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annihilation (TTA) to form an emitting 
singlet[1,6–8] and band-to-band recombina-
tion.[9,10] EL has even been observed in 
devices without such heterojunction, for 
which it was proposed that electrons could 
be injected directly into a low-energy tri-
plet state, followed by emissive singlet 
exciton formation via triplet fusion.[7] 
However, it should be noted that EL at 
subgap voltages has been widely observed 
in diodes based on inorganic semicon-
ductors, in which processes such as TTA 
likely do not play a role.[11–14]

Here, we demonstrate that EL at subgap 
voltages is a universal feature of OLEDs. 
Even down to zero applied voltage, EL is 
theoretically present, which is the result of 

the recombination of diffused and thermally generated charge 
carriers. Consequently, for an ideal OLED without traps and 
Ohmic contacts, the electrical quantum efficiency (EQE, ΓEL) 
for EL equals unity down to zero applied voltage. Experimen-
tally, EL at voltages below the energy gap is clearly observed 
in OLEDs based on emitters with negligible energy difference 
between the singlet and triplet excited stated, ruling out energy 
up-conversion mediated by low-energy triplet states. Further-
more, also in OLEDs with a strongly reduced free carrier den-
sity due to trapping the EL at subgap voltages occurs, ruling out 
Auger processes that require high carrier densities.

2. Results and Discussion

Consider a simple OLED in which an emitting semiconductor 
layer is sandwiched between Ohmic electron- and hole-injecting 
contacts, for which the energy band diagram is displayed in 
Figure 1a. At zero applied voltage, a built-in electric field exists 
that points toward the collect contacts, due to the asymmetry 
of the electrode work functions. By applying a small voltage, a 
diffusion current in the opposite direction of the electric field 
starts to flow, depending exponentially on the applied voltage 
(see Equation (1)). When the applied voltage reaches the built-in 
voltage, determined by the difference between the quasi Fermi 
levels at the electrodes, the electric field inverts, leading to the 
establishment of a drift current. As a result, above the built-
in voltage the current no longer shows an exponential voltage 
behavior, but exhibits a weaker, quadratic voltage dependence in 
the case of a space-charge-limited device. The built-in voltage is 
lower than the energy gap of the semiconductor (Figure 1a), due 
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1. Introduction

In organic light-emitting diodes (OLEDs), the minimum oper-
ating voltage at which electroluminescence (EL) is observed 
is typically larger than the optical energy gap divided by the 
elementary charge, Eg/q. This is commonly rationalized by the 
idea that an electron requires an electrical energy input at least 
equal to the energy of the emitted photon in order not to violate 
the energy conservation law. On the contrary, OLEDs have been 
reported exhibiting EL at voltages well below the energy gap of 
the emitter.[1–3] Typically, such devices involve a heterojunction 
with large energy offsets, e.g., the commonly studied hetero-
junction devices based on rubrene and C60. However, the origin 
of the low-voltage EL is debated. Three different mechanisms 
have been proposed, including Auger recombination at the het-
erojunction interface,[4,5] the formation of triplet excitons via 
the interfacial charge-transfer state, followed by triplet–triplet 
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to charge transfer and associated band bending at the Ohmic 
contacts, which typically amounts to 0.3–0.4 eV,[15] implying that 
a drift current is even obtained at subgap voltages.

In the ideal case of a semiconductor without traps and Ohmic 
electron and hole contacts, all the injected carriers recombine 
and the current is fully dominated by this recombination cur-
rent, governed by emissive bimolecular recombination, i.e., Lan-
gevin recombination. Within the Langevin formalism, the rate-
limiting step is the diffusion of electrons and holes until they 
meet, making Langevin recombination valid for both the diffu-
sion- and drift-dominated current.[17,18] As the diffusion current 
is nonzero for any voltage above 0 V, light emission is also pre-
sent at any voltage, even close to zero applied voltage, as dem-
onstrated in Figure 1b. Since all injected carriers recombine by 
bimolecular recombination for nondoped OLEDs, the electrical 
quantum efficiency ΓEL for EL equals unity everywhere down to 
0 V, as shown schematically in the inset of Figure 1b.

