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Planar heterojunction-based organic light-emitting diodes (PHJ OLEDs) usually have simultaneous
exciton and exciplex emissions and understanding their evolution processes is crucial for designing
high-performance white OLEDs, but relevant evolution mechanisms are still unclear. Here, unreported
competitions between exciton and exciplex emissions and an undiscovered energy-transfer channel from
triplet exciton to triplet exciplex states in PHJ OLEDs with different hole-injection abilities are investi-
gated by separately measuring their current-dependent electroluminescence (EL) spectra and magneto-EL
(MEL) traces at different temperatures. Interestingly, the ratio of emission intensity between exciton and
exciplex states (R = loxciton/Jexciplex) from the device with a good hole-injection ability rises with increas-
ing bias current at each temperature, whereas that from the device with a poor hole-injection ability hardly
changes. In addition, R from the devices with good and poor hole-injection abilities show nonmonotonic
variation and monotonic reduction with decreasing operational temperature at each bias current, respec-
tively. These various current- and temperature-dependent competitions between exciton and exciplex
emissions are attributed to distinct current- and temperature-dependent electron-tunneling effects occurring
at organic heterojunction interfaces of devices with different hole-injection abilities. More intriguingly,
using MEL as a fingerprint detection tool, we find there is a Dexter energy-transfer (DET) channel from
the triplet exciton to triplet exciplex (73 — EX3) state and the DET can enhance the reverse intersys-
tem crossing (RISC) process from triplet to singlet exciplexes (EX3 — EXj), which cannot be found
using the conventional probing tool, EL spectra. Because the numbers of T; excitons in these devices
have different current and temperature dependencies, various current- and temperature-dependent DET
and RISC processes happen, which cause abundant MEL behaviors. Obviously, this work deepens the
physical understanding of the competition and DET processes between exciton and exciplex states in PHJ

OLED:s.
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I. INTRODUCTION

Exciton and exciplex emissions are often generated
simultaneously from planar heterojunction-based organic
light-emitting diodes (PHJ OLEDs) and their evolu-
tion processes need to be well understood to improve
the color purity and the quantum efficiency of white
OLEDs [1-3]. As has been well reported, relevant evo-
Iution processes are usually discussed by measuring
and analyzing electroluminescence (EL) spectra of PHJ
OLEDs [4-8]. For example, Zhang et al. used EL spec-
tra to discover that poly(N-vinylcarbazole) (PVK) exciton
and PVK/(2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-
oxadiazole (PBD) exciplex emissions arise simultane-
ously from the PVK/PBD PHJ OLED and the ratio
of emission intensity between exciton and exciplex
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states (R =/ exciton// exciplex) T€duces with increasing device
bias voltage [4]. He er al. employed EL spectra to
find that the N,N’-diphenyl-N,N’-bis(1,1’-biphenyl)-4,4'-
diamine (NPB)/2-phenyl-4,6-bis(3,5-di-4-pyridylphenyl)
pyrimidine (B4PyPPM) PHJ OLED has simultaneous NPB
exciton and NPB/B4PyPPM exciplex emissions and R
reduces with increasing the B4PyPPM layer thickness
[5]. Nishikitani et al. utilized EL spectra to observe
that poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PFD) exci-
ton and poly(4-methyl-triphenylamine-co-acetoaldehyde)
(TPA-AA)/PFD exciplex emissions are produced simulta-
neously from the TPA-AA/PFD PHJ OLED and R rises
when the device electron-injection ability is improved by
inserting the electron-injection layer between the PFD
layer and the Al cathode [6]. Although some consensus for
the evolution processes of exciton and exciplex emissions
has been reached, these evolution processes need further
extensive research because they depend significantly on
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the architecture parameter, the bias voltage, or the oper-
ational temperature of the devices [4-8].

Furthermore, many studies show that triplet excitons
(T1) usually have higher energy levels than triplet exci-
plexes (EX3) [9], which indicates that the Dexter energy-
transfer (DET) channel from 7} to EX5 (T} — EX3) may
be present in PHJ OLEDs. Note that this DET can increase
the quantity of EX; and therefore enhance the reverse
intersystem crossing (RISC) process from triplet to sin-
glet exciplexes (EX; — EX)). Then, the increased number
of EX; will enhance the exciplex emission and change
the device light color, although the exciton utilization effi-
ciencies are improved. Obviously, discovering the DET
channel is important for recognizing the evolution pro-
cesses of exciton and exciplex states. However, this DET
has seldom been reported in the literature due to the
absence of the exciplex absorption spectrum. Specifi-
cally, DET requires the spectral overlap between the exci-
ton emission spectrum and exciplex absorption spectrum
[10]. Unfortunately, there is no exciplex absorption spec-
trum. This is because exciplexes, whose holes and elec-
trons are located on highest occupied molecular orbitals
(HOMOs) of electron-donor molecules and lowest unoc-
cupied molecular orbitals (LUMOSs) of electron-acceptor
molecules, respectively, are always formed in excited
states and they do not exist in ground states [10]. Thus,
searching for a feasible way to find this DET channel from
triplet excitons to exciplexes is necessary.

Herein, unreported competitions between NPB exci-
ton and NPB/2,4,6-tris[3-(diphenylphosphinyl)phenyl]-
1,3,5-triazine (PO-T2T) exciplex emissions and an
undiscovered DET channel from triplet NPB exciton to
triplet NPB/PO-T2T exciplex states are discussed by mea-
suring current- and temperature-dependent EL spectra
and magneto-EL (MEL) traces from NPB/PO-T2T PHIJ
OLEDs with different hole-injection abilities. Specifically,
the R of Iexciton 10 Jexciplex from the device with a poor
hole-injection ability hardly changes with the bias cur-
rent at each temperature, but reduces as the temperature
decreases at each bias current. Surprisingly, after improv-
ing the device hole-injection ability by modifying the
hole-injection layer, R rises with increasing bias current at
each temperature and first increases but then reduces with
decreasing temperature at each bias current. These various
current- and temperature-dependent competitions between
exciton and exciplex emissions are induced by distinct
current and temperature dependencies of the electron-
tunneling effects happening at the NPB/PO-T2T interfaces
of the devices with different hole-injection abilities. More
surprisingly, we use MEL as a fingerprint probing tool to
discover that there is a DET channel from 7 excitons to
EXj states (T} — EX3), which cannot be found using the
usual detection technique of EL spectra. In addition, this
DET can increase the number of EX;3 states and therefore
enhance the RISC process from EXj to EX; (EX35 — EX).

