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10% mark.[1–3] The substantially reduced 
performance of, for example, amorphous 
silicon relative to crystalline silicon is to a 
major degree caused by increased charge 
trapping and recombination due to ener-
getic disorder evoked by the structural 
disorder of the amorphous materials.[4–6] 
In the world of organic semiconductors, 
the disorder has also been frequently con-
sidered to be a major obstacle to reaching 
higher efficiencies.[7–9] For a long time 
during the development of organic pho-
tovoltaics, efficiencies were struggling to 
reach 10% leading to a seemingly sim-
ilar situation as with amorphous silicon 
solar cells.[10] Over the last several years, 
however, new polymers and especially 
new acceptor molecules have completely 
changed the situation. By now, organic 
solar cell efficiencies exceed 19% in single-
junction devices[11–15] and 20% for tandem 
organic solar cells,[16] thereby reaching 
efficiencies nearly twice that of typical 
amorphous silicon solar cells. Thus, 
while structural and energetic disorder 
will certainly still be present in current 
state-of-the-art organic solar cells, either 

the degree or the impact of the disorder has to be substantially 
reduced relative to amorphous silicon. Hence, a closer look at 
energetic disorder and its impact on device performance for 
current generations of organic solar cells is needed. To achieve 
this goal, it is crucial to use sensible parameters to quantify dis-
order, to use reliable measurement methods, and to be aware of 
the potential limitations of the methods.

While for inorganic semiconductors, the energetic disorder 
causes shallow trap states in the energy gap between continuous 
bands, for organic solar cells, states at the donor:acceptor inter-
face, such as the charge-transfer states or local excited states, 
constitute the band gap. Here, energetic disorder as observed, 
for example, in absorption and emission measurements is 
explained by two significantly different physical concepts that 
are usually referred to as static and dynamic disorder. Static 
disorder originates from a broadened density of states that 
is caused by a structural disorder of, for example, polymer 
chains.[17] The dynamic disorder is caused by a combination of 
two effects: the first is the presence of a non-zero reorganiza-
tion energy, that is, a displacement of the vibrational ground 
state of the electronically excited state relative to the electronic 

The energetic disorder has been known for decades to limit the perfor-
mance of structurally disordered semiconductors such as amorphous silicon 
and organic semiconductors. However, in the past years, high-performance 
organic solar cells have emerged showing a continuously reduced amount 
of energetic disorder. While searching for future high-efficiency material 
systems, it is therefore important to correctly characterize this energetic dis-
order. While there are several techniques in the literature, the most common 
approaches to probe the density of defect states are using optical excitation 
as in external quantum efficiency measurements, or sequential filling of the 
tail states by applying an external voltage as in admittance spectroscopy. 
A metanalysis of available literature, as well as the experiments using four 
characterization techniques on two material systems, reveal that electrical, 
voltage-dependent measurements frequently yield higher values of ener-
getic disorder than optical measurements. With drift-diffusion simulations, 
it is demonstrated that the approaches probe different energy ranges of the 
subband-gap density of states. The limitations of the techniques are further 
explored and it is found that extraction of information from a capacitance-
voltage curve can be inhibited by internal series resistance. Thereby, the 
discrepancies between measurement techniques with sensitivity to different 
energy ranges and electronic parameters are explained.
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1. Introduction

Amorphous inorganic semiconductors have been studied over 
decades for photovoltaic applications but were eventually dis-
carded because of poor performance that hardly exceeded the 
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ground state. The second factor is the thermal broadening of 
these states, that is, the existence of vibrationally excited states 
with a non-zero occupation probability.[18,19] The corresponding 
reorganization energy after absorption or emission is frequently 
used to characterize disorder by extracting the width of a 
Gaussian fit to the data.[19–23] Alternatively, it is equally common 
to describe the experimentally observable disorder in absorption 
and emission spectra using an exponential Urbach tail whose 
temperature dependence provides some information about the 
relative importance of static and dynamic disorder.[21,24] The 
debate is ongoing on which effect is dominating, the ener-
getic disorder of the actual density of states or the reorganiza-
tion energy.[20,21,23,25] However, both effects are detrimental to 
device performance via their impact on charge transport and 
recombination.[26–28] Thus, the experimental quantification of 
the energetic disorder remains important independent of the 
exact origin of the disorder. There are several different methods 
to measure the disorder, the most prominent among them are 
optical methods where the absorption or emission of a sample 
is recorded.[29–35] These are followed by electrical methods, 
where the voltage is varied to move the quasi-Fermi levels over 
the subband-gap density of states and thereby fill or empty the 
broadened density of states.[36–39] Given that observables, such 
as the current or the capacitance, depend on the carrier density 
inside a device under certain conditions, measurements, such 
as charge extraction[36–38] or capacitance-voltage,[39] have been 
used to extract information on the band tails.
Figure 1 shows how band tails impact photovoltaic perfor-

