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Abstract 

Organic solar cells demonstrate external quantum efficiencies and fill factors approaching those of 

conventional photovoltaic technologies. However, as compared to the optical gap of the absorber 

materials, their open-circuit voltage is much lower, largely due to the presence of significant non-

radiative recombination. In this work, we study a large data set of published and new material 

combinations and find that non-radiative voltage losses decrease with increasing charge-transfer state 

energies. This observation is explained by considering non-radiative charge-transfer state decay as 

electron transfer in the Marcus inverted regime, being facilitated by a common skeletal molecular 

vibrational mode. Our results suggest an intrinsic link between non-radiative voltage losses and 

electron-vibration coupling, indicating that these losses are unavoidable. Accordingly, the theoretical 

upper limit for the power conversion efficiency of single junction organic solar cells would be reduced 

to about 25.5% and the optimal optical gap increases to (1.45-1.65) eV, i.e. (0.2-0.3) eV higher than for 

technologies with minimized non-radiative voltage losses. 
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The highest internal quantum efficiencies (IQEPV) reported for organic solar cells (OSCs) approach 

100%1. External quantum efficiencies (EQEPV) can reach over 85%2, while fill factors (FF) of 80% have 

been demonstrated3. However, the current highest power conversion efficiency (PCE) is 11.7% 4, mainly 

limited by the low open-circuit voltage (VOC) of these materials. Indeed, as compared to the optical gap 

of the absorber material, VOC in OSCs is much lower than for other technologies such as crystalline 

silicon, GaAs, or perovskite solar cells (SCs)5, 6, for reasons not yet understood.  

In an idealized SC, the highest VOC is reached when recombination can only occur radiatively, from the 

lowest energy excited state to the ground state. As these transitions are directly related to the inverse 

process of absorption, the presence of radiative voltage losses is inevitable7. However, there is always 

significant non-radiative recombination taking place simultaneously, reducing VOC. Indeed, the 

discovery and removal of non-radiative surface recombination was the breakthrough that resulted in a 

high VOC for GaAs8. In OSCs, currently, voltage losses due to non-radiative recombination are much 

higher than in other technologies5, 9, 10. 

A complete picture of the total voltage losses in OSCs does not only consider recombination losses but 

also electron-transfer losses due to the conversion of strongly bound excitons in the neat donor (D) or 

acceptor (A) material into more delocalized charge-transfer (CT) states. It has recently been shown that 

it is possible to create systems with very low electron transfer losses (<50 meV), while maintaining a 

high free-carrier generation yield11, 12, 13, 14. Voltage losses due to radiative CT state recombination, ΔVr, 

add up to approximately 250 mV and can be reduced by lessening the D:A interface area15. This leaves 

non-radiative recombination as the currently least well understood process in OSCs, but responsible 

for a significant fraction of the voltage losses. More information on the quantities of voltages losses can 

be found in Supplementary Note 1. Non-radiative voltage losses, ΔVnr, are defined as16: 

△ 𝑉𝑉nr  =  𝑘𝑘B𝑇𝑇
𝑞𝑞

 ln � 1
𝐸𝐸𝐸𝐸𝐸𝐸EL

� .      (1) 

The quantum yield of the electroluminescent (EL) emission (EQEEL) can be measured when driving the 

SC with forward injection current and equals unity if non-radiative recombination is absent, making 

ΔVnr = 0 in that case. However, ΔVnr amounts typically to about 350 mV, which corresponds to an EQEEL 

of ~10-6 5,9,6, 17. As compared to the electron transfer losses and the radiative losses, the non-radiative 

voltage losses therefore form a significant fraction of the total voltage losses in OSCs.  
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In this work, we study a large set of D-fullerene material systems, comprising vacuum processed small 

molecules (SM) and solution processed polymers and small molecules, implemented into both bulk-

heterojunction (BHJ) and planar heterojunction (PHJ) device architectures. For these, in total more than 

