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acceptor in the so-called bulk-heterojunc-
tion (BHJ) organic solar cell results in new 
hybrid intermolecular charge transfer (CT) 
states[2] which determine the effective band 
gap and thereby the open circuit voltage.[3] 
These CT states mediate the charge photo-
generation between the excitons and 
relaxed free charges, and thus their kinetics 
determine most of the recombination pro-
cesses[4,5] and the thermodynamic limit of 
the solar cell.[3,6] The open circuit voltage of 
any solar cell is determined primarily by the 
band gap energy (i.e., the energy of the CT 
states in the case of BHJs), band-to-band 
recombination, and non-radiative recom-
bination.[7,8] These all add up to different 
contributions in the losses in the open cir-
cuit voltage (the loss being the difference 
between the energy gap and the observed 
open circuit voltage).[9] The radiative limit of 
the open circuit voltage is governed by the 
solar photon absorption by the singlet exci-

tons and thermal photon absorption by the CT states, while non-
radiative losses are related to how efficiently these states emit.[8] 
Through the so-called reciprocity principle, the emission and 
absorption spectra are interrelated intrinsically, although for low 
mobility organic semiconductors with substantial second order 
recombination there may be deviations from this principle.[10] 
Energetic disorder and non-equilibrium states can also play a role 
in deviations from this principle as shown recently.[11] As such, if 
the CT states are fully characterized, the open circuit voltage can 
be explained or predicted to within some accuracy.[8] The energy 
and dynamics of the CT states also contain quite profound infor-
mation from a structure-property-design consideration. Thus, 
from multiple perspectives, CT state analysis has become a cen-
tral theme in not just organic solar cells, but organic optoelec-
tronics more broadly.[12]

Inspired from models of partially radiative ion pairs, non-
adiabatic Marcus theory has been employed to explain the 
thermal broadening of the CT states, their emission, and 
absorption.[13,14] This parameterization includes an energy of 
the CT state (ECT), reorganization energy (λCT), and oscillator 
strength (fσ) related to the electronic coupling, as well as emis-
sion probability fI. Ideally, the absorption cross-section (σCT) 
and emission (I) are related through reciprocity so that
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Free carrier photogeneration in bulk-heterojunction solar cells composed of 

blends of acceptor and donor organic semiconductors proceeds via intermo-

lecular charge transfer (CT) states. Non-adiabatic Marcus theory has proven 

valid to explain the absorption and emission of these sub-gap states which 

have extremely weak emission probabilities and absorption cross sections 

making them difficult to probe directly using optical spectroscopy. Therefore, 

the CT state parameters involved in the Marcus model are often extracted 

from fittings on the photovoltaic external quantum efficiency (EQEPV) and 

electroluminescence. These two spectra are (ideally) interrelated via the so-

called reciprocity principle. In this paper, the limitations of such an approach 

are demonstrated, in particular the impact of simple low finesse cavity inter-

ference effects acting as an uneven spectral filter for emission and absorp-

tion. This can produce almost spurious CT state parameterization with, for 

example, relative errors as large as 90% in absorption coefficients obtained 

from EQEPV. It is shown how these limitations can be partially lifted using an 

iterative transfer matrix approach applied to the EQEPV.
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1. Introduction

Due to their relatively low dielectric constants, organic semicon-
ductors are generally considered “excitonic materials” in which 
electrons and holes remain bound upon photoexcitation.[1] Effi-
cient charge generation in these systems can be achieved by 
the use of two semiconducting materials, namely a donor and 
acceptor with (often) different molecular orbital energies—that 
is to say electron affinities and ionization potentials. The energy 
offset between the highest occupied molecular orbital of the donor 
and the energy of the lowest unoccupied molecular orbital of the 
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where kB is the Boltzmann constant, T the absolute tempera-
ture, and E the photon energy. To determine these parameters, 
the absorption and/or emission of CT states must be accurately 
measured and fittings to Equations (1) and (2) performed. How-
ever, as CT states are weak dipoles, their contribution to the light 
absorption and their emission efficiency are likewise extremely 
weak—demanding very sensitive measurement techniques.

