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Understanding degradation of organic light-
emitting diodes from magnetic field effects
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The impact of magnetic field effects on the electroluminescence of organic light-emitting
diodes is commonly used to characterize exciton dynamics such as generation, annihilation,
and performance degradation. However, interpreting these effects is challenging. Here, we
show that magnetic field effects in organic light-emitting diodes can be understood in terms
of the magnetic response of device characteristics derived from polaron-pair and triplet
exciton quenching processes, such as triplet-polaron interactions and triplet-triplet annihi-
lation. Device degradation shows a clear relationship with the amplitude of the magnetic field
effects, enabling non-destructive measurement of the degradation. The results and proposed
mechanism provide a better understanding of magnetic field effects on organic light-emitting
diodes and device degradation phenomena.
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nearly 100% can be achieved in organic light-emitting

diodes (OLEDs) especially by utilization of phosphores-
cence and thermally activated delayed fluorescence (TADF) that
involve intersystem crossing between the lowest excited singlet
and triplet states (S; and T;). However, a significant improvement
in OLED stability is of crucial importance, particularly in blue
OLEDs, so that they can be used in high-performance displays
and light sources. To improve OLED lifetimes, a detailed
understanding of degradation processes is required. Several
mechanisms have been proposed!=®. For example, Kondakov
et al. reported that chemical decomposition of the organic
materials is a critical degradation route!~* that originates from
high-energy particles, such as highly excited triplet excitons (T,)
and polarons (P), generated via triplet-triplet annihilation
(TTA) or triplet-polaron annihilation (TPA)>-8

Q n internal electroluminescence quantum efficiency of

T+T—S,+T,(TTA),

T+P—S,+P (TPA),

where T, P, and S, are a triplet exciton, a polaron, and the ground
state. T,, and P* have high enough energy to decompose organic
molecules and generate exciton quenchers and carrier traps.
Recently, we clarified that TPA was identified as being responsible
for the degradation mechanism for TADF-OLEDs, and the gen-
eration of carrier traps, the change in carrier balance, and suc-
cessive exciton deactivation during device aging that significantly
affect OLED lifetimes®. It has been strongly suggested that the
dynamics of triplet excitons is largely responsible for device
degradation. However, no direct evidence has been presented, and
a detailed analysis of exciton dynamics via nondestructive mea-
surements is complex.

To probe the dynamics of excited triplet states, external mag-
netic fields are used to lift the degeneracy. Magnetic field effects
on the electroluminescence properties of OLEDs were first
reported in 2003 by Kalinowski et al.!%, where the field modulated
the ratio of the singlet/triplet exciton yield. This was the result of
modulating the ratio of singlet and triplet polaron pairs (PP and
3PP). Numerous studies regarding the mechanism of magnetic
field effects on OLEDs based on fluorescent!!:12, phosphor-
escent!3, exciplex!4, and TADF emitters!>16 were investigated to
unveil the underlying dynamics of exciton generation, radiation,
and annihilation processes. PP11:17, triplet-polaron interactions
(TPD)!618, and TTA mechanisms'>1® were mainly used to
explain magnetic field effects. However, the interpretation of
these effects has been unclear, and the relationship between
exciton dynamics and OLED degradation has been lacking.

Here, we demonstrate that magnetic-field-modulated electro-
luminescence (magneto-electroluminescence, MEL) can be used
to track triplet exciton dynamics in OLEDs during degradation.
MEL signals from TADF-OLEDs were divided into low-field and
high-field effects that corresponded to PP and TPI mechanisms,
respectively. We also find that the high-field effects exhibit a clear
dependence on the delayed fluorescence lifetimes (74s) of TADF
emitters. Based on the assignment of the origin of the MEL sig-
nals, we analyze those signals of degraded OLEDs that exhibited
large amplitudes relative to those of pristine (undegraded)
OLEDs. Then, we confirm that the shapes of the MEL profiles
changed due to an exciplex formation according to the unwanted
change in location of the carrier recombination zone. We thus
nondestructively reveal exciplex formation at the interface
between emission and hole-blocking layers that results in a low
electroluminescence quantum yield.

