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1. Introduction

Organic solar cells (OSCs) stand out 
because of their easy processability, flex-
ibility, light weight, and the abundance of 
materials that can act as electron donor 
(D) or acceptor (A) in the active layer of 
such devices. Great efforts are put into 
the development of even a larger library of 
materials, and the appearance of new non-
fullerene acceptors (NFAs) has injected 
new life into the technology.[1] Highest 
efficiencies are reported for single junc-
tion of ternary blends in which one of the 
components is the NFA Y6, or one of its 
close derivatives.[2–6] When blended with 
the polymer donor PM6, PM6:Y6 devices 
have high and reproducible power con-
version efficiencies (PCEs), thus many 
studies have focused on elucidating what 
makes this blend so special.[7] Free charge 
generation was shown to be essentially 

Non-fullerene acceptors (NFAs) as used in state-of-the-art organic solar cells 
feature highly crystalline layers that go along with low energetic disorder. 
Here, the crucial role of energetic disorder in blends of the donor polymer 
PM6 with two Y-series NFAs, Y6, and N4 is studied. By performing tempera-
ture-dependent charge transport and recombination studies, a consistent 
picture of the shape of the density of state distributions for free charges in the 
two blends is developed, allowing an analytical description of the dependence 
of the open-circuit voltage VOC on temperature and illumination intensity. 
Disorder is found to influence the value of the VOC at room temperature, but 
also its progression with temperature. Here, the PM6:Y6 blend benefits sub-
stantially from its narrower state distributions. The analysis also shows that 
the energy of the equilibrated free charge population is well below the energy 
of the NFA singlet excitons for both blends and possibly below the energy of 
the populated charge transfer manifold, indicating a down-hill driving force 
for free charge formation. It is concluded that energetic disorder of charge-
separated states has to be considered in the analysis of the photovoltaic 
properties, even for the more ordered PM6:Y6 blend.
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barrierless which was attributed to the molecular structure 
of Y6 and its large quadrupole moment, which causes band 
bending across the heterojunction and drives charge separa-
tion.[8] The unique molecular packing of Y6 has also been 
pointed out as responsible for electron delocalization at the D:A 
interface and consequent charge separation.[9] In comparison 
to NFAs reported earlier, neat films of Y6 have more prefer-
ential face-on orientation,[7,10,11] and clusters of Y6 are better 
connected, promoting faster transport of electrons, holes, and 
excitons.[12] Despite a favorable morphology, the PM6:Y6 blend 
lags in terms of charge extraction,[13] given its fairly high bimo-
lecular recombination coefficient and moderate mobility.[8,14,15] 
Both properties are known to be related to the energetic dis-
order of the charge transporting states.[16–19] In addition, ener-
getic disorder will reduce the open-circuit voltage (VOC) because 
carriers accumulate in the tail of the electronic density of states 
(DOS).[20–22] Therefore, detailed knowledge of the interplay 
between energetic disorder and the physical processes deter-
mining the photovoltaic response is needed.

Compared to inorganics, organic semiconductors have a 
larger positional and energetic disorder. In bulk heterojunc-
tion (BHJ) solar cells, this is primarily a result of molecular 
and interfacial interactions and the multiple possible mor-
phologies upon mixing of the donor and acceptor. Research 
spanning over a decade attempted to link energetic disorder to 
the photovoltaic parameters of polymer:fullerene OSCs.[20,22–29] 
Fullerene-based blends have large energetic disorder with 
values that can even exceed 100 meV.[30–33] This is because 
of the small aggregate size of substituted fullerenes such as 
PCBM ([6,6]-phenyl-C61-butyric acid methyl ester) but also the 
significant orientational and conformational disorder even 
within these ordered domains.[34–36] Modern NFAs as used in 
state-of-the-art OSCs exhibit layers with a well-defined intermo-
lecular nanostructure.[10,11,37] For OSCs with Y-series acceptors, 
both the lowest unoccupied molecular orbital (LUMO) and the 
highest occupied molecular orbital (HOMO) exhibit energetic 
disorder values typically between 50 and 70 meV.[14,15,38,39] Often, 
the effect of energetic disorder is described through a Gaussian 
or exponential model of the density of states and the VOC can 
be analytically derived from the splitting of the quasi-Fermi 
levels in each model, while considering whether recombina-
tion occurs between free charges via bound states to the ground 
state, or between free charges and traps.[20,25,40] The different 
mechanisms can be discerned experimentally by determining 
the recombination parameters from the VOC dependence on 
carrier density (m-factor) and generation current (ideality factor, 
nid), and the recombination current dependence on carrier den-
sity (recombination order δ), as detailed in Refs. [24,40]. So far, 
though, few experimental studies have tried to link energetic 
disorder to the VOC losses, the VOC dependence on temperature 
or the main recombination mechanism in NFA blends.[38,41,42] 
An approach frequently used in literature to determine the dis-
order is to measure the Urbach energy from the slope of the 
tail of the external quantum efficiency (EQEpv) spectrum.[38,43,44] 
However, for a Gaussian disorder, this slope will always be equal 
to the thermal energy, independent of the width of the DOS, 
σ.[45] Very recently, Brus et  al.[42] explained the VOC as a func-
tion of temperature and light intensity for several polymer:NFA 
blends, using a combination of bimolecular and trap-assisted 

