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It is generally believed that intrinsic charge generation via an autoionization mechanism in pristine
single-component organic semiconductors is impossible upon photoexcitation within the lowest excited
singlet state due to the large exciton binding energy. However, we present measurements of thermally
stimulated luminescence, light-induced ESR, and photocurrent in the carbazole-based molecule 3',5-
di(9H -carbazol-9-yl)-[1,1’-biphenyl]-3-carbonitrile (mCBP-CN) films, revealing that charge-carrier pairs
are efficiently produced upon excitation near their absorption edges. The photocurrent measurements show
a superlinear dependence on the cw-photoexcitation intensity even at very low excitation power (below
1 mW/cm?), suggesting a bimolecular nature of the charge photogeneration process. The photocurrent
measured over a broad temperature range of 5300 K exhibits a prominent maximum at moderately low
temperature around 170 K and rolls off significantly at higher temperatures. This correlates remarkably
with the maximum of delayed fluorescence induced by bimolecular triplet-triplet annihilation (TTA), i.e.,
triplet fusion, in this material. This behavior implies that the photocurrent is governed mainly by the TTA-
induced production of geminate pairs and only a little by their subsequent dissociation. Moreover, we find
that the field-assisted dissociation probability of photogenerated charge pairs becomes almost temperature-
independent at temperatures below 100 K. This can be quantitatively described using a charge dissociation
model accounting for the energy disorder and the distribution of geminate-pair radii. The key conclusion
of this study is that triplet fusion can promote the energy up-conversion (to 5.42 eV), thereby enabling
the autoionization of a high-energy neutral excited state. This serves as the predominant mechanism of
intrinsic photogeneration in this single-component heavy-atom-free system. We attribute the effect to effi-
cient intersystem crossing in mCBP-CN, a high triplet energy level (2.71 eV), and very long-lived triplet
excitations. A broader implication of this finding is that the so far neglected mechanism of TTA-facilitated
charge-carrier generation might be relevant for organic long-persistent luminescence materials, and even
for organic photovoltaics and potentially for photocatalytic water splitting processes.

DOI: 10.1103/PhysRevApplied.20.064029

I. INTRODUCTION where the high density of spin-triplet excitons and their
ability to diffuse facilitate a non-negligible encounter
probability during their (long) lifetime. Efficient photon
energy up-conversion (UC) enabled by TTA under low
excitation intensities is a well-established phenomenon for

Triplet-triplet annihilation (TTA) is a common
bimolecular process that can occur in any organic solids

*Corresponding author. kadash@iop.kiev.ua organic two-component systems employing heavy metal
fandriy. kadashchuk@uni-bayreuth.de organic complexes as triplet sensitizers [1—5]. This implies
* Authors contributed equally to this work the population of a singlet excited state via fusion of
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two lower-energy triplet excitons sensitized by embedded
triplet “sensitizers” in a fluorescent “emitter”” host material.
Because these triplet sensitizers exhibit a high triplet popu-
lation at room temperature, the TTA-UC in such composite
films can occur at continuous-wave (cw)-excitation inten-
sities as low as around 1 mW/cm? of noncoherent light.
Therefore, such bimolecular energy UC is of interest for
various photonic applications [6—8]. It is particularly inter-
esting for organic solar cells, since it potentially enhances
the efficiency of photovoltaic devices. The efficiency
increase occurs, for example, by utilizing near-infrared
photons beyond the band gap of solar cells via their UC
to visible light [9] or by limiting triplet-related nonradia-
tive losses [10,11]. The TTA-UC process is also viewed as
an alternative or complementary mechanism to thermally
activated delayed fluorescence and phosphorescence emit-
ter strategies of utilizing the nonemissive triplets in organic
light-emitting diode (OLED) devices [12—14], which may
also solve the problem of the “efficiency roll-off” associ-
ated with these devices. Moreover, considering the easily
tunable excitation and/or emission wavelength and low
power excitation, the TTA-UC organic systems can be
especially promising for photocatalytic water splitting to
produce hydrogen [15], as they could be combined with a
variety of photocatalysts that are only photoactive under
ultraviolet light or in the short-wavelength region of vis-
ible light. In this study, we highlight another intriguing
application of TTA as a major mechanism of intrin-
sic photocurrent (PC) generation in a single-component,
heavy-atom-free annihilator medium, showing self-TTA.
This mechanism has just recently been suggested for the
single-component metal-organic complex of platinum(II)
octaethylporphyrin (PtOEP) containing a heavy atom [16].

It is generally established that thermally stimulated
luminescence (TSL) [17] and light-induced electron spin
resonance (LESR) techniques [18,19] are valuable tools
for probing trapped charge carriers in organic semiconduc-
tors. Of particular relevance is that both are electrode-free
techniques that allow the separation of interface or contact
effects from intrinsic bulk effects and do not require good
charge transport in the material. Moreover, these tech-
niques can be applied at very low temperature, enabling
the characterization of even very shallow charge trap-
ping. A lesser-known aspect of their use is that the action
spectra of TSL and LESR signals could also provide
essential information regarding charge-carrier photogener-
ation mechanisms in these materials [20,21]. Indeed, the
LESR action spectra measured in films of the conjugated
polymers of cyano-substituted poly(p-phenylene vinylene)
(CN-PPV) and poly(2-methoxy,5-(2'-(ethyl-hexyloxy)-p-
phenylene vinylene) (MEH-PPV) have demonstrated a
clear threshold behavior at energies significantly exceed-
ing the energy of the lowest singlet exciton (S;) transition,
which was found to match well with the PC action spectra
reported for PPV derivatives [22]. The latter was attributed

to intrinsic bulk charge-carrier photogeneration and the
observed energy offset relative to the absorption spectra
can provide an estimate for the exciton binding energy.

Similar behavior has been observed for the action spec-
tra of TSL measured for various PPV derivatives [20,23];
namely, the TSL signal drastically increased with increas-
ing excitation photon energy well above the Sy — S
absorption edge of these polymers. Thus, since TSL in
organic semiconductors is believed to arise from the
recombination of long-range geminate charge-carrier pairs
[17,24,25], the TSL action spectra can be used to assess
the carrier photogeneration efficiency in response to exci-
tation photon energy. It is important to note that TSL
probes geminate pairs generated predominantly through
intrinsic photogeneration. This is because (i) TSL excludes
electrode-sensitized charge photogeneration, in contrast
to the thermally stimulated current technique [26], and
(i) any geminate pairs generated extrinsically via exci-
ton dissociation at incidental (most likely acceptor-like)
impurities, such as oxygen, are expected to recombine
nonradiatively at impurity moieties that serve as recom-
bination centers and thus make no contribution to the TSL
signal. Despite this, some organic semiconductors, such as
ladder-type methyl-substituted poly(phenylene), poly(N-
vinyl carbazole), and different polyfluorene derivatives,
show a surprisingly strong TSL under excitation at the
optical absorption edge, with no appreciable dependence
of TSL intensity on excitation photon energy above the
optical gap [17,24]. This phenomenon has so far remained
unresolved.