Results and discussion

Assessment of magnetic field effects in various TADF-OLEDs.
We focused on TADF emitter-based OLEDs (Fig. la). The
complete device architecture is provided in Supplementary Fig. 1.
First, the MEL profiles of undegraded OLEDs were analyzed to
probe the origin of magnetic responses. Figure 1b shows typical
MEL profiles of 4CzIPN-based OLED under constant-current
condition (MEL)). To assess the origin of the MEL profiles, we
performed a fitting analysis based on the Lorentzian and non-
Lorentzian equations1®-17

Magnetic field effect = (Low — field effect) + (high — field effect)
AR AyB?
B +B  (B+By)

(1)
where A; and Ay are the amplitudes and By and By are the
characteristic magnetic fields for low-field and high-field effects,
respectively. The results are summarized in Fig. 1b and Table 1.
The MEL profiles had two parts, indicating that there are two
different mechanisms.

Because By is a comparable value for the PP mechanism, i.e.,
~5mT16-19, the low-field effect originates from the PP mechan-
ism that increases “bright” singlet excitons. The magnetic field
suppresses the intersystem crossing between !PP and 3PP states.
In contrast, By was large (~100 mT). We compared it with the
zero-field splitting values, i.e., D and E, of the excited triplet state
of 4CzIPN reported previously?®2!, and good agreement
suggested that the high-field effect results from the reaction of
triplet excitons. The 74s of TADF emitters affect the MEL profiles,
as shown in Fig. lc. Although the signs of all the MEL; profiles
were positive, their shape and magnitude, especially in the high-
field region, depended on the 74s. This behavior could be
understood from the probability of triplet exciton reactions such
as TTA and TPI that should strongly depend on 7452224, In fact,
devices based on TADF emitters exhibiting long 74, such as
2CzPN, PIC-TRZ, and 3CzTRZ, showed steep rolloffs in
electroluminescence efficiency, as shown in Supplementary Fig. 2.

Magneto-photoluminescence measurements confirmed that 20
wt% 4CzIPN:mCBP and 2CzPN:mCBP films did not exhibit clear
magnetic responses in high magnetic fields (Supplementary
Fig. 3). Thus, the contribution of a TTA event to the MEL; can
be negligible. Furthermore, no magneto-photoluminescence
response suggests that PPs are not induced from excitons
generated under photoexcitation, as introduced in phosphores-
cent emitter and host systems2>,

Considering the effect of TPI on MELj, Fig. 1d is a schematic of
a TPI process in OLEDs under electrical excitation. A
triplet-polaron (trion) intermediate state is formed when a
triplet exciton and a polaron collide, and has two possible spin
states: “doublet” and “quartet”18:1926, Because the doublet-trion
reaction, i.e., TPA, is spin-allowed, the T that contributes to the
reverse intersystem crossing (RISC) in TADF-OLEDs can be
immediately quenched via energy transfer to the polaron,
generating a ground-state molecule and an excited (hot) polaron.
Because the energy of the hot polaron is enough high to dissociate
chemical bonds, the TPA generates decomposed materials that
are exciton quenchers and/or carrier traps. In contrast, the
quartet state reaction is spin-forbidden and the lifetime of a
quartet-trion is longer than that of the doublet. Thus, there are
two possible quartet-trion reactions: “carrier scattering” and
“exciton dissociation.” In carrier scattering, a quartet-trion
separates into a triplet exciton and a polaron, and the net charge
carrier mobility is decreased. In contrast, the dissociation process
increases the net carrier density because the triplet exciton
dissociates into a hole and an electron via the quartet-trion
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Fig. 1 Magnetic field effects on electroluminescence intensity of TADF-OLEDs. a Molecular structures of TADF emitters with delayed emission lifetimes.
b Fit of magneto-electroluminescence profile of 4CzIPN-based OLED under constant 3.0 mA cm~2 current into low-field and high-field effects. ¢ Magneto-
electroluminescence profiles of various TADF-OLEDs. The dashed lines are fits. d Schematic of triplet-polaron interaction (TPI) in OLEDs under electrical
excitation. A magnetic field suppresses the intersystem crossing of the polaron-pair state (small intersystem crossing rate, kiscp) and the triplet-polaron

interaction (small triplet polaron interaction rate, ktp). [Ty-++

intermediate state. A magnetic field can suppress the interaction
probability between a triplet exciton and a polaron, reducing the
rates of TPA, scattering, and dissociation!7:18:23:26-28 Hence, the
emission and carrier transport properties should show a strong
magnetic field dependence. Although TPA and exciton dissocia-
tion processes were observed here via TPI reactions in TADF-
OLEDs, carrier scattering was not observed. Therefore, we infer

P] represents a trion intermediate state.

that carrier scattering is a minor effect in TADF-OLEDs because
of the limited change in carrier transport. The latter is due to the
aligned levels of highest-occupied and lowest-unoccupied mole-
cular orbitals of the doped emitters relative to those of the host
molecules (Supplementary Fig. 4). Doped TADF emitters in the
emission layers naturally act as strong carrier traps. Thus, we
cannot observe the magnetic response via scattering process
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Table 1 Fitting parameters of magneto-electroluminescence
under constant current of TADF-OLEDs.