In a realistic experiment, the semiconductor may likely contain 
a certain concentration of charge traps. While nonradiative trap-
assisted recombination reduces the OLED efficiency, typically with 
a factor of two in polymer light-emitting diodes (PLEDs),[19] EL will 
still be present down to 0 V, as displayed in Figure 1b by the numer-
ically simulated dotted lines. However, in experiment, since the cur-
rent in the diffusion regime depends exponentially on voltage, the 
EL will concomitantly drop sharply below the built-in voltage and, 
at a certain point, can no longer be detected due to the noise floor 
of the detector, as shown in Figure S3 in the Supporting Informa-
tion. In addition, OLEDs typically show a parasitical leakage current 
at low voltages, partly masking the exponential diffusion- limited 
current, which will further reduce the EQE at low voltages. The 
leakage current is, however, not an intrinsic property of the OLED 
and can be reduced by optimizing fabrication conditions.

The diffusion current and recombination rate at low voltages 
can also be described analytically. In an OLED at voltages below 
the built-in voltage, the current density has the same func-
tional dependence as a classical p-n junction, described by the 
Shockley diode equation

J J
qV

kT
exp 10 η

=






−








  (1)

where J is the current density, J0 is the reverse-bias saturation 
current density, q is the elementary charge, V is the voltage, η 
is the ideality factor, k is the Boltzmann’s constant, and T is 
the temperature. The ideality factor depends on the recombina-
tion mechanism and equals unity for a trap-free semiconductor 
with only bimolecular recombination, whereas it amounts to 2 
in the case of purely trap-assisted recombination. In the case 
of Ohmic contacts, the current is a recombination current and 
therefore can be formulated as J = qRL, with R the total recom-
bination rate. The Langevin recombination rate is defined as 
R = γ(np−ni

2), with γ the bimolecular recombination coefficient, 
n and p the electron and hole concentration, respectively, and 
ni the intrinsic charge concentration given by Nc exp(−Eg/2kT), 
with Nc the density of states. As a result, the reverse-bias satura-
tion current, where np « ni

2,[20] reads
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This equation demonstrates that the magnitude of the diffu-
sion current depends on the energy gap of the semiconductor. 
When substituting Equation (2) into Equation (1) and using J = 
qRL, an expression for the recombination rate as a function of 
voltage is obtained
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which is valid for voltages below the built-in voltage and an 
ideal semiconductor without traps. In Figure  1b, it is dem-
onstrated that Equation  (3) indeed accurately reproduces the 
numerically simulated recombination rate in the low-voltage 
regime, while Equation  (1) accurately describes the diffusion 
current. Equation  (3) demonstrates that emission at subgap 
voltages is an intrinsic property of OLEDs. Since the bimolec-
ular recombination coefficient γ is the Langevin coefficient in 
OLEDs, both the current density and recombination rate will 
increase for increasing charge-carrier mobilities.[17]

For the case of a semiconductor with electron or hole traps, 
the radiative bimolecular recombination rate will approach 
Equation (3) at low voltages in the diffusion-dominated regime 
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Figure 1. Theoretical mechanism of EL at subgap voltages below built-in voltages. a) Energy band diagram of an OLED under quasi-flat-band condi-
tions, at an applied voltage equal to the built-in voltage, indicating that qVbi < Eg due to band bending near the Ohmic contacts. b) Drift-diffusion 
simulations[16] of the current density and bimolecular recombination rate as a function of voltage for an OLED with Eg = 2 eV without (colored solid 
lines) and with (colored dotted lines) electron traps at a depth of 0.5 eV at a concentration of 1 × 1023 m−3. The black dotted and dashed lines display the 
current density according to Equation (1) and recombination rate according to Equation (3), respectively. The inset shows ΓEL as a function of voltage.
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and saturate to the same value at 0 V, as shown in Figure 1b. 
As a result, emission at subgap voltages is not greatly affected 
by the presence of traps. However, the quantum efficiency 
for EL is markedly reduced at low voltages due to trapping. 
This stems from the increase of the current at low voltages, 
as also displayed in Figure  1b. While this appears counterin-
tuitive, the higher ideality factor due to trap-assisted recom-
bination causes the current to decrease less sharply down to 
0 V, implying that at a given voltage in the diffusion regime, 
the current in the presence of trap-assisted recombination 
is higher. Another way to think of this is that the intrinsic 
charge concentration in a semiconductor with traps is 
higher, due to partial filling of the traps in thermal equilib-
rium. While the total (radiative and nonradiative) recombina-
tion rate is stronger in the presence of traps for V < Vbi, the 
emissive bimolecular recombination rate will remain close to 
Equation (3), leading to the observation of EL at subgap volt-
ages even in the presence of traps. It should be noted that in 
the presence of both electron and hole traps, the drift cur-
rent reduces due to decreased charge transport (cf. decreased 
mobilities), which in turn reduces EL in the drift regime, 
complicating experimental detection.