The present study was motivated by an intriguing recent
observation of strong TSL signals under excitation at
the optical absorption edge in pristine amorphous films
of a large set of small-molecule carbazole-based OLED
host materials [25,27], implying efficient carrier photopro-
duction within the lowest excited singlet state in single-
component materials. This work focuses on 3',5-di(9H-
carbazol-9-yl)-[1,1’-biphenyl]-3-carbonitrile (mCBP-CN),
a common wide-band-gap host material for blue emitters
in OLEDs owing to its high triplet level, which was cho-
sen here as an exemplary material exhibiting a significant
phosphorescence emission at low temperatures. For com-
parison purposes, we also measured the TSL action spectra
in a regioregular poly-3-hexylthiophene (rr-P3HT), cho-
sen as a representative counterexample, i.e., a well-known
nonphosphorescent material [28]. We found that the TSL
of rr-P3HT behaves fundamentally differently, featuring a
significant energy offset (0.6-0.7 eV) of the onset of its
TSL action spectrum with respect to the absorption edge.

To clarify the mechanism of charge photogeneration
in neat mCBP-CN films, we undertake a comprehen-
sive study employing a range of techniques, including
PL spectroscopy, LESR, PL-detected magnetic resonance
(PLDMR), and PC measurements. We demonstrate that
a large population of triplet excitons and concomitant
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efficient TTA-UC occurring even at very low cw-excitation
intensities lead to the autoionization of a high-energy neu-
tral excited state. This is the dominant mechanism of
geminate-pair generation in this material. In contrast, there
is no noticeable population of triplets in rr-P3HT films
owing to its very low intersystem crossing (ISC) rate upon
excitation within the S; excited state. Accordingly, this
results in negligible intrinsic charge generation. Hence,
charge generation in mCBP-CN films is a bimolecular pro-
cess, as evidenced by the observed supralinear dependence
of the PC upon excitation intensity. Its efficiency exhibits
the temperature dependence characteristic of the TTA pro-
cess, namely peaking at moderately low temperatures and
drastically decreasing when approaching room tempera-
ture because of progressively enhanced monomolecular
triplet quenching by impurities. Concomitantly, the PC is
observed only at low temperatures, and exhibits a promi-
nent maximum at 170 K. This maximum is found to
be mainly determined by the TTA-induced geminate-pair
generation process. In contrast, the temperature depen-
dence of the dissociation probability for the TTA-induced
geminate pair is found to play a secondary role. In fact,
we find that the field-assisted dissociation probability is
surprisingly almost temperature independent at low tem-
peratures 7' < 100 K, which can be well described within a
charge dissociation model by accounting for the presence
of energy disorder and longer-distance geminate pairs.

II. EXPERIMENT

A. Materials

mCBP-CN [see Fig. 1(a)] was purchased from Lumtec
Corp. and used as received. For spectroscopy measure-
ments, thin films of the mCBP-CN are spin-coated from
20-mg/ml chloroform solutions onto cleaned fused quartz
substrates (1000 rpm, 30 s) that typically result in 50-
nm-thick layers. Subsequently, the deposited films are
dried in an oven at 40°C for 10 min and then under
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vacuum for 2 h to remove residual solvent. For photocur-
rent measurements, mCBP-CN films are vacuum evap-
orated with a typical thickness of 150 nm. Photodiode
devices with evaporated mCBP-CN active layers have
a conventional configuration of glass/ITO(90 nm)/poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonic  acid)
(PEDOT:PSS)(25 nm)/mCBP-CN(150 nm)/LiF(0.5 nm)/
Al(100 nm).

B. Optical spectroscopy measurements

Steady-state absorption and PL spectra are measured
using a double-beam Shimadzu 2450 UV-VIS spectropho-
tometer and a Jasco FP-8600 spectrofluorometer equipped
with a Xe arc lamp (150 W) as an excitation light source.
The spectrofluorometer also allows PL measurements in
phosphorescence mode, for which the excitation light is
chopped, the detector unit is opened at a delay of 50 ms
after excitation, and the signal is acquired for 100 ms. For
the 77 K measurements, the sample is immersed in lig-
uid nitrogen. Photoluminescence quantum yield (PLQY)
is measured using an integrating sphere coupled to the
spectrofluorometer.

Time-resolved PL measurements are made using a setup
consisting of a spectrograph coupled to a gated intensified
charge-coupled device (ICCD) camera (Andor iStar 334)
for acquiring emission spectra with distinct delay and inte-
gration time, where samples are excited with a frequency-
tripled Nd: YAG laser (Innolas SpitLight 600) with a wave-
length of 355 nm (3.5 eV). All experiments are performed
with the sample in a temperature-controlled continuous
flow helium cryostat (Oxford Instruments OptistatCF).

C. Photocurrent measurements

Stationary PC measurements are conducted in the same
temperature-controlled helium cryostat, using excitation
from a 1200-W Xe arc lamp coupled to a double-grating
monochromator for wavelength selection. The temperature

-2.5eV

LiF/Al
-3.5eV

ITO
-4.8eV

PEDOT:PSS
mCBP-CN

-5.2eV
-6.1eV

(a) Molecular structure of mCBP-CN, (b) schematic energy levels diagram of investigated mCBP-CN single-layer
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dependence of the PC is measured at a weak cw-excitation
power (0.54 mW/cm?) at 355 nm. To measure the exci-
tation intensity dependence of the PC, we employ an
appropriate set of neutral density filters. PC action spec-
tra are measured at a reverse bias of —7 V and using a
lock-in technique for signal detection. To ensure that the
PC has stabilized and is representative, we wait for 15 s
after each monochromator advance and take several aver-
ages. The PC action spectrum is then corrected to account
for the effective absorption spectrum of the mCBP-CN
layer embedded in the device [Fig. 1(b)]. We calculate the
effective absorption spectrum by using a transfer matrix
approach implemented by Burkhard et al. [29]. The real
and imaginary part of the refractive index, n and k, were
measured for mCBP-CN by Naqvi et al. [30] using Sen-
tec SE 850 Spectroscopic Ellipsometry along with SPEC-
TRARAY software for the fitting. For other layer materials,
we use the values provided in Ref. [29].

D. Thermally stimulated luminescence measurements

TSL is the phenomenon of light emission arising after
the removal of excitation (UV light, in our case) under
conditions of increasing temperature. Generally, in the
TSL method, the trapping states are first populated by the
photogeneration of charge carriers, usually at low temper-
atures. After terminating the excitation, the trapped charge
carriers can be released by heating the sample and the
luminescence due to charge recombination is recorded as a
function of temperature. TSL measurements are carried out
using a homebuilt system over a temperature range from 5
to 300 K using an optical temperature-regulating helium
cryostat (see Ref. [27] for more details). More specifically,
after cooling to 5 K, the samples are photoexcited, usually
for 30 s, with a high-pressure 500-W mercury lamp with an
appropriate set of glass optical filters for light selection, or
with a UV LED emitting at 274 nm. After that, the samples
are kept in the dark at a constant temperature (5 K) dur-
ing a certain dwell time (typically 15 min) before the TSL
heating run begins to allow the long isothermal afterglow
(arising due to isothermal recombination of short-range
geminate pairs) to decay to a negligible value. Then TSL
measurements are started upon heating the sample from
5 to 300 K with a linear heating ramp (at constant heat-
ing rate, 8 =0.15 K/s). TSL emission is detected with a
cooled photomultiplier tube operated in photon-counting
mode, attached to the cryostat window. We also measure
the TSL action spectra; namely, the dependence of the inte-
grated TSL intensity, i.e., the area under the TSL glow
curve, upon the photon energy of excitation (Ej,). Since
the TSL intensity may nonlinearly depend on the intensity
of the incident light, the photon flux from different emis-
sive lines of the mercury lamp used for TSL excitation
is balanced by an appropriate attenuation of the stronger
lines. Finally, the spectral range of the TSL emission is

roughly estimated using a set of glass cutoff filters, as
demonstrated in Ref. [31].

