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Heat upconversion into visible light by
thermal management of OLEDs based on
TADF materials
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High temperatures normally deteriorate the performance of light-emitting diodes, leading to excessive
leakage currents, material degradation, and device failure. However, thermal activation is necessary
for proper operation of OLEDs based on thermally-activated delayed fluorescence (TADF)
compounds, where heat might be exploited as a side energy assisting electroluminescence. Here we
show that performance of the TADF-based OLEDs can be significantly improved by heating, while
extremely dependent on the applied biases. Enhancement of the OLED’s electroluminescence by 5-6
times is achieved when operating near the turn-on voltage and heating to 50 °C, but enhancement
decreases at higher applied biases. At the same time, current characteristics reveal normal and
abnormal regions, where currents increase and decrease with temperature, respectively. The
discrepancy of temperature dependence of electroluminescence and current in the abnormal region
provides improved external quantum efficiency and power efficiency of the device upon heating.
These findings open up potential opportunities for exploitation of TADF-based OLEDs as energy
upconverters pumping waste heat to light emissions.

Upconversion of thermal energy or low-energy infrared (IR) radiation to
the visible range of the electromagnetic spectrum is a promising tool for
providing a significant amount of additional energy that can be applied to
assist in the operation of solar cells, photochemical extraction of hydro-
gen, energy storage, etc1–3. Such a tool, however, is far from a proper
exploitation due to specific restrictions and drawbacks of conventional
devices that collect and convert low-energy heat to electricity or other
usable forms4. Among different operational principles of collection of
thermal energy, such as THz and IR antennas, thermally-sensitive con-
formational changes of molecules, phase-change materials, photo-
mechanical converters, etc5–8, one-photon upconversion processes have
deserved remarkable attention recently. A one-photon process of energy
upconversion does not require a sensitizer or intensive excitation condi-
tions and can employ thermal energy at environmental temperatures9.
Theone-photonenergy upconversion canbeparticularly realized byusing
a thermally-activated delayed fluorescence (TADF), the process, where a
triplet exciton converts to the singlet one through a reverse intersystem
crossing (RISC) between excited triplet and singlet energy levels by

absorption of heat, followed by the singlet radiative recombina-
tion (Fig. 1).

Recently, TADF has been widely used in organic light-emitting
diodes (OLEDs) due to enhanced efficiency of conversion of injected
charge carriers into light; however, exploiting such OLEDs as thermal
energy upconverters can be considered a new perspective for their
potential application. Therefore, relevant studies should be under-
taken to clarify the details and efficiency of low-energy upconversion
by such OLEDs.

Specifically, heat is one of the crucial parameters influencing the
operation of light-emitting diodes, particularly those based on organic
materials, i.e., OLEDs. A secondary heat can be produced because of the
device functioning, i.e., currents yielding Joule heating, or direct heat can be
delivered by external sources. But in most cases, heat deteriorates the per-
formance of light-emitting diodes, leading to device failure. On one hand,
elevated temperatures cause the reduction in resistance, which leads to
excessive leakage currents; on the other hand, organic molecules cannot
normally withstand high temperatures as heat may accelerate the chemical
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reactionswithin thesematerials, resulting inmaterial degradation10,11. As the
reverse saturation current increases exponentially with temperature, the
device becomesmore prone to leakage,whichaffects its efficiency. The turn-
on or threshold voltage also normally decreases in inorganic diodes with
temperature as carrier concentration increases and the potential barrier for
the p-n junction becomes reduced.

On the contrary, heat can stimulate the functioningofOLEDsbasedon
TADF emitters, since this is necessary to facilitate the RISC between excited
triplet and singlet levels, followed by the singlet radiative recombination.
However, except for some rare works in this direction (see, for example,
refs. 12–14), no systematic studies of this issue have been performed so far.

In this work, we follow the operation of TADF-based OLEDs at dif-
ferent temperatures and applied biases to find how the combination of the
above two factors can bring optimal conditions for more effective heat
upconversion to energy of the visible light. We revealed a specific region of
the applied biases close to the turn-on voltage, which yields significant
enhancement (up to six times) of the emission upon increasing temperature
from room temperature to 50 °C. The mechanism of such amazing
enhancement is analyzedbasedon thebehavior of the current andactivation
energy of the processes.