recombination in the bulk and at the surface. To take energetic 
disorder into account, the recombination rates were related to 
a temperature-dependent mobility according to the Gaussian 
disorder model.[16] This yielded values of σ between 46 and  
70 meV, depending on the system. Thereby, the same disorder 
was assumed for the HOMO and the LUMO. As for work on 
the PM6:Y6 blend, information on the energetic disorder was 
derived from temperature-dependent space charge-limited 
currents (SCLC) measurements but no corresponding meas-
urement of the VOC in relation to disorder was performed.[15] 
Interestingly, VOC as a function of temperature data reported so 
far reveals a charge transfer (CT) energy, ECT, of ≈1.1 eV when 
extrapolated to 0 K,[8,46,47] which is less than 0.3 eV above qVOC. 
This points to energetic disorder affecting the VOC of PM6:Y6 
solar cells, even at room temperature.

In this work, we highlight the role of energetic disorder in 
NFA solar cells, by comparing Y6 to a close derivative, namely, 
N4. Grazing-incidence wide-angle X-ray scattering (2D-GIWAXS) 
reveals distinct differences of the molecular orientation and 
order for the two acceptors blended with PM6, while temper-
ature-dependent SCLC measurements show a significantly 
smaller energetic disorder in PM6:Y6. Temperature-dependent 
bias-assisted charge extraction (BACE) measurements reveal 
that the recombination mechanism is different in both blends. 
In PM6:Y6, recombination occurs between charges in a 
Gaussian HOMO DOS and a Gaussian LUMO DOS, both of 
narrow width, whereas the main recombination mechanism 
in PM6:N4 is of carriers in a broader Gaussian LUMO DOS 
recombining with carriers in a HOMO DOS with an exponen-
tial tail. As a consequence, the VOC of PM6:N4 is considerably 
lower compared to PM6:Y6. The effect of disorder on the VOC 
as a function of temperature is quantitatively described by ana-
lytical models considering the shape and disorder of the HOMO 
and LUMO site distributions. Because of the higher disorder, 
the CT emission is well discernible in electroluminescence (EL) 
at low temperatures in PM6:N4, which we assign to emission 
from lower-lying states in a broad DOS distribution, again con-
sistent with the larger voltage loss of this blend. Finally, for a 
given generation rate, the free carrier density increases with 
decreasing temperature in both PM6:Y6 and PM6:N4. This con-
trasts the view that charge separation is temperature-assisted or 
entropy-driven. Instead, this finding supports the model that 
band bending in combination with energetic disorder provides a 
down-hill driving force for free charge formation.

2. Results

2.1. Device Characteristics

Since it is well established that PM6:Y6 has a desirable mor-
phology and thereby low energetic disorder, we aimed at 
having an in-depth comparison with an alternative NFA 
that features a different molecular packing but has a sim-
ilar molecular structure, that is, a Y-derivative. N4 is a small 
molecule acceptor that has an aromatic backbone identical 
to that of Y6 but different alkyl chains elongation, with 4th-
position branching on the nitrogen atoms of the pyrrole 
motif of the backbone (instead of 2nd-position as in Y6, see 
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Figure 1a). This increases the solubility of the N4 molecule.[48] 
Morphology studies performed by Jiang et al. showed that the 
PM6:N4 blend has a preferential edge-on orientation in contrast 
to the predominant face-on orientation of PM6:Y6. Moreover, 
R-SoXs experiments revealed larger but less pure domains in 
PM6:N4, pointing to more intermixing. As it turns out, the 
different molecular design and packing result in a poorer per-
formance for the PM6:N4 devices, which have a lower VOC, 
slightly lower fill factor (FF) but similar short-circuit current 
density (JSC) when compared to PM6:Y6. The typical current 
density–voltage (J–V) characteristics of regular devices with 
a 100  nm layer of PM6:Y6 (1:1.2, wt%) and PM6:N4 (1:1.25, 
wt%) are shown in Figure  1b. Table S1 (Supporting Infor-
mation) contains the averaged photovoltaic parameters of 
regular devices prepared in this work, while Figure S1 (Sup-
porting Information) compares in more detail the statistics 
of both regular and inverted devices. Our regular PM6:Y6 
devices exhibit a PCE average value of 14%, whereas the PCE 
of PM6:N4 is at 12%. Inspection of the photovoltaic param-
eters shows that the PM6:Y6 produces on average 1 mA cm−2  
more in JSC than the PM6:N4 (24.9 vs 23.9 mA cm−2) for the 
same active layer thickness (Figure S2 shows the photovoltaic 
external quantum efficiency, EQEpv, including the integrated 
JSC for PM6:Y6 and PM6:N4, Supporting Information). In 

addition, the FF is 2% higher, with an average value of 66.8%, 
in PM6:Y6 compared to an average of 64.7% in PM6:N4. The 
largest difference is in the VOC, which on average is 0.84 V in 
PM6:Y6 and 0.77 V in PM6:N4.