E. Light-induced ESR and PL-detected magnetic
resonance

PLDMR and LESR experiments are carried out with
a modified X -band spectrometer (Bruker E300) equipped
with a continuous-flow helium cryostat (Oxford ESR 900)
and a microwave cavity (Bruker ER41040R, approxi-
mately 9.43 GHz) with optical access. Optical excitation
is performed with either a 305-nm or 365-nm UV LED
through the aperture in the cavity. Generally, PLDMR
probes the microwave-induced PL changes at the reso-
nance magnetic field for triplets or charges. For PLDMR,
PL is detected with a silicon photodiode (Hamamatsu
S2281), using a 355-nm or 409-nm long-pass filter to sup-
press the excitation light. The PL signal is amplified by a
current and/or voltage amplifier (Femto DHPCA-100) and
recorded by a lock-in amplifier (Ametek SR 7230), refer-
enced by on-off-modulating the microwaves with a modu-
lation frequency of 517 Hz. The microwaves are generated
with a microwave signal generator (Anritsu MG3694C),
amplified to 3 W (Microsemi), and guided into the cav-
ity. For LESR spectra and transients, a microwave bridge
(Bruker ER 047 MRP) provides microwave power up
to 200 mW. An arbitrary waveform generator (Keithley
3390) provides 100-kHz sinusoidal field modulation super-
imposed onto the main magnetic field, referencing the
lock-in amplifier. For transient LESR, the lock-in time con-
stant is set to 100 ms to not influence the detected signal
decay times. For LESR studies, a small amount of the
mCBP-CN solution is poured into an ESR tube and vac-
uum dried, leaving a film of mCBP-CN on the tube wall.
For PLDMR samples, the same spin-coated films used for
optical spectroscopy are used by inserting them into ESR
tubes. All ESR tubes are finally sealed under a helium
atmosphere.

III. RESULTS

A. Spectroscopic and photocurrent measurements

A basic spectroscopical characterization of mCBP-CN
films is shown in Fig. 2. For comparison, Fig. 2 also
presents measurements for P3HT, which is chosen as a
representative counterexample, i.e., a well-known non-
phosphorescent material [28]. The steady-state PL emis-
sion spectrum of a mCBP-CN film is depicted by the
blue solid curve in Fig. 2(a) and reveals both fluo-
rescence and phosphorescence components clearly seen
under cw-excitation at 77 K. The fluorescent compo-
nent is characterized by a relatively broad structureless
band peaking at 405 nm, which is a consequence of
the charge transfer (CT)-character of the lowest sin-
glet state of mCBP-CN due to presence of an acceptor

064029-4



CHARGE-CARRIER PHOTOGENERATION ...

PHYS. REV. APPLIED 20, 064029 (2023)

CN group. The latter also results in a slightly lower
energy of the singlet state in this material, whose 0—0
transition is very close to the onset of emission at
S1=3.30 eV, as compared to mCBP films (§;=3.47 eV)
[33] devoid of such a CN group. The phosphorescence
component dominates the delayed emission [blue dashed
curve in Fig. 2(a)] measured using the same excitation
light. In contrast to the fluorescence, the phosphorescence
features a well-resolved vibronic structure of the 77 — Sy
emission spectrum with the 0—0 vibrational transition at
T1=2.71 eV, similar to that observed in mCBP films.
As has been demonstrated before [33], such phosphores-
cence has been attributed to triplet excitation localized
on the central biphenyl core in meta-linked carbazole-
biphenyl materials, rather than on the carbazole moi-
ety of such molecules, which has also been supported
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by quantum chemical calculations [34]. It is noteworthy
that the phosphorescence of mCBP-CN films is read-
ily visible even in steady-state PL spectra at 77 K;
it appears as additional narrower peaks in the range
A > 450 nm superimposed on the broad fluorescence band
[blue solid curve in Fig. 2(a)], implying a quite efficient
ISC process in this material. Using the PLQY value of
11% (at 293 K) we measure in the mCBP-CN films,
the ISC rate is estimated as kjsc= 1.8 x 10® s~!, which
is higher than the radiative rate of singlet excitations,
kS =2.1 x 107 s7!, in this material. The delayed emis-
sion also reveals a delayed fluorescence (DF) component
identical to the prompt fluorescence with a maximum
at 405 nm [Fig. 2(a) dashed blue curve], which origi-
nates from the TTA process, as will be shown in the
following.
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(a) Absorption (orange solid line) where OD denotes optical density, low-temperature steady-state PL (blue solid line), and

delayed emission (blue dashed line) of a mCBP-CN film measured at 77 K with a standard spectrofluorometer using a Xe lamp for
excitation. The delayed emission is measured with 50-ms delay time after excitation and an integration time of 100 ms. (b) Absorption
(orange solid line) and steady-state PL (blue solid line) measured at 77 K of a rr-P3HT film. (c¢) Dependence of the integrated TSL
intensity upon the photon energy of excitation (red symbols) and PC action spectra (green symbols) of a mCBP-CN film; (d) action
spectrum of TSL (red symbols) measured in this work as well as PC (green circles) adopted from Ref. [32] for rr-P3HT film. Dashed
lines are a guide to the eye. (e) TSL glow curves of mCBP-CN film and of (f) a rr-P3HT film, both measured after excitation at 5 K
with different photon energies of the cw-excitation light (wavelengths of the excitation are indicated in the figure).
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As expected, in contrast to the mCBP-CN films, no
phosphorescence component is found either in steady-state
or delayed emission in rr-P3HT films even at low tem-
peratures, owing to the negligible triplet state population
in this system [28]. Figure 2(b) shows absorption spectra
and cw-PL for a rr-P3HT film (orange and blue curves,
respectively), exhibiting only fluorescence emission.

TSL in disordered organic semiconductors is known to
originate from radiative recombination of spatially well
separated trapped charge-carrier pairs created during pho-
toexcitation of the sample at a low temperature [24,27].
The measured TSL curve itself is known to map a distribu-
tion of charge carriers localized within the lower-energy
part of the intrinsic density of states (DOS). This tech-
nique allows determination of the width of the DOS opos,
which has been found to be 151 meV in mCBP-CN films
[27]. Action spectra of TSL (red circles) for mCBP-CN and
rr-P3HT films are presented in Figs. 2(c) and 2(d), respec-
tively. The TSL action spectra are obtained by plotting the
integrated TSL intensity, calculated as the area under the
TSL curves shown in Figs. 2(e) and 2(f), versus the photon
excitation energy (E,). These action spectra demonstrate
the fundamental difference in the TSL behavior between
mCBP-CN and rr-P3HT. That is, there is a significant
energy offset between the absorption edge and the action
spectrum of TSL for rr-P3HT [Fig. 2(d)], while, in con-
trast, TSL intensity in mCBP-CN is virtually independent
of Ej,, above the optical gap [Fig. 2(c)]. For rr-P3HT, the
onset of the TSL action spectrum [Fig. 2(d)] is approxi-
mately 0.6-0.7 eV higher than the lowest singlet exciton
state S;=2.0 eV, which is in agreement with the exci-
ton binding energy of 0.7 eV determined by Deibel et
al. [32] from the combined spectrally resolved PC and
photoemission measurements. This perfectly agrees with
transient absorption measurements [28], showing that in
single-layer P3HT devices the charge carriers are gener-
ated only from hot excitons and not from relaxed singlet
exciton states. It is therefore reasonable to expect a simi-
lar offset for the TSL action spectrum. In contrast, the TSL
intensity of the mCBP-CN films rises steeply at the opti-
cal gap and then appears to be remarkably independent of
the energy of the excitation photons £}, above the opti-
cal gap [Figs. 2(c) and 2(e)]. mCBP-CN shows the same
TSL signal even at zero excess photon energy of the excit-
ing illumination with 365-nm light, i.e., within the lowest
singlet S state.