To confirm the universal presence of EL at subgap voltage 
experimentally, we have fabricated simple OLEDs consisting 
of a single semiconductor layer sandwiched between two 
charge-injecting electrodes. For semiconductors, fluorescent 
conjugated polymers or small-molecular emitters that exhibit 
thermally activated delayed fluorescence (TADF) were chosen. 
We have recently demonstrated an energy window for trap-free 
transport in organic semiconductors. Semiconductors with an 
electron affinity larger than 3.5  eV exhibit trap-free electron 
transport, whereas materials with an ionization energy smaller 
than 6.0 eV exhibit trap-free hole transport.[21] The energy levels 
of the TADF emitter CzDBA (9,10-bis(4-(9H-carbazol-9-yl)−2,6-
dimethylphenyl)−9,10-diboraanthracene) fit almost exactly in 
this window, such that both the electron and hole transport 
are nearly trap free.[22,23] The EQE of single-layer undoped 
CzDBA OLEDs reaches values of up to 20%.[23,24] The chem-
ical structure of CzDBA is shown in Figure 2a. Furthermore, a 
single-layer OLED based on CzDBA has a nearly 100% internal 
quantum efficiency, such that this is an excellent model system 
that approaches the ideal case described above.[24] Furthermore, 
TADF emitters like CzDBA have only a small splitting of up 
to several tens of meV between the singlet and triplet excited 
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Figure 2. EL at voltages below the energy gap. The chemical structure of organic emitters CzDBA and SY-PPV are shown in (a), in which CzDBA is 
shown on the top and SY-PPV on the bottom. b) Device structure for CzDBA devices, comprising 4 nm C60 and TPBi (2,2',2'-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole)) tunneling interlayers for efficient charge injection.[21,23] Photocurrent detected by a photodiode as a function of driving 
voltages for c) CzDBA and e) SY-PPV OLEDs. The horizontal dashed line indicates a luminance of 1 cd m−2, while the vertical dashed line represents 
the voltage corresponding to the energy gap (Eg/q). The shaded area of the EL spectra in d) CzDBA at 2.4 V, and f) SY-PPV indicates emitted photons 
with higher energy than qVth for each device.
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state, which enables reverse intersystem crossing from the tri-
plet excitons to singlet excitons by means of thermal energy, 
resulting in delayed fluorescence. In conventional fluorescent 
emitters like conjugated polymers, the splitting between the 
singlet and triplet state is typically about 0.7 eV, and for some 
emitters the triplet state has only half the energy of the sin-
glet state.[25,26] In previous reports, EL at subgap voltages was 
observed, assuming that a large singlet-triplet splitting was 
responsible for the low-voltage operation, based on the premise 
that low-energy triplet excitons could be formed by direct charge 
injection at low voltage, followed by triplet fusion resulting in 
emissive singlet states.[1,4]

As demonstrated in Figure  2c,d, EL at subgap voltage is 
clearly observed for CzDBA, of which the triplet excited state 
is only 33 meV below the singlet excited state. The threshold 
voltage (Vth) to observe EL, which depends on the sensitivity of 
the photodetector, equals ≈1.7 V, which is much lower than Eg/q, 
with Eg of 2.48  eV for CzDBA.[22] This unambiguously shows 
that a large singlet-triplet splitting is not required for observing 
EL at voltages below the energy gap, and that TTA can be ruled 
out as the responsible mechanism. Even if direct injection into 
the triplet state were possible, the voltage required would be 
negligibly less than needed for singlet-state excitation. Rather, 
the light emission at subgap voltages as observed here is a gen-
eral feature of OLEDs (Figure S1, Supporting Information), 
with EL spectra from UV to blue and red region, based on emit-
ters with either conventional fluorescent or TADF emitters. The 
universal EL at subgap voltages from OLEDs originates from 
the diffusion of charge carriers as described above.