Sensitive emission spectrophotometry can be used to 
measure electroluminescence (EL) or photoluminescence (PL) 
spectra from which the energy of CT states and their reorgani-
zation energy can be obtained by fittings to Equation (2). How-
ever, List et  al. have shown that the spectral shape of the EL 
spectrum is significantly influenced by thickness-dependent 
light out-coupling hence causing an apparent deviation from 
Equation  (2).[15] This deviation can be understood by consid-
ering organic solar cells as low finesse optical cavities acting as 
spectral filters and are thus subject to interference effects—the 
mode structure and coupling of which are thickness dependent. 
The CT parameters can also be obtained from fittings on the 
absorption spectra of the CT states if they are spectrally decou-
pled from the singlet excitons. To determine the light absorp-
tion due to the sub-gap states including CT states, photothermal 
deflection spectroscopy has been used[16,17] as well as photocur-
rent-based techniques such as Fourier transform photocurrent 
spectroscopy[18] and photovoltaic external quantum efficiency 
(EQEPV).[3] The latter can be measured extremely sensitively 
to determine the sub-gap absorption due to CT states and trap 
states (corrected for interference effects) as recently shown by 
the authors.[19] While the CT state and reorganization energies 
can be potentially obtained from the EQEPV spectral line-shape, 
the oscillator strength requires knowledge of the absorption 
coefficient (α) spectrum. From Equation  (1) the absorption 
coefficient for CT states can be defined when the density of CT 
states (NCT) is known:
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where fα (herein referred to as absorption pre-factor) is related 
to the oscillator strength via fα = NCTfσ. This spectrum is often 
inferred from the EQEPV with the Beer–Lampert assumption in 
the low-absorbance limit[7] so that

Abs 2PV CTα≈ ≈EQE d  (4)

where d is the junction thickness and Abs is the absorptance of 
the active layer. A factor of 2 is sometimes included to account 
for the double pass due to the reflecting metallic electrode of 
the solar cell. The role of non-unity internal quantum efficiency 
can also be included in Equation (4) to rule out the losses due 
to recombination but assuming said losses to be energy inde-
pendent. In essence, Equation (4) requires that the absorptance 
(and the EQEPV) reflect the exact spectral shape of the absorp-
tion coefficient—which as we shall see is not always the case.

In this communication we expand upon the work of List et al. 
where they showed interference effects significantly impact the 
spectral shape of the EL and thus the obtained CT state para-
meters. These interference effects are known to influence the 
spectral shape of the EQEPV above the optical-gap[20,21] but their 
impact on the sub-gap region is largely ignored. We also dem-
onstrate that the parameterization can be strongly affected by 
the optical interference when obtained from the EQEPV—the 
extent to which is dependent on the material refractive indices, 
device structure, and junction thickness. This impact is mainly 
due to the invalidity of Equation (4) in the presence of reflective 
electrodes, and we present an analytical approximation which is 
useful in dealing with it. To exemplify these parameterization 
issues, we present an analysis of six different fullerene and non-
fullerene acceptor (NFA) organic BHJ solar cells. We show that 
while apparently acceptable fittings can be obtained on EQEPV 
and EL spectra, the extracted CT state and reorganization ener-
gies from EQEPV and EL can be quite different. These limita-
tions arise from how light absorption (in-coupling) and emis-
sion (out-coupling) are affected differently by the low-finesse 
cavity mode whose energy is dependent upon the thickness 
of the junction. This is probed and quantified in detail for one 
given system, and we specifically demonstrate that the absorp-
tion pre-factor (fα) obtained from fittings on the absorption 
coefficient estimated from the EQEPV via Equation (4) contains 
a large relative error which is thickness dependent. This ques-
tions the validity of Equation  (4) even for order-of-magnitude 
estimations. To exclude any additional and unknown experi-
mental issues such as measurement geo metry, we then numer-
ically simulate (dummy) EQEPV and EL spectra using a full 
device model with known CT parameters, and attempt to recal-
culate these parameters using the same fitting procedure which 
was applied to the experimental results. In such a manner, 
we confirm that the error caused by device wave-optics on the 
extracted CT state parameters are significant and cannot be 
neglected. To overcome these complications in the fittings and 
to obtain correct CT parameters we utilize a recently introduced 
approach[12,22] to extract the absorption coefficient (thickness 
independent and absent of interference) by an inverse iterative 
transfer matrix method from the EQEPV spectra. This approach 
appears to-date the most accurate method to parameterize the 
CT states for their energy, reorganization energy, and absorp-
tion pre-factor based upon the EQEPV and is complementary to 
that recently presented by List et al. based upon EL spectra. It 
is also important to emphasize that we do not claim any funda-
mental violation of the detailed balance principle, merely that 
the apparent reciprocity represented by Equations  (1) and (2) 
is broken by interference effects. The degree of this deviation 
from reciprocity—caused essentially by the cavity acting as an 
uneven spectral filter—is dependent upon the cavity thickness, 
quality-factor, refractive indices of all layers, and emission/
absorption wavelengths and corresponding Stokes shift.