Figures 2(c) and 2(d) also present the action spectra of
the PC (green circles) using photodiodes based on mCBP-
CN (measured at 5 K) and rr-P3HT (measured at ambient
temperature), respectively. The curves turn out to be simi-
lar to the action spectra of TSL. That is, for mCBP-CN, the
PC rises sharply at the onset of absorption (some appar-
ent decrease above 3.7 eV is due to absorption of the
glass substrate covered with ITO and PEDOT:PSS lay-
ers). The PC is measured at a reverse bias of —7 V, which

prevents electrode-sensitized photogeneration of charge
carriers [35]. This indicates that the PC in mCBP-CN films
is dominated by intrinsic bulk photogeneration, similar to
the situation in TSL. In the photodiode made with rr-P3HT,
we see a small PC component at the onset of absorption
attributed to extrinsic dissociation, and the main onset at
higher energies congruent with the electrical gap. The lat-
ter is the intrinsic PC resulting from autoionization that
also produces the geminate pairs probed by the TSL signal.

The DF component seen in Fig. 2(a) (dashed blue
curve) is spectrally identical to the prompt fluorescence
(solid blue curve). This suggests the presence of a mech-
anism that involves triplet excitons, as demonstrated in
the following. To elucidate the role of TTA in photo-
physical processes in the mCBP-CN films, we employ
time-resolved PL measurements with pulsed nanosecond-
laser excitation. Figure 3(a) shows the dependence of DF
and phosphorescence intensity on variable laser excitation
intensity for the mCBP-CN film at 5 K. The emission is
recorded with a time delay of 2 ms after the laser excita-
tion pulse at 355 nm (3.5 eV) and the gate width of 2 ms.
The plotted emission intensities are obtained by integrating
over the wavelength. The actual delayed emission spectra
are presented in Fig. S1(a) of the Supplemental Mate-
rial [36]. The phosphorescence intensity shows almost a
square-root increase with increasing excitation laser power
(Ipn ~ I7;., where m = 0.63), implying that TTA is a domi-
nant mechanism for depletion of the triplet reservoir in the
range of laser intensities used in this experiment [37,38].
The DF intensity increases more steeply with increas-
ing laser intensity, revealing an almost doubled exponent
[37] with respect to the phosphorescence intensity increase
(m =1.14). The latter strongly suggests that DF emission
is predominantly caused by TTA processes in this material.

Figure 3(b) presents the temperature dependence of the
spectrally integrated phosphorescence intensity, DF inten-
sity, and the PC (green triangles, blue squares, and red
circles, respectively) measured from the same mCBP-CN
film. As evident from Fig. 3(b), the phosphorescence inten-
sity decreases monotonically with increasing temperature
from 5 to 290 K. See Fig. S1(b) of the Supplemental
Material [36] for the actual delayed emission spectra. In
contrast, the DF detected in the same time slot of the
ICCD detector first increases to its maximum intensity
at around 110 K and then drops to an almost negligible
level at room temperature. Note that the DF reaches its
maximum intensity at a temperature Ti,,x wWhere the phos-
phorescence intensity is reduced to 50% of its value at
5 K. It should be emphasized that this type of tempera-
ture dependence peaking at an intermediate temperature is
very characteristic of DF and was previously observed for
DF in films of polyfluorene oligomers [39]. It has already
been shown using a kinetic equation approach and kinetic
Monte Carlo simulations [40] that the observed nonmono-
tonic temperature dependence of DF is a consequence
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Evidence for efficient TTA in mCBP-CN films: (a) dependence of spectrally integrated phosphorescence (Ph) (green trian-

gles) and DF (blue squares) intensity on pulsed nanosecond-laser excitation intensity at 5 K, along with power-law fits to the data
(solid line); (b) intensity of spectrally integrated Ph, DF, and PC (Jy,) versus temperature (symbols), along with guides to the eye
(solid lines); (c) double-logarithmic plot of the PC vs cw-excitation intensity at 350 nm measured at 5 K (red circles). The observed
supralinear dependence with slope 1.5 indicated by the red line is principally similar for the diode measured at both short-circuit and
reverse bias (—7 V) conditions. (d) Suggested simplified energy diagram for the charge photogeneration process in mCBP-CN films,
where IC and ISC denotes internal conversion and intersystem crossing, respectively.

of the temperature-dependent interplay between TTA and
monomolecular quenching of the triplet excitations by
quenching centers, controlled by thermally activated triplet
exciton diffusion. At lower temperature, triplet diffusion
causes TTA so that the phosphorescence is reduced and
DF can be observed. The yield of this process increases
with increasing temperature until the growing diffusion to
quenching sites becomes sufficiently significant to reduce
the triplet population and hence to curb the TTA process
so that the DF falls off.

A similar nonmonotonic temperature dependence is also
observed for the photocurrent J,;, measured in a mCBP-
CN diode at very weak cw-excitation, which correlates
with the temperature-dependent DF, although somewhat
shifted towards higher temperatures [red circles, Fig. 3(b)].
The Jon(T) features a clear maximum at a moderately
low temperature of around 170 K, followed by a dras-
tic decrease in the PC up to room temperature. This

suggests that the temperature dependence of the pho-
tocurrent Jpp(7) is mostly governed by the TTA-UC-
induced generation of the higher lying singlet state from
which the geminate pairs are then generated, and less by
a thermally activated field-assisted dissociation of these
TTA-induced geminate pairs into free carriers. Figure
3(c) shows that the PC exhibits the supralinear depen-
dence on cw-excitation power (Jon o I, where m = 1.5)
measured in the range 0.016 < /o < 0.54 mW/cm?, ie.,
under very low light fluences, evidencing that carrier
photogeneration is a bimolecular process in this sys-
tem. It is worth mentioning that a similar supralin-
ear dependence with an exponent m = 1.7 was recently
reported for a TTA-based up-converted fluorescence
observed in virtually the same excitation power range
Iexe < 0.4 mW/cm? in poly(styrene) nanoparticles doped
with PtOEP and 9,10-diphenylanthracene [41]. More-
over, exponents of 1.47 to 1.57 have been reported for
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TTA-induced enhanced PLDMR in nonfullerene accep-
tors (NFAs) and for TTA up-converted PL in bilayer
NFA/rubrene systems, respectively [10,42]. The exact ori-
gin of such TTA behavior requires further investigation;
however, Izawa and Hiramoto [42] have speculated that
the value m < 2 may be attributed to some other parallel
triplet quenching processes, such as triplet quenching by
charge carriers.

