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Free charge generation in donor-acceptor (D-A) based organic photovoltaic diodes (OPV) progresses
through formation of charge-transfer (CT) and charge-separated (CS) states and excitation decay to the
triplet level is considered as a terminal loss. On the other hand a direct excitation decay to the triplet state is
beneficial for multiexciton harvesting in singlet fission photovoltaics (SF-PV) and the formation of CT-state
is considered as a limiting factor for multiple triplet harvesting. These two extremes when present in a D-A
system are expected to provide important insights into the mechanism of free charge generation and
spin-character of bimolecular recombination in OPVs. Herein, we present the complete cycle of events
linked to spin conversion in the model OPV system of rubrene/Cg. By tracking the spectral evolution of
photocurrent generation at short-circuit and close to open-circuit conditions we are able to capture spectral
changes to photocurrent that reveal the triplet character of CT-state. Furthermore, we unveil an energy
up-conversion effect that sets in as a consequence of triplet population build-up where triplet-triplet
annjhilation (TTA) process effectively regenerates the singlet excitation. This detailed balance is shown to
enable a rare event of photon emission just above the open-circuit voltage (Voc) in OPVs.

triplet excitons per absorbed photon- a property that has been proposed to increase the thermodynamic

limit of optical to electrical energy conversion'~*. Traditionally, the exploitation of triplet excitons had been
instrumental in improving the luminescence efficiency of organic light emitting diodes (OLEDs) making them
technologically competitive for the next generation of energy efficient displays and solid state lighting*~”. Triplet
excitons are expected to play an equally important role in OPVs by virtue of their long-lifetime. As these triplet
excitons can diffuse to longer distances over their singlet counterparts they have greater probability of dissoci-
ation into free charges®’. For multiple triplet exciton generation via singlet fission to occur the semiconducting
material must satisfy the energetic condition of E(S1) = 2E(T1), where S1 and T1 are the corresponding energy
levels of singlet and triplet levels'. If harnessed, the multiple triplet excitons have the potential to improve power
conversion efficiencies of OPVs'’. Furthermore, for efficient energy conversion the theory of detailed balance
suggests that an ideal light absorbing semiconductor should also double up as good light emitter. Therefore, the
occurrence of electroluminescence in photovoltaics has been used as a thermodynamical indicator of the available
Voc'""?. An ideal solar cell is therefore expected to emit photons just above Vc; a condition hardly achieved in
OPVs due to the non-radiative nature of recombination that pertains the organic heterojunctions''*. In OPVs
that are generally composed of electron donating and electron accepting constituents the requirement of charge
transfer across the heterojunction means significant quenching of the photoluminescence takes place and there-
fore it is not surprising that most organic donor-acceptor analogues are poor emitters. In this context, the
thermodynamic limit of Vo has been usually associated with the photon emission mediated by the bimolecular
recombination at CT-state'>'®. In addition, the interplay between singlet and triplet character of the CT-state
further restricts energy relaxation through radiative routes in OPVs'7'°. Here, we present steady state measure-
ments detailing the evidence of energy interactions between CT- and triplet-states in the model heterojunction
OPYV system of rubrene-Cg. These interactions have been captured by probing the external quantum efficiency
(EQE) of photocurrent generation in the reverse and forward bias of device operation. For the first time, we

T he physical process of singlet exciton fission in organic semiconductors is known to produce two low energy
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present the spectral evolution of photocurrent in operational OPV's
that unveil the triplet character of CT states in charge recombination.

Rubrene is among the most studied organic semiconductors
owing to its unique optoelectronic properties such as high carrier
mobility, energy-up conversion and long exciton-diffusion lengths®>*,
It is also known that photoexcitation of rubrene results in formation
of long lived multiple triplet states created by singlet fission"****. The
optical energy gap of rubrene is 2.23 eV. The triplet state in rubrene
is at 1.14 eV above its singlet ground state. Hence the energetic
condition required for singlet fission E(SI1) = 2E(T1) is endoergic
at room temperature with AE = —0.05 eV. Figure la presents the
chemical structures and optical absorption spectrum of rubrene and
Ceo- The energy level diagram for rubrene-Cgy based PV cells is
shown in Figure 1b. Schematics detailing the chain of physical events
leading to triplet state formation and charge generation that are
operational in rubrene and rubrene/Cqy heterojunctions are shown
in Figure 1c and 1d, respectively. Clearly, the rubrene-Cqy, hetero-
junction involves formation of additional states identified as CT and
CS. The proximity of triplet state of rubrene with CT and CS mani-
fold provides a unique energy exchange window that is helpful in
unveiling the spin character of free charge generation and recom-
bination events.