Results and discussion
Basic characteristics of the OLEDs
The device architectures for the yellow- and green-emitting OLEDs, based
on the yellow-emitting TADF emitter, N-(4-tert-butylphenyl)1,8-naph-
thalimide-9,9-dimethyl-9,10-dihydroacridine (NAI-DMAC) and green-
emitting TADF emitter, (4-(9H-carbazol-9-yl)phenyl)(4-(3-(diphenyla-
mino)−9H-carbazol-9-yl)phenyl)methanone (EM2), referred further to as
Y andG devices, are shown in Fig. 2. Photophysical properties of the TADF
emitters were studied first in the form of solutions and thin films. Photo-
luminescence (PL) spectra of diluted solutions showed themainPLbands of
monomers located near 630 and 480 nm for NAI-DMAC and EM2,
respectively, assigned to the charge-transfer (CT) emission15, whereas the
film spectra displayed CT emission bands of aggregated species at 580 nm
for NAI-DMAC and at 550 nm for EM2 (Fig. 3a,b). The noticeable shift of
the CT band and its narrowing in films compared to the solutions is asso-
ciated with a high twisting disorder in the solution, and also different
twisting conformations dominating in solutions and films, that is, a large
number of different TADF conformers distributed in solution, while there
are few in solid films16. EL emission spectra in OLEDs closely follow PL
spectra of thin films, indicating the maximum at 582 and 552 nm for the Y

Fig. 1 | Scheme of heat upconversion by TADF
following injection of charge carriers in OLED.
RISC rates at different singlet-triplet energy gaps
ΔEST are shown as a function of temperature.

Fig. 2 | Device fabrication scheme. a Structural
drawings of the materials used; b schematic struc-
tures of the fabricated TADF OLEDs.
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andGdevice, respectively (Fig. 3c) and suggesting that the emittermolecules
tend to aggregate in the host matrix.

Figure 3c–f illustrates the electroluminescence (EL), J-V and perfor-
mance characteristics of the fabricated TADF devices, with the corre-
sponding numerical data summarized in Table 1. The pure EL emission
from the TADF emitters confirms that the exciplex host enables efficient
energy transfer fromthehost to the guest. The absence of emissions fromthe
host or charge transport materials (see EL emission of host in Supple-
mentary Fig. S1) also verifies the excellent exciton confinement within the
EML structure17. Both devices, Y and G, exhibited similar full width at half
maximum (FWHM) values of 95 and 98 nm, with peak emission wave-
lengths at 582 nm and 552 nm, respectively.

Figure 3d displays the current density-voltage (J-V) characteristics of
the tested devices. Given that Y and G devices share nearly identical
architectures, their charge transport properties are primarily influenced
by the TADF dopants. As shown, device Y exhibited a higher current
density than deviceG, indicating a superior charge-transport capability of
NAI-DMAC. For instance, at an applied voltage of 6 V, the current
densities of the Y and G devices were measured at 13 and 4mA/cm2,
respectively. Figure 3e–f presents the efficiency curves of the devices. The
maximum external quantum efficiencies (EQEs) of Y and G devices were
recorded at 5.2% and 3.0% and the power efficiency at 13.3 and 5.3 lm/W,
respectively, taking into account their relatively large active area with a
diameter of 2.5 cm,whereas further increase of performance bymore than

Fig. 3 | Basic characteristics of the TADF emitters andOLEDdevices. PL emission
spectra of dye solutions (10−5M) and films of (a) NAI-DMAC and (b) EM2; c
normalized EL spectra at applied bias of 6 V (insert shows visual emission of the Y

and G devices); d current density-voltage (J-V) characteristics; e external quantum
efficiency versus current density; f power efficiency versus current density for Y and
G devices.
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twice can be reached in small-size devices (Table S1). These results suggest
that devices utilizing exciplex host systems couldmaintain high efficiency
due to an expanded exciton formation zone, whichmitigates triplet-triplet
annihilation and polaron quenching18. Therefore, these optimized devices
are well-suited for use as illumination sheets in subsequent thermal
experiments.