The large difference in VOC comes as a surprise as N4 has 
been reported to have a slightly deeper HOMO and higher 
LUMO than Y6.[49] In accordance, the comparison in Figure 1c 
of the sensitive photovoltaic external quantum efficiency 
(s-EQEpv) spectra shows that the absorption is blueshifted in 
PM6:N4 with respect to PM6:Y6. The same holds for the peak 
of the EQE derivative, which gives a photovoltaic gap of 1.38 
and 1.43 eV for PM6:Y6 and PM6:N4, respectively. These results 
indicate that the PM6:N4 blend suffers overall from larger 
voltage losses. This is indeed observed in measurements of the 
external quantum efficiency of electroluminescence (ELQY), in 
Figure S3 (Supporting Information).

For a given energetics, a smaller VOC would originate 
from faster geminate and/or nongeminate nonradia-
tive recombination. Our previous measurements of time-
delayed collection field (TDCF) on PM6:Y6 devices dem-
onstrated that free charge generation is very efficient and 
independent of the electric field, pointing to small gemi-
nate losses in the blend. Similar results were obtained 
now for PM6:N4 (Figure S4, Supporting Information). We 

Figure 1. a) Chemical structures of PM6, Y6, and N4. b) Current density–voltage (J–V) characteristics of PM6:Y6 and PM6:N4 regular devices measured 
under simulated AM1.5G light (solid lines) and in the dark (dashed lines). c) Sensitive photovoltaic external quantum efficiency (s-EQEpv) of PM6:Y6 
and PM6:N4 devices (solid lines). The derivative dEQE/dE is shown in dashed lines and the photovoltaic gap EG is determined from its maximum. 
The obtained EG is 1.38 eV for PM6:Y6 and 1.43 eV for PM6:N4. d) Bimolecular recombination coefficient k2 as a function of charge carrier density of 
PM6:Y6 and PM6:N4 devices measured via PIA (full symbols) and BACE (open symbols). For PM6:N4, the value of k2 from TDCF-delay measurements 
is also plotted (star symbol).
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investigated nongeminate recombination of regular PM6:Y6 
and PM6:N4 devices with a semitransparent back electrode 
by means of charge extraction and optical-based spectro-
scopy techniques under steady-state conditions, namely 
bias assisted charge extraction (BACE) and quasisteady-state 
photo induced absorption (PIA). In BACE, the device is held 
at VOC under steady-state illumination and as soon as the 
light is turned off, a high reverse bias is applied to extract 
all charges.[50,51] Provided the recombination rate, R, follows 
a second order dependence on charge carrier density n, k2 is 
directly calculated from R  = k2 n2. PIA measurements are 
also performed at VOC, but the yield and dynamics of free 
carriers are recorded by measuring the differential absorp-
tion upon modulation of the intensity of the quasi steady-
state illumination.[52,53] Further experimental details on both 
techniques are given in the Supporting Information. The 
results from both methods point to second order recom-
bination in the blends. The recombination coefficients as 
a function of carrier density are compared in Figure  1d, 
where we observe that k2 ≈ 8 × 10−12 cm3 s−1 for PM6:Y6 and 
k2 ≈ 2 × 10−12 cm3 s−1 for PM6:N4, meaning that recombina-
tion is ≈4 times slower in PM6:N4. This comes initially as a 
surprise since it is on the contrary a higher k2 which would 
explain increased VOC losses.[20,22] We note that the k2 for the 
PM6:Y6 regular devices in this work is lower than in our pre-
vious report, which could be related to using a newer batch 
of the blend materials. To confirm the conclusions about the 
recombination loss in PM6:N4, we additionally performed 
transient recombination measurements with TDCF. TDCF 
has been already applied to PM6:Y6 and gave excellent agree-
ment to BACE results.[54] The corresponding TDCF tran-
sients for PM6:N4 are shown in Figure S5 (Supporting Infor-
mation). Analysis of these transients with an established 
model yielded the same k2 as obtained via BACE and PIA, 
as marked in Figure  1d. A further source of VOC losses is 
nonradiative recombination at the electrodes due to nonideal 
contacts. To rule out carrier losses due to surface recombi-
nation, we followed the same approach as for our PM6:Y6 
devices,[55] and measured PIA and electromodulation injec-
tion-induced absorption (EMIA) spectroscopy on the same 
PM6:N4 device with regular architecture. These two com-
plementary techniques allow us to compare photogenerated 
and dark injected charges at equivalent recombination cur-
rents (Figure S6, Supporting Information). At 1 sun, the car-
rier concentration under dark injection is slightly lower than 
under photoexcitation, but this would only cause a ≈15 meV 
difference in the quasi-Fermi level splitting (QFLS). Further-
more, we compared the photogenerated carrier concentration 
in a full device and a PM6:N4 bare film on glass (Figure S6, 
Supporting Information). Here, the PM6:N4 data on device 
and film agree very well, as was the case for PM6:Y6,[53] sug-
gesting that little carriers are lost due to the incorporation 
of transport layers and electrodes (known as interfacial or 
surface recombination). Consequently, the reason for the 
lower VOC of the PM6:N4 blend must lie in the details of the 
energetics and recombination mechanism in the bulk, which 
motivated a thorough study of the morphology and energetic 
disorder of the two blends and the resulting photovoltaic 
properties, as detailed in the following.