mance and how typical values of the reported Urbach ener-
gies depend on the type of device and the mode of measure-
ment. Figure 1a shows the simulated impact of the width of the 
Urbach tail on device performance using parameters typical 
for organic solar cells (see Table S1, Supporting Information). 
The histogram shown in Figure  1b provides evidence that the 
development of nonfullerene acceptors (NFAs) has not only 
improved power conversion efficiencies of organic solar cells 
but has also generally reduced the reported Urbach energies 
relative to the formerly predominant fullerene acceptors (FAs). 
A substantial number of reports of Urbach tails are now close 
to the thermal energy kT, which is highly significant for device 
performance from a theoretical and practical perspective.[40] 
Figure  1c shows a histogram of Urbach energies resolved for 
the general class of measurement technique. Here, we dis-
criminate between optical techniques, such as photothermal 
deflection spectroscopy (PDS) or Fourier-transform photo-
current spectroscopy (FTPS), that probe photon absorption and 
essentially measures the joint density of states and electrical 
techniques that use changes in applied voltage to scan the 
energy-dependent density of states. Here, we note that optical 
techniques very frequently lead to fairly low Urbach energies 
around kT or slightly higher, while electrical techniques give 
values in a very broad range with a significant number of 
cases going up to 3kT. Thus, Figure  1c suggests that different 
methods may systematically lead to different Urbach energies, 
which would stipulate a closer look at the methods themselves. 
However, the assessment of Figure 1c is insofar incomplete as 
it provides only statistical evidence for a method-specific differ-
ence but does not provide data, where several techniques have 
been explored on the same samples.

Here, we provide such a study of different measurement 
techniques on the same samples and show how to overcome 
major issues with the measurement and interpretation of 
Urbach energies in NFA-based organic solar cells. We compare 
four different types of measurements done on two different 
types of organic solar cells. For the optical measurements, 
we performed PDS on the material films on glass and FTPS 
on full solar cells. These solar cells, we also characterized with 

Figure 1.  a) Simulated current-density voltage curves of organic solar 
cells with increasing energetic disorder under solar illumination. The 
performance significantly deteriorates with increasing Urbach energy EU. 
Still, Urbach energies reported in literature differ between b) fullerene 
(FA)[7,31,35–37,39,41–72] and nonfullerene acceptors (NFA)[29–35,38,39,47–50,73–92] 
and especially between c) optical[7,29–35,41,42,48–62,73–89] and electrical 
voltage-dependent[36–39,45,46,68–71,91,92] measurement techniques high-
lighting inconsistencies in the characterization of energetic disorder in 
organic solar cells. Table S2, Supporting Information, lists all materials, 
methods, and references from this figure.
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electrical, voltage-dependent methods, where we chose admit-
tance spectroscopy and extracted the Urbach energy from meas-
urements in the dark and at open circuit. We find that Urbach 
energies indeed vary greatly depending on the methods used. 
To explain these discrepancies, we more closely investigate arti-
facts that are arising from capacitance-based measurements. 
We also highlight the importance of considering the different 
energy ranges accessed by the different methods. Thereby, we 
offer insights for a more conclusive characterization of ener-
getic disorder in organic solar cells in the future.

2. Extracting the Urbach Energy from Admittance 
Spectroscopy
In a simplified case, the static disorder in the form of shallow 
defect states can be modeled by an exponential with the inverse 
slope EU, the Urbach energy,[93] as shown in Figure 2a. When 
out of equilibrium, the density of states is occupied according 
to the Shockley–Read–Hall distribution by charge carriers with 
an occupancy of ½ at the quasi-Fermi level of the respective 
charge-carrier type, which leads to an occupation maximum 
for an exponential density of tail states. With increasing applied 
voltage V, the quasi-Fermi level splitting increases and thereby, 
more charge carriers occupy the defect states as illustrated in 
Figure 2a for a device in the dark. The resulting density nT of 
trapped charge carriers, therefore, depends on the slope of the 
density of tail states. This dependence is further illustrated in 
Figure 2b which shows the nT as a function of voltage for three 
different Urbach energies EU. The trapped charge-carrier den-
sity increases exponentially with voltage with a higher slope 
for a low Urbach energy since the corresponding density of tail 
states is steeper. Hence, the voltage dependence of the density 
of trapped charge carriers nT can reflect the shape of the density 
of states. In a simplified case, this relation can be described by 
nT ≈ exp(qV/(2EU)) (see Section S1, Supporting Information, for 
the derivation). As can be seen from Figure 2a, the area below 
the band edge that represents nT can be significantly larger 
than the one indicating the free carrier density nfree in the band, 
allowing the approximation of the total charge-carrier density 
n  =  nT + nfree ≈ nT. Hence, to extract the Urbach energy from 

electrical measurements, one can try to measure the charge-
carrier density as a function of voltage.