A (=) B (mT) Ay(-) By(mT) |[D| (mT) [E| (mT)
4CzIPN 0.058 53 o.n 58.5 40, 46 n
PXZ-TRZ 0239 6.6 0.18 58.5 49 5.4
ACRXTN  0.091 4.1 0.29 101.0 No data
2CzPN onz 4.8 1.62 81.0 68 15
PIC-TRZ 0264 5.7 1.83 192.7 98 9.6
3CzTRZ  0.038 43 1.87 12.5 No data

AL By, Ap, and By are the amplitudes and characteristic fields of low-field and high-field effects
in magneto-electroluminescence, respectively. |D| and |E| are the absolute values of zero-field
splitting parameters (refs. 20. 21),

because the variation of carrier transport due to the effect of
carrier scattering by a triplet exciton can be much smaller than
that due to the carrier traps.

Comparison of magnetic field effects under constant current
and voltage conditions. To understand the origin of magnetic
field effects in OLEDs comprehensively, MEL;, magneto-resis-
tance, MEL under a constant voltage (MELy), and magneto-
conductance in 4CzIPN- and 2CzPN-based OLEDs are shown in
Fig. 2. In contrast to the positive sign of MEL; and magneto-
resistance (Fig. 2a, ¢), MELy, and magneto-conductance include
negative components (Fig. 2b, d). Because of the proportionality
between electroluminescence intensity and current density, the
ma%neto—efﬁciency under constant voltage (Mz#y) was calculated
by!

Mpn, = MEL, — MC, (2)

Logarithmic magnetic field effect profiles depicted in Supple-
mentary Fig. 5 separate low-field and high-field effects below and
above 0.1 T, respectively.

MELjs have positive Ap and Ay, whereas MELys have both
negative A; and Ay for a 4CzIPN-OLED, and negative and
positive Ay and Ay for a 2CzPN-OLED. The Myys have positive
A; and Ay as shown in Fig. 2e. This indicates that negative A for
MELy did not result from decreased emission efficiency, but
instead from the decreased current density, i.e., negative signs of
magneto-conductance. Furthermore, the magneto-resistance in
Fig. 2a, ¢, and Supplementary Fig. 5a, c can be attributed to TPI-
induced triplet dissociation because of the increased net charge
carrier density in the emission layers. In a magnetic field, the
charge carrier density via exciton dissociation should decrease
and the resistance should increase. Although the magneto-
resistance profiles had positive Ap and Ay, the magneto-
conductance profiles had negative A; and Ay because of the
inverse relationship between resistance and conductance. MEL;
signals in Fig. 2a, c and Supplementary Fig. 5a, ¢ had positive A,
indicating an increased electroluminescence intensity by the
magnetic field, while the positive A}, of MEL; can be understood
as an increase in singlet excitons by the PP mechanism explained
above. The high magnetic field suppressed triplet quenching
through TPA and triplet dissociation processes as a TPI
mechanism, and thus increased the triplet exciton density. It
also successively enhanced the upconversion of triplet excitons to
singlet states via RISC, resulting in the positive Ay of MEL. In the
case of MELy signals in Fig. 2b, d and Supplementary Fig. 5b, d, a
decrease in current density by the magnetic field results in
decreased luminance and a negative A;. The negative Ay of
MELy in the 4CzIPN-based device (Fig. 2b and Supplementary
Fig. 5b) suggested that there was a larger contribution due to the
decreased current density (negative magneto-conductance),
relative to suppression of TPA and dissociation processes to

increase the electroluminescence intensity. This was because of
the small extent of T; quenching in the 4CzIPN-based device.
Therefore, the low-field and high-field effects result from PP and
TPI mechanisms, respectively.