According to the current-dependent EL spectra of these
devices at different temperatures, the quantities of 7' exci-
tons have different current and temperature dependencies,
which induce various current- and temperature-dependent
DET and RISC processes and abundant MEL behav-
iors. Clearly, this work enriches the full understanding of
the competition and DET processes between exciton and
exciplex states in PHJ OLEDs.

II. EXPERIMENTAL SECTION

Three kinds of NPB/PO-T2T PHJ OLEDs with different
hole-injection abilities are fabricated as follows. Device
1 (dev 1) has the device architecture of 1TO/1,4,5,8,9,11-
hexaaza-triphenylene-hexacarbonitrile (HAT-CN)(20 nm)/
NPB(80 nm)/PO-T2T(80 nm)/LiF(1 nm)/Al(120 nm).
Device 2 (dev 2) is ITO/NPB(80 nm)/PO-T2T(80 nm)/LiF
(1 nm)/Al(120 nm). Device 3 (dev 3) uses poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) instead of HAT-CN used in dev 1 That is,
dev 3 is ITO/PEDOT:PSS(40 nm)/NPB(80 nm)/PO-
T2T(80 nm)/LiF(1 nm)/Al(120 nm). In addition, the
pure exciplex-emission reference device (RD) used
for comparison has the following structure: ITO/HAT-
CN(20 nm)/NPB(40 nm)/NPB:PO-T2T(80 nm)/PO-T2T
(40 nm)/LiF(1 nm)/Al(120 nm). For device fabrication, the
PEDOT:PSS layer is first spin-coated onto the substrate
and then annealed for 10 min at 120 °C in a vacuum cham-
ber. The other organic functional layers and LiF/Al cath-
ode are grown using the multiple-source organic molecular
beam deposition system under high vacuum (base pressure
of approximately 10~ Pa) at growth rates of 0.1-0.5 A/s.
To monitor the growth rate and the thickness of these
functional layers, a calibrated quartz crystal oscillator con-
trolled by an XTM/2 unit is placed close to the sample
holder.

For device measurements, freshly prepared samples are
mounted on the cold finger of a closed-cycle cryostat
(Janis: CCS-350S). The sample temperatures are set with
the use of the temperature controller (Lakeshore 331). The
external magnetic field B is applied by an electromag-
net (Lakeshore EM647) and measured using a Hall probe
gaussmeter placed close to the sample. A Keithley 2400
SourceMeter is used to provide the bias voltage and record
current signals at the same time. A Keithley 2000 multime-
ter connected with a silicon photodetector is employed to
record the device EL brightness. The device EL spectra are
tested using a Princeton spectrometer (Acton SpectraPro
23001) once the Keithley 2400 SourceMeter supplies a
constant voltage to the device to obtain a certain EL
intensity. Photoluminescence (PL) spectra and transient
PL decay of thin films are measured with an Edinburgh
fluorescence spectrometer (FLS1000).
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III. RESULTS AND DISCUSSION

A. Energy-level structures and photoelectric
properties of dev 1 and dev 2

As shown in Figs. 1(a) and 1(b), dev 1 and dev
2 are NPB/PO-T2T PHJ OLEDs with and without
a HAT-CN/NPB heterojunction charge-generation unit,
respectively. NPB and PO-T2T are hole- and electron-
transporting materials, respectively, and their chemical
molecular structures are displayed in Fig. 1(c). Interest-
ingly, although dev 1 and dev 2 have similar device
structures, they emit two different colors of light at the
same bias current. These two distinct emission colors can
be expressed by their different chromaticity coordinates,
which are (0.44, 0.37) and (0.25, 0.24), respectively, on
the Commission International de I’Eclairage chromaticity
diagram (Fig. S1 in the Supplemental Material [11]). To
explain the different emission colors from dev 1 and dev
2, PL spectra of the pure NPB and PO-T2T films and the
NPB:PO-T2T codeposited film are measured and shown
in Fig. 1(d). As can be seen, the PL spectrum from the
NPB:PO-T2T film exhibits a double-peak emission. The
short-wavelength peak (around 437 nm) is consistent with
the PL peak (around 435 nm) from the NPB film, which
confirms the presence of NPB exciton states. The long-
wavelength peak (about 589 nm) is broad and red-shifted
relative to the PL peaks (around 435 and 395 nm) from
the NPB and PO-T2T films, which proves the formation
of NPB:PO-T2T exciplex states. So, the short- and long-
wavelength peaks in the PL spectrum of the NPB:PO-T2T

film originate from the NPB exciton and NPB:PO-T2T
exciplex emissions, respectively. Next, EL spectra of dev
1 and dev 2 are measured at the bias current of 50 A
as shown in Fig. 1(e). As can be seen, their EL spectra
also present double-peak emissions. By comparing the EL
spectra of dev 1 and dev 2 with the PL spectrum of the
NPB:PO-T2T film, it can be concluded that the short- and
long-wavelength peaks (around 436 and 590 nm) in their
EL spectra also separately exhibit the NPB exciton and
NPB/PO-T2T exciplex emissions.

