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We derive the thermodynamic limit for organic light-emitting diodes (OLEDs), and show that strong
exciton binding in these devices requires a higher voltage to achieve the same luminance as a comparable
inorganic LED. The OLED overpotential, which does not reduce the power conversion efficiency, is
minimized by having a small exciton binding energy, a long exciton lifetime, and a large Langevin
coefficient for electron-hole recombination. Based on these results, it seems likely that the best
phosphorescent and thermally activated delayed fluorescence OLEDs reported to date approach their
thermodynamic limit. The framework developed here is broadly applicable to other excitonic materials, and
should therefore help guide the development of low voltage LEDs for display and solid-state lighting

applications.
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Organic light-emitting diodes (OLEDs) have matured
over the past thirty years to the point that they are now
the basis for most mobile displays sold worldwide.
State-of-the-art OLEDs routinely operate with 100% inter-
nal quantum efficiency (where every injected electron
produces a photon) at voltages close to the emitted photon
energy. [1-8] It is therefore important to understand the
thermodynamic limit of these devices, which has so far
been assumed [2] to be equal to that of inorganic LEDs
as given by the generalized Planck equation assuming
equilibrium between the radiation field and free electrons
and holes [4,5,9]. In organic semiconductors, however,
strongly bound Frenkel excitons are the primary photo-
excitation, [10] and thus the radiation field in this case is in
equilibrium with excitons, not free electrons and holes.
Since the chemical potential of excitons is in general
different than the electron-hole quasi-Fermi level splitting
(i.e., the difference of the electron and hole electrochemical
potentials), the thermodynamic limit for OLEDs is
expected to differ from that of inorganic LEDs, similar
to the case of photovoltaic cells [11,12].

In this Letter, we show that the drive voltage of an ideal
OLED depends on the dissociation efficiency of its
emissive excitons. When exciton dissociation is not effi-
cient, the voltage required for an OLED to achieve the same
luminance as a corresponding inorganic LED with all other
factors being equal, is higher by AV, = (kzT/q)
In(1 + k,e%/%sT /yN, 1), where E,, is the exciton binding
energy, k, is the exciton radiative rate, y is the Langevin
recombination coefficient, kg7 is the thermal energy, ¢ is
the electronic charge, and N, is the molecular density of
the organic semiconductor. Energetic disorder does not
significantly alter this overpotential. Surveying the liter-
ature, it seems likely that the best phosphorescent and
thermally-activated delayed fluorescence (TADF) OLEDs
reported to date approach their thermodynamic limit.
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In the absence of excitonic effects, the thermodynamic
limit for an inorganic LED is determined by the generalized
Planck equation [9,13]:

¢, = / Epn / h <h3 2) exp|(E EZhA/(tip)h/’ /2T] -1

) cos Od0, (1)

x 2 X sin(0

where @; is the luminescent photon flux emitted from the
LED surface, 4 is Planck’s constant, ¢ is the speed of light,
and A(Eyy, 0) is the absorbance of the LED at polar angle,
0, and photon energy, E,. Equation (1) assumes equilib-
rium between the radiation field and the gas of free
electrons and holes in the semiconductor characterized
by their electrochemical potential difference, u.,. In an
ideal device with no series resistance, yo, = qV. We note
that A(E,,, 0) also nominally depends on yg, (accounting
for transparency that occurs upon population inversion);
however, this dependence is negligible in the low injection
regime of practical interest for LED operation.

Equation (1) applies to organic semiconductors as well
(it is closely related to the Kennard-Stepanov relation for
molecular luminescence [14—16]). In this case, however,
light absorption and emission is mediated by excitons, and
thus the relevant chemical potential is that of the exciton
population, u,. As previously discussed for organic photo-
voltaics [11], the exciton and free carrier chemical poten-
tials are related via the exciton binding energy and the
entropy produced in the exciton dissociation process

(ASdiss):

Py = Hen — Ep + TAS i (2)
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FIG. 1. (a) Band diagram of a canonical OLED characterized
by Ohmic bipolar injection and complete electron-hole recombi-
nation in an emissive layer. The optical gap set by the exciton
energy (E,) is smaller than the electronic transport gap for free
carriers (E,), defined by the difference between the highest
occupied and lowest unoccupied molecular orbital energies
(Enomo and Ejyyo, respectively). (b) Kinetic relationship that
defines the exciton (n,) and free carrier (n, p) populations based
on the rates of bimolecular recombination (ynp), exciton dis-
sociation (kg ), and radiative recombination (k,.). In general, the
exciton and free carrier populations have different chemical
potentials (4, and .y, respectively), which defines the over-
potential, AVOP, required for the OLED to achieve the same
luminance as an inorganic LED (where the exciton binding
energy, E;, = 0) with the same emission energy.