Thermal enhancement of the OLED emission
EL emission spectra of OLEDs measured at different applied voltages and
temperatures varying from room temperature to 40 °C, are shown in Fig. 4.
The relative increase of the integral emission depends on the applied voltage
and increases by a factor of ~4 for theGdevice and by a factor of ~5 for theY
device when the applied bias is close to the turn-on voltage of 2.2 V and the
sample is heated to 40 °C from room temperature. However, higher applied
biases yield smaller amplification factors, decreasing to about 1.3 at 6 V.
Color maps (Fig. 4c,d) visually demonstrate the EL intensity amplification.
The maps show that amplification increases with temperature under
unchanged applied bias, with a steeper behavior as the applied bias
approaches the turn-on voltage. Also, if the temperature is constant,
amplification changesmuchmore slowly as a function of the applied bias at

room temperature, whereas it changes more significantly at higher tem-
peratures, showing an enhancement upon decreasing the applied bias.

Significant enhancement of EL emission with temperature when the
applied bias is close to the turn-on voltage makes such OLED an excellent
upconverter of heat energy into visible light. For example, the temperature
rise from 291 to 313 K yields an increase of the integral emission by a factor
of 4 for the G device at 2.45 V and by a factor of 5 for the Y device at 2.3 V.
That is, an increase in thermal energy by about 8% yields a gain in radiative
energy by 300% and 400% for the G and Y devices, respectively. The
mechanism of such amazing energy upconversion efficiency can be
understood based on the exponential dependence of the RISC rate19 as a
function of the reverse temperature:

kRISC � exp �ΔEST

kT

� �
ð1Þ

where ΔEST is the S1 to T1 energy difference. According to Eq. (1), the
increase in temperature of the emitter by 10% leads to an increase of the
triplet-to-singlet electronic transition rate by about one order ofmagnitude,
leading to the enhanced TADF emission (Fig. 1).

Table 1 | EL characteristics of the tested devices with different TADF emitters

Device Emitter ηext (%)a ηP (lm/W)a Von (V) λmax (nm) CIE1931 coordinates (x, y)

Y NAI-DMAC 5.2 13.3 2.2 582 (0.53, 0.45)

G EM2 3.0 5.3 2.3 552 (0.40, 0.53)
aMaximum efficiency; [ηext: external quantum efficiency; ηP: power efficiency].
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Fig. 4 | Thermal enhancement of theOLED emission. a, b EL spectra and (c, d) 3D
maps of the relative increase of EL emission as a function of the applied voltage and
increasing temperature relative to that at room temperature: (a, c) Y device and (b,d)

G device. The arrows in (a, b) quantify the EL enhancement with temperature. The
EL changes up to 50 °C are shown in Supplementary Fig. S1.
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Lee et al. showed that an OLED based on mCP:TPBi active layer can
demonstrate enhancement of luminance by a factor of 6, however, within a
significantly broader temperature interval from −20 to 50 °C14. Here, we
show that a similar enhancement can be reached within a much smaller
temperature interval, i.e., from 18 to 50 °C (Supplementary Fig. S1),
although the absolute emission intensity measured at the applied bias close
to the turn-on voltage is much lower compared to that observed at higher
voltages (see Supplementary Fig. S3).

It should be noted that the temperature changes of the EL emission are
well reversible upon cooling (Supplementary Fig. S4), which evidences that
the observed changes are not due to irreversible thermal effects such as
annealing and change inmorphology, defect passivation, etc., but solely due
to population and depopulation of the singlet level of the emitter. We also
did not reveal strong evidence for the host contribution to the observed EL
enhancement upon heating. Although the chosen exciplex host is probably
TADF-active as well, the exciplex-only device with noNAI-DMACor EM2
emitters shows quantitatively and qualitatively different behavior of EL as a
function of temperature. First, the EL enhancement factor is much lower
compared to the G and Y devices within the same temperature interval and
is observed only at small applied biases close to the turn-on voltage (Sup-
plementary Fig. S1). Second, the EL enhancement is not observed at higher
voltages (>3 V).On theotherhand,we checked thebehavior ofNAI-DMAC
andEM2 emitters in differentmatrix, namelyCBP (Supplementary Fig. S2).
The devices based on the CBP matrix showed rather similar behavior to
those based on the TCTA:CN-T2T (1:1) one. These data confirm that the
observed temperature effects cannot be attributed to the host molecules but
are mostly due to the dopant TADF molecules.

Thermal enhancement of the OLED currents and EQE
To understand the mechanism of the above enhancement in OLED emis-
sion with temperature, i.e., whether it occurs due to increasing OLED’s
currents associated either with the increased charge carrier mobility or
concentrations, the temperature dependence of the currents at different
applied biases has been studied.