Typical methods for finding n are charge-extraction meas-
urements and capacitance-voltage measurements from admit-
tance spectroscopy. While the first measures the current that is 
extracted when switching a device from open circuit under illu-
mination to short circuit in the dark, the latter uses the fact that 
separation of charges is needed to create a capacitance inside a 
solar cell. A common approximation for this capacitance is

d

d
C qd

n

V
=µ

	 (1)

where Cμ is the chemical capacitance per area of the charge 
carriers inside the bulk,[94,95] in contrast to the electrode 
capacitance Cσ. Together, they form the total capacitance  
C = Cμ + Cσ.[96] Note that here, as well as in charge-extraction 
measurements, charge-carrier densities are averaged over the 
active layer thickness. There is no spatial resolution. With this 
simplification and the previous assumptions on the total carrier 
density n, one can write
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Hence, from the logarithmic slope of the chemical capaci-
tance Cμ, the Urbach energy EU can be extracted in this model. 
In literature, the chemical capacitance most commonly is fur-
ther integrated to get the charge-carrier density n and interpret 
it in terms of recombination mechanisms.[34,39,96–100] While the 
correlation between n and the recombination rate is relatively 
intuitive, there are multiple approaches and some discussion 
on how to proceed with this integration and how to estimate 
the chemical capacitance.[96,99,101] A more detailed analysis of 
the issues of extracting the Urbach energy from the charge-
carrier density can be found in Section S2, Supporting Informa-
tion. For these reasons, we herein refrain from using further 
calculation steps during integration and directly use the slope 
of the chemical capacitance for the Urbach-energy estimation.

To validate this approach and find the most accurate way to 
calculate the chemical capacitance from admittance data, we 
modeled a generic organic solar cell using the drift-diffusion 

Figure 2.  a) Modeled density of states around the LUMO of the acceptor with exponential band tails. As the occupation maximum of the density of 
states is located at the quasi-Fermi level of electrons, the density nT of trapped electrons increases with quasi-Fermi level splitting. Consequently, nT 
increases with voltage in b) for Urbach energies EU of 30, 55, and 80 meV. Low Urbach energies EU result in a more rapid increase since the density 
of tail states is steeper.
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simulation software SCAPS.[102,103] For simulations under illu-
mination, we further used the software ASA[104,105] and optical 
data from Reference [106] to create the spatially resolved gen-
eration rate. Further details on the model and the simulation 
parameters can be found in Section S3, Supporting Informa-
tion. Since the extraction of the chemical capacitance from 
admittance data is not obvious, we first performed simulations 
to find the best estimation for Cμ. These simulations show that 
the chemical capacitance can be best replicated by subtracting 
the total capacitance at high frequency and reverse bias in the 
dark, the geometric capacitance Cgeo, from the total capaci-
tance at low frequencies. Section S4, Supporting Information, 
describes in more detail how we calculate the chemical capaci-
tance in this work.

Now being able to estimate the chemical capacitance from 
the simulated admittance data, we test the method of extracting 
the Urbach energy from the Cμ ∝ V-relation. For this purpose, 
Figure 3 shows the chemical capacitance Cμ of three organic 
solar cells with different tail slopes EU of 30, 55, and 80 meV 
that were calculated from admittance spectroscopy simula-
tions a) under illumination at open circuit and b) in the dark 
using the approximation Cμ ≈ C − Cgeo. The dashed lines rep-
resent the exponential increase that can ideally be expected for 
the respective Urbach energies. In fact, under both conditions 
where the quasi-Fermi level splitting can be approximated by 
the applied voltage, in the dark and at open circuit, the slope 
of the capacitance C  − Cgeo decreases with increasing Urbach 
energy. This observation shows that the chemical capacitance is 
sensitive to the shape of the density of defect states and that the 
Urbach energy extracted from exponential fits can be used as 
an estimate for the severity of the energetic disorder. However, 
when applying this method, the frequency of the alternating 
voltage has to be selected carefully since the charge carriers 
inside the active layer need to be able to follow the changes 
in the electric field (see Figure S7, Supporting Information). 
If the frequency is too high, the capacitance will saturate the 
geometric capacitance.

This introduction of the rationale behind the characteri-
zation of energetic disorder with electrical methods already 
reveals multiple approximations that go into the analysis and 

therefore must be considered when discussing results. On the 
other hand, while the principle of exciting an electron to or 
from a trap state by low-energy photons appears more simple, 
the interpretation of such absorption data remains challenging. 
The static disorder influencing the shape of the absorption tail 
can be caused by a disorder in the charge-transfer state, local 
excitons, or both.[107] Additionally, differentiating between static 
and dynamic disorder has been a topic of discussion in the lit-
erature.[20,21,23,25] Therefore, we present the following different 
approaches to interpreting optical data but also discuss elec-
trical and admittance data in detail.