It is clear from the energy landscape shown in Figure 1 that the
rubrene-Cg, heterojunction offers a range of additional energy exchange
mechanisms. For example in rubrene, as a part of singlet excitation
is expected to break into two triplets free charge generation can
progress via singlet as well as triplet states. For photocurrent gen-
eration through triplet state an electron acceptor with electron affin-
ity significantly lower than T1 of rubrene is desired. If this condition
is not met, as is the case with Cg, then singlet fission populated
triplet excitons will not take part in free charge generation®® and
charge generation will progress via the traditional singlet route. As
the time scale for singlet fission in rubrene and charge transfer to
Ceo are comparable (picoseconds) the two events can co-exist.
However, the triplet state will still be accessible to any electron back
transfer event via the CT-state (Step 4, 5 in Fig. 1d) which is
expected to further increase the triplet population. If sufficient
amount of triplets are present then the annihilation of two triplets
may regenerate a singlet through the TTA process (Step 7). For a
complete cycle of free charge generation and recombination a
photon emission from the TTA generated singlet exciton becomes
an important step (Step 9).

Figure 2a presents the current-voltage (J-V) characteristics of
rubrene-Cg heterojunction measured in the dark and under AM
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Figure 1| (a) Optical absorption spectra and chemical structures of Rubrene and Cg. (b) Flat band energy alignment showing highest and lowest
occupied molecular orbitals (HOMO-LUMO) and location of triplet states at the rubrene-Cg heterojunction. Note that the position of T1 in rubrene
(1.14 eV) is very close to the triplet level of Cg (1.6 €V). (c) The detailed cycle of physical events occurring in rubrene thin films (shown as steps 1-5). A
photon absorption event (Step 1) in rubrene is followed by singlet exciton fission (Step 2). Excitation decay to the ground state through two

routes - via a prompt emission (Step 3), and delayed emission via triplet-triplet annihilation (Step 4), the non-radiative decay to ground state is also
shown (Step 5). (d) In case of rubrene/Cg,- additional processes are: charge transfer/charge separation state formation (Step 3), a possible excitation back
transfer from CT state to T1 (Steps 4, and 5). Finally, two triplets can recombine to generate a singlet via TTA (Step 7), which is identified as an energy up-
converted emission processes (Step 9). The competing processes to this step would be CT-emission (Step 6) and non-radiative decay to the ground state

(Step 8).
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Figure 2| (a) Light and dark J-V characteristics of rubrene-Ce heterojunction solar cells. (b) Evolution of photocurrent spectra over the working range
of a SF-PV device. The negative component to photocurrent just below the Vo is proposed to occur via TTA in rubrene. (¢) Comparison of EQE
measured at Vo with absorption spectrum of thin film of Cgy. The part positive EQE spectrum matches perfectly with the non-overlapping light
absorption region of Cg. (d) L-V characteristics of rubrene-Cgo showing electroluminescence just above V. Here TTA leads to photon emission from

the rubrene singlet at a driving voltages <1 V.

1.5 solar simulator illumination. The heterojunction device structure
investigated here is of the following configuration- ITO/30 nm
PEDOT:PSS/25 nm Rubrene/35 nm Cgo/l nm Sm/80 nm AL
Details on rubrene-Cg, heteorjunction device fabrication and char-
acterization are presented in Methods. The salient features of device
operation are open-circuit voltage; Voc= 0.91 V, short-circuit cur-
rent density; Jsc= 2.14 mA/cm?, fill factor; FF= 0.59 and power
conversion efficiency; PCE =1.1%. As shown in Figure la both
rubrene and Cgyy have strongly absorbing UV peaks featuring at
320 and 350 nm, respectively. The two compounds also absorb sig-
nificantly in the 450-550 nm region. Hence under illumination
excitons are expected to generate photocurrent via the channel I
(photo-induced electron transfer) and II (photo-induced hole trans-
fer) routes®. In order to understand the charge generation and
recombination interactions via this two routes we present detailed
EQE measurements both at short-circuit and in the vicinity of Voc.
Figure 2b shows the spectral evolution of free charge generation in
rubrene-Cg, heterojunction cells. At short-circuit (0V), the EQE
spectrum is identical to the composite absorption of two layers.
Here, the high energy peak at 350 nm is matched to the peak of
Cgo whereas all three peaks featuring at 460, 490, and 530 nm are
tracked to originate from absorption in the rubrene layer. The small