100 different, D-A combinations, the energy difference between the ground state and CT state (i.e. ECT) 

spans 1 eV, ranging from 0.7 eV to 1.7 eV. We observe a clear correlation of EQEEL with ECT, such that 

the resulting ΔVnr increases with decreasing ECT. We suggest this striking correlation to be associated 

with an increased wave-function overlap between the relaxed CT state and higher order vibrational 

modes of the ground state, in analogy with the “energy-gap law” (EGL) for non-radiative decay in large 

organic molecules and their complexes18, 19, 20, 21, 22, 23. We find no change in ΔVnr upon replacement of 

carbon-hydrogen bonds by carbon-deuterium bonds, excluding C-H vibrations as the dominant 

vibrational mode. Analysis of the low energy tail of CT emission spectra points to skeletal carbon-carbon 

bonds as the main mediator for the non-radiative decay of D-C60 CT states. This type of non-radiative 

recombination would therefore be intrinsic to organic materials and accordingly conceptually different 

from the usually discussed origins of non-radiative recombination in other SC technologies such as 

defects, surface recombination, or Auger recombination8. Taking into account these energy-gap 

dependent non-radiative voltage losses, the theoretically accessible maximum PCE for OSCs is 

reduced to about 25.5%, being 25% lower as compared to the Shockley-Queisser (SQ) limit24. 

Furthermore, the optimal optical gap for organic absorber molecules used in single junction OSCs would 

range between 1.45 eV and 1.65 eV, blue-shifted by (0.2-0.3) eV as compared to the optimal bandgap 

of an ideal SCs without non-radiative voltage losses. 

Voltage Losses Increase with Decreasing Energy of CT State 

In order to span a needed wide range of ECT values, we used a variety of D molecules mixed with 

fullerenes, of which the chemical names and architectures are listed in Supplementary Tables 3, 4, and 

5. To ensure the generality of our study, we analysed a very large set of both vacuum processed small 

molecules (SM) (see Supplementary Tables 2 and 3) as well as solution processed polymers in both 

BHJ and PHJ device architectures (see Supplementary Table 4). Additionally, we included recently 

published OSCs for which EQEEL data was available (see Supplementary Table 5). For each D-fullerene 

based device, accurate determination of ECT is conducted by a Gaussian fit of the low energy tail of the 
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CT band in the EQEPV spectra, following the method outlined earlier9 (see Supplementary Tables 3, 4, 

and 5). Figure 1a shows that the VOC of these devices, measured at standard testing conditions (i.e. 

1000 W/m2), clearly correlates with ECT. The offset always amounts to more than 0.5 eV. In the radiative 

SQ limit, the voltage losses would be smaller than 0.3 eV with a slope of VOC(ECT) slightly below unity24. 

However, our extensive data set shows a slope of VOC(ECT) that is higher than unity, indicating that the 

overall voltage losses (∆VOC = ECT/q - VOC), due to recombination of charge carriers, in fact decrease 

when ECT increases. 

Figure 1 (placeholder) 

To accurately determine the voltage losses, exclusively due to non-radiative recombination, we employ 

two independent but complementary methods. For high ECT materials, a measurement of the EQEEL 

and the use of Equation (1) yields ΔVnr. For the lower ECT materials such a measurement is difficult due 

to the spectral range of CT emission being deeper in the infra-red and the considerably lower values of 

EQEEL. For these D:C60 blends, a second method for determining ΔVnr involves the calculation of the 

maximum value of VOC, under the assumption that non-radiative recombination would be absent 

(VOC,rad), using sensitively measured EQEPV spectra16, 25. This yields ΔVnr as the difference between the 

calculated VOC,rad and the measured VOC. 

In Figure 1b, ΔVnr values obtained via both methods coincide well when measured on the same device 

and are plotted as a function of ECT. They are indicated by open and filled circles, respectively. A trend 

is clearly visible, with ΔVnr increasing more than 300 mV when ECT decreases from 1.7 eV to 0.7 eV. 