It was found two regimes of current behavior as a function of tem-
perature, which are dependent on the applied bias. First, in the range of
applied biases near the turn-on voltage (i.e., near 2.2 V) extending to the
isoconductive points at 2.3 and 2.75 V for the Y and G device, respectively
(Fig. 5), the current clearly decreases with temperature or has temperature
regions with the decreasing current as a function of temperature. This
regime will be referred to as abnormal. A second regime takes place at
applied biases higher than the isoconductive points and corresponds to the
normal behavior in which current increases with temperature. The latter
behavior is typical of disordered organic semiconductors, where higher
temperatures improve charge carrier transport by adding the energy that
facilitates overcoming the barriers created by energetic disorder20,21. This
behavior also indicates that the transport here is hopping andneeds thermal
activation.

The abnormal regimeof the current observed at lowapplied bias can be
associated with the interplay between off-diagonal and diagonal disorder,
which is influenced by temperature.When the former dominates the latter,
the hopping transport of charges at low electric fields may follow the best
percolation pathways, i.e., moving around the structural defects instead of
colliding with them, whereas at higher applied fields the charge carrier
moves with a stronger directionality and experiences a higher probability of
collisions22. However, increasing temperature in the abnormal regime
enhances scattering processes too, particularly due to the higher amplitude
of vibrations, including those from defects, thus affecting percolation
pathways, reducing mobility of charge carriers, and resulting in decreased
current, respectively. Thus, the interplay of temperature and applied electric
field determines the complex transport behavior in theOLEDstructure near
the turn-on voltage.

The transition regionof appliedbiasesnear isoconductive points canbe
determined as that extending from the turn-on voltage of 2.2 V to 2.8 V for
theYdevice and from the turn-onvoltage of 2.3 V to 3.75 V for theGdevice,

which yields the most favorable conditions for current enhancement with
temperature, that is, the ratio of current measured at increased temperature
to current measured at room temperature (Fig. 6). The applied biases at
2.8 Vand3.75 V for theYandGdevices, respectively, yieldmaximal current
amplification factors being 2.3 and 1.8 as measured at a temperature of
51 ± 1 °C with respect to room temperature (Fig. 6a,b). The current
amplification factor decreases in the normal region with increasing applied
bias, whereas it increases in the abnormal region, reaching a maximum, for
all studied temperatures for the Y device and for temperatures above 40 °C
for the G device (Fig. 6a,b).

A deeper insight into the current behavior can be described by a dif-
ferential technique, i.e., the analysis of current-voltage characteristics
through calculation of the dimensionless sensitivity, DS:

DSðVÞ ¼ d logðIÞ
d logðVÞ ¼

dI
dV

V
I

ð2Þ

The differential technique allows one to observe small deviations and is
particularly useful for revealing the presence of traps23,24, where the empty
energy levels of the TADFmolecules act as trapping sites where the carriers
are injected. A sharp peak in the behavior ofDS(V) clearlymarks a signature
of traps24 and is determinedby the interplay of different processes, such as (i)
carrier injection to triplet and singlet levels of the emitter and exciton for-
mation, (ii) radiative recombination of exciton, and (iii) exciton dissocia-
tion. The increasing region of DS > 2 before peaking corresponds to
dynamics of carrier injection and exciton recombination, where the former
process exceeds the latter. Trapfillingoccursprimarilydue to thepopulation
of triplet energy levels of the emitter, according to spin statistics. This is
related to the abnormal region of the DS behavior. The abnormal region
starts at voltages below the turn-on one and extends to 2.8 V and 3.75V for
the Y and G devices, respectively. Here, heating promotes the trapping of
injected carriers, as higher temperature facilitates their hopping and colli-
sions with traps, which is observed as smearing and a shift of DS values to
lower voltages (Fig. 6c,d). Such a behavior can be described by a Gaussian
distribution of traps,

gST ¼ N

σ
ffiffiffiffiffi
2π

p exp � 1
2
E2
ST

σ2

� �
ð3Þ

where the variance σ increases with temperature. The variance relates to the
dispersion of the triplet energy level and the singlet-triplet energy gap EST,
respectively, due to increasing twistingdisorderof theTADFmoleculeswith
temperature, where EST depends on molecular conformation. Thus,
heating-induced twisting variation leads to variation in the energy gap
EST, which overall facilitates RISC and therefore increases emission
probability.