contribution at 620 nm is matched to the absorption tail of Cgj.
Under application of forward bias the shape of EQE spectrum shows
significant changes. The EQE spectra evolve further as the Voc =
0.91 V condition is approached.

It is quite intriguing that the spectral changes in the EQE spectra
start to take place at 0.86 V; a value that is still well below the Voc
=0.91 V. Here, a part of the photocurrent spectrum is captured to
change its sign from positive to negative. We associate this change to
triplet exciton generation via bimolecular recombination (Steps 4, 5
of Figure 1d): a process recently proposed as a terminal loss to OPVs
by Rao et al.'” A partly positive and negative photocurrent spectrum
below and at Vo is indication of the co-existence of photocurrent
generation and recombination events in an operational OPV diode.
The contribution of the negative part in the EQE spectra becomes
stronger at each voltage step approaching the Vo condition. As one
would expect at Vo the positive and negative spectral contributions
cancel out and no net photocurrent flows to the external circuit.
Going above the Vo however, brings a complete change of sign to
the EQE spectrum, which is understood to occur as the total photo-
current produced in the forward bias becomes higher than the
injected dark current. From dark and light J-V features present above
Voc in Figure 2a we can see that this is indeed the case. Figure 2c
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Figure 3| (a) The evolution of photocurrent generation from 0.86 V to 1 V. At Voc the charge generation through Step 1 and 2 (of Figure 1d) is shown to
interact with TTA linked recombination that is expected to progress via step 3, 4, 7. (b) Comparison of EQE spectra at short-circuit (0 V) and +1 V. The
spectrum presented for +1 V is sign corrected for convenience of comparison. The dominant nature of TTA and direct injection into T1 moves free

charge generation entirely to the rubrene layer.

compares the EQE spectrum measured at Voc with the thin film
absorption spectrum of Cgo. The positive photocurrent generation
is clearly linked to Cg, absorption suggesting photocurrent genera-
tion via channel II route is not compromised. The negative peaks
linked to rubrene suggests that free charge generation via channel I
route is being intersected and is now populating the triplet state in
rubrene. The favourable energetic condition of E(SI1) = 2E(TI)
makes singlet regeneration via TTA an efficient process. We can
expect that regenerated singlet will decay to the ground state by a
photon emission event. The luminance vs voltage (L-V) curve shown
in Figure 2d confirms photon emission takes place just above the
Voc. The electroluminescence spectrum (shown as inset in
Figure 2d) measured at 1 V further confirms the characteristic emis-
sion from the rubrene layer®. Here, the photon emission at driving
voltage of ~1 V from rubrene is mediated via a TTA led up-
conversion injection event that is capable of populating singlet state
in rubrene. The photon emission event described above at sub-gap
driving voltages in rubrene offers an alternative explanation to
Auger-type electroluminescence up-conversion previously reported
by Pandey and Nunzi*-*>?’.

Now we turn our attention to the complete absence of Cq, exciton
signature from the photocurrent spectrum measured in the forward
bias. Interestingly, the transition from positive to negative regions in