3. Experimental Results

To study the difference between optical and voltage-
dependent measurements of the Urbach energy EU, we char-
acterized two organic solar cells with identical cell archi-
tecture but different active layer material systems. More 
specifically, we used the NFAs (2,2′-((2Z,2′Z)-((12,13-bis(2-
butyloctyl)-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))dimalo-
nonitrile) (BTP-4F-12, Figure 4a) and (Z)-5-{[5-(15-{5-[(Z)-(3-
Ethyl-4-oxo-2-thioxo-1,3-thiazolidin-5-ylidene)methyl]-8thia-
7.9-diazabicyclo[4.3.0]nona-1(9),2,4,6-tetraen-2-yl}-9,9,18,18-
tetrakis(2-ethylhexyl)-5.14-dithiapentacyclo[10.6.0.03,10.04,8.013,17]
octadeca-1(12),2,4(8),6,10,13(17),15-heptaen-6-yl)-8-thia-
7.9diazabicyclo[4.3.0]nona-1(9),2,4,6-tetraen-2-yl]methylidene}-
3-ethyl-2-thioxo-1,3-thiazolidin-4one (EH-IDTBR, Figure 4b) and 
the polymer donors 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)]-ran-poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-
benzo[1,2-b:4,5-b′]dithiophene))-alt-(2,2-ethyl-3(or4)-carboxylate-
thiophene)] (PBDB-TF-T1, Figure  4c) and poly[(5,6-difluoro-
2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3′′′-di(2-octyldodecyl)-
2,2′;5′,2″;5″,2′′′-quaterthiophen-5,5′′′-diyl)] (PffBT4T-2OD, 
Figure  4d). The energetic disorder of the high-efficiency 

Figure 3.  Capacitance C − Cgeo extracted from simulated admittance spectroscopy measurements as a function of voltage for Urbach energies EU of 30, 
55, and 80 meV. The dashed lines indicate an exponential with the corresponding Urbach energy. For both operating conditions, a) under illumination 
at open circuit and b) in the dark, the quasi-Fermi level splitting can be approximated by the applied voltage and thereby the chemical capacitance can 
indicate the respective Urbach energy.
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material system PBDB-TF-T1:BTP-4F-12 to the best of our 
knowledge has not been investigated so far. Similar materials 
have been found to exhibit a low Urbach energy.[38,79,92] As a 
contrast, we chose PffBT4T-2OD:EH-IDTBR as an active layer 
blend for which a relatively high Urbach energy of 76 meV has 
been reported.[38] Both solar cells were fabricated on a glass 
substrate with an indium tin oxide (ITO) anode, and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) 
as the hole transport layer. On top of the active layer, poly-
(9,9-bis(3′-(N,N-dimethyl)-N-ethylammonium-propyl-2,7-
fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br) cre-
ates the electron transport layer and a silver cathode is used. 
While a schematic of the entire stack is shown in Figure  4e, 
further information on the fabrication process of the organic 
solar cells can be found in Section S5, Supporting Informa-
tion. Details on the measurement specifications during char-
acterization are listed in Section S6, Supporting Information. 
Figure 4f shows the JV characteristics of the resulting devices. 

The cell with PffBT4T-2OD:EH-IDTBR exhibits a higher open-
circuit voltage due to its higher band gap but significantly less 
photocurrent than the device with PBDB-TF-T1:BTP-4F-12. 
However, it is beyond the scope of this work to analyze the var-
ious loss mechanisms that set apart the two solar cell systems. 
Instead, we want to focus on recombination via shallow defect  
states.

For this purpose, we characterized the absorption prop-
erties of the devices with FTPS and of the active layer films 
with PDS. Figure 5 shows the normalized signal of the optical 
measurements on the material systems a) PffBT4T-2OD:EH-
IDTBR and b) PBDB-TF-T1:BTP-4F-12. For every measure-
ment, we fitted the exponential regime (solid lines) to extract 
the Urbach energy EU from the slope 1/EU. Under FTPS, both 
solar cells show a very steep increase in absorptance which 
results in an Urbach energy EU,FTPS of around 26  meV for 
PffBT4T-2OD:EH-IDTBR and 23  meV for PBDB-TF-T1:BTP-
4F-12. While the FTPS measurements show a dynamic range 