Energy-Gap Law for Non-Radiative Recombination 

The observed trend in Figure 1b suggests that a common mechanism is responsible for the high ΔVnr 

in all OSCs. To study this in detail, we focus on a subset of samples shown in Figure 1 by black circles. 

These devices comprise 24 different D molecules co-evaporated with C60 as electron acceptor at a 

constant donor molar ratio of 6%. The full chemical names and structures are listed in Supplementary 

Table 2. The low molar content of the D molecules ensures that C60 is the main absorber, yielding a 

comparable photo-generation rate for all photovoltaic devices. Crucially, the use of diluted Ds avoids a 

substantial influence of morphological effects on the energy levels and recombination rates, originating 

from various degrees of molecular ordering26, 27, 28, and different D-A interface areas15. Moreover, these 
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devices are vacuum processed using materials which allow a significant purification via vacuum 

sublimation. The contacts and transport layers are also identical for this subset of devices. In Figure 

1b, the low-donor-content devices are among those with the lowest ΔVnr, indicating a more optimized 

VOC, and show indeed a significantly less scattered trend than the other devices. For Ds with higher ECT 

and consequently higher VOC, the chosen low-donor-content devices yield respectable PCEs, mainly 

limited by the weak absorption of C60 29. Further information on the jV-characteristics of these OSCs is 

listed in Supplementary Table 3. 

Intrinsic non-radiative recombination in large organic molecules and their complexes has been 

classically described by the EGL30,18, 31. In analogy, we consider non-radiative recombination at D:C60 

interfaces as an electron transfer in the inverted Marcus regime (Figure 2), being characterized by a 

decreased transition rate when the free energy of the process is increased32. Indeed, the non-radiative 

electron transfer rate from the lowest vibrational energy CT state to the iso-energetic vibrational ground 

state is proportional to the vibrational wave-function overlap between these two states which decreases 

with an increasing free energy difference, ECT, as shown for our data in Figure 1b. 

Figure 2 (placeholder) 

The high frequency modes (ℎ𝜈𝜈ν ≥ 𝑘𝑘B𝑇𝑇), depicted in Figure 2, describe skeletal vibrations on an atomic 

level, i.e. they correspond to low mass vibrations33. In literature, these vibrations are assigned to either 

hydrogen-carbon bonds or types of carbon-carbon bonds18, 31. For simplicity, all high frequency modes 

are treated with a mean frequency 𝜈̄𝜈ν30. Due to their high energy, these vibrational modes have to be 

treated quantum mechanically with distinct energy levels, as indicated in Figure 2 with j =  {0 … n}18. 

Additionally in organic molecules, there are low frequency modes (ℎ𝜈𝜈s ≪ 𝑘𝑘B𝑇𝑇) attributed to the 

deformation of molecules upon charging, resulting in structural relaxation quantified by a relaxation 

energy λs. Those classical modes are responsible for the line shape broadening of the sub-gap 

absorption of the CT state34. Taking both high and low frequency vibrational modes into account, the 

non-radiative transition rate knr can be described as being proportional to the square of the electronic 

coupling between CT state and ground state (V) and the Franck-Condon (FC) factor, which is the sum 

of all wave-function overlaps and assumes the Born-Oppenheimer approximation 30, 18: 

𝑘𝑘nr ∝ 𝑉𝑉² ⋅ 𝐹𝐹𝐹𝐹(𝑔𝑔 = 𝐸𝐸CT) with      (2) 
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𝐹𝐹𝐹𝐹(𝑔𝑔) = (4𝜋𝜋𝜆𝜆s𝑘𝑘B𝑇𝑇)−1/2 ∑ 𝑒𝑒−𝑆𝑆𝑆𝑆𝑗𝑗

𝑗𝑗!
∞
𝑗𝑗=0 ⋅ exp �− (𝑔𝑔−𝑗𝑗ℎ𝜈̄𝜈ν−𝜆𝜆s)²

4𝜆𝜆s𝑘𝑘B𝑇𝑇
�  .  (3) 

Where exp(−𝑆𝑆) S𝑗𝑗

𝑗𝑗!
 describes the wave-function overlap of the high frequency modes between the lowest 

vibrational CT state (i = 0) and ground state with quantum number j, and S represents the ratio of the 

high-frequency relaxation energy and the mean phonon-energy 𝑆𝑆 = 𝜆𝜆ν
ℎ𝜈̄𝜈ν

. 