EQE brings some very noticeable changes to the spectral features
associated with photocurrent generation. As can be seen more clearly
in Figure 3a, at voltage values marginally above Vo, V= 0.94 V, the
positive photocurrent contribution from Cg, region gradually
vanishes from the EQE spectra. A sign corrected comparison of
EQE spectrum recorded at +1 V with that recorded at 0 V in
Figure 3b shows the associated differences in spectral regions of
interest. The EQE spectrum at 1 V resembles to the neat absorption
of rubrene layer shown in Figure 1a, indicating that photocurrent is
entirely being generated from rubrene. At operating voltages below
the optical gap of rubrene singlet exciton can only be regenerated
through the TTA process. For this to progress under external injec-
tionat 1 V, one possibility is that the external injection into Cq layer
is also progressing via the route taken by back transfer of photogen-
erated electrons (steps 4, 5 in Figure 1d). This step will result in a
triplet population build up in rubrene; a plausible case given the
energy proximity of CT-and T1- state at rubrene-Cg, heterojunction.
However, its efficiency will be compromised by a competing CT
emission to the ground state (Step 6). For up-converted electrolumi-
nescence (UC-EL) to occur efficiently only a steady injection mech-
anism could sustain the photon emission from rubrene while device
is being operated at half of the energy required for injecting an
electron into its singlet state. This would mean that electrons injected
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Figure 4 | The physical model for efficient spin-conversion and energy
up-converted electroluminescence at organic heterojunctions. Electrons
are injected into C60 at a spin ratio of 1:3. As the T1 of Cyy is higher in
energy than T1 of rubrene a Dexter type triplet energy transfer (TET) from
Cgo to rubrene is favourable. The TET process then populates triplets in
rubrene that undergo triplet-triplet annihilation (TTA) to generate a
singlet. The generation of singlet through this route then decays to ground
state through UC-EL in rubrene.

into the Cq layer are able to channel through some other routes into
rubrene’s T1. The obvious question that arises is what makes the UC-
EL process and associated spin-conversion efficient.

A closer look at the energy level diagram presented in Figure 1b
suggests that there is a very small energy difference between the
LUMO of Cg with respect to its T1. The T1 in Cg is reported to
be at ~1.6 eV above its ground state*®”. The optical gap of Cg and
the energy difference between singlet and triplet levels (AEgt) of Cyg
measured in benzene has been reported to be at 1.99 eV and
390 meV, respectively®®. In Figure 4 we present the schematics of a
proposed physical model required for efficient spin conversion and
up-converted electroluminescence (UC-EL) in organic heterojunc-
tions. According to spin statistics charge careers are injected into 1: 3
ratio. The energy alignment of rubrene and Cq is as such that at the
application of +1 V electrons get injected into Cg, and holes in
rubrene. As the T1 of Cq is higher in energy than T1 of rubrene a
Dexter type triplet energy transfer (TET) from Cg to rubrene is
favourable. The literature precedence of triplet energy transfer from
Ceo to rubrene suggests this to be a diffusion-controlled process®.
The TET process then populates triplets in rubrene that undergo
triplet-triplet annihilation (TTA) to generate a singlet. The genera-
tion of singlet through this route then decays to ground state in form
of an UC-EL event. We note that the heterojunction formation with
Ceo is essential for efficient spin conversion and up-converted elec-
troluminescence and this phenomenon will be inefficient in neat
rubrene based cells that have no Cgy. Our control measurements
confirm this to be the case as in identical device structures of ITO/
30 nm PEDOT/25 nm rubrene/l1 nm Sm/80 nm Al, at least three
orders of magnitude lower photocurrent was measured and no up-
converted EL was observed. The J-V characteristics, in dark and
under illumination, of rubrene only cells are shown in Figure S1.
The sustained energy up-converted electroluminescence from
rubrene suggests electrons are efficiently converted or injected
directly into the triplet state. The sub-gap photon emission provides
the direct experimental evidence of delocalized CS-states associated
spin mixing at organic heterojunctions under operational conditions.

Next, we discuss the ramifications of spin conversion associated
with UC-EL to SF-PVs and OPVs. Essentially, occurrence of UC-EL
is a negative event to free charge generation, however mechanisms
leading to this behaviour are important for the mechanistic under-
standing of free charge generation and recombination in OPVs. It is
expected that the photon emission mediated via TTA process and
one progressing directly from S1 will appear under different injection

regimes. At operating voltages below the optical gap of rubrene
(2.2 eV) any emission will come from the TTA process. This has
significant implications to charge separation and recombination in
OPVsand OLEDs. For OPVs, at first, the occurrence of triplet-triplet
annihilation induced up-converted electroluminescence event is
helpful in tracking the charge recombination trail that is active in
OPYV devices under operational conditions. As discussed in energetic
landscape detailed in Figure 2d, the triplet level in rubrene can be
populated via two independent routes- (i) directly via singlet fission,
and (ii) via the electron back transfer from the charge transfer state.
The heterojunction device energetics (Figure 2b) are as such that the
triplets created by singlet fission do not take part in charge generation
but rather serve as a beacon to charge recombination. For the first
time we have been successful in capturing the triplet character of
charge recombination via *CT route to T1 in operational OPVs. As
this recombination route is expected to increase the overall triplet
population in donor, the voltage point at which sufficient free
charges end-up in triplets will impose an energetic limit on the
open-circuit voltage creation in OPV systems. These findings show
that the *CT state recombination in organic D-A constituents is a
detrimental step in assigning the origin of Vo in OPVs as well as SF-
PVs.