The observed bimolecular character of the PC in mCBP-
CN films [Fig. 3(c)], as well as the remarkable correla-
tion between temperature dependences of the DF and the
Jpon(T) [Fig. 3b)], with both reaching a maximum value
at moderately low temperatures and rolling off towards
room temperatures, implies that the PC is governed by the
TTA-UC-induced photogeneration of charge carriers. This
mechanism is schematically depicted in Fig. 3(d): owing
to the high energy of the lowest triplet state in mCBP-CN,
the efficient TTA process can promote the energy UC to
542 eV (2.71 eV +2.71 eV) and thus provides enough
excitation energy to overcome the exciton binding energy,
enabling autoionization to yield a separated electron (e™)
and hole (h") charge-carrier pair.

B. PLDMR and LESR transient measurements

The TTA process in mCBP-CN films can be studied ele-
gantly using PLDMR, as shown in Fig. 4. The principle
of PLDMR investigations of triplet excitons and TTA is
illustrated in Fig. S8 of the Supplemental Material [36].
Since TTA and the corresponding DF are spin-dependent,
resonant microwave irradiation can modulate TTA proba-
bilities and concomitantly the PL intensity. Figure 4 shows
a positive (PL enhancing) half-field PLDMR spectrum
at 10 K. In order to clarify how this triplet PLDMR
signal is related to fluorescence and phosphorescence path-
ways, we measure it through either a 355-nm long-pass
optical filter (transmitting both fluorescence and phos-
phorescence, red) or with a 380—420-nm bandpass filter
(only the fluorescence component is transmitted, blue).
Whilst keeping the measurement conditions the same, the
bandpass-filtered spectrum (blue) shows a larger PLDMR
contrast (APL/PL). The total PL is reduced considerably
when the phosphorescence component is blocked with the
bandpass filter, while APL changes less, leading to the
increased contrast. However, the decisive factor is not the
change in contrast, but that PLDMR is detected at all for
the fluorescence component. Direct singlet fluorescence is
spin-independent, while we observe spin-dependent fluo-
rescence. This suggests the enhancement of the fluores-
cence component is related to a spin-dependent process,
such as TTA-induced DF. The higher noise level of the
bandpass curve (blue) in contrast to the long-pass curve
(red) stems from dividing by the reduced PL intensity.
Overall, these results testify that the TTA-induced DF
process does take place in this material even at 10 K.

2.0

1.5

1.0

0.5
0.0

—05| 380-420-nm bandpass
| — mostly DF
1 1 1 1

150 155 160 165 170 175
Magnetic field (mT)

355-nm long-pass
— DF+Ph

PLDMR contrast (A PL/PL x107%)

FIG. 4. PLDMR triplet spectra of fluorescence (380—420-nm
bandpass filter, blue) and fluorescence plus phosphorescence
(overall PL spectrum >355 nm, red). The bandpass-filtered DF-
based spectrum shows increased PLDMR contrast (APL/PL) in
comparison to the long-pass-filtered spectrum that also probes
phosphorescence. This is evidence that the PLDMR mostly
stems from TTA-UC-induced DF rather than phosphorescence.
The inset shows the probed Amg==2 triplet transition as a
black arrow, in contrast to the gray arrows for the Am;==+1
transitions.

To gain a deeper insight into the formation and recom-
bination dynamics of the trapped photogenerated charge
carriers as well as the lifetime of triplet excitons in mCBP-
CN films at low temperatures, we apply transient LESR.
Since both triplets and charge carriers are paramagnetic
excitations, they can be probed by LESR transient mea-
surements, which complement the TSL measurements very
well. In contrast to TSL, the ESR technique can poten-
tially be used to estimate the concentration of trapped
charges, as it results from direct microwave absorption
by the paramagnetic species. Another distinguishing fea-
ture of LESR and PLDMR techniques is that, unlike
TSL, they detect all charge carriers in the film regard-
less of whether they are generated via intrinsic or extrinsic
mechanisms.

Figure 5(a) shows an example of the LESR spectrum
of a neat mCBP-CN film at g=2 (Amy==+1, S=1/2,
see inset), which is due to photoinduced charge carri-
ers recorded under steady-state 365-nm illumination at
10 K. No “dark” LESR signal is observed prior to illu-
mination, excluding any impurity paramagnetic species.
The multiple shoulders and secondary maxima in the low
magnetic field region of the observed LESR signal are
probably caused by hyperfine interactions of charge car-
riers with paramagnetic '“N nuclei in mCBP-CN. The
shape of this LESR spectrum is also found to depend
on microwave power, as demonstrated in Fig. S3 of the
Supplemental Material [36]. Another LESR component at
g=4 (Amy==2) is observed in the mCBP-CN film at
half-field resonance, as shown in Fig. 5(b), which can only
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arise for a total spin of §> 1. The position of the half-
field signal suggests a high zero-field splitting, i.e., dipolar
interaction, supporting the theory of molecular excitons
with nearby spins as triplet excitons [43]. The observed
LESR triplet spectrum in Fig. 5(b) corresponds to the same
transition as the PLDMR spectrum shown in Fig. 4. Since
a high zero-field splitting makes the signal in the full field
(Amg = =£1) very broad, the signal intensity is too low to
detect the spectrum in the full field (Fig. S9 of the Sup-
plemental Material [36]). Note, the LESR spectra appear
as first derivatives of the microwave absorption signals
due to the used magnetic field modulation in contrast to
PLDMR. A direct comparison of ESR and PLDMR spec-
tra for charges (S =1/2) and triplets (S=1) is shown in
Fig. S10 of the Supplemental Material [36].

This study focuses on the fact that, similar to the TSL,
charge-related LESR signals in mCBP-CN films can be
observed (i) upon photoexcitation within the S; state of
this material, and (ii) only when photoexcitation occurs at
low temperatures (see Fig. S7 of the Supplemental Mate-
rial [36]). Moreover, no light-induced ESR signals are
observed in neat rr-P3HT films, in agreement with our
previous studies [44], indicating negligible charge-carrier
photogeneration in rr-P3HT upon excitation within the
absorption edge. These observations are perfectly corre-
lated with the TSL excitation behavior for mCBP-CN and
rr-P3HT films shown in Fig. 2, implying that the same
trapped charge carriers are responsible for both TSL and
LESR phenomena.

Figure 5(c) shows the temporal evolution of the LESR
signal in mCBP-CN film at 10 K, which demonstrates
the extremely slow LESR kinetics of both charge accu-
mulation and charge recombination after ceasing the cw
illumination. Interestingly, the LESR intensity gradually
increases with exposure time, revealing no saturation even
after a prolonged 60-min illumination (see Figs. S4-S6
and Note S1 of the Supplemental Material [36]). When
the illumination is turned off, the LESR signal at 10 K
decreases due to the recombination of charges following
the I gsr ~ —log(?) decay kinetics measured over hours as
shown in Fig. 5(e). This kinetic is indicative of dispersive
charge recombination due to energy and/or spatial distri-
bution of charge-carrier pairs and perfectly agrees with
the isothermal recombination luminescence (IRL) (or long
afterglow) decay kinetics /ir, ~ —¢~! as depicted in Fig.
S2 in the Supplemental Material [36] measured in the long
delayed time limit after photoexcitation. This is because
the LESR signal is proportional to the carrier concentration
I gsr ~ n, whereas the IRL intensity is the first derivative
of carrier concentration Ijg; ~ —dn/dt [45]. At elevated
temperatures, the charge accumulation and recombination
are accelerated, as expected, as demonstrated by the LESR
transients for charges measured at temperatures 10, 50,
and 100 K (Fig. S5 of the Supplemental Material [36]).
The LESR results thus indicate that (i) the majority of

photogenerated charges in mCBP-CN films under steady-
state excitation at 10 K are metastable, originating from
long-lived long-range geminate pairs, and (ii) no really
fast charge recombination can be seen in these experi-
ments because of the limited time resolution (100 ms) of
the present LESR kinetics measurements.