2. Results

To exemplify the accuracy of the fittings and CT analysis based 
upon Equations (1) and (2) on EQEPV and EL spectra we selected 
six different BHJ solar cell material combinations. The chemical 
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names and device structures are provided in the Experimental 
Section. These six combinations include the well-studied 
PCDTBT:PC70BM system with two different junction thick-
nesses as well as the non-fullerene PTB7-Th:ITIC. These mate-
rials were not “cherry-picked” but were selected such that: (i) the 
emission is strong enough within the sensitivity range of our 
photo-multichannel analyzer (300 to 1650 nm); and (ii) the CT 
state energy be distinguishable from the singlet excitons.
Figure 1 shows the natural logarithms of the reduced EQEPV 

(i.e., EQEPV multiplied by energy to obtain a Gaussian as per 
Equation  (1)) and reduced EL (i.e., EL divided by energy as 
per Equation  (2)) as a function of energy. The EQEPV spectra 
were recorded with unprecedented sensitively using a recently 
introduced approach[19] so that in the scale shown in Figure  1 
the noise floor corresponds to values below −15. The dynamic 
range for the fitting of EQEPV is limited by the exciton absorp-
tion (from above) and the sub-gap trap states (from below). 
The fitting range is thus optimized for the most precise fit. 
The Gaussian fittings based on Equation (1) are shown on the 
EQEPV spectra yielding the CT state parameters ECT and λ. The 
EL spectra were all recorded using the same devices at current 
densities close to the short circuit current (within a factor 2–3), 
with a methodology as detailed in the Experimental Section. 
The Gaussian fittings based upon Equation (2) were applied to 
EL spectra and the corresponding curves, and the extracted CT 
parameters are shown in the figure.

The first observation from Figure  1 is that for none of 
the studied systems do the EQEPV and EL fits result in the 
same values of the CT parameters although for the thin 
PCDTBT:PC70BM device the agreement is more acceptable. Fur-
thermore, the CT parameters obtained from PCDTBT:PC70BM 
devices with different thicknesses (panel a and b) are consider-
ably different. For the 230  nm thick PCDTBT:PC70BM device 
the reduced EL spectrum substantially deviates from the 
expected Gaussian shape. For all other systems for both EQEPV 
and EL, good fittings can be obtained (so that the mathematical 
uncertainty caused by the fitting error is small), yet the parame-
ters obtained from EQEPV and EL do not agree with each other. 
These results already provide a hint that the spectra may be 
influenced by the device optics which depends on the material 
and the thickness as explained by List et al.[15] The EQEPV can 
be partially “reconstructed” from the EL spectra assuming per-
fect symmetry between EL and EQEPV spectra but such recon-
structions are only within the accuracy of semi-logarithmic 
plots. It is evident here that fitting the EQEPV and EL spectra 
based on Equations  (1)–(4) can result in significantly different 
CT state parameters.

In order to further probe the potential impact of interference 
effects on the EQEPV spectra we analyzed PCDTBT:PC70BM 
devices with multiple different junction thicknesses. This 
also provided a means to evaluate the absorption pre-factor 
(fα) from the absorption coefficient spectra of the CT states. 

Figure 1. The natural logarithm of the reduced photovoltaic external quantum efficiency (EQEPV) and reduced electroluminescence (EL) for different 
donor: acceptor pairs. The solid lines are the Gaussian fittings from Equations (1) and (2). The energy of the CT states and reorganization energies 
obtained from the fittings of EQEPV and EL are separately indicated in each panel.
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This pre-factor is required to determine the oscillator strength 
of the CT states if the number of CT states is known. Accu-
rate determination of the number density of the CT states is 
challenging (and beyond the scope of this work), so we only 
determined the pre-factor of the absorption in Equation  (3) 
which is indeed dependent on the number of CT states as well 
as their absorption cross sections. Figure 2a shows the EQEPV 
spectra of these devices in semi-logarithmic plots and the inset 
shows them in linear plots. The effect of the cavity optics is 
obvious from the different spectral shape of the EQEPV spectra 
in the visible region as shown in the inset. The absorption coef-
ficient spectra were then determined using Equation  (4) and 
are shown in Figure 2b. The dotted lines in this plot show the 
Gaussian fittings based on Equation  (4) to determine the CT 
state parameters. We then used the method of Kaiser et al.[22] to 
more accurately obtain the absorption coefficient [i.e., not from 
Equation  (4)] in the sub-gap region from the EQEPV spectra. 
This “numerically obtained” absorption coefficient is also 
shown in Figure  2b as a bold red dashed line; the respective 
Gaussian fit is indicated by the red dotted line.