To measure the EL spectrum at low voltages with low inten-
sity, the EL spectra of the CzDBA device with high EQE at low 
voltages are measured with a streak camera. The EL spectra 
from 1.9 to 2.3  V are shown as Figure S4 in the Supporting 
Information. It shows that the photon energy of the EL spectra 
at subgap voltages has much higher energy than qV. It also 
demonstrates that the detected EL is indeed produced by singlet 
emission by CzDBA. Other sources of emission, such as exci-
plex emission from the C60/CzDBA interface can be excluded, 
as C60 is not used as an electron transport layer, but as an inter-
layer to enhance hole injection (Figure 2b and Figure S5, Sup-
porting Information), such that electrons are not injected into 
C60, and holes tunnel through it. Furthermore, it has been dem-
onstrated that the charge recombination does not take place at 
this interface, with the recombination zone shifting even fur-
ther away at low voltages.[23] In addition, EL at subgap voltages 
is also detected for polymer OLEDs in which C60 is not present 
(vide infra).

It should be noted that TTA-mediated emission may still play 
a certain role in carefully constructed heterojunction devices via 
the formation of an interfacial charge-transfer state, although 
such mechanism has not been unambiguously demonstrated. 
In general, to achieve a significant fraction of TTA-induced 
singlet excitons, a high density of triplet excitons is required. 
However, the exciton density at voltages below Vbi in a typical 
OLED is low, minimizing the encounter probability for triplet 
excitons.

As presented in Figure  2 and Figure S1 in the Supporting 
Information, emission at subgap voltages is also observed for 
OLEDs based on the fluorescent conjugated polymers super 

yellow poly(p-phenylene vinylene) (SY-PPV, Figure  2a) and 
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] 
(MEH-PPV). As shown in Figure S2 in the Supporting Infor-
mation, the EQE is ≈5% for SY-PPV OLEDs, and 2% for MEH-
PPV OLEDs. We note that for these conventional fluorescent 
polymers with 25% generation of singlet excitons and 20% out-
coupling efficiency, an EQE of 5% is the theoretical maximum, 
demonstrating that also these PLEDs are relatively efficient. 
In contrast to the TADF emitter CzDBA, conjugated polymers 
typically contain a substantial concentration of electron traps, 
in the order of 1023 m−3.[27] Therefore, nonradiative trap-assisted 
recombination in conjugated polymers is the dominant recom-
bination mechanism at low voltages. Nevertheless, as shown 
in Figure 2e,f, EL is still observed at voltages below the energy 
gap. Since nonradiative trap-assisted and radiative bimolecular 
recombination are competing processes, the efficiency of EL is 
lower at low voltages. In the diffusion regime, the ideality factor 
of the current will be approximately equal to 2 in accordance 
with the dominant contribution stemming from trap-assisted 
recombination, while the luminance has an ideality factor close 
to 1, consistent with radiative bimolecular recombination, as 
previously demonstrated experimentally.[28,29] As a result, the 
diffusion current depends less strongly on voltage than the 
luminance, resulting in lower quantum efficiencies at low volt-
ages in the presence of nonradiative trap-assisted recombina-
tion, schematically indicated in the inset of Figure 1b.

Lastly, it has also been proposed that the use of a high-work 
function cathode could promote direct injection into the low-
energy triplet state of an emitter, leading to low “turn-on” volt-
ages.[7] The observance of low-voltage emission in this case may 
alternatively be understood from a device physics point of view 
without the need of incorporating triplet states. By using a high-
work function cathode, the built-in voltage due to the work-
function difference between anode and cathode is reduced. As 
a result, a smaller voltage is required to establish a (mainly uni-
polar) drift current. In turn, EL may also be observed at low 
voltages given a sufficiently sensitive photodetector. Here, EL 
originates from bimolecular recombination of majority car-
riers (holes) with thermally excited electrons in the conduction 
band near the cathode, its concentration being determined by 
the Fermi level of the cathode. However, EL will be inefficient 
because of most holes disappearing via surface recombination 
at the cathode.