The radiative recombination of the CT state, with the emission rate constant kr is, similar to the non-

radiative rate, proportional to V2, and a FC factor18, as schematically indicated in Figure 2a: 

𝑘𝑘r(𝜈𝜈)
𝜈𝜈

∝ 𝑉𝑉² △ 𝜇𝜇² ⋅ 𝐹𝐹𝐹𝐹(𝑔𝑔 = 𝐸𝐸CT − ℎ𝜈𝜈) ,     (4) 

where Δμ is the difference of the dipole moment of the initial and the final state. Using Equation (1)-(4) 

and the assumption that Δμ and 𝜆𝜆ν do not vary significantly for the studied material blends, we derive 

the following approximation for ΔVnr, depending on ECT, λs, and ℎ𝜈̄𝜈ν. Further details about the 

approximations are provided in Supplementary Note 2. 

△ 𝑉𝑉nr ∝ 𝐴𝐴 − 𝐵𝐵 𝐸𝐸CT − 𝜆𝜆s
ℎ𝜈̄𝜈ν

       (5) 

Note that, due to the fact that both kr and knr are proportional to V2, which depends on the D-A 

combination, EQEEL and ΔVnr do not depend on V2. As shown in Figure 3a, this simplified formula 

describes the experiments qualitatively well, with 𝐴𝐴 = (574 ± 27) mV and 𝐵𝐵′ = 𝐵𝐵
ℎ𝜈𝜈�ν 

= (184 ± 26) mV/eV, 

and indicates that non-radiative voltage losses are especially high for D-A combinations with low ECT. 

Note that there is significant scatter in the overall data, possibly due to deviations of Δμ and 𝜆𝜆ν within 

the studied blends, or that there are additional loss mechanisms which go beyond the intrinsic ones 

described by the EGL. 

Non-Radiative Recombination and Low Energy Emission 

We highlight that Equation (2) and Equation (4) imply that both the radiative and non-radiative 

recombination rate depend on the wave-function overlap between the lowest vibrational CT state and 

the vibrational level of the ground state. The emission spectrum as a function of 𝐸𝐸CT − 𝜆𝜆s − ℎ𝜈𝜈 is, 

therefore, predicted to have a similar slope as the EQEEL as a function of 𝐸𝐸CT − 𝜆𝜆s. In Figure 3a, this 
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comparison is exemplarily illustrated for the CT emission of four D:C60 combinations, indeed showing a 

fairly good agreement, indicating that the applied theory is consistent. 

Figure 3 (placeholder) 

All slopes obtained from the low-energy part of the emission spectra are similar and lie between 

144 mV/eV and 202 mV/eV with an average of (178±22) mV/eV (see Supplementary Figure 6). The 

ΔVnr vs. ECT-λs has a similar slope of either (-184±26) mV/eV or (-193±16) mV/eV, depending on the 

method used to determine ΔVnr (for details see Supplementary Table 6). This observation is consistent 

with a dominant underlying ground-state vibration, similar for all D:C60 interfaces, being responsible for 

both the low energy part of the CT emission spectrum and for the non-radiative recombination. Common 

high frequency vibrations in organic materials originate from hydrogen-carbon or carbon-carbon type 

bonds, and are therefore the most likely candidates responsible for the proposed intrinsic decay 

mechanism31. 