The corresponding measured EL spectra of the same 
PCDTBT:PC70BM devices are shown in Figure  2c. As demon-
strated by List et  al. the spectral shape of the EL is strongly 
dependent on the thickness of the device junction. The dashed 
line indicates the predicted emission spectrum expected for 
this system based on reciprocity between PL and the numeri-
cally obtained absorption coefficient. Figure 2d shows example 
fittings on the measured EL spectra: red-side fitting where a 
Gaussian is fitted to the lower energy part of the EL peak, and 
a blue-side fitting where the Gaussian is fitted to the higher 
energy side of the peak. We note that both such fittings can 
be found in the literature and while their validity is clearly 
questionable,[15] it is therefore instructive to understand and 
quantify their consequential impact on the absolute errors in 
the CT state parameterization.

Figure 2e–g shows the results of the EQEPV and EL fits versus 
active layer thickness using Equations  (1) and (2) respectively. 
The solid horizontal lines indicate the values obtained from 
fittings using the numerically obtained absorption coefficient 
α—a thickness independent value. The variations in the para-
meters with thickness is striking. The error bars indicate the 
(mathematical) Gaussian fitting error at each thickness which 
are typically smaller than the absolute error (being the differ-
ence between the value obtained from fitting the EQEs and that 
obtained from the numerically obtained α). As such, these CT 
state evaluations are precise but not accurate. For example, the 
reorganization energies obtained from EL fittings (blue side) 
are subject to absolute errors as large as 250 meV, with EQEPV 
fittings slightly better with errors of less than 150 meV. The red-
side fittings on the EL can vary up to 1  eV (not shown in the 
scale of Figure 2e). For the CT state energies (Figure 2f), EQEPV 
certainly yields a more accurate fit than the EL, with absolute 
errors less than 50 meV versus extremely large errors on the 
EL fitting. Finally, Figure 2g shows the results of the absorption 
pre-factor based upon the EQEPV. Depending on the thickness 
of the active layer, any arbitrary value from 50 to 900 eV2cm−1 
can be extracted while that obtained from the numerical α is 
450 eV2 cm−1. These absolute errors are too large to be neglected 
even for order-of-magnitude estimations.

While the EL spectra are significantly influenced by the 
active layer thickness, we should note that the position of the 
emission zone within the active layer also impacts the emission 
spectra. The width and position of the emission zone is a com-
plicated function of electron and hole mobility, recombination 
rate constant, active layer thickness, and the doping level. This 
effect, being insignificant in thin diodes (≈100  nm), becomes 
pronounced in devices with thicknesses comparable with the 
half wavelength (see Supporting Information). Again, the asym-
metry between the position and width of the EL emission zone 
and absorption zone (active layer) is a deviation only from the 
“observed” reciprocity between the EL and the absorption spec-
trum (i.e., ≈EQEPV) and not a deviation from the principle of 
detailed balance. This discrepancy can be traced back to the dif-
ferent carrier density profiles in the PV and EL modes in such 
thin film diodes. This is briefly discussed in the Supporting 
Information, but a more detailed analysis is beyond the scope 
of this work and will be presented elsewhere.

To further consolidate our experimental findings of the 
impact of thickness on the spectral shape and magnitude of 
the CT state contribution to the EQEPV and EL spectra, we con-
ducted electro-optical simulations (details in the Experimental 
Section). We reconstructed Figure  2 using the same junction 
thicknesses. The input parameters to the electro-optical simu-
lations were the complex refractive indices of all active and 
non-active layers in the device, charge carrier mobilities, and 
relevant energy levels. Importantly, we note that we used the 
numerically obtained absorption coefficient from Figure  2 as 
an input for the attenuation coefficient (the imaginary part of 
the complex refractive index) of PCDTBT:PC70BM. Moreover, 
a Gaussian function was constructed from the EQEPV with 
the same ECT and λ, and inserted into the EL simulation as 
the input emission spectrum. We thus imposed reciprocity 
between the absorption and emission spectra and also stress 
that these were qualitative simulations; whether the spectra 
were entirely and intrinsically accurate for PCDTBT:PC70BM 
plays no role. The aim being to check whether or not the cal-
culated CT state parameters from the simulated EQEPV and EL 
spectra are in agreement with the assumed input parameters, 
and if not within what error. The EQEPV spectra were used to 
determine the absorption pre-factor whilst both EQEPV and 
EL were fitted to determine ECT and λ. Figure  3a shows the 
electro-optically simulated EQEPV spectra, which are in general 
agreement with the measured EQEPVs presented in Figure 2a. 
Similar to Figure 2, in Figure 3b we show the absorption coef-
ficient spectra calculated from the EQEPVs with Gaussian fits 
(dotted lines) and the dashed line the input spectrum to the 
simulation. The EL spectra and their blue-side and red-side 
fittings are shown in Figure  3c–d together with the Gaussian 
fittings based on Equation  (2). Finally, fitting results (as per 
Figure  2) are presented in Figure  3e–g. In accordance with 
the fitting results on experimental EQEPV and EL spectra, the 
results for CT state energy, reorganization energy, and absorp-
tion pre-factor for these reconstructed simulations are strongly 
thickness dependent and different to the values inserted into 
the simulation as inputs. The input values are shown as solid 
horizontal lines in Figure 3e–g.