Note that, although both the EL spectra of dev 1 and
dev 2 are composed of the exciton and exciplex emis-
sions, their main EL emissions are different [Fig. 1(e)].
Specifically, the EL spectrum of dev 1 is dominated by
the exciplex emission, but that of dev 2 is governed by
the exciton emission. That is, distinct emission colors
from dev 1 and dev 2 are induced by different com-
petitions between exciton and exciplex emissions from
these two devices. These two distinct competitions can be
explained by comparing different locations of the electron-
hole recombination zone in dev 1 and dev 2, which are
determined by various charge balances at the NPB/PO-
T2T interface of these two devices. In dev 1, electrons
injected from the LiF/Al cathode and holes generated
at the HAT-CN/NPB interface initially hop towards each
other under the external electric field and accumulate at
the NPB/PO-T2T interface [Fig. 1(a)]. These charge carri-
ers are electron-rich, i.e., the number of electrons is more
than that of holes. This is because the electron-injection
ability of dev 1 is stronger than its hole-injection ability.
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(a),(b) Energy-level diagrams of dev 1 and dev 2. (c) Chemical molecular structures of NPB and PO-T2T. (d) Normalized

PL spectra of pure NPB and PO-T2T films and the NPB:PO-T2T codeposited film. (e) Normalized EL spectra of dev 1 and dev 2 at
the bias current of 50 pA. (f) Current-voltage characteristics of dev 1 and dev 2 at 300 K.
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Specifically, the electron-injection barrier (0.1 eV) from
the LiF/Al cathode to the LUMO of PO-T2T is lower
than the hole-injection barrier (0.3 eV) from the LUMO
of HAT-CN to the HOMO of NPB. Moreover, the electron
mobility (1073 cm? V~! s71) of PO-T2T [12] is higher than
the hole mobility (10~* cm? V~! s71) of NPB [13]. This
indicates that a small proportion of electrons tunnel from
the LUMO of PO-T2T to the LUMO of NPB, which means
most electrons stay at the NPB/PO-T2T interface. That
is, a small proportion of electrons and holes recombine
within the NPB layer to generate exciton states, whereas
most of them recombine at the NPB/PO-T2T interface to
form exciplex states. Thus, the EL spectrum of dev 1 is
dominated by the exciplex emission.

In sharp contrast to dev 1, dev 2 has no HAT-CN/NPB
heterojunction charge-generation unit [Figs. 1(a) and 1(b)],
which increases the hole-injection barrier and turn-on
voltage [Fig. 1(f)]. Specifically, the hole-injection barrier
(0.6 eV) from the ITO anode to the HOMO of NPB in dev
2 is larger than that (0.3 eV) from the LUMO of HAT-
CN to the HOMO of NPB in dev 1. This indicates that the
hole-injection ability of dev 2 is weaker than that of dev 1.
Meanwhile, because the hole-injection ability of dev 1 is
weaker than its electron-injection ability and dev 1 and dev
2 have same electron-injection abilities, the hole-injection
ability of dev 2 is much weaker than its electron-injection
ability. That is, the charge carriers at the NPB/PO-T2T
interface in dev 2 are relatively unbalanced compared to
those in dev 1, which can be proved by the lower current
efficiency of EL from dev 2 than in dev 1 (Fig. S2 in the
Supplemental Material [11]). Since the number of holes at
the NPB/PO-T2T interface in dev 2 is much lower than that
of electrons, fewer electrons stay at this interface, while
most electrons tunnel from the LUMO of PO-T2T to the
LUMO of NPB. That is, only a small proportion of elec-
trons and holes recombine at the NPB/PO-T2T interface to
form exciplex states, and most of them recombine within
the NPB layer to produce exciton states. Hence, the EL
spectrum of dev 2 is governed by the exciton emission.

B. Current-dependent EL spectra of dev 1 and 2 at
different temperatures

To further study the competitions between exciton and
exciplex emissions from dev 1 and dev 2, their current-
dependent EL spectra are measured at different temper-
atures and normalized according to the exciplex emis-
sion intensity as shown in Figs. 2 and 3, respectively.
Obviously, these EL spectra have various current and
temperature dependencies. To quantitatively discuss the
current-dependent EL spectra of dev 1 and dev 2, the ratio
between exciton and exciplex emissions is expressed as
R = I exciton/l exciplex, and R values for these two devices at
300 K as a function of the bias current are summarized
in Figs. 4(a) and 4(b), respectively. Interestingly, although

dev 1 and dev 2 have similar structures, R values for these
two devices show different current dependencies. Specif-
ically, R from dev 1 rises with increasing bias current,
whereas that from dev 2 hardly changes. These two dis-
tinct current-dependent R behaviors can be explained by
analyzing different current dependencies of the electron-
tunneling process occurring at the NPB/PO-T2T interface
in dev 1 and dev 2. As well reported in the literature
[14,15], the electron-tunneling process is determined by
the transmission coefficient (TC) that often first rises but
then saturates with reducing barrier width. That is, the TC
rises with reducing barrier width when the barrier is wide,
but the TC hardly changes when it is narrow. Because the
barrier width of the electron injection at the NPB/PO-T2T
interface in dev 1 is wide owing to the slight band bend-
ing of the NPB layer [Fig. 1(a)], the TC rises with the
reduction of the barrier width. Note that improving the
bias current of dev 1 reduces this barrier width, leading
to the increased TC. This is because the increase in the
bias current is achieved by improving the device bias volt-
age. When the device bias voltage rises, the bias voltage on
the NPB layer elevates, which enhances the electric field
within the NPB layer and promotes its band bending. So,
the barrier width of the electron injection at the NPB/PO-
T2T interface reduces, resulting in the increased TC and
enhanced electron-tunneling process. This means that the
quantity of electrons within the NPB layer rises but the
number of electrons at the NPB/PO-T2T interface reduces,
1.e., the formation of exciton states is facilitated but exci-
plex states are difficult to produce. Thus, the R of [exciton
t0 Lexciplex from dev 1 at 300 K rises as the bias current
increases. Consistent with current-dependent EL spectra
of dev 1 at 300 K, those measured at 250, 200, 150, 100,
and 20 K also indicate that R rises with increasing bias
current [Figs. 2(b)-2(f)], which is verified by the current-
dependent EL spectra of dev 3 with a similar hole-injection
ability (Text S1, Figs. S4 and S5 in the Supplemental
Material [11]).