In contrast to the very slow temporal evolution of the
LESR signal caused by the recombination of charge carri-
ers in Fig. 5(e), the LESR caused by triplets, as shown in
Fig. 5(d), demonstrates fast increase, decrease, and satura-
tion within seconds of switching the illumination on or off.
The signal decrease as shown in Fig. 5(f) features expo-
nential decay kinetics with a time constant t = 1.7 s. This
value is comparable to the decay constant of the initial part
of the isothermal afterglow measured at a constant tem-
perature 7= 5 K prior to the TSL heating run (Fig. S2 of
the Supplemental Material [36]) and we ascribe it to the
lifetime of triplet excitons in mCBP-CN films.

Thus, the PLDMR and LESR experiments demonstrate
the abundance of charge carriers and triplet excitons being
generated in mCBP-CN films upon photoexcitation within
the absorption edge. In this regard, both methods show
a high degree of similarity, as shown in Fig. S10 of the
Supplemental Material [36].

C. Modeling of geminate-pair dissociation

It is obvious from the striking similarity between the
temperature dependences of the DF and the PC [see
Fig. 3(b)] that the PC is essentially determined (limited)
by the same TTA process that determines the DF. Based
on the experimental data presented in Sec. III A and the
LESR data of Sec. III B, we suggest that TTA leads to
the formation of a higher lying singlet state, 7; + 7, — S,,.
Autoionization from this state followed by thermalization
leads to the formation of geminate pairs, S, — (e™...A").
These geminate pairs may have shorter or longer sepa-
ration distances ry between the respective electron and
hole. They will eventually dissociate by thermally acti-
vated and field-assisted diffusive hopping into free charges
(e”...h") — (e~ +h"). However, it still needs to be
clarified to what extent the measured Jp,,(7) is governed
by the TTA-induced geminate-pair generation and to what
extent it is governed by the dissociation of these geminate
pairs into free carriers. Note that the PC is observed at low
temperatures, and the geminate pairs are bound together
by their Coulomb energy, which acts as an energy barrier
for dissociation. This leads to a more general fundamental
question: How does a photogenerated geminate pair disso-
ciate into free carriers at such low temperatures, including
liquid-helium temperature?

PC generation is a two-stage process and can there-
fore be expressed as a product of geminate-pair generation
yield, which is a temperature-dependent quantity in the
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Light-induced ESR of mCBP-CN under 365-nm excitation at 10 K due to charge carriers [blue lines or symbols in (a),(c),(e)]

or triplets [red lines or symbols in (b),(d),(f)]. (a),(b) LESR signal as function of the applied magnetic field. The vertical arrows
indicate the signal peaks where transients are measured. The insets show the Zeeman splitting of charge carriers or triplets and the
probed Amy;=+1 and £2 ESR transitions, respectively. (c),(d) Illumination-dependent transient signal evolution. The signals grow
upon illumination and decay in the dark with drastically different temporal behaviors. (e),(f) Semilog plots of the signal decays in the
dark after terminating the excitation. For charges, a logarithmic time dependence /; gsg ~ —log(?) is observed. Charges accumulate
and decay over hours. For the triplet signal, an exponential decay I gsg ~ exp(—(t/7)) with a time constant 7 = 1.7 s is observed.

case of TTA-facilitated autoionization ® (7)), and the prob-
ability of charge-pair dissociation n(7) into free carriers.
Hence, the entire process can be written as

@
T +7 = 8L ... Qe +1h. 1)
Therefore, comparison of the DF and the PC measure-
ments at various temperatures allows one to decouple
the temperature-dependent geminate-pair generation & (7)
and dissociation n(7). Here we assume that ®(7) is

proportional to the measured temperature-dependent DF

intensity, as both phenomena are induced by the same
TTA process. The temperature dependence of the charge-
pair dissociation probability can therefore be evaluated as
N(T) < Jon(T)/®(T) [cf. Eq. (2) below] using the exper-
imental data from Fig. 3(b) and is presented in Fig. 6(a)
(black circles). As one can see, n(7) demonstrates a
clear nonexponential dependence when plotted in Arrhe-
nius representation for the temperature ranging from 20 to
290 K. This implies that the classical disorder-free Onsager
dissociation model is not applicable to amorphous organic
semiconductors and should be extended to account for the
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disorder that is known to assist the dissociation of pho-
togenerated geminate pairs [46—50]. This is because the
stronger the disorder is, the more easily the charge carriers
can escape from the Coulomb potential since they are able
to hop via localized states below the center of the DOS
distribution, thereby requiring significantly less thermal
energy. The shortcomings of the classical Onsager disso-
ciation model have recently been solved in an extended
model by Rubel et al. [46] that also accounts for the
hopping motion involved in the dissociation process in a
disordered system. Therefore, the dissociation probability
n(ro, t,0,T, E) is a function of the initial charge separation
distance of the geminate pairs ry, the lifetime of a geminate
pair 7, the amount of energetic disorder in the material o,
temperature 7, and electric field E. The PC then reads as
follows:

Jph(D (0.8 qD(Dn(r0>Ta 67 TaE) (2)

To understand the observed temperature dependence of
the dissociation yield n(T), we use the analytical hopping
model of Rubel et al. [46], which reproduces the Onsager
and Frenkel field dependences of the dissociation proba-
bility as asymptotic cases. The model is based on a rate
equation approach in a one-dimensional lattice of hopping
sites where one charge is fixed (e.g., the electron) and the
countercharge (e.g., the hole) executes a biased random
walk in the presence of an external electric field and the
Coulomb potential of the fixed charge. The mobile carrier
will either recombine with the fixed charge at the origin,
with a lifetime t, or separate over a given distance L = na
to become free, where n is the number of lattice sites
and a is the lattice constant. The temperature-dependent
dissociation probability is

n=1 1 (&1 /ksT)
2 =i Ve

L =T (i kD)
T2t Ve

(M) =1- €)

where i is the starting site of the mobile carrier (i =1
corresponds to electron and hole being nearest neighbors
with distance a), ¢; the site energies, kp the Boltzmann
constant, and v; ;4 the Miller-Abrahams hopping rates
between nearest-neighbor sites j andj + 1, given by
Vjj1 = vOef2yaef((6j+r€j+\?/+1*2/|>/2k3735 (4)
with vy the attempt-to-hop frequency and y the inverse
localization length. The on-site energies of the jth local-
ized state at position x; = aj,
e

g = ———
41 e €ox;

—qEx; + 8](-), (5)

include the Coulomb binding energy, the potential energy
drop due to the applied electric field £, and random

Gaussian disorder 8]0 with standard deviation o and

mean value zero. g 1s the charge of the hole and ¢,, ¢
the relative and vacuum permittivity, respectively. We
have used ¢, = 3.5, 0 =0.1eV,a=1nm, n = 100, F =
10° V/em,y =2 nm~', vy = 10 ps~!, and computed the
dissociation probability by averaging over 107 disorder
realizations for different electron-hole initial separation
distances 7y = ia, where i is the integer number 1, 2, 3,
4, or 5. Note that although the latter option was included in
the equation in the original Rubel model, it was not applied
to compute the probability for different distances. Thus, the
major advance we make using the model described here is
that we also account for longer-distance geminate pairs.