Nature of the Dominant Skeletal Vibration 

We first chose to evaluate the C-H bonds by replacing hydrogen with deuterium, as deuteration has 

been shown to reduce non-radiative decay of certain CT complexes in solution35. The photovoltaic 

parameters and the EL spectra of D:C60 devices containing hydrogenated and deuterated rubrene as 

D however do not differ (see Supplementary Figure 7). Therefore, ΔVnr is not affected by deuteration; 

see Supplementary Table 2 for more details. Having ruled out C-H bonds as being the main cause for 

non-radiative decay, an in-depth analysis of the spectral shape of EL from rubrene:C60 CT state 

provides further insight. In this particular case, the relaxation energy (λs), originating from the low 

frequency modes, is exceptionally low which leads to much narrower linewidths allowing the 

observation of a clearly structured CT emission spectrum. For this material combination we can 

therefore distinguish the high frequency vibrational modes at low photon-energies as seen in the 

energetic tail of the EL spectra in Figure 3b. By fitting the data to Equation (4), we extract: ℎ𝜈̄𝜈ν = 0.16 eV 

and λs = 0.09 eV. The observed higher frequency vibrational energetic spacing of ℎ𝜈̄𝜈ν = 0.16 eV 

(1290 cm-1) is characteristic of carbon-carbon bonds and, accordingly, gives a hint to the characteristic 

energy range31, 18 of the vibrations that are responsible for non-radiative recombination in the D:C60 

interfaces studied. 
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Impact of Intrinsic Non-Radiative Recombination on the PCE of 

OSCs 

The results presented above suggest an intrinsic and molecular origin of non-radiative recombination 

in OSCs. Since carbon-carbon vibration are unavoidable for organic materials, this additional voltage 

loss should be accounted for in the calculation of a theoretical maximum PCE. According to Shockley 

and Queisser, the upper limit for the PCE an ideal single junction SCs is about 34% for an optimum 

bandgap of (1.12-1.38) eV24, 8, when illuminated with the AM1.5G solar spectrum. Such an ideal SC 

has an EQEPV of 100% above, and 0% below the optical gap and non-radiative recombination is absent. 

If we make the same assumptions but take into account our findings shown in Figure 1b, i.e. intrinsic 

non-radiative voltage losses obeying the EGL, the theoretical maximum PCE of OSCs reduces to about 

25.5%, details on the calculation are presented in Supplementary Note 3. Moreover, the optimal optical 

gap of the absorber molecules would increase to (1.45-1.65) eV, resulting in a maximum achievable 

VOC of (0.93-1.17) V. Assuming non-ideal device parameters such as an overall EQEPV of 85%12 and a 

FF of 80%3, we get a maximum PCE for fullerene containing OSCs of about 19.5%, for a hypothetical 

electron D with an optical gap of (1.52-1.54) eV and a VOC of (1.01-1.04) V.  

Conclusion 

In this work we show that non-radiative voltage losses drastically increase if the energy of the charge-

transfer state decreases. This trend is in agreement with the inverted Marcus regime for non-radiative 

transition rates in organic donor-acceptor systems. Our results can be described by the energy-gap law 

of non-radiative voltage losses, which is assigned to intramolecular vibrations of the organic 

semiconductor material itself. We want to emphasize that this proposed loss mechanism is accordingly 

inherent to organic materials and fundamentally different from the commonly assumed non-radiative 

loss mechanisms in inorganic semiconductors, which are mainly related to defects, surface 

recombination, or Auger recombination.  

Since we do not see how such non-radiative recombination, mediated by carbon-carbon bonds, can be 

avoided in future organic molecules the maximal theoretical power conversion efficiency of organic 
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solar cells would consequently reduce to about 25.5% for single junction solar cells and leading to a 

blue-shifted optimal optical band gap of about (1.45-1.65) eV.  

Methods 

Device preparation: The layers of the low-donor-content OSCs are thermally evaporated at ultra-high 

vacuum (base pressure < 10-7 mbar) on a glass substrate with a pre-structured ITO contact (Thin Film 

Devices, USA). For an appropriate hole contact 2 nm of MoO3 are deposited followed by the “diluted 

donor” active layer comprising 50 nm of C60 (CreaPhys GmbH, Germany) doped with 6 mol% of each 

D molecule (for more details see Supplementary Table 2). Afterwards, 8 nm of Bathophenanthroline 

(BPhen), used as electron contact, is evaporated and finished with 100 nm of Al. All the organic 

materials were purified by 2-3 times of sublimation. The device is defined by the geometrical overlap of 

the bottom and the top contact and equals 6.44 mm2. To avoid exposure to ambient conditions, the 

organic part of the device was covered by a small glass substrate which is glued on top. 