Then, the current-independent R from dev 2 is explained
by analyzing the current dependence of the electron-
tunneling process occurring at the NPB/PO-T2T interface.
As mentioned previously, the TC of the electron tunnel-
ing hardly changes with the narrow barrier width. Because
the barrier width of the electron injection at the NPB/PO-
T2T interface in dev 2 is narrow due to the sharp band
bending of the NPB layer [Fig. 1(b)], the reduction of the
barrier width hardly increases the TC. When the TC is
constant, the injected electrons at different bias currents
are distributed in a fixed ratio between the NPB layer and
the NPB/PO-T2T interface. This indicates that the ratio
of exciton to exciplex states is constant at different bias
currents. Thus, R for dev 2 at 300 K is insensitive to the
bias current, which is further explained by simulating the
electron-hole recombination zones in dev 2 at different bias
currents using the SIMOLED simulation software [16,17]
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FIG. 2.

for organic photoelectric devices, as stated in Text S2 and
Fig. S6 within the Supplemental Material [11]. Similar to
current-dependent EL spectra of dev 2 at 300 K, those
obtained at 250, 200, 150, 100, and 20 K also reflect that R
has no current dependencies [Figs. 3(b)-3(f)].

Next, temperature-dependent competitions between
exciton and exciplex emissions from dev 1 and dev 2 are
investigated by quantitatively analyzing their temperature-
dependent EL spectra (Figs. 2 and 3). Specifically, R values
from dev 1 and dev 2 at the bias current of 100 pA as
a function of temperature are summarized in Figs. 4(c)
and 4(d), respectively. As can be seen, R values from these
two devices have different temperature dependencies. That
is, R from dev 1 shows nonmonotonic variation, which first
rises and then reduces with decreasing the temperature,
but that from dev 2 displays monotonic reduction. These
two distinct temperature-dependent R behaviors can be

Wavelength (nm)

(a)(f) Current-dependent EL spectra of dev 1 at different temperatures.

explained by analyzing different temperature dependencies
of the electron-tunneling process occurring at the NPB/PO-
T2T interface in dev 1 and dev 2. As mentioned previously,
the TC of the electron tunneling at the NPB/PO-T2T inter-
face in dev 1 rises when the wide barrier width is reduced.
Clearly, decreasing the operational temperature of dev 1
reduces this barrier width and thus the TC rises. This is
because the device bias voltage at a fixed bias current rises
with decreasing temperature, as shown in Fig. S3(a) within
the Supplemental Material [11]. When the device bias volt-
age rises, the bias voltage on the NPB layer increases,
which enhances the electric field within the NPB layer and
facilitates the band bending of the NPB layer. So, the bar-
rier width of the electron injection at the NPB/PO-T2T
interface reduces and the TC rises. Furthermore, note that
the TC of the electron tunneling is affected not only by the
barrier width, but also by the environmental heat. It is well
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FIG. 3. (a)«f) Current-dependent EL spectra of dev 2 at different temperatures.

reported that the TC reduces with decreasing temperature.
This is because electron tunneling is an endothermic pro-
cess, but the environmental heat reduces as the temperature
decreases [13,18]. Obviously, the reduced barrier width
and the decreased environmental heat produce opposite
effects on the TC and they compete with each other as the
temperature decreases. Specifically, when the temperature
decreases from 300 to 200 K, because the environmental
heat drops slightly, the TC is dominated by the reduced
barrier width, i.e., the TC rises. However, as the tem-
perature further decreases from 200 to 20 K, since the
environmental heat drops significantly, the TC is governed
by the decreased environmental heat, i.e., the TC reduces.
So, the TC first rises but then reduces (i.e., the electron-
tunneling process first enhances but then weakens) when
decreasing the temperature from 300 to 20 K [Fig. 5(a)].

This reflects that the quantity of electrons within the NPB
layer first rises and then reduces, while the number of elec-
trons at the NPB/PO-T2T interface first reduces and then
rises. Hence, the R of Iexciton t0 Lexciplex from dev 1 first
rises and then reduces as the temperature decreases, which
has been examined using the temperature-dependent EL
spectra of dev 3 with a similar hole-injection ability, as
described in Text S1.

Then, the monotonically decreasing R from dev 2 with
decreasing temperature is explained by discussing its
temperature-dependent electron-tunneling process occur-
ring at the NPB/PO-T2T interface. As stated previously,
the TC of the electron tunneling is determined by the
competition between the reduced barrier width and the
decreased environmental heat while the temperature is
reduced. Because the TC at the NPB/PO-T2T interface in
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dev 2 hardly changes with its narrow barrier width, the TC
is dominated by the decreased environmental heat. This
indicates that the TC reduces and the electron-tunneling
process weakens with decreasing temperature [Fig. 5(b)].
That is, the quantity of electrons within the NPB layer
reduces but the number of electrons at the NPB/PO-T2T
interface rises, which impedes the formation of excitons
within the NPB layer, but facilitates that of exciplexes
at the NPB/PO-T2T interface. Thus, the R of Iexciton tO
Texciplex from dev 2 reduces as the temperature decreases,
which is further explained by simulating the electron-hole
recombination zones in dev 2 at different temperatures as
stated in Text S2 within the Supplemental Material [11]. In
a word, we use EL spectra to investigate various current-
and temperature-dependent competitions between exciton
and exciplex emissions from dev 1 and dev 2, which
are caused by different current and temperature depen-
dencies of the electron-tunneling process occurring at the
NPB/PO-T2T interface of these two devices.