This relationship can be evaluated by considering the
rates of bimolecular recombination (yn p), exciton radiative
decay (k,; the nonradiative decay rate is zero in an ideal
OLED) and dissociation (kg;) that determine the exciton
density, n,, according to Fig. 1. Although exciton disso-
ciation is not strictly a first order process, this rate-based
approach popularized by Braun [17,18] nevertheless
gives the exact Onsager dissociation yield at low electric
field [19] and is widely used to describe experimental data
in the literature [20,21].

The generalized OLED structure shown in Fig. 1(a)
captures the essence of injection and electron-hole recom-
bination in the emissive layer of an actual double hetero-
structure device without the need to make extraneous
assumptions about injection barriers and heterojunction
offsets; further discussion is provided in the Supplemental
Material [22]. At steady state, the balance of rates for
exciton formation and decay in Fig. 1(b) yield the exciton
density, n, =ynp/(k, + kgiss)- Assuming that Frenkel
excitons are localized on individual molecules, and that

each molecule can host only one exciton, n, is related to u,
via the Fermi-Dirac occupation function [35]:

n. — Nmol
* 1+ CXP[(Ex - ﬂx)/kBT]

~ Nmol exp[(:ux - Ex)/kBT]’
(3)

where the right-hand equality invokes the Boltzmann
approximation when n, < N, (i.e., low injection).
Under similarly low electron and hole injection, and
assuming that each molecule can be occupied by one
electron or hole (double occupancy, i.e., a bipolaron, is
discouraged owing to the high on-site Coulomb repulsion),
the law of mass action gives

np= N2m01 exp[(ﬂeh - Eg)/kBT]v (4)

where E, denotes the transport gap of the organic semi-
conductor [Fig. 1(a)]. Substituting Eq. (3) and Eq. (4) into
the steady-state relationship between n, and np, and using
E,— E, = E,, the exciton chemical potential is therefore

meol
= —E, +kgTIn| —————— |. 5
Hx Heh b =+ B n(kr n kdiss) ( )

Equation (5) indicates that an ideal OLED with the same
emission energy as an inorganic LED [i.e., the excitonic
optical gap, E ., of the OLED equals the band gap, E, of
the inorganic LED as depicted in Fig. 2(a)] requires an
overpotential of AV, = E,/q — (kgT/q)In[yNq/(k, +
kqiss)] to achieve the same luminance via Eq. (1). Although
Eq. (5) can be written in terms of the net exciton lifetime,
7 = (k, + kgiss) ", this is deceptive since kg, depends on
Ep according to kgiss = yNmoi exp(—E,/kgT) [17,18].
Thus, it is evident that u, = pg, when dissociation is
efficient (kg;s > k,, which is the limit of an inorganic
semiconductor), and that the OLED overpotential is more
transparently given by

k.eEo/ksT
n 67> _ (6)

]/N mol

The overpotential is, therefore, minimized by having long-
lived excitons with a small binding energy and a high
Langevin recombination coefficient, which in turn implies
high electron and hole mobilities since y is proportional to
their sum [10].

The origin of the overpotential is understood by recog-
nizing that an OLED with the same emission energy as an
LED effectively has a larger energy gap from an electrical
standpoint (i.e., the gap between the highest occupied and
lowest unoccupied molecular orbital transport levels in an
organic semiconductor is larger than the excitonic optical
gap, E, > E, ). Thus, a given quasi-Fermi level splitting
yields a smaller np product and, consequently, a lower
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FIG. 2. (a) Absorbance (top) and relative electroluminescence intensity (bottom) for an ideal Lambertian OLED and inorganic LED
with the same optical gap. The exciton binding energy of the former is £, = 0.4 eV whereas E;, = 0 for the latter. (b) Output photon
flux and corresponding luminance of the two devices for varying values of the exciton binding energy assuming k, = 1 ps~!,
Npol = 102! em™3, and equal electron and hole mobilities, u, = u p= 103 cm? V~'s~!, for the OLED. Together with the relative
dielectric constant of the organic semiconductor, &, = 3, and the permittivity of free space, &, these parameters define the Langevin
coefficient, y = q(u, + p,)/(e,£0). The analytical expressions from the text (solid lines) agree well with numerical drift-diffusion
simulations (solid circles) carried out using SETFOS. (c) Lines of constant overpotential for varying radiative rate and mobility in the
organic semiconductor, assuming y,, = u,. (d) Temperature dependence of the overpotential for different exciton binding energies,

neglecting the temperature dependence of the mobility.