The isosensitive point in differential sensitivity behavior, i.e., the point
where allDS curves cross and therefore are independent on temperature, is
shown by the vertical dashed line (Fig. 6c,d). This point corresponds to an
equilibrium between trap filling (i.e., exciton formation) and exciton
recombination, followedbyadecreasing regionofDSwhere an excess of free
carriers takes place, while the above equilibrium persists. As the amount of
free carriers becomes dominant, their behavior is described as temperature-
induced hopping in a disordered semiconductor, where increasing tem-
perature facilitates barrier overcoming and also trap release, leading to an
increase in current. This corresponds to the normal regime of the DS
behavior. It is important to note that the isosensitive point inDSmarks the
maximal current enhancement (Fig. 6a,b).

Thus, the availability of the abnormal and normal regions of the DS
behavior leads to the current enhancement, which is different from the EL
emission enhancement at specific applied biases. While the amplification
factor of the EL emission increases permanently upon decreasing bias, the
amplification factor of the current increases in the normal region but then
decreases in the abnormal region with decreasing bias (Fig. 6e,f). That
means the external quantum efficiency (EQE) of OLEDs increases in the
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abnormal region as well. We estimate that the relative increase in EQE for
the Y device reaches up to a factor of 7.4 and up to 3.8 for the G device at a
temperature of 51 ± 1 °C (Fig. 6e, f and Supplementary Fig. S5).

It should be noted that both EQE values and EQE enhancement are
dependent on the applied bias. At high biases near 6 V no EQE enhance-
ment with temperature was found (Fig. 6e and 6d). At smaller biases near
the turn-on voltage, however, EQE drops drastically by about one order of
magnitude at room temperature, while showing significant enhancement in
this range at higher temperatures. Therefore, despite high enhancement
upon device heating the absolute values of EQE near the turn-on voltage

remain relatively low and do not break the theoretical maximum of EQE of
~40%25. Upon heating to 50 °C,maximal values of EQE exceed that at room
temperature approximately by two times but are shifted to biases corre-
sponding to the isosensitive point of the devices (Fig. 7). Because OLED
performance can depend on the active size area (compare Fig. 3 and Sup-
plementary Fig. S6), the EQE enhancement factor can vary depending on
the device size, requiring separate measurements for specific devices.

The different enhancement behavior of the EL emission and currents
can be explained by the gradual population of the triplet energy levels of the
emitters when the applied bias lies in the abnormal region, while the ratio of
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the singlet to triplet excitons remains the same, that is, 1:3, according to the
spin statistics of the injected carriers. That means that while the con-
centration of singlet excitons is not saturated and singlet energy levels
remain empty or partly populated, RISC can be realized by heat. In the
normal region, where all triplet levels are completely populated, only the
concentration of singlet excitons increases. More populated singlet levels
thenblockRISCas eachenergy level canaccept only twoelectrons according
to the Pauli principle; therefore, enhancement of the emission due to heat
becomes ineffective and leads to a smaller amplification factor with
increasing applied bias. At the same time, increasing electric field is known
to cause quenching of EL emission in OLEDs due to field-induced dis-
sociation of excitons and quenching of excited states due to the injected
charge26–28, which can also contribute to the reduced enhancement of
emission with temperature at high biases.

The increasing temperaturewas found to improve the power efficiency
of the OLEDs as well. For that, OLED emission at constant current in the
normal regime was studied while changing the temperature. The constant
current regime yielded practically unchanged integral EL emission at dif-
ferent temperatures, whereas the applied bias gradually decreased upon
increasing temperature (Fig. 8). That means that the heat input to OLED is

accompanied by decreasing the consumed power overall and that with
increasing temperature less power consumption is needed to provide the
same luminosity. It should be noted that the applied biases in Fig. 8 varied
from 2.75 to 3.2 V for the Y device and from 3.6 to 4.2 V for the G device,
which correspond to the normal regime of the current and DS behavior,
where EL emission normally increases with increasing current. Enhance-
ment of power efficiencywas calculated as a ratio of the consumedpower by
OLED at 50 °C to that at room temperature under the constant current
regime and constant light output. Using the obtained data (Fig. 8c,d), we
estimate the power efficiency increase by 16% for the G device and by 13%
for the Y device when heating from room temperature to 50 ◦C.