The above results, both from experiment and simulation, 
indicate that the CT state parameterization cannot be simply 
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Figure 2. Experimental results of CT state parameterization for PCDTBT:PC70BM solar cells with different thicknesses: a) Semi-logarithmic plot 
of the EQEPV spectra—the inset shows the linear plot; b) the absorption coefficients versus energy calculated from the EQEPV spectra (selected 
thicknesses are only shown for better visualization) based on Equation (4) as well as numerically obtained absorption coefficient (the dashed red 
line). The dotted lines are the Gaussian fits based on Equation (3) to obtain CT parameters; c) EL spectra of the same devices—the dashed black 
line shows the expected PL spectrum from the CT parameters obtained from fittings on numerical α in panel (b) based on the reciprocity principle; 
d) Gaussian fittings based on Equation (2) on the emission spectra (selected thicknesses are only shown for better visualization) to obtain CT 
parameters. Both red-side and blue-side fittings are performed; e–g) the results of Gaussian fittings on the EQEPV and EL spectra as reorganization 
energy, CT state energy, and absorption pre-factor fα. The error bars indicate the fitting error and the solid horizontal lines are the values obtained 
from fittings on the numerically obtained α shown as a dashed line in panel (b). The absolute errors are the differences between symbols and the 
solid horizontal lines.
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extracted using Equation (4). These effects on the EQEPV spectra 
can be accounted for by considering the cavity, for example by 
using the methodology explained by Kaiser et  al.[22] The com-
puter code and exemplary data to show this are provided in the 

Supporting Information. To extract the CT state parameters 
from EL spectra, although it may be possible, is more diffi-
cult. This is mainly because the effect of the low finesse cavity 
on the emission is more complex since it is multimodal. The 

Figure 3. Similar plots as for Figure  2 for PCDTBT:PC70BM devices with different thicknesses but generated using optical and drift and diffusion 
simulations. All the fittings and analysis are similar to the caption of Figure 2. To obtain the EQEPV spectra, optical constants of the PCDTBT:PC70BM 
and all other non-active layers were used in a transfer matrix model to predict the absorptance of the active layer. To generate the EL spectra, optical 
constants were used to calculate the out-coupling and electrical constants of the PCDTBT:PC70BM (electron and hole mobilities and recombination 
rate constant) were employed in a drift and diffusion program (Fluxim, SETFOS).

Adv. Energy Mater. 2020, 2001828
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procedure explained by List et al. provides a correction method 
for these spectra.[15] As such the authors suggest the use of 
EQEPV spectra instead of EL to extract CT state parameters 
where possible.

The corrected form of Equation  (4) relevant for thin film 
solar cells can be obtained from wave optics (see Supporting 
Information). EQEPV can then be evaluated as

EQE 2PV CT intα ( )= ×d f E  (5)

where fint(E) is a photon energy dependent correction factor due 
to optical interference or in other words, effectively acting as a 
passive filter. Accordingly, in the measured EQEPV, the spectral 
shape of αCT (Equation  3) becomes modified by the function 
fint(E). The energy dependence of fint(E) is strongly sensitive to 
the thicknesses and the complex refractive indices of all layers 
of the device stack and is, therefore, both material and system 
dependent. This function (see Equation S5, Supporting Infor-
mation) is derived in the Supporting Information and in the 
case of perfect reflectance from the back electrode it takes the 
simple form of

1
4

sin
4
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π
π( ) ( )≈ × −















f E T E
hc

nEd

nE

hc
d  (6)

in the limit of weak absorption (e.g., via sub-gap states), cor-
responding to αCTd ≪ 1. Here, n is the real part of the complex 

refractive index, hc  ≈ 1240 eV·nm, while T(E) is the effective 
internal intensity transmittance through the layers (influenced 
by interference effects) in front of the active layer and reflects 
the solar cell spectral throughput [in-(out-)coupling] function. 
This function should not be confused with transmittance 
through the ITO.