Even in case of an electron-injection barrier ϕb, the bimo-
lecular recombination rate below the built-in voltage will still 
be given by Equation (3). The hole density near the cathode in 
such a hole-dominated device is given by

p N
E

kT

qV

kT
exp expC

b gϕ
=

−









  (4)

for V  < Vbi. Holes will recombine with electrons near the 
cathode interface, where the electron density is given by n  = 
Ncexp(−ϕb/kT), without considering the image force and 
field-dependent barrier lowering effect. Calculating the bimo-
lecular recombination rate from the product np according to 
R = γ(np−ni

2) results in the same expression as given by Equa-
tion (3), as can be seen in Figure 3a from the unchanged expo-
nential part of the R–V characteristics when modifying the 
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cathode injection barrier. However, because of the higher cur-
rent density at low voltages due to the lower built-in voltage, the 
EL efficiency will be greatly reduced, despite the same bimo-
lecular recombination rate for V < Vbi.

Experimentally, we employed the blue-emitting TADF mate-
rial TCzTrz (9,9′-(5-(4,6-diphenyl-1,3,5-triazin-2-yl)-1,3-phe-
nylene)bis(9H-carbazole) with the lowest unoccupied molecular 
orbital level located at 2.86  eV.[30,31] In single-layer OLEDs, a 
4 nm TPBi interlayer, as used in CzDBA single-layer OLEDs,[23] 
was found to enhance electron injection. To vary the injection 
barrier, Ba/Al and Al cathodes are used without TPBi tunneling 
interlayer. As can be seen in Figure 3b and Figure S2 in the Sup-
porting Information, even for the large injection barrier at the 
Al cathode, EL is observed at subgap voltages. The combination 
of a large bandgap and large electron injection barrier strongly 
reduces the number of free carriers in the OLED. Since Auger 
recombination is a three-particle process that is only relevant at 
high carrier density this can also be excluded as possible origin 
of EL at subgap voltage. We note that in experiment, a large con-
tact barrier will complicate the detection of EL at subgap volt-
ages, unless a sufficiently sensitive photo detector is used. Since 
in experiments OLEDs frequently exhibit injection barriers,  

barriers at heterojunctions, low charge-carrier mobilities, and/
or charge traps, together with relatively insensitive photodetec-
tors, EL at subgap voltages is only rarely observed, although 
being a universal phenomenon.

3. Conclusion

In conclusion, we have demonstrated that EL at applied volt-
ages below the energy gap of the emitter is a universal fea-
ture in OLEDs, originating from the recombination of diffused 
charge carriers below the built-in voltage. An expression for 
the recombination rate below the built-in voltage is formu-
lated, rationalizing the experimentally observed luminance–
voltage behavior at low voltages. Theoretically, EL occurs down 
to zero applied voltage, but is usually not detected in experi-
ment due to the sensitivity limits of the photodetector. By 
using OLEDs based on TADF emitters, we rule out TTA as an 
origin for EL at low voltage, since in such emitters the triplet 
and singlet excited states are nearly identical. To observe EL at 
subgap voltages, the emitter is ideally free of charge traps, has 
a high charge-carrier mobility and low injection or heterojunc-
tion barriers.

The implication of these results is that it would be theoreti-
cally possible to achieve electrical-to-optical power-conversion 
efficiencies above unity in OLEDs, in case the applied voltage 
is lower than Eg/q. In an ideal OLED, the internal quantum 
efficiency equals unity in this voltage regime in case of an effi-
cient emitter with 100% photoluminescence quantum yield 
and without nonradiative trap-assisted recombination, while 
the electrical energy per charge is lower than the optical output 
energy per photon. The extra energy required to fulfil the law of 
energy conservation stems from the thermal energy present at 
nonzero temperatures. However, it should be noted that power-
conversion efficiencies above unity would be difficult to achieve 
in terms of external efficiencies, mainly due to high light-out-
coupling losses, which reduce the EQE significantly.
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Figure 3. Impact of injection barrier on the voltage dependence of the EL 
intensity. a) Simulated current density and bimolecular recombination 
rate as a function of voltage for different values of the cathode barrier 
ϕb. Increasing ϕb results in a reduced built-in voltage, shifting the J–V 
characteristics along the voltage axis. The recombination rate remains the 
same for V < Vbi, while it reduces strongly for V > Vbi. b) Observation of EL 
at subgap voltage from OLEDs with different injection barriers. Lower EL 
intensity is detected for OLEDs with a higher injection barrier.
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