Exciton dynamics in degraded TADF-OLEDs. Magnetic field
effects help to understand triplet exciton dynamics in OLEDs.
They can also be used to track OLED degradation. Figure 3a, b,
and Supplementary Figure 6 plot the decreased luminance
and MEL; profiles of 4CzIPN-, 2CzPN-, and ACRXTN-based
OLEDs under a constant current density of 3.0 mA cm~2. L/L, is
the relative luminance normalized by the initial luminance Lo,
which was 1686 cd m~2 for 4CzIPN, 492 cd m~2 for 2CzPN, and
812cdm~2 for ACRXTN. During the degradation, the MELys
monotonically increased with decreased luminance (Fig. 3b),
which strongly indicated changes in triplet exciton dynamics
during device aging. The discussion below omits the effect of a
TTA process on the degradation because it was not the primary
channel for triplet quenching under low a current density
(3.0 mA cm™2), as shown in Supplementary Figs. 7, 8, and Sup-
plementary Note 1.

The MEL; signals in the degraded OLEDs were well separated
into low-field and high-field effects, and the magnitudes of both
(AL and Ay) were plotted with L/Ly and operation time in Fig. 3c,
d, respectively. The Ars and Ays exhibited a linear increase with
decreased luminance in all devices. The characteristic magnetic
fields Brs and Bys were also plotted with L/Ly and the operation
time in Fig. 3e, f, respectively. The Bys of degraded devices were
smaller than those of pristine devices that exhibited good
agreement with the zero-field splitting values of their excited
triplet states, as shown in Table 1. The decreases in Bys thus
suggest the generation of additional components that alter the
magnetic field effect.

One component could be exciplex formation at the interface
between the emission layer and hole-blocking layer. This is
because of the change in carrier transport in the emission layer
during device degradation, which induces a large accumulation of
holes and electrons at an interface. This was confirmed by moving
the recombination site toward the hole-blocking layer side and
observing electromer emission from the SF3-TRZ layer as the
hole-blocking layer (Supplementary Fig. 9). The electrolumines-
cence had contributions from an exciplex (mCBP+:SF3-TRZ™)
(Supplementary Fig. 10a, b), a shoulder emission component over
450-500 nm (Supplementary Fig. 10c), and a red electromer
emission in the device with the undoped emission layer
containing only mCBP (Fig. 4a). Because the exciplex has high
S; and T levels of 3.25 and 3.22 eV, respectively (Supplementary
Fig. 10a), Forster and Dexter energy-transfer processes to TADF
emitters are possible??. Exciplex species also generally show
magnetic field effects originating from hyperfine interactions or
Ag mechanisms (Ag is the difference between the g values of
carriers that reside in donor and acceptor molecules)!*. Figure 4b
shows MELs at various emission wavelengths (400-470 nm) of
the undoped device that have clear magnetic responses for small
(0.1 T) B. The MEL; signals in Fig. 4b exhibited unusual profiles
because they may have included the emission from a monomer,
an excimer3%31, or an electroplex!332, The long-wavelength
emission had large amplitudes (Supplementary Fig. 11), even
though exciplex species generally show large magnetic responses
in emission intensity at short wavelengths because of the
distribution of the exciplex activation energy'“. Although the
detailed mechanism and the origin of these results remain
unclear, the clear magnetic response of the exciplex under small B
strongly suggests that MEL;s of the degraded devices contain
TADF molecule emission via energy transfer from the exciplex
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applied voltage of 5V.

(mCBP+:SF3-TRZ%-), as shown in Fig. 4c. Thus, we speculate
that there were three components of the magnetic field effects
in the degraded devices that originated from PP, TPI, and
exciplex formation. The interfacial exciplex is an intermediate
state that contributes to TADF molecule emission in degraded
devices and lowers the Bys in device degradation stages,
because of the magnetic response of the interfacial exciplex
under small B. Although Forster and Dexter energy-transfer
processes from the exciplex S; and T, levels to TADF molecules
are possible, Forster energy transfer (FRET) from the film
interface should be dominant because of its long-range
character. That is, #rrgT > /DEXTER, Where #prer and #pexTER
are the B-independent energy transfer efficiencies of Forster
and Dexter processes from the exciplex to TADF molecules,
respectively. As shown in Fig. 4b, an applied B increases the