Figure 4.  a,b) Nonfullerene acceptors and c,d) polymer donors used for solar cell production in the e) device architecture glass/ITO/PEDOT:PSS/active 
layer/PFN-Br/Ag. f) Current density J as a function of voltage V of the two organic solar cells incorporating the bulk heterojunctions PffBT4T-2OD:EH-
IDTBR and PBDB-TF-T1:BTP-4F-12 that are characterized in this work. Urbach energies reported in the literature for the same or similar blends imply 
different severity of energetic disorder between the two material systems.
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of around six orders of magnitude, PDS has a lower range 
between two and three orders of magnitude. Therefore, the 
exponential part of the signal could be affected by the satura-
tion at higher energy resulting in higher Urbach energies 
EU,PDS of 35  meV for PffBT4T-2OD:EH-IDTBR, and 29  meV 
for PBDB-TF-T1:BTP-4F-12. Similarly, we could also observe in 
our literature research that some of the higher values reported 
for the Urbach energy from optical measurements could poten-
tially be attributed to the low dynamic range of the measure-
ments.[30,31,53,58] Also, the films on glass that were measured for 
PDS lack absorption from back reflection on the silver cathode 
that is included in the FTPS measurements causing a further 
discrepancy between the two methods. On the one hand, the 
light traverses twice through the absorber layer in FTPS meas-
urements, on the other hand, interference effects can cause 
differences in the subgap slope.[107,108] Still, both optical meas-
urements yield relatively low Urbach energies close to thermal 
energy. This finding coincides well with the model proposed 
by Kaiser et  al., in which they attribute parts of the subgap 
absorption features to thermal broadening.[107] To better distin-
guish between the effects of static disorder in the singlet state, 

thermal broadening, and deep defects, they plot the apparent 

Urbach energy d ln( )

d
U,app

1

E
a

E
= 





−

, where a is the absorptance, as 

a function of energy. Figure  5c,d shows the apparent Urbach 
energy EU,app for PDS and FTPS measurements on both mate-
rial systems. For the measurements on PffBT4T-2OD:EH-
IDTBR in Figure 5c, the PDS signal first decreases going from 
high energies to low energies but does not reach the thermal 
energy before the limitation in dynamic range causes it to 
increase again. The FTPS measurements allow further analysis 
due to the higher dynamic range even though the inverse slope 
EU,app is noisy. It exhibits a plateau around thermal energy and 
higher apparent Urbach energies EU,app near the optical band 
edge that can be assigned to the static disorder of the singlet 
state.[107] The apparent Urbach energy EU,app for PBDB-TF-
T1:BTP-4F-12 in Figure  5d behaves similarly. The PDS data 
features a minimum at thermal energy, whereas the FTPS data 
further decreases below the value assigned to thermal broad-
ening. As discussed by Kaiser et  al., small variations around 
kT can be caused by interference effects.[107] Kay et  al. further 
observed that the conventional device structure, which is also 

Figure 5.  Normalized signal of Fourier-transform photocurrent spectroscopy (FTPS) in the lighter colors and photothermal deflection spectroscopy 
(PDS) in the darker colors as a function of energy E for organic solar cells based on a,c) PffBT4T-2OD:EH-IDTBR and b,d) PBDB-TF-T1:BTP-4F-12. The 
solid lines represent fits to the exponential regime of the experimental data with the slope of 1/EU. c,d) Apparent Urbach energy EU,app, the inverse 
logarithmic slope of the absorptance, for both measurement techniques and material systems. Even though scattering becomes more apparent in the 
EU,app, both the differential slope and the exponential fit yield Urbach energies close to the thermal energy.
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employed in our samples, is most susceptible to interference 
effects.[108] Thus, interference could be a possible explanation 
for apparent Urbach energies EU,app below thermal energy. Note 
that the increase in apparent Urbach energy EU,app in the low 
energy regime is not an indicator for deep traps in our sam-
ples but simply caused by the limit in the dynamic range of the 
measurements. Therefore, the exponential fits that we applied 
to the data in Figure 5a,b according to the traditional approach 
potentially only fit thermal broadening and contain no material-
specific information. This observation based on the findings of 
Kaiser et  al. also offers another explanation for why literature 
values for optically extracted Urbach energies mostly are very 
low, below 30 meV. A majority of the values above 30 meV that 
we found in literature either fit features like the charge-transfer 
state[85] or deep defects,[7,32,54,61,65,66,77,84,85] or the disorder of 
the singlet state.[55,80] As illustrated in Figure S9, Supporting 
Information, organic solar cells comprising fullerene accep-
tors are more frequently reported to have Urbach energies 
above thermal energy which can be attributed to their typically 
high energy offsets and more pronounced charge-transfer state 
absorption.[107] Therefore, fitting the subgap absorption with an 
exponential function is highly sensitive to the fitting range. As 
an alternative approach, Kay et al. proposed fitting the data with 
the model of Kaiser et al. to extract the standard deviation of the 
Gaussian disorder of the singlet state.[108] In Figure S10, Sup-
porting Information, we show such a fit to our FTPS data. Con-
trary to previous observations, it yields a higher disorder with a 
standard deviation of 41.9 meV for the PBDB-TF-T1:BTP.4F-12 
based solar cells than the PffBT4T-2OD:EH-IDTBR-based ones 
with 35.8 meV. However, the quality of the fit is worse for the 
first one since the model fails to replicate the apparent Urbach 
energies EU,app below kT. Nonetheless, values extracted for the 
static disorder in these material systems are relatively low.