It should be noted that exploiting devices at high temperatures and
storing them at ambient conditions leads to their gradual degradation on a
time scale of several weeks. This results in a negative long-term impact on
device performance, including a decrease in emission intensity, a shift in the
turn-on voltage to higher values, and changes in the transport behavior of
charge carriers (see Supplementary Figs. S7 and S8 and Supplementary
Discussion). The degradation issue, while not yet thoroughly studied,
should be taken into account for the potential practical application of heat-
upconversion, where heat energy is converted into the visible light.

Fig. 7 | Calculated relative EQE values as a func-
tion of applied bias. (a)Y and (b) G devices at room
temperature (black symbols) and 50 °C (red sym-
bols); solid curves are the guide for the eye. The
vertical dashed lines in the graphsmark themaximal
values of EQE at high temperature, which are close
to the isosensitive points shown in Fig.6.
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Activation energy
Determining the activation energy for carrier injection and carrier transport
allows one to better understand the mechanisms of the above carrier
enhancement with increasing temperature as well. As discussed, the
transport behavior in the samples is hopping and needs thermal activation.
The higher the activation energy, the stronger the effect of temperature, i.e.,
the higher amplification factor for the current should be expected. Activa-
tion energy for charge transport can be determined from theArrhenius plot
of the temperature dependence of carrier conductivity or carrier mobility μ
(which are both linearly related tocurrent density)21, althoughone should be
aware of specific limitations of the analytical Arrhenius fit29:

μðTÞ ¼ μ1exp � Δ

kT

� �
ð4Þ

where k is the Boltzmann constant, and Δ the activation energy, which can
also be considered as a trapping energy in the multiple trapping and release
(MTR) model30, where traps can be due to the local structural disorder and
are dispersed homogeneously and due to charge accumulation effects
related to molecular spontaneous orientation and polarization31.

Trapping by structural defects can be increased at higher applied fields
when the charged carrier moves with a stronger directionality and experi-
ences a higher probability of collisions with defects, as was discussed in the
previous section. That is consistent with increasing activation energy at
applied bias up to 2.8 V for the Y device and up to 3.8 V for the G device
(Fig. 9). However, the activation energy then decreases at higher biases
(Fig. 9); this can be explained by the fact that themost traps are filled in this
region and therefore barriers for carrier hopping decrease. Also, the field
dependence of the carrier mobility should be considered, which generally
obeys a Poole-Frenkel behavior in the range of 104− 106V/cm32,33,

μðFÞ ¼ μ0expðγ
ffiffiffi
F

p
Þ ð5Þ

where F is the electric field, and the negative γ determines decreasing values
of mobility with applied bias34.

In the normal region, the calculated activation energies of carrier
hopping lie in the range of 150–200meV for theYdevice and in the range of
100–150meV for the G device, which falls in the same order of magnitude
observed for other disordered organic semiconductors35,36.

Activation energy for EL emission can also be extracted from the
Arrheniusplot of emission intensity as a functionof temperature (see Fig. 4):

IðλÞ ¼ I0exp � Ea

kT

� �
ð6Þ

where I(λ) is the integral intensity of the EL emission, Ea is the activation
energy, and k is the Boltzmann constant.

It was found that the activation energy gradually changes with applied
voltage, increasing by a factor of six for the Y device and almost by ten times
for the G device when applied bias decreases from 6V towards the turn-on
voltage (Fig. 9). The dependence of activation energy on the applied bias can
be fitted by the equation:

EaðVÞ ¼ Ea0 þ Aexpð�ðV � V0Þ=kÞ ð7Þ

where Ea0 is the activation energy at V ! 1, V is applied bias, V0 is the
turn-on voltage (taken as 2.25 and 2.38 V for the Y and G devices,
respectively), A and k are constants.

Here, the activation energy Ea0 corresponds to the singlet-triplet
energy gap of the emittingmolecules; it is equal to 104meV for the Y device
and 52meV for the G device (Fig. 9), which agrees well with the singlet-
triplet energy gap for NAI-DMAC (90meV15) and EM2 (40meV37) dyes
determined elsewhere by spectral methods.