electroluminescence intensity of the exciplex, indicating an
increase in the exciplex S; population, pg(exciplex)» and a decrease
in the population of the exciplex Ty, Pr(exciplex)- In degraded
devices, the increase of psexciplex) Under B increases the total
energy transferred from an exciplex (#preT X Ps(exciplex) +
HDEXTER X PT(exciplex)) and enhances the TADF emission. That
is the increased MEL; amplitudes of degraded devices.
Electrically generated triplet excitons in the degraded devices
significantly suffered from deactivation processes and were
quenched because of their long lifetimes. The linear relationships
between L/L, and A; indicated that fractions of the triplet
excitons, which cannot contribute to electroluminescence,
increased with degradation in all devices. These increases were
not due to the generation of “static” triplet quenchers, such as
decomposed materials, because there was no change in delayed
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emission lifetime between the pristine and degraded devices
(Supplementary Fig. 12) in both transient photoluminescence and
electroluminescence decays33. We thus estimated the origin for
the A} increases from the aspect of TPI probability. In degraded
devices, the PP mechanism converted 3PP into PP, and the
magnetic field decreased the population of quenched triplet
excitons by TPI, resulting in the large A;. Furthermore, the
polarons generated via exciton dissociation of TPI might
recombine and generate PPs. Since the generated PPs show the
magnetic field effects originating from the PP model again, the
increase of polaron density also contributes to gain the Aj.

We conducted displacement current measurements? to obtain
information on carrier transport and injection in the degraded
devices. Displacement current profiles of pristine devices depicted
in Supplementary Fig. 13 exhibited increases in capacitance and a
plateau at injection voltage (Viy;), indicating carrier injection and
accumulation. The Vi,s depended on doped emitter molecules in
the emission layer. The current onset was lower than the 2.6-V

threshold voltage (Vi) of actual current because the carrier
injection and accumulation were originating from surface charges
in the emission layer, induced by spontaneous orientation
polarization of polar emitter molecules, as reported by Noguchi
et al.%. The polarization of the doped TADF molecules forms a
surface charge 6~ at the interface between the hole-blocking and
emission layers, and 61 at the interface between the emission
layer and hole-blocking layer. The layer-thickness-dependence of
the 2CzPN-based OLED in the displacement current profiles
(Supplementary Fig. 13d) confirmed that electrons were injected
and accumulated in the devices at Vi,;. In the degraded devices,
Vinj shifted positive and the accumulation charge densities were
reduced because they were proportional to the difference between
Vinj and Vi, This indicated the formation of the charge carrier
traps, especially electron traps in the emission layer, and
simultaneously suppressed carrier injection*. Hence, the genera-
tion of carrier traps in degraded devices changed the charge
transport properties and increased exciton quenching by TPI. As
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Fig. 4 Origin of the degradation event in TADF-OLEDs. a Photoluminescence spectrum of the co-deposited film of 50 wt%-mCBP:SF3-TRZ, and
electroluminescence spectrum of the device based on the undoped emission layer (only mCBP). b Magneto-electroluminescence profiles of the

device based on the undoped emission layer with various emission wavelengths. ¢ Schematic of energy transfer to TADF emitters in degraded devices.
d Luminance decay curves of 4CzIPN-based OLEDs under constant high current of 30 mA cm~—2. The pixels were fabricated on same substrate at the

same time.

reported previously, undesired triplet reactions such as TPI are
origins of carrier trap formation in TADF-OLEDs?3435,

Ays for degraded devices include the effects of TPI and
exciplex formation. The increase in Ags also suggested, as
explained above, an increase in the fraction of triplet exciton
quenching via TPI and nonradiative exciplex formation at the
emission layer/hole-blocking layer interface. We understand
device degradation by observing magnetic field effects, including
PP and TPI mechanisms and exciplex formation.

Furthermore, the linear relationships between L/Lys and the
MEL; amplitudes for pristine and degraded devices originated
from both changes in electroluminescence intensity under a
magnetic field (AIg(B)) and that without a magnetic field
(Igr(0)). The relative Alg(B)s increase during initial device
degradation, and decrease during the latter part (see Supplemen-
tary Fig. 14 and Supplementary Note 2). The magnetic responses
of TPI and exciplex formation increase the magnitudes of MELs.
However, the recovery of emission intensity, ie., Algi(B)s,
decreases in extremely inefficient devices because the conversion
of 3PP to !PP, and the suppression of TPI, cannot contribute to
the emission of the TADF emitters in degraded devices. An
example would be an extremely biased condition.