C. Current-dependent MEL traces of dev 1, dev 2, and
RD at 300 K

Although the competitions between exciton and exci-
plex emissions from dev 1 and dev 2 are discussed
by measuring their EL spectra, the interaction processes
between exciton and exciplex states need further research
owing to the limitation of the EL probing tool. For

300 250 200 150 100 50 O
Temperature (K)

example, the interaction processes of exciton and exci-
plex states usually influence their physical microscopic
channels, including intersystem crossing (ISC) and RISC
between EX; and EX; [19], triplet-triplet annihilation
(TTA, T1+ Ty — S1+8p) of T, excitons [20-22], and
triplet-charge annihilation (TQA) between triplet states
and excessive charge carriers [23,24]. However, the con-
ventional EL detection tool (e.g., the EL spectra) can-
not identify these microscopic processes. Recently, using
MEL as a fingerprint probing tool to visualize the phys-
ical microscopic processes of exciton and exciplex states
has gained increasing attention because these processes
are highly spin dependent and have characteristic MEL
traces [19—24], as shown in Fig. S7 within the Supple-
mental Material [11]. For instance, the ISC and RISC
processes produce characteristic MEL traces that, respec-
tively, display inverted and upright Lorentzian-type line
shapes with typical linewidths of several millitesla [19,
24]. Thus, to study the interaction processes between
exciton and exciplex states in dev 1 and dev 2, their
current- and temperature-dependent MEL traces are mea-
sured, as shown in Figs. 6(a), 6(b), 7(a), and 7(b), respec-
tively. Furthermore, to better understand these MEL traces,
RD with a single exciplex-emission is fabricated (Fig.
S8 in the Supplemental Material [11]) and its current-
and temperature-dependent MEL traces are used for
comparison [Figs. 6(c) and 7(c)]. As for the single exciplex
emission from RD, it can be proved by the solely broad and
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300 K

(a) Dev1

LiF/Al

LiF/Al

NPB

FIG. 5.
200, and 20 K.

red-shifted EL peaks (around 593 nm) from RD relative to
the PL peaks (around 435 and 395 nm) from the NPB and
PO-T2T films.

We first investigate the current-dependent MEL traces
of dev 1, dev 2, and RD at 300 K [Figs. 6(a)-6(c)]. MEL is
defined as the relative change in the EL intensity upon the
application of an external B [19-24], that is,

_ EL(B) — EL(0)
o EL(0)

MEL x 100% (1)

where EL(B) and EL(0) are the EL intensities with and
without the external B, respectively. As can be seen, MEL
traces of RD at all bias currents present sharply increas-
ing low-field effects (LFEs, |B| < 10 mT) and slowly rising
high-field effects (HFEs, 30 < |B| <300 mT). The B ranges
of LFEs and HFEs are acquired by fitting the MEL traces
of RD using a reported empirical formula [24,25], which
is expressed by Eq. (2) in the following. According to the
fingerprint MEL traces (Fig. S7 in the Supplemental Mate-
rial [11]), LFEs and HFEs of RD are separately attributed
to the B-suppressed ISC from singlet to triplet polaron
pairs (PP; — PP3) and TQA processes. Similar to the LFEs
and HFEs of RD, those of dev 2 at all bias currents also
display the B-suppressed ISC and TQA, respectively. It
is well reported that MEL traces of PHJ OLEDs often
exhibit only LFEs and HFEs [26,27]. Surprisingly, in addi-
tion to LFEs and HFEs, MEL traces of dev 2 at all bias
currents still present rapidly decreasing intermediate-field
effects (IFEs, 10 < |B| <30 mT), which have not been pre-
viously observed from PHJ OLEDs. The B range of IFEs is
obtained by fitting the MEL traces of dev 2 using Eq. (2).

LiF/Al

PO-T2T

NPB

|

Tunneling and recombination processes of charge carriers at the NPB/PO-T2T interfaces in (a) dev 1 and (b) dev 2 at 300,

More surprisingly, although the MEL trace of dev 1 at the
small bias current of 25 A solely shows LFE and HFE,
rapidly decreasing IFE gradually appears when increasing
the bias current from 25 to 100 nA. At the large bias cur-
rent of 100 pA, only IFE and HFE are observed from dev
1 since the IFE and HFE of dev 1 are far stronger than its
LFE. According to the characteristic MEL traces in Fig. S7
within the Supplemental Material [11], IFEs of dev 1 and
dev 2 are attributed to the B-mediated RISC process from
EX; to EX; (EX3 — EX), which is explained in detail in
Fig. 8.

To quantitatively analyze current-dependent ISC, RISC,
and TQA processes in dev 1, dev 2, and RD, their current-
dependent MEL traces are fitted by Eq. (2). Equation (2)
contains two Lorentzian functions and a non-Lorentzian
function, which can be expressed as follows:

B? B2 B2

MEL = C|———— — C +C .
'B+B B +B (Bl + By
2

Empirical Lorentzian and non-Lorentzian functions are
often used to separately fit LFEs and HFEs of MEL traces
to analyze their formation mechanisms [24,25,28]. This is
because various physical microscopic processes of spin-
pair states simultaneously occur in a device and the MEL
trace of the device is a superposition of MEL behaviors
for these processes. That is, Eq. (2) can be used to fit
and decompose the MEL trace to analyze different occur-
rence magnitudes of these microscopic physical processes.
In Eq. (2), these three terms model ISC, RISC, and TQA
processes; B is the external magnetic field; B, (~5 mT),
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(a)(c) Current-dependent MEL traces of dev 1, dev 2, and RD and their fitted curves (white solid lines) at 300 K. (d)

Prefactors used to describe the occurrence magnitudes of the RISC processes in these three devices at 300 K for different bias currents.