Thus, for αd ≪ 1, the function fint(E) can be viewed as a 
filter function and its spectral shape must be identical for the 
emission and absorption due to the reciprocity in linear optics. 
However, it asymmetrically affects the absorption and emission 
spectra due to the Stokes shift. Based on the above analysis, the 
EQEPV can be converted to the absorption coefficient by intro-
ducing the oscillatory function fint(E) to Equation  (4) [EQEPV ≈ 
2dαCT] that depends on thickness and photon energy. Similarly, 
for the CT state parameterization based on EQEPV, Equation (5) 
must be used. The full evaluation of fint(E), including the E 
dependences of both T(E) and back-electrode reflection [see 
Equation S5, Supporting Information], is in general analytically 
intractable and a computer-based transfer matrix approach is 
therefore needed for this correction. We have used this method 
to model these functions. This procedure is embedded in the 
work of Kaiser et  al.[22] to extract the optical constants of sub-
gap states from the EQEPV spectra (see Supporting Information 
for the computer program). Figure 4 shows the simulated fint(E) 
(blue solid lines) at different active layer thicknesses, along with 
the approximate form Equation  (6) (red dotted lines) and T(E) 
(black dashed lines). Indeed, Equation (6) generally reproduces 

Figure 4. Simulated fint(E) of a PCDTBT:PC70BM solar cell, with active layer thickness of a) 54 nm, b) 155 nm, c) 585 nm, and d) 1500 nm, is indicated 
by the blue solid line. The approximation Equation (6), assuming weak absorption (αd ≪ 1) and perfect back-electrode reflection, is indicated by the 
red dotted line. The calculated T(E) (black dashed lines) are included for comparison.
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the oscillatory behavior of fint(E) when αd ≪ 1, showing 
good agreement for thicker active layers. In this limit, fint(E) 
approximately equals T(E) as the second term in the bracket of 
Equation 6 vanishes with the junction thickness. The oscillatory 
behavior of T(E) is a result of interference between incoming 
and reflected optical fields within the optical stack. Note that 
Equation (6) is not applicable in the strong absorption limit αd 
≫ 1, where we expect all in-coupled light to be absorbed; hence, 
EQEPV(E) ≈ T(E) and therefore, fint(E) ≈ T(E)/(2αd).

From Equation  (5) it is clear that the EQEPV inherits the 
oscillatory behavior of fint(E); hence one expects it to also be 
oscillatory. However, oscillations in the EQEPV spectra are often 
not observed in devices with standard active layer thicknesses 
of order of 100s of nm. Such thin active layers form extremely 
low-finesse cavities with large mode separation and spectrally 
broad modes as seen from Figure 4 and the slowly varying sine 
function in Equation (6) when d is small. Therefore, fint(E) does 
not result in observable and clear peaks in the EQEPV (as shown 
in Figure 5a for the EQEPV of an 80 nm thick PCDTBT:PC70BM 
solar cell) but distorts its shape and is the origin of the absolute 
errors in the CT parameterization shown in Figures 2 and 3. As 
evident from Figure 4, this scenario changes when the thickness 
increases and thus the frequency of cavity modes. To unambig-
uously demonstrate the role of cavity interference in the sub-
band gap EQEPV spectral shape, we fabricated an extremely 
thick PCDTBT:PC70BM device with an active layer thickness of 
1500 nm. For this device, a shorter mode separation is expected 
in accordance with Figure  4. Figure  5b shows the sensitive 
EQEPV of this thick PCDTBT:PC70BM device versus photon 
energy. Cavity modes are clearly manifest as evenly separated 
peaks in the EQEPV spectrum. The CT state band expands from 
1.2 to 1.8 eV with 3 clear cavity oscillations superimposed upon 
it. From 0.5 to 1.2 eV the contribution of trap states is notable 
which is again superimposed with 4 cavity modes appearing as 
maxima. These maxima indeed are not observable above the 
gap where the material is strongly absorbing and the cavity 
modes are damped out.

Finally, it should be stressed that the applicability of the pre-
sented CT state parameterization is subject to sufficient spec-
tral separation between CT state absorption/emission and the 

singlet excitons. This deconvolution is particularly problematic 
for so-called low-offset systems[23,24] such as the NFAs currently 
showing the highest power conversion efficiencies[25,26] where 
the CT state and exciton features are almost degenerate.[27–29] 
In this limit, the CT parameterization via non-adiabatic 
Marcus theory irrespective of cavity optics is inappropriate, as 
exemplified for two high efficiency NFA systems PM6:Y6 and 
PM6:ITIC in the Supporting Information. As more high effi-
ciency, low-offset (NFA) systems are reported, this CT state 
parameterization issue will become more prominent—and we 
would contend that the electro-optical principle and methods 
derived over many years for the fullerenes cannot simply be 
translated to the NFAs.