Supplementary Figure 15 shows the relationship between
electroluminescence quantum efficiencies and MEL; profiles
under several current densities of pristine and degraded
4CzIPN-based devices. The quantum efficiencies of degraded
devices under low current density exhibited significant decreases
relative to those under high current density (Supplementary
Fig. 15d). Similarly, MELys of the degraded devices under the low

current density of 0.1 mA cm~2 had more substantial changes,
indicating a large increase in deactivation of triplet excitons
(Supplementary Fig. 15a, b). In the degraded devices, holes are
transported to the emission layer/hole-blocking layer interface
and become excess carriers, resulting in TPI’® and exciplex
formation at the interface because of suppressed electron
injection. Thus, quantum efficiencies decreased during degrada-
tion. Under 3.0 and 10 mA cm~2 current densities, quantum
efficiencies were enhanced and MEL;s decreased, because electron
injection into the emission layer increased. Under 100 mA cm~—2
current density, MEL;s of the pristine and degraded devices
increased again, in the same manner, indicating an increase in the
fraction of triplet exciton quenching via TPI and nonradiative
exciplex formation.

Device operation under external magnetic fields should
lengthen the operational lifetime because the field reduces the
triplet density and suppresses undesired TPI. Figure 4d shows the
luminance decay curves with and without a 0.2-T magnetic field
under 30 mA cm~2 current density. The field slightly but clearly
improved the device stability. Specifically, the averaged LTos
(which is the time at which the luminance decreases to 95% of
initial luminance) was 3.3 h without and 4.0 h with the magnetic
field. Here, we assume that

LTx Lj = const.

(3)
where # is an acceleration factor?’. In Supplementary Table 1, we
obtain n = 2.0, and LTys is predicted to be 369 h under 3.0 mA
cm~2 current density and a 0.2-T magnetic field. This is a 20%
improvement in device stability and strongly indicates that either
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or both the decrease in triplet excitons and the suppression of TPI
can enhance device stability. That is because the field reduces the
triplet exciton density under low fields (PP model) and suppresses
undesired TPI at high fields.

In conclusion, we investigated the magnetic field effects on the
characteristics of TADF-OLEDs to understand the underlying
dynamics of triplet excitons during electrical excitation and
during OLED degradation. The results indicate that the increase
in TPI is the main reason for decreased luminance in OLED
degradation. Furthermore, from changes in high-field effects of
degraded devices, we confirmed that undesired exciton genera-
tion, such as interfacial exciplex formation, also reduces the
electroluminescence quantum yield. The analysis based on
magnetic field effects can thus nondestructively clarify the
dynamics of triplet excitons in devices under operation.

Methods

Materials. Various TADF molecules were used as emitters in OLEDs, and all were
synthesized here (Fig. 1a). The 4CzIPN, PXZ-TRZ, and ACRXTN molecules have
short exciton lifetimes relative to those of 2CzPN, PIC-TRZ, and 3CZzTRZ. 4CzIPN,
PXZ-TRZ, ACRXTN, 2CzPN, PIC-TRZ, and 3CzTRZ are 1,2,3,5-tetrakis(carbazol-
9-yl)-4,6-dicyanobenzene, 10-[4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl]-10H-
phenoxazine, 3-(9,9-dimethylacridin-10(9H)-yl)-9H-xanthen-9-one, 1,2-bis(car-
bazol-9-yl)-4,5-dicyanobenzene, 2-biphenyl-4,6-bis(12-phenylin-dolo[2,3-a]carba-
zol-11-yl)-1,3,5-triazine, and 9-(3-(9H-carbazol-9-yl)-9-(4-(4,6-diphenyl-1,3,5-
triazin-2-yl)phenyl)-9H-carbazol-6-yl)-9H-carbazole, respectively.