By (~10 mT), and B3 (~100 mT) are the characteristic
scales of B for ISC, RISC, and TQA; and C;, C,, and
C; are prefactors for describing the occurrence magni-
tudes of ISC, RISC, and TQA, respectively. As exhibited
in Figs. 6(a)-6(c), the fitted curves (white solid lines) are in
good agreement with the experimental data of dev 1, dev
2, and RD, and their prefactors Cy, C, and C3 acquired
at different bias currents are summarized in Figs. 6(d) and
S9 within the Supplemental Material [11], respectively. As
can be seen, the ISC and TQA processes in dev 1, dev
2, and RD have the same current dependencies. Specif-
ically, TQA in these three devices enhances as the bias
current rises due to the increased quantity of charge carri-
ers. Furthermore, ISC in these three devices weakens with
increasing bias current. This is because the increase in the
bias current is achieved by improving the device bias volt-
age. When the bias voltage rises, the electric field inside
the device increases, which enhances the field-induced dis-
sociation of PP states and reduces their lifetimes according
to the Onsager theory [29,30]. That is, the number of PP
states that can undergo ISC reduces as the bias current
increases, resulting in the weakened ISC. Although ISC
and TQA in dev 1, dev 2, and RD have the same current

dependencies, the RISC processes in these three devices
show different current dependencies [Fig. 6(d)]. Specifi-
cally, RISC in dev 1 enhances as the bias current increases,
whereas those in dev 2 and RD weaken. These different
current-dependent RISCs are explained in detail in Fig. 8.

D. Temperature-dependent MEL traces of dev 1, dev
2, and RD at the bias current of 100 pA

Next, temperature-dependent MEL traces of dev 1,
dev 2, and RD at the bias current of 100 pA are dis-
cussed to further study the interaction processes between
exciton and exciplex states [Figs. 7(a)-7(c)]. As can be
seen, LFEs and HFEs of RD at each temperature display
the B-suppressed ISC and TQA processes, respectively.
Although LFEs of dev 2 at each temperature also present
the B-suppressed ISC, its IFEs and HFEs change signifi-
cantly with the temperature. Specifically, the IFE of dev
2 at 300 K exhibits the B-suppressed RISC process but
its [IFE gradually disappears as the temperature decreases
from 300 to 20 K. In addition, the HFE of dev 2 at 300 K
displays the B-suppressed TQA process but this HFE con-
verts from a slow rise to a slow decline with decreasing
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temperature. According to the characteristic MEL traces
in Fig. S7 within the Supplemental Material [11], the
slowly declining HFE of dev 2 at 20 K is attributed to

(@ +® ® )

© +
25% 75% 25% 75%
PP, B, PP, B, e PP,
ks
kr
S1 -——
=T,
PF
So
Exciton
\_ NPB
FIG. 8. Formation and evolution mechanisms of spin-pair

states in dev 1 and dev 2.

the B-suppressed TTA process. Similar to the temperature-
dependent HFEs of dev 2, the HFE of dev 1 converts
from a slow rise to a quick saturation as the temperature
decreases from 300 to 20 K. Although dev 1 does not
present the slowly declining HFE at 20 K, we consider
that its temperature-dependent HFEs are also induced by
the enhanced TTA process. Slowly declining HFEs can
be observed from dev 2 rather than dev 1 because the B-
suppressed TQA process presents slowly increasing HFEs
and TQA in dev 2 is weaker than that in dev 1 at same
bias currents and temperatures, as shown in Figs. S9(b)
and S10(b) within the Supplemental Material [11]. Fur-
thermore, TTA happens in dev 1 and dev 2 rather than
RD. This is because exciton and exciplex states coexist
in dev 1 and dev 2, but there are no excitons and only
exciplexes exist in RD, as exhibited in Fig. S8(b) within
the Supplemental Material [11]. It is well reported that 7
excitons can undergo the TTA process, whereas EXj5 states
hardly participate in TTA [26]. This is because TTA from
T1 needs only the interaction between two neighboring
molecules, but that from EXj requires interactions among
several neighboring molecules.
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To quantitatively analyze the temperature-dependent
ISC, RISC, TQA, and TTA processes in dev 1 and dev
2, and ISC, RISC, and TQA in RD, the temperature-
dependent MEL traces of dev 1 and dev 2 are fitted by
Eq. (3) [24], while those of RD are fitted by Eq. (2).

2 BZ BZ
MEL = C. -C + C
‘BB B +BL (Bl +Be)
B? B?
+ G |:A1 — A4 ] . 3)
B2+B5 (Bl +Bs)’

In Eq. (3), the four terms model ISC, RISC, TQA, and TTA
processes; B4 (~5 mT), Bs (~10 mT), Bg (~100 mT), B,
(~5 mT), and Bg (~100 mT) are the characteristic scales
of B for ISC, RISC, TQA, and low- and high-field effects
of TTA; and Cy4, Cs, Cg, and C7 are prefactors for describ-
ing the occurrence magnitudes of ISC, RISC, TQA, and
TTA, respectively. As shown in Figs. 7(a)-7(c), the fit-
ted curves (white solid lines) are very consistent with the
experimental data of dev 1, dev 2, and RD. Prefactors
for describing the occurrence magnitudes of ISC, RISC,
TQA, and TTA processes in dev 1 and dev 2 and ISC,
RISC, and TQA in RD at different temperatures are sum-
marized in Figs. 7(d) and S10 within the Supplemental
Material [11], respectively. Obviously, the TTA processes
in dev 1 and dev 2 have same temperature dependen-
cies, which enhance as the temperature decreases. This
is because the lifetimes of 7| excitons are prolonged at
low temperature due to their reduced nonradiative tran-
sitions [26]. As for the ISC and TQA processes in dev
1, dev 2, and RD, they also display the same temper-
ature dependencies. Specifically, ISC processes in these
three devices weaken with decreasing temperature since
ISC is an endothermic process [27]. In addition, TQA
processes in these three devices weaken with decreasing
temperature owing to the reduced mobility of charge car-
riers [26]. Although ISC and TQA in dev 1, dev 2, and
RD have the same temperature dependencies, the RISC
processes in these three devices show different tempera-
ture dependencies [Fig. 7(d)]. Specifically, RISC in dev 1
displays the nonmonotonic change that first enhances and
then weakens as the temperature decreases, whereas those
in dev 2 and RD weaken monotonically. These different
temperature-dependent RISC processes are interpreted in
detail in Fig. 8.

