A
and B are prone to stay in the LUMO levels of Bphen
and TPBi, which causes stronger exciton emissions than
electroplex emissions at low temperatures. The combined
effects of (1) and (2) result in the experimental results of
temperature-dependent EL variations of devices A and B
depicted in Figs. 7(a) and 7(b). We mention above that the
RISC process is mainly derived from electroplex states,
but the ISC process originates from polaron pairs as the
precursor of excitons. Therefore, the conversion from ISC
to RISC processes with increasing temperature can be
also explained by the temperature-dependent EL spectra
of devices A and B. Differently, the EL spectrum of device
C [Fig. 7(c)] has only one emission peak of an exciplex
at different temperatures and barely varies with tempera-
ture; thus, the temperature-dependent MEL curves shown
in Fig. 6(c) are independent of temperature-dependent EL
spectra. These analyses demonstrate that the MEL curves
are strongly correlated with the EL spectra of devices with
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multiple emissive states, and changing the temperature is a
feasible strategy to observe their physical behaviors.

IV. CONCLUSION

Here, to investigate the physical microscopic pro-
cesses for electroplex-based devices, three kinds of
donor:acceptor heterojunction OLEDs are fabricated:
a coexisting electroplex and exciton but electroplex-
dominated device, a coexisting electroplex and exciton but
exciton-dominated device, and one pure exciplex-based
device. Interestingly, via systematic room-temperature
MEL measurements, we observe abundant unreported
MEL behaviors: the abnormal I -dependent RISC process
in the electroplex-dominated device, and the conversion
from ISC to RISC processes with increasing I in the
exciton-dominated device. This is attributed to the compre-
hensive effects of MEL curves, corresponding to exciton
and electroplex emissions, and the DET channel from
triplet excitons to triplet electroplexes. Combined with the
MEL traces and the EL spectra of devices at various tem-
peratures, the most vital finding is that the RISC process
readily occurs in electroplex-based devices. By compar-
ing the CT3 energies of the exciplex and electroplex with
the T1 energies of various organic monomer materials,
the specific reason is the effective energy confinement of
triplet-electroplex states. In addition, these two coexist-
ing electroplex and exciton devices present the conversion
from ISC to RISC processes with increasing temperature,
but the pure exciplex-based device shows only the nor-
mal temperature-dependent ISC process, which rises with
increasing temperature. This conversion at low tempera-
ture can be explained by the increased exciton emissions
as the temperature is reduced and by the endothermic
property of the RISC process. On the whole, the selec-
tion of donor and acceptor materials has a significant
impact on the occurrence of the RISC process, which
will greatly affect the device’s light-emission efficiency.
Undoubtedly, this work not only deepens our understand-
ing of the physical RISC process in coexisting electroplex
and exciton devices but also provides ideas for designing
highly efficient OLEDs using electroplex states.
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