Current-voltage characteristics are measured with a SMU (Keithley 2400, USA) at standard testing 

conditions (16 S-150 V.3 Solar Light Co., USA) with a mismatch (mismatch = 0.60) corrected light 

intensity. To determine the ideality factor nid of the SCs, the light intensity is varied in the range of 

0.1 suns to 5 suns by using neutral density filters and by changing the distance between sample and 

light source. In accordance to Reference 10, nid is obtained from the resulting jSC-VOC dependence. 

Sensitive EQEPV measurements: The light of a quartz halogen lamp (50 W) is chopped at 140 Hz and 

coupled into a monochromator (Newport Cornerstone 260 1/4m, USA). The resulting monochromatic 

light is focused onto the OSC, its current at short-circuit conditions is fed to a current pre-amplifier 

before it is analysed with a lock-in amplifier (Signal Recovery 7280 DSP, USA). The time constant of 

the lock-in amplifier was chosen to be 1 s and the amplification of the pre-amplifier was increased to 

resolve low photocurrents. The EQEPV is determined by dividing the photocurrent of the OSC by the 

flux of incoming photons, which was obtained with a calibrated silicon (Si) and indium-gallium-arsenide 

(InGaAs) photodiode. 

Electroluminescence measurements were obtained with an Andor SR393i-B spectrometer equipped 

with a cooled Si and cooled InGaAs detector array (DU420A-BR-DD and DU491A-1.7, UK). The 
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spectral response of the setup was calibrated with a reference lamp (Oriel 63355). The emission 

spectrum of the OSCs was recorded at different injection currents with respect to voltages which were 

lower than or at least similar to the VOC of the device at 1 sun illumination.  

EQEEL measurements were conducted by forward biasing the OSCs with an Agilent 4155C parameter 

analyser and collecting the emitted radiation by an enhanced G10899-03K InGaAs photodetector from 

Hamamatsu. The absolute total photon flux determination was performed by placing the OSC at a 

distance of 18.3 mm from the photodetector. Knowledge about the spectral distribution of the cell 

emission, the spectral response of the InGaAs photodetector, and the assumption of a point source 

emitting uniformly into a half-sphere allows the determination of the absolute EL photon flux from the 

OSC. Uncertainties in measured EQEEL are expected to be governed by the small distance imprecision 

between the OSC and the photodetector. 

Data Availability Statement 

The data that support the plots within this paper and other findings of this study are available from the 

corresponding authors J.B., K.T., and K.V. upon reasonable request. The data shown in Figure 1 and 

Figure 3a is listed in Supplementary Tables 3, 4, and 5. 
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Figure Captions 

Figure 1 | VOC and Non-Radiative Voltage Losses as Function of ECT. a VOC at 1 sun illumination of 

D:fullerene OSCs consisting of different D molecules, as a function of ECT. The overall voltage losses, 

∆VOC = ECT/q - VOC, decrease with increasing ECT. The red line shows the ideal VOC, i.e. at SQ 

assumptions, as a function of ECT. b ∆Vnr as a function of the ECT. Filled symbols show data calculated 

from EQEPV and unfilled symbols correspond to data measured by EQEEL. The red dashed line indicates 

an empirical lower limit of ∆Vnr as a function of ECT. 