E. Microscopic physical processes of spin-pair states in
dev 1, dev 2, and RD

To help understand the evolution processes of exciton
and exciplex states and the formation mechanisms of MEL
traces from dev 1, dev 2, and RD, microscopic physi-
cal processes occurring in dev 1 and dev 2 are shown in
Fig. 8 and those occurring in RD are displayed in Fig. S11
within the Supplemental Material [11]. As can be seen,

holes and electrons injected from their own electrodes
first recombine under Coulomb attraction and then form
weakly bound PP; and PP; on separate molecules (i.e.,
intermolecular electron-hole pairs) [31-33]. PP; and PP;
can interconvert via the ISC and RISC processes because
PP, and PP; are nearly degenerate in energy and spin flip-
ping can be achieved by the hyperfine interaction (HFI)
on the scale of several millitesla [31-35]. Next, PP; and
PP; in exciton-based OLEDs further evolve into strongly
bound S| and 7 on the single molecule (i.e., intramolecu-
lar electron-hole pairs) with their rate constants of kg and
kr [24,27]. Unlike intermolecular PP; and PP3, intramolec-
ular S; and 7 cannot interconvert because the energy gap
between S; and T is far larger than that corresponding
to HFI [24,27]. Although the ISC and RISC processes
between PP; and PP; occur simultaneously, the intercon-
version of PP states is often dominated by the ISC from
PP; to PP; (PP ISC, PP; — PP;) because k7 is usually
larger than ks [31]. When an external B is present, the
Zeeman effect splits the energy levels of degenerated PP3
(PPs, PP3 4, PP3 _) [32], as shown in Fig. S12 within the
Supplemental Material [11]. Although PP, can still convert
into PP3 ¢ because of the small spin-exchange energy, PP,
cannot convert into PP; ; and PP; _ owing to the large one.
This leads to the B-suppressed PP ISC and the increased
quantity of PP, [31]. Because the increased PP; evolve
into Sy, the quantity of Sy rises. This quickly enhances the
device EL intensity within the narrow range of the hyper-
fine field, i.e., a sharply increasing LFE of the MEL curve
(the inverted Lorentzian line shape) is obtained within the
field range of several millitesla, as shown by the fingerprint
black line in Fig. S7 within the Supplemental Material
[11].

Unlike PP states in exciton-based OLEDs, PP; and
PP; in exciplex-based OLEDs further evolve into weakly
bound EX; and EX3 on distinct molecules [36,37]. EX|
and EXj5 can also interconvert via the ISC and RISC
processes under the HFI because EX; and EXj; are intrin-
sically intermolecular excited states and almost degenerate
in energy [24,33]. Note that the interconversion of EX
states is often governed by the RISC from EX; to EX; (EX
RISC, EX5 — EX). This is because the quantity of EX3 is
3 times that of EX; and the lifetime of EX;3 (around 107° s)
is 3 orders of magnitude longer than that of EX; (around
1077 s) [19,33]. Furthermore, EX-RISC is also suppressed
by the external B owing to the lift of degenerated EXj3
(EX30, EX3 1, EX3 ) by Zeeman splitting [24,38], as dis-
played in Fig. S12 within the Supplemental Material [11].
When EX RISC is suppressed by the external B, the quan-
tity of EX; decreases, meaning that the device EL intensity
rapidly weakens within the narrow range of the hyperfine
field, i.e., a quickly declining LFE of the MEL curve (the
upright Lorentzian line shape) is obtained within the field
range of several millitesla, as shown by the fingerprint red
line in Fig. S7 within the Supplemental Material [11]. In
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addition to EX RISC, EXj; interacts with excessive charge
carriers [38,39], i.e., the TQA process happens. As for
the HFE of the MEL curve induced by the B-suppressed
TQA, it is explained in detail in Text S3 within the Sup-
plemental Material [11]. Based on these descriptions of the
B-mediated PP ISC and EX RISC, it can be concluded that
the LFE of the MEL trace is determined by the superposi-
tion of the positive LFE from B-mediated PP ISC and the
negative LFE from B-mediated EX RISC.

As shown in Fig. 6(c), LFEs of RD are dominated by
the B-suppressed PP ISC, i.e., EX RISC is weaker than
PP ISC. This is because the HFEs of RD indicate that the
TQA process (¢ +EX3;— e |+Sy) occurs in the device
and TQA weakens EX RISC by reducing the number of
EXj; (Fig. S11 in the Supplemental Material [11]). Theoret-
ically, EX RISC cannot be observed from the MEL traces
of dev 1 and dev 2, since the TQA process also occurs
in these two devices. However, the opposite experimental
results are obtained, i.e., EX RISC can be observed from
the IFEs of dev 1 and dev 2 [Figs. 6(a) and 6(b)]. This
is because the DET channel from 7T to EX;5 (77 — EXj3)
exists in dev 1 and dev 2 (Figs. 8 and S13 in the Sup-
plemental Material [11]) owing to the close energies of
T (around 2.3 eV) [40] and EX; (around 2.1 eV) calcu-
lated from the exciplex-emission peak in the device EL
spectra [Fig. 1(e)]. In addition, DET can increase the quan-
tity of EX3 and therefore enhance EX RISC from EXj to
EX,; (EX5— EX)). This DET channel has not been previ-
ously discovered in PHJ OLEDs and it is further proved
by analyzing PL characteristics of the NPB, PO-T2T, and
NPB:PO-T2T films as described in Text S4 and Fig. S14
within the Supplemental Material [11]. As for RD, it has
no IFEs. This is because the DET channel does not exist
in RD, since there are no excitons and only exciplexes
are present in RD, which can be proved by there being
only exciplex emissions in its EL spectra, as displayed
in Figs. S8(b) and S11 within the Supplemental Material
[11]. Furthermore, note that the characteristic scale of B
(around 10 mT) for EX RISC facilitated by the DET chan-
nel is larger than that (about 5 mT) for the conventional EX
RISC. This is because the characteristic scale of B for EX
RISC rises with decreasing spatial extension of EX states
[31] and the spatial extension of EX states generated by
DET is smaller than that of traditional EX states formed
by electron-hole recombination (Fig. S15 in the Supple-
mental Material [11]). Specifically, the exciton radius of
EX states generated by DET is less than 10 A since the
electron-exchange distance of DET is smaller than 10 A
[41], but the exciton radius of EX states formed by the
electron-hole recombination is usually 10 A [42].