3. Conclusions

Parameterization of the CT states of acceptor: donor organic 
semiconducting combinations based upon Gaussian fittings 
to sub-gap absorption or EQEPV and EL spectra has become 
a standard tool in organic solar cells. We have shown that CT 
state parameterization can result in totally arbitrary values 
due to the often-ignored cavity effects. By studying a number 
of archetypal and emerging acceptor: donor systems, we have 
shown that, to varying extents, the measured EQEPV or EL 
spectra on which the fittings are performed are subject to low 
finesse cavity interference that cannot be neglected. Interfer-
ence effects can be accounted for by determining a thickness 
independent “numerically obtained absorption coefficient” 
form EQEPV using the inverse transfer matrix approach of 
Kaiser et  al.[22] If the CT state and singlet exciton absorptions 
are sufficiently distinguishable from each other, this allows a 
more a rational CT state parameterization from EQEPV. EL 
spectra are more adversely affected by the interference effects, 
and simple plane wave transfer matrix approaches are not 
adequate to fully account for their impact. We demonstrate 
the magnitude of the relative errors for the PCDTBT:PC70BM 
system as a function of junction thickness. In particular, the 
results clearly show that the Beer–Lambert assumption for sub-
gap absorption is invalid producing relative errors as large as 

Figure 5. Sensitive EQEPV spectrum of a) a thin PCDTBT:PC70BM device with active layer thickness of 80 nm and b) a thick PCDTBT:PC70BM photo-
voltaic device with an active layer thickness of 1500 nm. Three regions are distinguished in the spectra where singlet excitons, CT states, and trap states 
contribute to the EQEPV. In (b) the cavity modes are shown by the blue arrows appearing as maxima in the EQE.
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90% in the absorption cross section of the CT states. We also 
provide an analytical framework to convert the EQEPV to an 
absorption coefficient by introducing an oscillatory function fint 
(the effective spectral throughput of the cavity) that depends on 
thickness and photon energy—this can be used in combination 
with transfer matrix analysis to enhance the accuracy of the CT 
state parameterization. Finally, we note that so called low-offset 
systems such as the new high efficiency non-fullerene accep-
tors pose particular challenges for CT state parameterization. It 
appears the only way forward for these systems is to reconstruct 
“interference-free” thickness-independent emission spectra. 
This is not a trivial task because of the complex multimodal 
nature of the wave optics of light emission in a low-Q cavity. 
We would stress that these findings in no way challenge the 
fundamental validity of reciprocity and the thermodynamics 
of solar cells. They merely highlight the asymmetric nature of 
emission and absorption mode coupling in thin film optoelec-
tronic cavities.

4. Experimental Section

Materials: PCDTBT (Poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-
(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]) and PCPDTBT (Poly[2,6-
(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′)-dithiophene)-alt-4,7 
-(2,1,3-benzothiadiazole)]) were purchased from Sigma Aldrich. PTB7-Th  
(Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b ′ ]
dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-f luorothieno[3,4-b]
thiophene-)-2-carboxylate-2-6-diyl)]), ITIC (3,9-bis(2-methylene-(3-
(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene), PBDB-T 
(Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b′]
dithiophene))-alt-(5,5-(1 ′ ,3 ′-di-2-thienyl-5 ′ ,7 ′-bis(2-ethylhexyl)
benzo[1′,2′-c:4′,5′-c′]dithiophene-4,8-dione)]), PM6 (Poly[(2,6-(4,8-bis(5-
(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b′]dithiophene))-
alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c′]
dithiophene-4,8-dione)]), and Y6 (2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-
3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2′′,3′′:4′,5′]
thieno[2′,3′:4,5]pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-diyl)
bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile) were purchased from Zhi-yan (Nanjing) Inc. 
PC70BM ([6,6]-phenyl-C71-butyric acid methyl ester) was purchased from 
Solarmer, and BQR (benzodithiophene-quaterthiophene-rhodanine) was 
received from Dr. David. J Jones (University of Melbourne).

Device Fabrication: PCDTBT:PC70BM devices were fabricated in a 
conventional structure (ITO/PEDOT:PSS/PCDTBT:PC70BM/PDINO/
Al) with the following procedures: 30 nm PEDOT:PSS films were spin-
coated (5000 rpm) on pre-cleaned ITO substrate and further annealed 
at 155  °C for 10 min. Then PCDTBT:PC70BM (with weight ratio of 1:4) 
films with different thicknesses were cast onto the PEDOT:PSS coated 
substrates from 1,2-dichlorobenzene solution with different spin-coating 
speeds (30  mg mL−1 solution with 1500  rpm for 54  nm active layer, 
40 mg mL−1 solution with 1500 rpm for 85 nm active layer, 40 mg mL−1 
solution with 1000 rpm for 105 nm active layer, 40 mg mL−1 solution with 
600 rpm for 155 nm active layer, 50 mg mL−1 solution with 600 rpm for 
185 nm active layer, 60 mg mL−1 solution with 600 rpm for 315 nm active 
layer, and 60 mg mL−1 solution with 400 rpm for 585 nm active layer). 
Afterward, an ≈8  nm thick PDINO film was spin-coated (3000  rpm) 
onto the PCDTBT:PC70BM films from methanol solution (1  mg mL−1), 
and 100  nm aluminium was then thermally evaporated (at a pressure 
of 10−7 mbar) as the cathode. The BQR:PC70BM devices were fabricated 
in a conventional structure (ITO/PEDOT:PSS/BQR:PC70BM/Ca/Al) with 
the following procedures: 30  nm PEDOT:PSS film was deposited as 
described above, and then 100  nm BQR:PC70BM (1:1, w/w) films were 