In Fig. 6(a), we plot the dissociation probability of
geminate electron-hole pairs (e” ... A") normalized to
the dissociation probability at 290 K. We use a life-
time for the pair of T =3 x 10%, where 7, = €*’?*/vy
is the minimum hopping time between isoenergetic sites.
This lifetime corresponds to a value of around 164 ns
for a minimum hopping time of about 5.5 ps. Impor-
tantly, we find that in order to reproduce the non-Arrhenius
temperature dependence of the experimental data with
a relatively steep activation energy at high temperatures
(about 80 meV for 7> 150 K) and nearly zero activa-
tion energy at low temperatures we need to include both
short-distance pairs with 7y = 1 nm and longer-distance
pairs with g > 2 nm. The short-distance pairs contribute
to the high-temperature steep drop of the dissociation yield
with decreasing T, while the longer-distance pairs account
for the T-independent low-temperature part. Note that in
the absence of electric field and energetic disorder, the
thermal activation energy for the dissociation of nearest-
neighbor pairs would be around 411 meV [Fig. 6(b)]. In
the fit to the data presented in Fig. 6(a), approximately
97.0% of the charges are generated at ro = 1 nm, 2.9% at
ro = 2 nm, and 0.1% at o = 3 nm. The individual disso-
ciation yields for ry = 1,2, 3,4, and 5 nm are shown in the
Supplemental Material (Fig. S11) [36]. Satisfactory fits of
the experimental data could also be obtained by consider-
ing different r( ratios, for example, 99.87% of the charges
at ro = 1 nm and 0.13% at 9y = 5 nm, or by considering
a longer lifetime 7 = 3 x 10%% with 99% of the charges
at ro = 1 nm and 1% at ry = 5 nm. However, they key
common feature is that the vast majority of the geminate
electron-hole pairs (e”...A") following autoionization
from S, are nearest neighbors and the minority are sepa-
rated by intermediate distances. Figure 6(b) highlights the
dramatic influence of disorder in assisting charge separa-
tion of short-distance Coulombically bound electron-hole
pairs at low temperatures.

Finally, we emphasize that even though the long-
distance geminate pairs seem to be only a small fraction
of the total number of TTA-generated geminate pairs,
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disorder-free (lines) system in the absence of electric field (blue line and squares) and in the presence of an electric field (red line and

circles).

their abundance in mCBP-CN films is unambiguously tes-
tified by the strong isothermal afterglow (Fig. S2 in the
Supplemental Material [36]), the TSL, and the LESR sig-
nals observed under photoexcitation at 10 K. The presented
LESR Kkinetics cannot probe the nearest-neighbor charge
pairs as their lifetime is shorter than the time resolution
of the LESR kinetic measurements (limited by the 100-ms
lock-in time constant). Note that any intermediate short-
lived pairs can be probed on (sub-)microsecond timescales
only with transient LESR upon pulsed nanosecond-laser
excitation, as has been demonstrated for bulk hetero-
junction photovoltaic systems [51,52]. Furthermore, the
ESR signal shape for those close pairs is expected to be
broader due to enhanced short-range dipolar interaction in
comparison to the spectra presented in Fig. 5(a).

IV. DISCUSSION

We briefly discuss the reason for the occurrence of a
pronounced maximum in the DF intensity at a certain tem-
perature [cf. Fig. 3(c), blue curve]. A similar effect has
been studied in detail for a series of poly(p-phenylene)
oligomers [39] and it was found to be a consequence
of thermally activated triplet exciton diffusion toward
quenching sites in a disordered organic solid. Even in well
purified compounds, there may be some residual amount of
structural or chemical defects capable of quenching triplet
excitons due to their long lifetime. The triplet quench-
ing in the mCBP-CN films is evidenced by the observed
drastic decrease of phosphorescence with increasing tem-
perature [Fig. 3(c), green curve], which drops to a neg-
ligible level at room temperature. Considering that both
the bimolecular TTA and monomolecular triplet quenching

are diffusion-controlled processes, their interplay leads to
the situation that the number of TTA events peaks at a
certain temperature [40]. Indeed, triplet quenching is negli-
gible at zero temperature and the DF tends to increase with
temperature due to the temperature-dependent diffusivity
[53] promoting the collision of two triplets until the triplet
quenching rate (which also increases with temperature)
equals the intrinsic decay rate [39,40]. From that point
on, further increases of temperature lead to a progressive
decrease in TTA probability, since the triplet population is
reduced by quenching, and concomitantly, the DF inten-
sity falls. In between, the DF features a maximum, and the
peak temperature is determined by various material param-
eters—in particular, by the quencher concentration and the
energy disorder. The disorder has been shown to reduce
triplet diffusivity, resulting in a shift in the DF maximum
towards higher temperatures [40].

A key finding of our study is that, similar to the DF
intensity, the intrinsic PC in mCBP-CN diodes exhibits
a similar prominent maximum at an intermediate tem-
perature followed by a drastic decrease with temperature
upon approaching room temperature [Fig. 3(c), red curve].
Such a decrease with temperature is an unusual behav-
ior for a PC in a disordered system. It suggests that the
temperature-dependent bimolecular TTA process governs
the intrinsic charge-carrier generation and, consequently,
the PC in these films. This is further proven by observation
of the supralinear dependence of the PC on cw-excitation

power [Fig. 3(c)] at very low excitation power (below
1 mW/cm?).

The high-efficiency TTA process observed in mCBP-
CN thin films is not self-evident for a single-component
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heavy-atom-free system. We attribute this behavior to a
combination of several factors. Firstly, the relatively high

ISC rate estimated for mCBP-CN films, kjsc= 1.8 x 108 s_l,

is expected in accordance with the El-Sayed rule,
since it involves a change of orbital type from a sin-
glet state with a charge-transfer character to a triplet
state localized on the biphenyl moiety. Secondly, a
relatively low concentration of quenching centers and the
high energy of the lowest triplet state (77 =2.71 eV) in
mCBP-CN gives rise to a very long triplet lifetime, as
found by LESR studies [Fig. 5(d)], which is around 2 s,
because the nonradiative rate is greatly reduced in accor-
dance with the energy gap law. These factors can provide
a large triplet excitation density in this material under
steady-state photoexcitation. In contrast to mCBP-CN, rr-
P3HT is not a phosphorescent material due to slow ISC
from the lowest singlet state to the 7 state, as confirmed
by transient absorption measurements [28], which revealed
no measurable triplet formation in rr-P3HT films under
excitation at the absorption band edge. Moreover, the low
energy of the lowest triplet exciton state 77=1.55 eV for
rr-P3HT film [28] is expected to enhance the nonradiative
decay rate of triplets in this material.