2.2. Morphology and Energetic Disorder

We employed grazing-incidence wide-angle X-ray scattering 
(2D-GIWAXS) to investigate the differences in the blend 
morphology of PM6:Y6 and PM6:N4 films. Figure 2a shows 
the 2D-GIWAXS images of PM6:Y6 and PM6:N4. In order to 
disentangle the contribution of the single components in the 
blend, we measured films of all neat materials. Figure 2b,c cor-
responds to the horizontal and vertical line cuts, respectively, of 
the neat materials PM6, Y6, and N4 (2D data can be found in 
Figure S7, Supporting Information), while Figure 2d,e contains 
the horizontal and vertical line cuts of the blends (from panel 
a). In Figure 2b,c, neat Y6 shows predominantly face-on orien-
tation, as we observe the π–π stacking in the vertical direction 
while the lamellar peaks are identified in the horizontal direc-
tion, in line with previous reports.[7,10,11] The Gaussian peak 
shape (coherence length of 6.4  nm) of the first lamellar peak 
suggests long range order within the Y6 network. On the con-
trary, the π–π stacking in neat N4 is in the horizontal direction, 
pointing to preferential edge-on orientation. In addition, the 
lamellar stacking of N4 shows well defined, multiple structure 
peaks into specified directions which are more pronounced in 
comparison to the N4 π–π stacking signal. Thus, the lamellar 
stacking seems to be the more dominant stacking mechanism 
for neat N4. The length of the side-chain before the branching 
point could to be decisive in this competition, as a result of 
steric hindrance and/or the better solubility of N4.[56,57] Overall, 
neat N4 is highly ordered but, in comparison to neat Y6, the 
π–π stacking is less pronounced and the width of the peak is 
larger due to stronger cumulative disorder in the π–π stacking 
of N4. For the neat PM6, there is strong lamellar stacking in the 
vertical direction, i.e., edge-on preferential orientation, while 
there is only evidence of a very weak π–π stacking (Figure S7,  
Supporting Information). The corresponding data for the 
blends are shown in Figure 2a,d,e. For PM6:Y6, we notice that 
the first lamellar peak at qxy = 0.29 Å−1 is contributed by both 
PM6 and Y6 (making it hard to distinguish them), but the 
second lamellar peak at qxy = 0.42 Å−1 must have a Y6 contribu-
tion, meaning there is long range order of Y6 present within 
the blend. We attribute the π–π stacking in the vertical direction 
at qz = 1.7 Å−1 almost solely to Y6 since the peak shape is nearly 
identical to the neat Y6 and PM6 has a weak π–π stacking. Con-
clusively, Y6 maintains its preferential face-on packing when 
blended with PM6 and spincoated from CF with 0.5% v/v CN.  
In PM6:N4, the N4 lamellar ordering (qxy  = 0.33 Å−1 and 
qxy  = 0.41 Å−1) appears to have completely vanished, since the 
observed lamellar peaks in the blend resemble those of PM6 in 
position and shape. The lamellar peak at qxy = 0.29 Å−1 of the 
PM6:N4 blend has a larger isotropic contribution than in the 
PM6:Y6 blend, i.e., PM6 is more isotropic, if blended with N4. 
Interestingly, the π–π stacking in the PM6:N4 blend is stronger 
in the vertical direction. It is unlikely that this signal is domi-
nated by the PM6 which has a slightly preferred orientation of 
the lamellar stacking in the vertical. This in turn indicates that 
N4 is partially reoriented to face-on in our PM6:N4 blend. This 
contrasts with previous morphology studies,[48] where no sig-
nificant π–π stacking could be observed for PM6:N4, while the 
lamellar stacking appeared to be similarly dominated by PM6 
and thus no information on the N4 orientation in the blend 
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could be obtained. This difference could be a result of using a 
different PM6 batch, with, e.g., different molecular weight and/
or polydispersity, or slightly different processing conditions. 
In our blends, the addition of PM6 changes the environment 
of the N4 leading to a clearly altered aggregation behavior of 
the N4 including changes in the final orientation of the π–π 
stacking and a loss in regular nanostructure between N4 mole-
cules. Taking a closer look at the π–π stacking, the intensity of 
the peaks is larger in PM6:Y6 compared to PM6:N4, meaning 
quantitatively that more NFA π–π stacking in face-on direction 
is present in our Y6 blend. We finally performed Pseudo-Voigt 
fits to the π–π peak and the disordered contribution in the ver-
tical direction (see Figure S8, Supporting Information). The 
ratio between the area of π–π peak and amorphous contribu-
tion is ≈2.5 for PM6:N4 and ≈5.4 for PM6:Y6, revealing a larger 
amorphous fraction in the PM6:N4 blend in comparison to the 
PM6:Y6 in the π-π stacking direction. Thus, all the morpholog-
ical features collected here indicate a lower degree and quality 
of stacking of N4 in the PM6:N4 blend in comparison to the 
neat N4 film, as well as in comparison to the Y6 in the PM6:Y6 
blend. Here, stacking refers to the lamellar as well as the 
π-π stacking. Particularly in the vertical direction, it becomes 
apparent that the PM6:N4 blend shows less order than PM6:Y6 
on the short length scales that are decisive for the electronic 
interactions of the materials.