Circles show BHJ OSCs whereas squares represent PHJ devices. Black symbols show a specific 

series of devices for which SM Ds are diluted at 6 mol% in C60 molecules (see Supplementary Table 

3), blue symbols indicate SM Ds at usual D:A concentration (details of selected OSCs were published 

in 36, 37, 38, 39, see Supplementary Table 4), and green symbols represent devices comprising polymer 

Ds mixed with fullerenes40, 9, 25, 27, 41, 42, 13 for which the sensitively measured EQE spectra were re-

analysed for this work (see Supplementary Table 5). Crosses indicate recently published OSCs for 

which data was available43, 14, 12, 11 (see Supplementary Table 5). 
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Figure 2 | Recombination Mechanism from the Excited CT state to the Ground State. The potential 

energies of the ground state and the CT state at D-A interface as a function of the reaction coordinate 

are parabolic. The sublevels indicate vibrational excited states and their wave-functions are indicated 

by the grey areas. Non-radiative (knr) and radiative (kr) transitions from the excited state (D+/A-), the CT 

state, to the ground state (D/A) are illustrated a for a high ECT and b for a low ECT. A non-radiative 

transition takes place mainly from the relaxed CT state (i = 0) to the vibrationally excited ground state 

(j = n) and thermalizes afterwards. The transition probability is sketched by the green area being the 

wave-function overlap of both states. For emission, the electron directly transfers to the relaxed ground 

state or a low vibrational mode of the ground state (red arrows). 

 

Figure 3 | Detailed Analysis of Exemplary Emission Spectra. a △Vnr as a function of ECT-λs (bottom 

x-axis) for a range of different D:C60 combinations. Furthermore, the emission spectrum of 4 selected 

OSCs is shown as function of -hν shifted by the ECT-λs, which equals the peak maximum of the emission 

(top x-axis). The scale of non-radiative recombination and the emission are chosen to be equivalent. 

Both radiative and non-radiative recombination depend on the FC factor, see Equation (2) and Equation 

(4), therefore, the slope of both is similar. For details see the main text. The error bar of △Vnr is obtained 

by systematic variation of the fit range of the sEQE absorption tail (standard deviation of 25 fits). b 

Normalized reduced EL spectra and reduced EQEPV of the C60:rubrene (17:1) CT state, measured at 

0.93 V and 1.10 V. Emission peaks at lower photon energies, indicated by black, vertical lines, can be 

attributed to transitions from the lowest energy CT state to high frequency vibrational modes of the 

ground state (i.e. j = {0, 1, 2}). The crossing point of both spectra determines ECT. 



V O
C

 (V
)

ECT (eV)

a

BHJ (polymer; literature)
BHJ (polymer)
PHJ (SM)
BHJ (SM)
ECT/q - 0.7 V
ECT/q - 0.6 V
ECT/q - 0.5 V
SQ limit for VOC

Fit of BHJ (low donor SM)
BHJ (low donor SM)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0.6  0.8  1  1.2  1.4  1.6  1.8

Δ
V n

r (
m

V)

ECT (eV)

b

lower limit of ΔVnr(ECT)
Fit of ΔVnr (from EQEEL data)
BHJ (low donor SM; from EQEEL)
Fit of ΔVnr (from EQEPV data)
BHJ (low donor SM; from EQEPV)

 250

 300

 350

 400

 450

 500

 550

 600

 0.6  0.8  1  1.2  1.4  1.6  1.8





 300

 350

 400

 450

 500

 550

 600

-0.4 -0.2  0  0.2  0.4  0.6  0.8  1  1.2  1.4

1

10-4

10-3

10-2

10-1

-0.4 -0.2  0  0.2  0.4  0.6  0.8  1  1.2  1.4

Δ
V n

r (
m

V)

N
or

m
al

iz
ed

 e
m

is
si

on

ECT - λs (eV)

(ECT - λs) - hν (eV)

EL rubrene
EL DH6T
EL α-6T

EL TAPC
from EQEPV

fit EQEPV

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0.9  1  1.1  1.2  1.3  1.4  1.5  1.6  1.7

N
or

m
al

iz
ed

 re
du

ce
d 

EL
, r

ed
. E

Q
E P

V

hν (eV)

a b

EQEPV

CT emission

EL (0.93V, 0.12mA)
EL (1.10V, 1.48mA)
EQEmeas