recombination rate. To the extent that excitons live long
enough to dissociate, they recycle back into free carriers,
thereby helping to sustain a larger quasi-Fermi level
splitting, which reduces the required overpotential.
Another way of understanding this (which is explicitly
evident from the ideal OLED current-voltage relationship
derived in the Supplemental Material [22]) is to recognize
that an OLED requires more bimolecular recombination
events to emit the same number of photons than an
inorganic LED with the same band gap since the proba-
bility that any given electron-hole recombination event
produces a photon in the former [i.e., the radiative yield of
the resulting exciton, k,/(k, + kgiss)] is less than for the
latter (100%). Note that if equilibrium between excitons
and free carriers does not exist due to negligible dissoci-
ation, then the overpotential simply equals the exciton
binding energy.

Figure 2(a) shows an example for an ideal OLED and
inorganic LED with the same 2 eV optical gap. Both devices
have the same absorbance and emission spectra; however,
the electroluminescence (EL) intensity of the OLED is lower
at a given bias owing to its 0.4 eV exciton binding energy.
This difference in EL intensity is summarized in Fig. 2(b) for

different values of E;, and is in agreement with full drift-
diffusion simulations that include spatial variation in the free
carrier and exciton densities as well as the electric field
dependence of the Onsager-Braun dissociation rate [ 17] (see
the Supplemental Material [22] for details). Assuming
typical parameters for a phosphorescent OLED, where
E, opt 1s assumed equal to the triplet exciton energy, the
overpotential at room temperature is ~0.6 V for £, =1 eV,
and becomes negligible when E;, < 0.3 eV. Figure 2(c)
shows how AV, depends on radiative rate and charge
carrier mobility (which controls the Langevin coefficient),
highlighting the advantage of OLEDs with long-lived
phosphorescent or TADF emitters. Finally, the overpotential
increases with decreasing temperature in Fig. 2(d) if the
mobility is assumed to be constant, and would increase even
more if the mobility decreases with temperature as typically
occurs in organic semiconductors.

We emphasize that this overpotential does not reduce the
OLED power conversion (i.e., wall plug) efficiency; it
simply reduces the brightness at a given voltage. Since all
recombination is radiative in an ideal device, the current is
correspondingly reduced by the overpotential and the
power efficiency remains np & E o /(gV), just as for an
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inorganic LED. Note that #p > 1 for most of the voltage
range considered in Fig. 2(b), which corresponds to the
electroluminescent refrigeration regime [13]. The cooling
power of an OLED is therefore also reduced relative to an
inorganic LED operating at the same voltage, with all other
factors being equal.

The energetic disorder characteristic of most OLED
devices can be accounted for using the same framework.
In the commonly-assumed case of a Gaussian density of
states (DOS) [10] for electrons, holes, and excitons (with
respective variances o2, 05, and o2), the Supplemental
Material [22] shows that the overpotential is still given
by Eq. (6), but with an effective exciton binding energy
given by E} = E}, + (67 — 02 — 0%)/(2kpT). Figure 3(a)
compares the absorption and emission spectra of an ideal
sharp exciton band to one with a Gaussian line shape
having the same optical gap (defined as two standard
deviations below the mean). The Stokes shift between
absorption and emission in the latter case is approximately
02./ksT; in the following we assume the variance of the
absorption band (c2,,) is equal to that of the exciton DOS
for simplicity (i.e., homogeneous broadening is negligible).