We noted earlier that PM6:N4 has a lower domain purity.[48] 
To conveniently examine this, we measured time-resolved pho-
toluminescence (TRPL) on films of the neat acceptors blended 
with the inert polymer polystyrene (PS) and on the blends with 

PM6, as shown in Figure 2f,g. The PS:NFA data are fitted using 
a single exponential decay, while the PM6:NFA blends are fitted 
using two exponentials, see Note S1 and Table S2 for details 
(Supporting Information). As expected, the blends with PM6 
exhibit shorter lifetimes due to exciton quenching. In Figure 2f, 
the singlet exciton lifetime obtained for PS:Y6 is 723  ps and 
the weighted-average lifetime of PM6:Y6 is 88 ps, which gives 
a quenching efficiency of 88%. For the N4 blends, PS:N4 has a 
lifetime of 800 ps and PM6:N4 has 60 ps, thus the quenching 
efficiency is higher at 93%. Stronger exciton quenching is con-
sistent with more intermixing in PM6:N4, i.e., more interfacial 
area between donor and acceptor. This in turn could be a poten-
tial source for a broadening of the DOS. For example, the pres-
ence of the other molecule disrupts the intermolecular order 
of the majority phase, going along with a larger energetic dis-
order. Also, all Y-series acceptor molecules exhibit quite large 
electrical dipole and quadrupole moments which, when mixed 
at low concentrations into PM6, could increase the energetic 
disorder in the donor phase.[58,59] In general, more intermixing 
will create larger D:A interfaces and a larger density of CT 
states, discerned by a broader and more significant low energy 
tail in EQEpv measurements.[60,61] However, as we have previ-
ously shown for PM6:Y6,[55] the tail of the sensitive EQEpv is 
dominated by the Y6 exciton and there is no discernible evi-
dence for CT absorption. We concluded this by measuring 
the photoluminescence (PL) spectrum of the blend, which is 
largely dominated by emission from the Y6 singlet exciton and 
using the optoelectronic reciprocity by Rau[62] to calculate the 
EQEpv spectrum due to exciton absorption. We performed the 

Figure 2. a) 2D-GIWAXS images of PM6:Y6 (top) and PM6:N4 (bottom) measured on Si substrates (the strong diffraction signal at about qxy = 1.7 Å−1, 
qz = 1.2 Å−1 is due to substrate scattering). b) Horizontal and c) vertical line cuts of the neat materials PM6, Y6, and N4. d) Horizontal and e) vertical 
line cuts of the blends PM6:Y6 and PM6:N4. Time-resolved photoluminescence measured on f) PS:Y6 and PM6:Y6 films and g) PS:N4 and PM6:N4 
films, from which a quenching efficiency of 88% and 93%, respectively, were determined.
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same characterization for PM6:N4 in Figure S9 (Supporting 
Information), where we observe that emission and absorption 
are dominated by N4 singlets. The reciprocity of the PL per-
fectly reproduces the tail of the measured s-EQEpv except from 
≈1.2  eV and below, which indeed indicates additional absorp-
tion due to a low energy CT population.