For the voltage-dependent method, we performed admittance 
spectroscopy on the same solar cells that were characterized by 
FTPS. From the experimental admittance data, we calculated 
the capacitance C − Cgeo as discussed previously as an estimate 
for the chemical capacitance Cμ. Figure 6a shows the resulting 
capacitance as a function of open-circuit voltage Voc for both 

solar cells based on PffBT4T-2OD:EH-IDTBR and PBDB-
TF-T1:BTP-4F-12. At low voltages, the capacitance increases 
before falling at higher voltages. When fitting an exponential 
function to the increase, one can extract an Urbach energy  
EU,CVi = 55 meV for PBDB-TF-T1:BTP-4F-12 from the data and 
EU,CVi = 202 meV for PffBT4T-2OD:EH-IDTBR. The capacitance 
C − Cgeo in the dark in Figure 6b behaves similarly resulting in 
EU,CVd  = 49  meV and EU,CVd  = 146  meV for PBDB-TF-T1:BTP-
4F-12 and PffBT4T-2OD:EH-IDTBR, respectively. Therefore, the 
tail slope extracted from voltage-dependent admittance meas-
urements is more than twice as high for PBDB-TF-T1:BTP-
4F-12 as the one from optical measurements. This difference 
appears to be well in line with our observation on Urbach ener-
gies reported in the literature. The values extracted from fits of 
the capacitance of the PffBT4T-2OD:EH-IDTBR solar cell, how-
ever, are higher than any typically reported in the literature.

This difference between the methods cannot be explained by 
including the reorganization energy in the interpretation. For 
example, one might expect the reorganization energy in optical 
measurements, where excitonic states or the charge-transfer 
state are probed, to be different from the reorganization energy 
of polarons which are considered in electrical measurements. 
However, while optical techniques measure both the reorgani-
zation energy and static disorder,[20,21,23] electrical methods only 
measure the filling of the lowest excited state with electrons and 
the highest ground state with holes. So, as there is no charge 
transfer needed between the states, the reorganization energy 
of polarons is not reflected in the capacitance data. Therefore, 
this consideration would even lead to higher disorder measured 
by optical characterization contrary to what we observed in our 
experiments and in the literature. To understand these incon-
sistencies between measurement techniques, we further used 
drift-diffusion simulations to study possible origins leading 
to higher Urbach energies from voltage-dependent meas-
urements. As the drastic difference in Urbach energy EU,CV 
between the two material systems suggests that different effects 
may occur in the two devices, we will in the following look at 
the solar cells based on PBDB-TF-T1:BTP-4F-12 and PffBT4T-
2OD:EH-IDTBR separately.

Figure 6.  Capacitance C − Cgeo estimated from admittance spectroscopy measurements a) under illumination at open circuit and b) in the dark on 
organic solar cells with an active layer consisting of PffBT4T-2OD:EH-IDTBR or PBDB-TF-T1:BTP-4F-12. The dashed lines represent exponential fits to 
the experimental data with a slope of 1/(2EU,CV). The Urbach energy EU,CV extracted from the fits for PBDB-TF-T1:BTP-4F-12 is about twice as high as 
for the optical measurements whereas the values for PffBT4T-2OD:EH-IDTBR are unrealistically high.
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4. Discussion

We first focus on the effect observed in the PBDB-TF-T1:BTP-
4F-12 cells. For this purpose, we modeled a solar cell with a 
density of tail states consisting of two tails with different 
slopes and trap density of states. Figure 7a shows the resulting 
density of tail states for a steep Urbach tail with EU,1 = 26 meV 
that dominates close to the band edge and a more shallow tail 
with varying Urbach energy EU,2 of 30, 55, and 80  meV that 
dominates further in the band. The FTPS signal that can be 
calculated from this density of states is displayed in Figure 7b. 
In the range that can be resolved by the measurement, there 
is only little influence by the deep tail. Therefore, the Urbach 
energy EU,FTPS that could be extracted from these optical meas-
urements only ranges from 29 to 33  meV. In contrast, the 
admittance measurements in Figure 7c,d are more sensitive to 
the variation of the deep Urbach tail and result in significantly 
different fits. Therefore, at the voltages applied to the solar 
cell, these deep tails are still filled with increasing voltage. So, 
with the filling according to the quasi-Fermi levels, an energy 
range of the density of states is probed that can be below 
the resolution of FTPS measurements. Thereby, the voltage-
dependent measurements can in fact show features of deeper 
traps in the device. Hence, the difference in Urbach energy 
between optical and voltage-dependent measurements as 
observed for PBDB-TF-T1:BTP-4F-12 can originate in probing 

a density of trap states at different energy ranges that are not 
monoexponential.