Figure 3(b) shows the voltage required for the sharp gap
and disordered OLEDs to emit an intensity of 1 pW cm™2
(close to 1cdm™ for a typical green OLED) as a
function of average emitted photon energy. It is evident that
there is little difference between the sharp gap and disor-
dered thermodynamic limits, and that the best OLEDs
reported to date are within a few tenths of a volt of the
limit, depending on their exciton binding energy. Given the
likelihood that E;, for phosphorescent and TADF emitters
lies between 0.5 and 1 eV, [36,37] one might conclude that
several of these devices do in fact operate at their thermo-
dynamic limit, validating the assertion made in Ref. [2].

To eliminate the overpotential and reach the inorganic
LED limit, exciton dissociation must be efficient. This may
seem counterintuitive since exciton dissociation has often
been viewed as a loss mechanism in OLEDs; however,
provided that all charge carriers eventually recombine (and
non-idealities such as exciton-polaron quenching are
negligible), there is in fact no efficiency loss. Resonant
injection into, e.g., the triplet state of a phosphor [38,39] as
illustrated in Fig. 4, is one example that nominally
satisfies the dissociation criterion since, if injection into
the exciton state is resonant, so is dissociation. Donor-
acceptor type exciplex-charge transfer (CT) state emissive
layers that exhibit efficient emission and photocurrent
generation [40,41] are another example (see Fig. 4).
These systems possess both a low CT state binding energy
and a relatively low radiative rate (~1 ps~' owing to the
spatially indirect nature of the transition, which also affords
efficient singlet-triplet spin mixing) that make them suited
to reach the inorganic LED limit. Note that this excludes
donor-acceptor OLEDs that produce electroluminescence
at “half-gap” voltages via up-conversion [42,43] since
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FIG. 3. (a) Absorbance (top) and emission (bottom) spectra for
an OLED with an idealized sharp excitonic absorption band and
one with a Gaussian line shape with a mean energy, E,,, and
standard deviation o,,,. The optical gap of the latter is defined by
the x-intercept of the tangent to the inflection point of the
Gaussian, E, o, = E,bs — 20,5 Note that the Gaussian absorb-
ance continues well below E ., and is responsible for the
emission at lower photon energies. (b) Voltage required to
produce an output intensity of 1 pWcm™2 as a function of the
average emission energy for each device assuming the same
parameters as in Fig. 2(b), with 6, = 6, = 6, = 6, =75 meV
for the disordered case (dash-dotted lines). Symbols (with
associated references in parentheses) indicate the lowest exper-
imental operating voltages that have been reported at this output
intensity for OLEDs with phosphorescent and TADF emissive

layers.

they inherently operate below the thermodynamic limit
(i.e., not all recombination is radiative). In principle, the
intramolecular charge separation characteristic of TADF
emitters [44] is expected to reduce their exciton binding
energy [45] and thereby facilitate a smaller thermodynamic
overpotential than a comparable phosphorescent emitter in
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FIG. 4. Energy level diagram illustrating resonant injection and
extraction from the triplet exciton state (T;) of a phosphorescent
emitter (left-hand diagram) and the charge transfer state of a
donor-acceptor emissive layer (right-hand diagram).

the absence of resonant injection, though such an effect is
not observed in the experimental data of Fig. 3(b).

Finally, although long exciton lifetime is beneficial for
reducing the thermodynamic overpotential of an ideal
OLED, it is generally detrimental for practical devices
because it exacerbates (nonideal) bimolecular annihilation
processes that reduce device efficiency and lifetime [46]. At
least for display and lighting applications, it is therefore
preferable to minimize AV, by reducing E, and increasing
charge carrier mobility rather than deliberately attempting
to increase the exciton lifetime.

In summary, we have shown that strong exciton binding
in OLEDs necessitates higher voltage to achieve a given
luminance in the thermodynamic limit than for the case of
inorganic LEDs where free carriers are the primary optical
excitation. In addition to a small exciton binding energy,
the OLED overpotential is minimized by having a small
radiative decay rate and a high Langevin recombination
coefficient. Based on these results, it seems likely that the
best phosphorescent and TADF OLEDs to date have
reached their thermodynamic limit. The framework devel-
oped here is general, and can be applied to LEDs based on
other excitonic materials such as colloidal quantum dots,
halide perovskites, and two-dimensional semiconductors,
provided that their equilibrium relation between excitons
and free carriers (e.g., the Saha-Langmuir equation for
Wannier excitons [17,47,48]) is known. These results
should therefore help benchmark and guide the develop-
ment of low voltage excitonic LEDs for the next generation
of displays and solid-state lighting.
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