To establish the effect of the different morphologies on the 
energetic properties, we measured space charge limited cur-
rents (SCLC) of electron-only and hole-only devices as a function 
of temperature (see Note S2 and Figures S10–S11, Supporting 
Information). This approach has been shown to be sensitive to 
the shape and width of the DOS. We note that in order to avoid 
the effect of diffusion enhanced transport,[63] devices thicker 
than our typical solar cells were needed (typically larger than 
150 nm). The temperature dependence of the zero-field mobility 
μ0 for the PM6:Y6 and PM6:N4 blends is shown in Figure S12 
(Supporting Information). Table 1 summarizes the values of 
μ0 at 300 K and the energetic disorders for the HOMO, σH,D, 
and the LUMO, σL,A, obtained using the Gaussian disorder 
model (GDM), see Note S2 (Supporting Information). When it 
comes to the LUMO, the disorder is slightly larger in PM6:N4, 
at 66 meV, while it is only 60 meV in the PM6:Y6. The electron 
mobility is then 5 times lower in PM6:N4 compared to PM6:Y6. 
It is in the HOMO where striking differences in disorder values 
are observed. The σH,D increases from 74 meV in PM6:Y6 to 
90 meV in PM6:N4, going along with a 10 times decrease of 
the zero-field mobility. It seems that the lower molecular order 
of PM6:N4 leads to a slight increase of disorder in the LUMO, 
while affecting to a greater extent the width of the HOMO DOS. 
From the earlier TRPL results, we speculate that N4 molecules 
mix into PM6 domains.

In addition, it becomes meaningful to plot the logarithmic 
slope of the J–V curves, slope =  d(log J)/d(log V), to reveal the 
SCLC regime and the presence of energetic traps.[16,64–66] This 
is done in Figures S10 and S11 (Supporting Information) in 
dependence of the applied voltage for PM6:Y6 and PM6:N4 elec-
tron- and hole-only devices. The electron-only devices of both 
blends follow a slope between 2 and 2.5 at higher voltages. The 
slight increase, especially at lower temperatures, is most likely 
due to a field-dependence of the mobility. The situation is the 
same for the PM6:Y6 hole-only data. The device that behaves 
differently is the hole-only PM6:N4. Here, the slope saturates at 
higher fields and the saturation value increases with decreasing 
temperature, reaching close to 4 at 223 K. This behavior is 
characteristic for an exponential distribution of tail states.[67,68] 
For SCLCs in a pure exponential DOS, J∝V2l + 1, with l  = T0 /T 
and T0 being the characteristic distribution temperature of the 
exponential DOS (see Note S3, Supporting Information). The 
best fit of the PM6:N4 hole-only data is shown in Figure S13 
(Supporting Information) and yields T0 = 585 K. The true width 

may, however, be smaller as this analysis does not consider an 
explicit voltage dependence of the free carrier mobility.

2.3. Nongeminate Recombination

The shape of the DOS does not only affect the free carrier 
transport but also its nongeminate recombination characteris-
tics.[21,27,69–71] In brief, the recombination rate R is defined as 

the decay of charge carriers n with time, R
dn

dt
nγ= − = δ , where 

δ is the recombination order and γ the recombination coeffi-
cient. As introduced earlier, bimolecular recombination gives 
δ = 2 and the recombination coefficient is then denoted as k2. 
At VOC conditions, recombination equals generation, while the 
generation rate G can be expressed in terms of the generation 
current JG

J qdR qd nγ= = δ
G  (2a)

where q is the elementary charge and d is the film thick-
ness. The steady-state recombination current is connected to 
the applied voltage, V, via the ideality factor, nid, according to 

J J
qV

n k T
=







expR 0

id B

, with J0 being the dark recombination cur-

rent, T temperature and kB, the Boltzmann constant. Then, at 
open-circuit conditions

J V J V J
qV

n k T
( ) ( )= =







expG OC R OC 0

OC

id B

 (2b)

In absence of surface recombination, the VOC is equal to the 
quasi-Fermi level splitting in the bulk which in turn, for equil-
ibrated electrons and holes, is a function of the electron and 
hole densities, n and p. For an ideal intrinsic semiconductor 

with sharp bands, n p
qV

k T
= ∝







exp

2
OC

B

. In general, the relation 

between VOC and n is written as

n p N
qV

mk T
= =







exp

2
0

OC

B

 (2c)

where the m-factor is introduced to describe the degree of dis-
order and N0 is the effective density of states. In case of two 
Gaussians, δ  =  2, m = 1 and nid = 1, with all parameters being 
independent of temperature.[40] We already note here that for 
a Gaussian DOS, these considerations are only correct in the 
nondegenerate limit (see Note S4, Supporting Information).[72] 
As we will show later, the approximation holds for T ≳ 200 K 
in the PM6:Y6 blend. In contrast, once an exponential DOS is 
involved in recombination, at least two of the above parame-
ters depend on l, and with that on temperature,[40] given that  
l = T0 /T as introduced earlier. Moreover, it makes a difference 
whether free or trapped carriers are involved. The reason is that 
for an exponential DOS the free carrier density is a nonlinear 
function of the total carrier density according to n ∝ (nT)l.