The abnormal increase in the activation energywithdecreasing applied
bias can be understood due to the fact that at low applied bias, the excitons
are not massively formed yet, i.e., the exciton energy levels are poorly
populated, in contrast to high applied biases where population of such levels
is close to saturation. Formation of an exciton is a two-step process: first,
injection of free carriers occurs to the transport energy levels, followed by
binding of electron and hole to a quasi-particle called an exciton. However,
in disordered semiconductors, stabilization of free electrons and holes may
occur in the form of large polarons, which creates an energy barrier for the
subsequent formation of excitons38,39. Therefore, thermal activation is nee-
ded to overcome this barrier and create excitons. To prevent the reverse
process of exciton dissociation to polarons, the stabilization energy of the
exciton, i.e., the binding energy, should be at least the same as that of the
polaron barrier. Given that exciton binding energy in organic semi-
conductors is about one-quarter of the transport gap regardless of the
material40, we estimate the exciton binding energy to be about 0.6 eV for
NAI-DMAC and about 0.5 eV for EM2, respectively. The estimated values
agree well with activation energies for the Y and G devices near the turn-on
voltages, respectively (Fig. 9). Thus, activation energy as a function of
applied bias describes two processes: formation of excitons at low biases
when their concentration is low, and triplet-singlet energy barrier at high
biases where triplet energy levels are fully populated and triplet excitons
have been completely formed.

Conclusions
In this work, the potential of heat upconversion to visible light through
thermal management of the TADF-based OLEDs was demonstrated. We
showed that the performance of OLEDs based on two different TADF
materials canbe effectively tunedby temperature. In addition, applied bias
plays an important role in controlling the temperature dependence of
OLED’s current and emission. Specific regions of the applied biases have

Fig. 9 | Activation energy for EL (yellow and green
symbols) and for carrier injection (black symbols)
as a function of applied bias. (a) Y device and (b) G
device. The vertical dashed line corresponds to the
isosensitive point that separates normal and
abnormal regions.
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been identified as the normal and abnormal ones. These regions are
separated by isosensitive and isoconductive points for theDS and current
behavior, respectively, where the former is important from a practical
point of view, as it marks the maximal current enhancement and corre-
sponds to the equilibriumbetween trapfilling (i.e., exciton formation) and
exciton recombination. In the normal region, currents increase with
temperature as expected for a disordered semiconductor, accompanied by
a modest (~40–50%) enhancement in OLED emission. In the abnormal
region, when applied biases are close to the turn-on voltage, the OLED
emission becomes greatly sensitive to temperature, and the OLED’s
electroluminescence can be significantly enhanced by 5–6 times when the
device is heated to ~50 °C.While EL emission increases, currents decrease
with temperature in the abnormal region, providing enhancement of the
external quantum efficiency and power efficiency of the devices by factors
of 7.4 and 1.13 for the Y device and by 3.8 and 1.16 for the G device,
respectively, upon heating from room temperature to ~50 °C. It is inter-
esting to note that the maximal EQE upon heating is shifted to the iso-
sensitive point of the device, thus demonstrating the importance of the
isosensitive point again.

From the practical point of view, exploiting devices at high tempera-
turesmay still be a challenging taskdue to thepotentially negative long-term
impact of heat on device performance, which has not been properly studied
yet. By overcoming the related problems, the thermal management of
emission and the energy upconversion of TADF-based OLEDs promise
potential application of this phenomenon for heat harvesting and energy-
saving applications.

Methods
Materials and device preparation
To investigate the electroluminescent (EL) behavior of TADF OLEDs, we
fabricated two devices utilizing yellow- and green-emitting TADF emitters.
Specifically, we employed the commercially available yellow-emitting
TADF emitter, N-(4-tert-butylphenyl)1,8-naphthalimide-9,9-dimethyl-
9,10-dihydroacridine (NAI-DMAC), while the green-emitting TADF
emitter, (4-(9H-carbazol-9-yl)phenyl)(4-(3-(diphenylamino)−9H-carba-
zol-9-yl)phenyl)methanone (EM2), was developed in our previous
research15,37. An optimal host material for such devices should provide
efficient charge transport and balance, facilitate exothermic energy transfer
to the guestmolecules, and ensure effective exciton confinement. Given that
exciplex formation results from the interaction between hole-transport and
electron-transport materials, exciplex hosts generally exhibit superior
charge transport capabilities, leading to reduced operating voltages. Based
on our prior studies, we selected an exciplex host system composed of the
donor material 4,4’,4”-tris(carbazol-9-yl)triphenylamine (TCTA) and the
acceptor material (1,3,5-triazine-2,4,6-triyl)tris(([1,10-biphenyl]−3-carbo-
nitrile)) (CN-T2T) for both the yellow- and green-emitting devices, as this
combination met all the requirements41. The electron transport layers
(ETLs) in both devices were constructed using CN-T2T to ensure com-
patibility with the selected host system. Furthermore, to align the highest
occupied molecular orbital (HOMO) energy levels and facilitate efficient
hole injection, a double hole transport layer (HTL) configuration was
implemented. This configuration combined 1,1-bis[(di-4-tolylamino)phe-
nyl]cyclohexane (TAPC) with TCTA to establish a stepwise hole transport
mechanism, thereby enabling smooth hole transfer from the HTL into the
emitting layer (EML)42. Additionally, utilizing the samematerial in theHTL
(ETL) and EML helped eliminate energy barriers at the carrier transport
layer/EML interfaces. This approach reduced charge accumulation at the
interfaces, enhancing current density and improving device performance.
TAPC was also employed as the host material for MoO3 to form a p-type
hole injection layer (HIL) for efficient hole injection43. This design facilitated
band bending, enhancing hole injection from the anode into the organic
layers. As a result, the optimized device architectures for the yellow- and
green-emitting OLEDs, referred to further as Y and G devices, were as
follows: ITO (120 nm)/TAPC doped with 20 wt% MoO3 (10 nm)/TAPC
(35 nm)/TCTA (5 nm)/TCTA: CN-T2T (1:1) doped with 1 wt.% NAI-