Yet, for this effect to evoke Urbach energies EU,CV as high as 
observed for PffBT4T-2OD:EH-IDTBR, the slope of the density 
of deep defect states would need to be extremely low. Therefore, 
we need to further study the chemical capacitance of this mate-
rial system and explore the possibility that it does not actually 
reflect the density of states. As seen in Figure 4f, the solar cell 
based on PffBT4T-2OD:EH-IDTBR only shows a power-conver-
sion efficiency of around 8%. The material system is known 
to have poor charge-carrier mobilities[109] and due to different 
energy levels compared to PBDB-TF-T1:BTP-4F-12, the injection 
barriers might differ. In addition, even though the density of 
states seems to be steeply close to the band edge, recombina-
tion via these tail states can still be high due to high capture 
rates. Even the increased active layer thickness, which is around 
150  nm for this solar cell, can lead to transport issues and 
space-charge effects due to less uniform charge-carrier genera-
tion. The effect of the injection barriers, the capture rates, and 
the active layer thickness on the capacitance-voltage curves pre-
dicted by simulations is shown in Figure S8, Supporting Infor-
mation. In the following, we will focus only on charge-carrier 
mobility as an example.
Figure 8 shows the simulation results for an Urbach energy 

EU,CV of 30  meV but different charge-carrier mobilities μ to 
illustrate how limited transport can cause the experimental 

Figure 7.  a) Total density of states modeled with a combination of a steep Urbach tail with EU,1 = 26 meV that dominates near the band edge and a tail 
with higher Urbach energies EU,2 of 30, 55, or 80 meV that dominates at lower energies E. b) FTPS-signal calculated from the density of states with two 
exponential tails. c) Corresponding simulated capacitance C − Cgeo under open-circuit conditions and d) in the dark. The Urbach energies extracted 
from the dashed fits of the capacitance measurements show more sensitivity to the slope of the deeper tail than for the optical measurements.
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trends observed in Figure 6. Once more, it shows the chemical 
capacitance at a) open circuit and b) in the dark estimated by 
the difference between the total capacitance and the geometric 
capacitance Cgeo with the solid lines. It appears that under both 
working conditions, the curves are flattening with decreasing 
mobilities. Therefore, at low charge-carrier mobilities, the 
Urbach energy EU,CV calculated from the slope of the graphs 
would be an overestimation. There are several assumptions 
underlying this estimation. One of them is the calculation of 
the chemical capacitance as the difference C − Cgeo of the total 
capacitance and the constant geometric capacitance Cgeo as dis-
cussed in Section S4, Supporting Information. It assumes that 
the charge on the electrodes that contributes to the geometric 
capacitance Cgeo is constant over the entire voltage range. In 
reality, the electrode capacitance can be voltage-dependent. 
Therefore, for the true chemical capacitance, one needs to 
subtract the voltage-dependent electrode capacitance Cσ. Even 
though Cσ is not experimentally accessible, we can extract it 
from the drift-diffusion simulations. Consequently, Figure  8 
shows C − Cσ with the dashed lines for comparison. It reveals 
the same trend with mobility as the experimentally accessible 
C − Cgeo. So, the flattening of the CV curves does not originate 
in capacitive but rather resistive effects.
Figure 9 illustrates how a series resistance Rs inside the 

active layer causes the flattening of the capacitance-voltage 
curves. In Figure 9a, the dark current density is plotted for an 
organic solar cell with high mobilities and one with low mobili-
ties. Even though external resistances are neglected in the sim-
ulations, the current density increases less rapidly at high volt-
ages, typical for a series resistance. This behavior indicates that 
the limited mobility causes an internal series resistance Rs that 
increases with decreasing charge-carrier mobility. Therefore, 
the simple RC circuit that was used so far for the determination 
of the total capacitance as the imaginary part of the admittance 
Y must be extended by a series resistance. The resulting equiva-
lent circuit is shown in Figure 9b. While the series resistance 

Rs can be roughly estimated by fitting the dark JV curves with 
the diode equation, the two other circuit elements, the chem-
ical capacitance Cμ and the recombination resistance Rrec, 
can also be obtained from steady-state quantities given by the 
simulations. Estimation of all circuit elements allows us to cal-
culate the effective capacitance Ceff,cir that we would get if the 
equivalent circuit in Figure 9b was true, but we still assumed  
Ceff,cir  = Im(Y)/ω, where ω is the angular frequency. For fur-
ther details on the calculation of Ceff,cir, see Section S7, Sup-
porting Information. Figure 9c shows this effective capacitance 
Ceff,cir for the high and low mobility μ alongside the capacitance  
C − Cσ that was discussed in Figure 8b. The latter is given by 
the imaginary part of the admittance simulated under alter-
nating current. In fact, the effective capacitance Ceff,cir based on 
the circuit in Figure  9b replicates the decreasing capacitance 
C  − Cσ very well. The chemical capacitance Cμ,ana calculated 
analytically from steady-state quantities shows that the chem-
ical capacitance itself is not dropping. Only the inclusion of the 
series resistance Rs allows for a drop in effective capacitance. 
Therefore, all quantities that hinder transport and thereby cause 
an internal series resistance Rs will lead to an early decrease 
in the effective capacitance and therefore an overestimation of 
the Urbach energy EU,CV. Herein, we have demonstrated how 
the shape of the capacitance-voltage curves can be dominated 
by resistive effects. This observation is relevant independent 
of the actual underlying shape of the subgap density of states 
and the model applied to it. As illustrated in Figure S11, Sup-
porting Information, for a Gaussian density of states, we 
observe the same trend with mobility as discussed for exponen-
tial tail states. In contrast, transport issues are not relevant for 
the PDS measurement and are much less significant in FTPS 
measurements due to the stronger internal electric field under 
the operation at short circuit. Thus, the high susceptibility of 
admittance measurements to bad electronic properties can lead 
to discrepancies in the reported Urbach energy compared to the 
less sensitive optical measurements.