Following Equation (2a–c), we measured J–Vs and n(VOC) 
at different illumination intensities and as a function of 

Table 1. Energetic disorder parameters for the LUMO (σL,A) and the 
HOMO (σH,D), and zero-field electron (μe) and hole (μh) mobilities in 
the blends PM6:Y6 and PM6:N4.

Blend σL,A[meV] σH,D[meV] μe[x10−4 cm2 V−1 s−1] μh[x 10−4 cm2 V−1 s−1]

PM6:Y6 60 74 8.4 1.3

PM6:N4 66 90 1.6 0.1
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temperature. Figure 3a,b shows the recombination rate R as a 
function of carrier density, measured using BACE, to determine 
δ for PM6:Y6 and PM6:N4. For both blends, we were able to fit 
the entire temperature range with a slope close to 2 (see the 
solid lines in the plots). We also notice that the recombination 
is slowed down at lower temperatures and the carrier density 
increases in both blends, which we will discuss in greater detail 
below. Differences between the blends appear in the charge 
carrier dependence on VOC as shown in Figure 3c,d. While the 
slope of log (n) versus VOC becomes larger with lower temper-
atures in the PM6:Y6 blend, it is nearly constant in PM6:N4. 
Remarkably, the PM6:N4 data points seem to merge onto one 
line, which is clearly not the case for PM6:Y6. The same effect 
is seen in the log (JG) versus VOC plots in Figure 3e,f where we 
observe a weak (if any) T-dependence of the slope for PM6:N4.

These findings are summarized in Figure 4a, where the 
parameters δ, m and nid taken from the fits in Figure  3 are 
plotted as a function of temperature. The values of the recom-
bination order δ assemble around 2 for both blends, with no 

appreciable dependence on temperature. As anticipated for 
the PM6:Y6 device, m and nid remain constant at values of 
around 1.2 in the range of 300 K down to 200 K. The temper-
ature independence and values close to 1 support the picture 
that the recombination of free carriers in PM6:Y6 involves 
mainly two Gaussians, as we reported before.[8] This situation 
is sketched in Figure 4b. A possible cause for nid being slightly 
above one is additional recombination through midgap traps.[73] 
At 300 K, PM6:N4 has similar values of m and nid as PM6:Y6, 
close to 1, but as the sample is cooled down, both parameters 
increase to above 1.4 at 225 K. According to Hofacker and 
Neher,[40] it is only when free charges in a Gaussian recom-
bine with trapped charges in an exponential that the recom-
bination order is equal to 2 and independent of temperature, 

but m and nid depend on T. For this case, n m
T

T
= = +








1

2
1id

0 .  

This equation gives a reasonable fit to the experimental data 
(dashed gray line in Figure 4a), yielding T0 = 435 K. We will 
discuss the discrepancy to the value from the T-dependent 
SCLC measurements below. According to SCLC results of 
PM6:N4 we assign a purely Gaussian shape to the density 
of electron-transporting states, while the density of hole-
transporting states is characterized by an exponential tail 
(see Figure  4c for a schematic presentation of this situa-
tion). A possible scenario is that holes become immobilized 
in the exponential tail of the PM6 HOMO, while electrons 
move more freely in the Gaussian-shaped DOS of the N4 
LUMO. Recombination takes place either at the interdif-
fused D:A heterojunction or electrons penetrate into the  
PM6-rich phase via dissolved N4 molecules. As mentioned 
above, R-SoXS revealed a smaller domain purity in the 
PM6:N4 blend compared to PM6:Y6, and GIWAXS showed 
no significant nanostructure between different N4 molecules 
when blended with PM6 apart from π–π stacking.

2.4. Predicting the Open-Circuit Voltage as a Function  
of Temperature

The models proposed in Figure  4b,c suggest that the 
two blends will differ in their quasi-Fermi level splitting,  
QFLS = EF,e  − EF,h, and with that in their VOC and its depend-
ence on temperature and illumination intensity. For a Gauss-

ian-type HOMO and LUMO, E E
k T

k T
n

N
F e

σ= − +
2

ln, L,A
L,A
2

B
B

0

 and 

E E
k T

k T
p

N
F h

σ= + −
2

ln, H,D
H,D
2

B
B

0

, with EL,A and EH,D being the 

center of the respective DOSs. Under the assumption that the 
electron and hole densities are equal (n = p) under illumination 
at open-circuit conditions, the VOC can be described analytically 
as

q V E E E
k T

k T
n

N
F e F h

σ σ= − = − + +
2

2 lnOC , , g
L,A
2

H,D
2

B
B

0

 (3a)

where Eg = EL,A − EH,D. As discussed in the Note S4 (Supporting 
Information), the above expression holds in the limit of an 
equilibrated population at high enough temperature, where the 