spin-coated (1000 rpm) on PEDOT:PSS film from toluene (24 mg mL−1), 
and further treated with solvent annealing (toluene) for 20 s and thermal 
annealing at 90 °C for 10 min. Devices were then completed by thermally 
evaporating 10 nm Ca and 100 nm Al as the cathode. PCPDTBT:PC70BM, 
PTB7-Th:ITIC, PBDB-T:PC70BM, PM6:ITIC, and PM6:Y6 devices were 
fabricated in inverted structures (ITO/ZnO/Active layer/MoO3/Ag). In 
all these inverted devices, a 30 nm solution processed ZnO film acted 
as the electron transport layer and was fabricated with the following 
procedures: ZnO solution was first prepared by dissolving zinc acetate 
dihydrate (200  mg) in 2-methoxyethanol (2 mL)  and ethanolamine 
(56  µL) and further stirred overnight under ambient conditions. Then 
ZnO solution was spin-coated (3000  rpm) onto ITO substrates and 
thermally annealed at 200 °C for 60 min. The active layers of those above 
systems were deposited on ZnO the films with the following method: 
(1) For PCDPTBT:PC70BM devices, 80 nm PCDPTBT:PC70BM (1:4, w/w) 
film was spin-coated (1500  rpm) from 1,2-dichlorobenzene solution 
(40 mg mL−1) with no further treatment; (2) For PTB7-Th:ITIC devices, 
100 nm PTB7-Th:ITIC (1:1.4, w/w) film was spin-coated (1000 rpm) from 
chlorobenzene (14 mg mL−1 with 1 vol% DIO) solution with no further 
treatment; (3) For PBDB-T:PC70BM devices, 100  nm PBDB-T:PC70BM 
(1:1, w/w) film was spin-coated (1000  rpm) from chlorobenzene 
(14 mg mL−1 with 3 vol% DIO) solution and further rinsed with 80 µL 
of methanol at 4000 rpm for 20 s to remove the residual DIO; (4) For 
PM6:ITIC devices, 100  nm PM6:ITIC (1:1, w/w) film was spin-coated 
(1000  rpm) from chlorobenzene solution (18  mg mL−1 with 0.5  vol.% 
DIO) and annealed at 100  °C for 10  min; (5) For PM6:Y6 devices, 
100  nm PM6:Y6 film (1:1.2, w/w) was spin-coated (3000  rpm) from 
chloroform solution (16  mg mL−1 with 0.5  vol.% 1-chloronaphthalene) 
and further annealed at 110 °C for 10 min. After depositing all of these 
active layers, 7 nm MoO3 and 100 nm Ag were thermally evaporated  
as the anode.

Photovoltaic External Quantum Efficiency Measurements: For sensitive 
measurements of the EQEPV, a Lambda 950 spectrophotometer 
(PerkinElmer) was used as a light source. The output light from the 
monochromator was physically chopped at 273 Hz (Thorlabs MC2000B) 
and different OD4 long-pass filters (Edmunds Optics) were used to filter 
out remaining parasitic stray light. Prior to detecting the photocurrent 
with a lock-in amplifier (Stanford Research System, SR860) using the 
chopper as an external reference source, the signal was passed through 
a current pre-amplifier (Femto, DLPCA-200). For calibration, a Newport 
NIST-calibrated silicon 818-UV, germanium 818-IR and Thorlabs indium 
gallium arsenide S148C photodiode sensors were used. A detailed 
experimental description of the sensitive EQEPV measurement is 
provided in the citation.[19]

Electroluminescent Measurements: For this measurement, the devices 
were driven by constant currents applied by a Keithley (2400) source 
meter unit. Two photonic multi-channel analyzers, PMA 12 and C10028 
(HAMAMATSU), with different spectral range (from 346 to 1100 nm and 
from 896 to 1688 nm, respectively) were used to detect the EL spectra.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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