For OLEDs, as will be the case where operating voltages approach
and exceed the optical gap, in addition to singlet generated via the
TTA process, photon emission will also progress via direct injection
into the singlet state of rubrene. The two components have been
resolved in rubrene thin films and single crystals by spectroscopic
studies where a delayed component (progressing via TTA route with
reported PL lifetime > 10 ns) is usually associated with the prompt
emission (reported PL lifetime 0.2 ns)*>*'. As emitting species in
each case are of the singlet character no change in the emission
spectrum of the prompt and delayed signals take place®. Clearly,
the process of spin-conversion observed in rubrene-Cg, offers an
alternative route for spin manipulation for light emission at sub-
gap operating voltages in organic semiconductors. A conceptually
similar yet fundamentally different approach, based on thermally
assisted delayed fluorescence (TADF) in spatially separated donor-
acceptor moieties, that permits reverse intersystem crossing from T'1
to S1 has been successful in increasing the efficiency of OLEDs™.

To summarize, we demonstrated the energy correspondence
between CT, CS and triplet state by tracking the steady state photo-
current generation in the model organic heterojunction of rubrene/
Ceo- The energy proximity of CT, CS and T1 virtually work as an
exciton roundabout where excited state enters and exists the rubrene
layer by completing a full cycle. The triplet-triplet annihilation effect
works as an efficient mechanism for energy up-converted electrolu-
minescence and supports the evidence of formation of a delocalized
CS-state at organic heterojunctions. Most importantly, the CT/Cs
coupling with T1 opens up a new mechanism for exciton manage-
ment in triplet states which can be manipulated at will for realization
of the next generation of organic optoelectronic and spintronic
devices. More importantly, the results are effective in bridging the
missing link between our understanding on the nature of spin char-
acter of charge injection in organic light emitting diodes (OLEDs)
and bimolecular recombination in OPVs.

Methods

SF-PV Device fabrication and characterization. Sublimed grade rubrene was
purchased from Aldrich. High purity Ceo was acquired from American Dye Sources.
Rubrene-Cqp heterojunction devices were grown on clean glass substrates pre-coated
with a 150 nm thick indium tin oxide (ITO) layer with a sheet resistance of 15 Q/[J. A
25 nm thick Rubrene and 35 nm thick Cg layers were grown at deposition rate of
0.2-0.3 A°/s, in succession without breaking vacuum (10~° mbar). For charge
collection or confinement a ITO work function modifying layer such as PEDOT:PSS
(40 nm) was used. The PEDOT:PSS was spin coated in air and baked at 180°C for
15 min. A1 nm Sm/80 nm Al was used as top electrode. All devices had an active area
of 0.20 cm®. A solar simulator light source (ABET technologies) was used to
illuminate devices. All devices were illuminated through the transparent ITO
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electrode at illumination intensity of 100 mW/cm?®. Current-voltage (J-V) and DC-
bias dependent EQE measurements were carried out using a modular IV5I-V testing
system and QEX7 - lock-in based EQE testing system from PV Measurements, Inc.
The QEX7 system allows sample bias from -1 to +1 V in step of 0.1 V. The DC-
voltage bias dependent EQE was thus measured at small forward and reverse bias
voltages at a chopping frequency of 200 Hz. The QEX7 system automatically
subtracts the dark current at each applied voltage and measures the absolute
photoresponse. The integration of EQE spectrum over AM 1.5 photon-flux yields
photocurrent density that is in excellent agreement with that captured in J-V
characteristics. The experimental data presented here is representative of at least 18
devices for each type. The standard deviations in all measured photovoltaic
parameters were within < 10%. The current-luminance-voltage measurement was
done using an Agilent B1500A semiconductor device analyzer and a calibrated silicon
photodiode. The electroluminescence spectra was taken using an Ocean Optics
spectrometer.
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