Device fabrication. The OLEDs were fabricated via vacuum vapor deposition
without exposure to ambient air. The device structure (Supplementary Fig. 1) is
ITO (100 nm)/HAT-CN (10 nm)/Tris-PCz (30 nm)/mCBP or mCP (5 nm)/emis-
sion layer (30 nm)/SF3-TRZ (10 nm)/30 wt% Liq:SF3-TRZ (50 nm)/Liq (2 nm)/Al
(100 nm). The emission layers were formed using a co-deposition technique. For
3CzTRZ, mCP was adopted as a host and an electron-blocking layer because of
triplet exciton confinement. In other cases, mCBP was used as a host and an
electron-blocking layer. ITO, HAT-CN, Tris-PCz, mCBP, mCP, SF3-TRZ, and Liq
are indium tin oxide, 1,4,5,8,9,11-hexaazatriohenyleane hexacarbonitrile, 9,9'-
diphenyl-6-(9-phenyl-9H-carbazol-3-yl)-9H,9'H-3,3'-bicarbazole, 3,3’-di(9H-car-
bazol-9-yl)-1,1’-biphenyl, 1,3-bis(N-carbazolyl)benzene, 2-(9,9'-spirobi[fluoren]-
3-yl)-4,6-diphenyl-1,3,5-triazine and 8-hydroxyquinolinolato-lithium, respectively.
All organic layers, except for the Liq layer, were deposited at a rate of 0.1 nm/s,
while the Liq layer was deposited at 0.03 nm/s. The deposition rates of Al were
0.1 nm/s. The device area was approximately 0.04 cm?. After fabrication, the
devices were immediately encapsulated under glass using epoxy glue in a nitrogen-
filled glovebox (H,O > 0.1 ppm, O, > 0.1 ppm).

Sample characterization. Electroluminescence quantum efficiency measurements
were performed using a calibrated luminance meter (CS-2000, Konica Minolta).
For the device lifetime tests, the luminance and spectra of the driving devices in the
normal direction were measured using a luminance meter (SR-3AR, TOPCON)
under constant current density driving conditions. For the displacement current
measurement, repeated-triangular voltage signals were applied to each device using
a function generator (WaveStation 2052, Teledyne Lecroy) and the displacement
current was amplified using a current amplifier (CA5350, NF). The applied voltage
and the amplified current were measured using an oscilloscope (HDO4054A,
Teledyne Lecroy). The applied voltage signal ranged from —4 to 4V and the scan
rate was 100 V s~L. For the transient electroluminescence measurements, pulsed
voltages were applied using a function generator. The emitted light was detected
with a photomultiplier tube module (H10721-01, Hamamatsu Photonics) and the
signals were amplified with a current amplifier (DHPCA-100, Femto). All signals
were collected using an oscilloscope with signal averaging performed over 1000
measurements. Photoluminescence quantum yields were measured using the
Quantaurus-QY system (C11347-11, Hamamatsu Photonics) in flowing argon gas
at 340-nm excitation. Transient photoluminescence decay profiles were recorded
with a Quantaurus-Tau system (C11367-03, Hamamatsu Photonics) in ambient
air. Fluorescence and phosphorescence spectra were acquired with a FP8600
(JASCO) at room temperature and 77 K, respectively.

Characterization of magnetic field effects. In magnetic field effect measure-
ments, the magnetic field was applied along the direction of the substrate, and the
magnitude (B) was varied over 0-0.57 T. Electroluminescence spectra were col-
lected with a fiber spectrometer (MAYA2000PRO, Ocean) and the driving voltage
(V) or current density (J) at each magnitude of the magnetic field was determined
with a source-measure unit (Keithley 2612B, Tektronix). Measurements were
performed for two cycles from 0 to 0.57 T and from 0.57 to 0 T, and were averaged

into one cycle. Magneto-electroluminescence (MEL;) and magneto-resistance
under constant current conditions were calculated from

_ s (B) — I(0)

MEL; = ——————, (4)
! I, (0)

V(B)— V(0

magneto — resistance = % (5)
Magneto-electroluminescence (MELy) and magneto-conductance under
constant voltage conditions were calculated from
Iy (B) — I (0
MEL, = e (B) — I ( )7 (6)
I (0)

B)—J(0

magneto — conductance = M (7)

J(0)
where Igi(B), V(B), and J(B) were the electroluminescence intensity, the voltage,
and the current density under magnetic field B, respectively. The fitting analysis of
magnetic responses to separate low-field and high-field effects were performed with
Lorentzian and non-Lorentzian functions with four parameters for amplitudes and
characteristic magnetic fields. All the parameters were constrained as positive
values in the fits. Initial values of Ay, Ay, B, and By were 0.05, 0.1, 3, and 10 mT,
respectively.

Data availability
The data that support the findings of this study are available from the corresponding
author upon request.
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