Figure 8.  Simulated capacitance a) at open circuit under varying illumination intensity and b) in the dark for different applied voltages V and multiple 
charge-carrier mobilities μ. The solid lines represent the difference between the total capacitance and the geometric capacitance Cgeo, which is an 
estimate of the chemical capacitance that can be determined experimentally. The curves flatten for lower mobilities. The dotted lines are the difference 
between the total capacitance and the electrode capacitance Cσ, which is the best approximation for Cμ but can only be extracted from simulations. The 
issue of flat CV curves does not originate in the assumption Cσ ≈ Cgeo, since both approaches show a similar behavior at high voltages with decreasing 
charge-carrier mobility.
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5. Conclusions

The characterization of energetic disorder plays an important 
role in the search for material systems that enable high-effi-
ciency organic solar cells. Optical methods are often used for 
this purpose where electrons are excited from or into defect 
states by incident photons. For instance, PDS,[29–31] FTPS,[32,33] 
or highly sensitive external quantum efficiency (EQE) measure-
ments[34,35] are frequently applied in the literature. But apart 
from these absorption-based methods, the density of defect 
states can also be probed by varying the quasi-Fermi level split-
ting with an applied voltage in, for example, charge extrac-
tion[36–38] or admittance measurements.[39] We found that both 
in the literature and our experiments, these electrical, voltage-
dependent measurements yield overall higher Urbach energies 
than the techniques based on optical excitation. We conducted 
optical FTPS and PDS measurements and electrical admit-
tance spectroscopy under illumination and in the dark on two 
NFA-based material systems. In all cases, the Urbach energy 
extracted by the voltage-dependent methods was at least twice 
as high as its optical counterparts.

In our analysis, we show that care must be taken when ana-
lyzing experimental data as different effects can be mistakenly 
interpreted as features of the energetic disorder. Even for purely 
optical data, we have observed that a low dynamic range in PDS 
measurements can lead to a lower slope at the band edge than 
in FTPS on the same material. Voltage-dependent admittance 
measurements have proven to be even more delicate as the anal-
ysis in terms of energetic disorder is based on a high number 

of assumptions. Our experimental and simulation results on the 
extreme case of a solar cell based on PffBT4T-2OD:EH-IDTBR 
have demonstrated how bad transport properties can lead to an 
internal series resistance overlaying the exponential regime of 
the capacitance-voltage measurements. Thereby, the discrepancy 
in the Urbach energy between optical and voltage-dependent 
measurements can originate in an overestimation in voltage-
dependent measurements due to bad electronic properties.

Knowing the limitations of the characterization techniques, 
we have also highlighted the potential that both optical and 
electrical methods correctly reflect the subband-gap density of 
states even though they yield different values for the Urbach 
energy. Moving away from a strictly monoexponential band tail, 
we have shown that the quasi-Fermi level splitting that is typ-
ical for voltage-dependent measurements probes energy ranges 
of the density of states where the signal of the optical measure-
ments is below its resolution. Therefore, different approaches 
may detect different features of a density of defect states.

So, we recommend the combination of different characteri-
zation techniques not only to be able to minimize the chance of 
unknowingly running into the limitations of a method but also 
to maximize the information gained on the energetic disorder 
in organic solar cells.

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

Figure 9.  a) Dark JV-characteristic of organic solar cells with high and low charge-carrier mobilities μ and no external resistance. The high-voltage 
regime indicates an internal series resistance Rs. b) Equivalent circuit model extended by the internal series resistance Rs which can be estimated from 
fitting the dark JV-curve. The chemical capacitance Cμ,ana and the recombination resistance Rrec can be calculated from steady-state quantities using 
analytical expressions. c) Dark capacitance-voltage characteristics for high and low mobilities μ. The effective capacitance Ceff,cir with the dashed lines 
calculated from the equivalent circuit fits well with the chemical capacitance C − Cσ given by the drift-diffusion simulations. The constant increase in 
the dotted analytical chemical capacitance Cμ,ana proves that the internal series resistance Rs is needed to explain the drop in the simulated capacitance.
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