DMAC or 5 wt% EM2 (20 nm)/CN-T2T (50 nm)/LiF (1.2 nm)/Al
(120 nm),where lithiumfluoride (LiF) and aluminum served as the electron
injection layer and cathode, respectively. The chemical structures of the
employed materials and the schematic structures of the fabricated TADF
OLEDs are presented in Fig. 2.

Before use, organic materials procured from Shine Materials Tech-
nology underwent temperature-gradient sublimation under high vacuum
conditions. The ITO-coated glass substrates were cleaned through ultra-
sonication process involving deionizedwater and organic solvents, followed
by a 5-min UV plasma pretreatment. The organic and metal layers were
deposited via thermal evaporation in a vacuum chamber maintained at a
base pressure <10⁻⁶Torr. Device fabrication was carried out in a single cycle
without breaking the vacuum. The deposition rate of organic materials was
maintained at approximately 0.1 nm/s. The shadow mask defines the cir-
cular lightingareawith adiameterof 2.5 centimeters. Inaddition, thedevices
with theCBPhost and the same emitterswere fabricated using a rectangular
pattern measuring 1.78 × 1.95 cm2.

Measurements
UV-Vis and photoluminescence (PL) emission spectra of the samples were
measured using an AvaSpec-2048 spectrometer through an optical 600 μm
fiber. Emitted photons were registered by a CCD detector with thermo-
electrical cooling to reduce noise contribution. NAI-DMAC was dissolved
in toluene, and EM2 was dissolved in dichloromethane (DCM) as stock
solutions with a concentration of 10-3M, which were diluted to 10-5M for
optical investigations. Solutions were measured using a 10mm quartz
cuvette; pure solvent was used as a reference. The excitation was provided
using a diode at 254 nm and diode solid-state lasers operating at 365
and 405 nm.

Basic characteristics of thedeviceswere collected at ambient conditions
and room temperature through measurement of current density-voltage-
luminance dependencies by using two Keysight B2901A current source-
measure units equipped with a calibrated silicon photodiode. The electro-
luminescent spectra of the devices were recorded using an Ocean Optics
(Ocean Optics 2000) spectrometer.

For temperature measurements, OLED was placed in a home-made
thermostat equippedwith an oven. The sample was heated at a rate of about
1 degree per minute. Temperature was controlled with a thermocouple
placed between the oven and the rear surface of the OLED and then cor-
rected by separatelymeasuring a temperature gradient between the rear and
front surfaces of the device; the accuracy of the stated temperature values
thus constitutes ±1 degree. EL emission spectrum of the OLEDs as a
function of temperaturewas collected using anAvaSpec-2048 spectrometer.
Temperature dependencies of the current-voltage characteristics of OLEDs
were measured by the Source Meter Keithley-2410 instrument using Lab-
Tracer software.

Data availability
All relevant data are available from the authors upon request. Please contact
the corresponding authors regarding EL, electrophysical and optical data to
dimitr@isp.kiev.ua (Oleg Dimitriev), regarding device preparation to
chc@saturn.yzu.edu.tw (Chih-Hao Chang), and regarding dye synthesis to
saulius.grigalevicius@ktu.lt (Saulius Grigalevicius).
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