According to the current-dependent EL spectra from dev
1 and dev 2 at different temperatures (Figs. 2 and 3), the
numbers of T excitons in these two devices have various
current and temperature dependencies. This indicates that
different current- and temperature-dependent DET and EX

RISC processes happen in dev 1 and dev 2. As shown in
Fig. 6(d), EX RISC in dev 1 enhances with increasing bias
current, whereas that in dev 2 weakens. These two opposite
current dependencies of EX RISC can be explained by ana-
lyzing different current-dependent competitions between
TQA and DET in dev 1 and dev 2. As shown in Fig. S9(b)
within the Supplemental Material [11], the TQA processes
in dev 1 and dev 2 have same current dependencies, which
enhance with increasing bias current. However, current-
dependent EL spectra of dev 1 and dev 2 reflect that the
DET channels in these two devices have different current
dependencies. Specifically, the EL spectra of dev 1 indi-
cate that the quantity of 7 excitons in dev 1 rises with
increasing bias current, whereas those of dev 2 reflect that
the number of T excitons in dev 2 is insensitive to the bias
current. That is, the DET in dev 1 enhances as the bias cur-
rent increases, whereas that in dev 2 hardly changes. Based
on these discussions of current-dependent TQA and DET
in dev 1, we consider that current-dependent EX RISC in
dev 1 is dominated by its current-dependent DET. This is
because EX RISC can be observed from IFEs of dev 1
owing to the presence of the DET channel and the DET
changes significantly with the bias current. Although DET
also exists in dev 2, it hardly changes with the bias current.
This reflects that the current-dependent EX RISC in dev 2
is governed by its current-dependent TQA. Thus, EX RISC
in dev 1 enhances as the bias current increases, whereas
that in dev 2 weakens [Fig. 6(d)].

Moreover, EX RISC in dev 1 and dev 2 show nonmono-
tonic and monotonic temperature dependencies, respec-
tively [Fig. 7(d)]. Specifically, EX RISC in dev 1 first
enhances and then weakens as the temperature decreases,
but that in dev 2 always weakens. These two distinct tem-
perature dependencies of EX RISC are induced by different
temperature-dependent competitions between TQA and
DET in dev 1 and dev 2. Although the TQA processes in
dev 1 and dev 2 have the same temperature dependencies,
which weaken with decreasing temperature, as exhibited
in Fig. S10(b) within the Supplemental Material [11], their
temperature-dependent EL spectra indicate that the DET
channels in these two devices have different temperature
dependencies. Specifically, the EL spectra of dev 1 indicate
that the quantity of 7'} excitons in dev 1 first rises but then
reduces as the temperature decreases, whereas those of dev
2 reflect that the number of 7 excitons in dev 2 reduces
monotonically. That is, DET in dev 1 first enhances and
then weakens with decreasing temperature, whereas that
in dev 2 always weakens. We consider that temperature-
dependent EX RISC in dev 1 and dev 2 are determined
by their temperature-dependent DET. This is because EX
RISC processes in these two devices are facilitated by the
DET channel and their DETs have significant temperature
dependencies. Hence, EX RISC in dev 1 first enhances
and then weakens as the temperature decreases, but that
in dev 2 weakens monotonically [Fig. 7(d)]. Obviously,
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we use MEL to discover various current- and temperature-
dependent DET channels between exciton and exciplex
states in dev 1 and dev 2 via analyzing different current and
temperature dependencies of EX RISC processes in these
two devices.

IV. CONCLUSION

In summary, unreported competitions between NPB
exciton and NPB/PO-T2T exciplex emissions and an
undiscovered DET channel from triplet NPB excitons to
triplet NPB/PO-T2T exciplex states are discussed by mea-
suring current- and temperature-dependent EL spectra and
MEL traces from NPB/PO-T2T PHJ OLEDs with differ-
ent hole-injection abilities. The R of exciton 0 Lexciplex
from the device with a poor hole-injection ability hardly
changes with the bias current at each temperature and
reduces monotonically as the temperature decreases at
each bias current. Surprisingly, the R from the device
with a good hole-injection ability rises with increasing
bias current at all temperatures and shows nonmonotonic
variation, which first rises and then reduces with decreas-
ing temperature at each bias current. These rich current-
and temperature-dependent competitions between exciton
and exciplex emissions are caused by distinct current and
temperature dependencies of the electron-tunneling effects
occurring at the NPB/PO-T2T interfaces of the devices
with different hole-injection abilities. More surprisingly,
MEL is used as a fingerprint probing tool to discover that
the DET channel from 7, to EX; exists in these devices
and DET can enhance the EX RISC process from EX;
to EX;, which cannot be found by the usual detection
technique of EL spectra. Owing to different current and
temperature dependencies of the numbers of 7'} excitons in
these devices, various current- and temperature-dependent
DET and RISC processes happen, which induce abundant
MEL behaviors. Evidently, this work presents insights into
the competition and DET processes between exciton and
exciplex states in PHJ OLEDs.
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