Further, spin-coated mCBP-CN films are typically
amorphous and thus quite disordered. The energetic disor-
der for charge carriers was found to be about 150 meV [27]
and it is dominated by the dipolar-disorder contribution.
The energy landscape for triplets is naturally less disor-
dered. In the present work, we estimate a triplet exciton
DOS width of about oiipler = 37 meV based on the Gaus-
sian width of the 0—0 peak in the phosphorescence spectra
presented in Fig. 2(a). For details of the Gaussian fit to the
0-0 peak, see Fig. S12 of the Supplemental Material [36].
This width of the DOS likely results from the significant
conformational disorder due to the conformational free-
dom and presence of soft dihedral angles in this organic
material [54]. Recent kinetic Monte Carlo simulations by
Saxena et al. [40] have demonstrated that the energetic dis-
order is crucial for obtaining a high yield of TTA because
it causes filamentary triplet transport in disordered solids;
thus, it locally enhances triplet densities and the probabil-
ity of two triplets encountering each other rather than an
impurity.

Another principal finding of this work is that the dis-
sociation probability n(7) of photoinduced charge pairs
is almost temperature-independent at low temperatures in
the range up to 77<100 K [Fig. 6(a)]. This cannot be
rationalized by a classical “disorder-free” Onsager model
predicting an exponential drop of the geminate-pair dis-
sociation yield with decreasing temperature, as demon-
strated in Fig. 6(b) (straight lines). At higher temperatures,
n(T) reveals some thermally activated behavior featur-
ing an activation energy of around 80 meV. The latter is
responsible for the notable shift of the maximum Jy,(7)
with respect to the temperature of maximal DF intensity

(i.e., maximum of TTA efficiency) [Fig. 3(b)], which
proves that the charge dissociation in the range of moder-
ately high temperatures does require extra thermal energy.
We demonstrate that the puzzle can be resolved within
the charge dissociation model by Rubel et al. [46] by
accounting for the presence of energetic disorder, which
dramatically facilitates the separation of charges, particu-
larly at low temperatures [Fig. 6(b)]. Although previous
hopping transport theories and relevant computer sim-
ulations [46—48] have shown that the disorder greatly
weakens the temperature dependence of the geminate-
pair dissociation yield under the applied electric field,
they have never been applied to describe PCs in such
a low-temperature limit approaching liquid helium tem-
perature. It is remarkable that the Rubel model [46] is
found to describe the temperature-dependent PC so well
across a broad temperature range from 300 down to 5 K
[Fig. 6(a)] by considering a distribution of initial charge
separation distances of the geminate pairs. This means that
the presence of energetic disorder and energy barriers for
back charge recombination, which result in substantially
long lifetimes of photogenerated geminate charge pairs
and slow recombination, must be taken into consideration.
Experimental evidence of very slow charge recombination
at 10 K is provided by extremely slow LESR and the after-
glow decay kinetics presented in Fig. 5(c) and Fig. S2 (in
the Supplemental Material [36]), respectively.

V. CONCLUSIONS

In this study, we demonstrate, that similar to the DF, the
intrinsic photogeneration of geminate pairs of charge car-
riers in a single-component mCBP-CN film is dominated
by the TTA-induced UC process. Energetically, this is eas-
ily feasible due to the high energy of the lowest triplet
state in mCBP-CN. As a result, the TTA process can read-
ily promote energy up-conversion to 5.42 eV [Fig. 3(d)],
which provides plenty of excess energy to overcome the
exciton binding energy, which is known to be within the
range of 0.5—-1 eV for small molecule semiconductors.
The autoionization of the TTA-UC-generated high-energy
neutral excited state is the major cause of the charge
photogeneration observed in this material.

This photogeneration mechanism requires a high con-
centration of long-lived triplets that enable a highly effi-
cient TTA process. This is not a trivial issue for a
single-component material that does not contain a heavy
atom. We attribute the efficient TTA process in mCBP-
CN to efficient ISC, a high triplet energy level (2.71 eV),
very long-lived triplet excitations (about 2 s) with a low
quenching rate, and the presence of energy disorder that
locally enhances the triplet densities. The photocurrent
measured in an mCBP-CN diode shows an unusual tem-
perature dependence J,n(T): (i) it is observed primarily at
low temperatures peaking at around 170 K and rolls off
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significantly at higher temperatures, and (ii) J,n(7) shows
a striking correlation with the temperature dependence of
the delayed fluorescence. We take this temperature depen-
dence to suggest that triplet fusion is a common origin for
both processes. This conclusion is affirmed by a supralin-
ear dependence of the PC on excitation intensity observed
even at very low excitation power (below 1 mW/cm?),
implying a bimolecular nature of the charge-generation
process. Quantitative modeling of the PC using a hopping
transport formalism indeed confirms that the temperature-
dependent yield of free charges is mainly determined by
the TTA process that forms the high-lying singlet state, and
not by the dissociation probability from that high-lying sin-
glet state. To obtain the correct temperature dependence,
it is essential to account for the energy disorder and a
distribution of initial charge separation distances.

We would like to highlight the importance of energy
disorder, which actually plays a twofold beneficial role
in the above TTA-UC-induced PC generation. The dis-
order of the triplet exciton states and that of the charge
states in mCBP-CN films is found to be around 37 and
150 meV, respectively. First, the disorder of the excitonic
state has previously been shown [40] to locally enhance
triplet densities. This local enhancement should facili-
tate the TTA efficiency in mCBP-CN. It is worth noting
that, to achieve a desirable shift of maximal TTA effi-
ciency to room temperature, a somewhat larger triplet DOS
width of at least 70 meV is required, as well as a triplet
quencher density as small as about 10'7 cm™3 [40]. This
might be accomplished by proper selection of organic
semiconductor materials and improved material purifica-
tion and/or encapsulation to reduce the concentration of
triplet quenchers, e.g., molecular oxygen. Second, in this
work we demonstrate that the disorder of a charged state
can have a dramatic influence in assisting the charge sep-
aration of Coulombically bound electron-hole pairs at low
temperatures, [Fig. 6(b)]. Organic perfect single crystals
may not exhibit this disorder-assisted dissociation mecha-
nism. We find that the disorder-based dissociation model
of Rubel ef al. [46] describes remarkably well the dis-
sociation yield over the entire broad temperature range
5-300 K [Fig. 6(a)] if one also accounts for the distribution
of geminate-pair radii. Our TSL and LESR measurements
clearly prove photogeneration of a significant amount of
charge pairs with an intrapair separation of several inter-
molecular distances. Hence, TTA can lead to the formation
of a high-lying singlet state and subsequent formation of
long-range geminate pairs that separate into free carriers
with virtually no activation energy and that provide an
intrinsic photocurrent at the onset of absorption even at
temperatures as low as 5 K. It also explains the counter-
intuitive finding that the level of stationary photocurrent
in this disordered material at 5 K is almost the same as at
room temperature. Finally, we wish to point out that the

mechanism of geminate-pair photogeneration through the
TTA-UC process discussed in this paper is not exclusive
to mCBP-CN; it may be applicable to other organic semi-

conductors that possess an efficient ISC and a sufficiently

high triplet energy level (e.g., carbazole- or triazine-based

compounds), the TSL of which we studied previously
[24,25].
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