Figure 3. Recombination rate as a function of charge carrier density 
to determine the recombination order δ at different temperatures for  
a) PM6:Y6 and b) PM6:N4 devices. Charge carrier density as a function 
of VOC to determine the m-factor at different temperatures for c) PM6:Y6 
and d) PM6:N4 devices. Generation current density as a function of VOC 
to determine the ideality factor nid at different temperatures for e) PM6:Y6 
and f) PM6:N4 devices. δ, the m-factor and nid were extracted from the 
slope of the solid line fits (see equations in the left side panels).
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state population can be described by a Boltzmann distribution. 
This is the case when the quasi-Fermi levels are more than 3kBT 
away from the so-called equilibrium energies of the Gaussian 
DOSs. To predict the VOC at low temperatures, the degenerate 
case has to be considered, for which Paasch et al.[72] provided an 
analytical approximation (Note S4 and Figure S14, Supporting 
Information).

In contrast, for holes in an exponential DOS, there is no dis-
tinction between non-degenerate and degenerate regions and 

E E k T
p

N
≅ − lnF,h H,D B 0

0

.[74] Then, assuming again n = p, the VOC 

expression for the Gaussian-exponential model in the nonde-
generate limit is

q V E E E
k T

k T T
n

N
F e F h

σ ( )= − = − + +
2

lnOC , , g
L,A
2

B
B 0

0

 (3b)

See the Note S4 (Supporting Information) for the corresponding 
equation in the degenerate regime.

Equation (3a) predicts that for the combination of two Gauss-
ians, the increase of VOC with decreasing temperature due to 
the entropic contribution becomes partially compensated by the 

reduction of the effective bandgap, E E
k T

eff σ σ= − +
2

g g
L,A
2

H,D
2

B

, espe-

cially at low temperatures. For the Gaussian-exponential case, 
the temperature dependence of both terms is reduced because 
EF,h does not depend explicitly on temperature.

These trends are indeed observed in the experimental VOC(T) 
data plotted in Figure 5a. Not only is the VOC higher for PM6:Y6, 
due to smaller disorder, but it also displays a steeper slope of 
the VOC(T) dependence at higher temperatures. For low tem-
peratures, the temperature dependence of VOC becomes smaller 
for both systems, indicating the transition to the degenerate 

Figure 5. a) Open-circuit voltage VOC as a function of temperature for PM6:Y6 and PM6:N4 devices (full symbols). The experimental data were fitted 
according to the Gaussian–Gaussian model (full lines) or the Gaussian-exponential model (dashed lines) using the expressions in the non-degenerate 
and degenerate regions, with the transition marked between 200 and 250 K depending on the blend and charge carrier density. The fitting parameters 
can be found in Table S3 (Supporting Information). b) Temperature dependence of the charge carrier density n for the blends PM6:Y6 and PM6:N4 
devices (symbols), obtained via PIA. Dashed lines are a guide to the eye.

Figure 4. a) Dependencies of the parameters δ, the m-factor and nid on temperature for PM6:Y6 and PM6:N4 devices. δ and the m-factor were obtained 
from temperature-dependent BACE and nid from temperature-dependent J–Vs. The dashed line is a fit to the PM6:N4 data according to the equation 

= = +

 


1

2
1id

0n m T
T

, as predicted for free-trapped recombination in the Gaussian-exponential model. b) Scheme of HOMO and LUMO density distribu-

tions for a Gaussian–Gaussian model. c) Model of the HOMO and LUMO for PM6:N4, where recombination is dominated by holes in an exponential 
tail. EF,e and EF,h are the quasi-Fermi levels for electrons and holes, respectively.
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regime. The analytical description of the experimental VOC(T) 
data requires knowledge of the temperature-dependent carrier 
density. Determination of n at low temperatures with BACE is 
problematic as this method relies on the extraction of charges. 
We have therefore applied PIA spectroscopy, which is an extrac-
tion-less technique, with the results shown in Figure  5b for 1 
sun illumination conditions. First, we observe that the car-
rier density n is consistently higher in PM6:N4, in agreement 
with the smaller k2 reported above. More importantly, for both 
blends there is an increase of n over the entire temperature 
range, being stronger at first from 300 to 200 K.

With n(T) at hand, we are now in a position to analyti-
cally describe the progression of the VOC with temperature 
(Figure  5a). For PM6:Y6 with two Gaussian distributions, 
VOC(T) was fitted with a combination of Equation (3a); and 
Equation S3e (Supporting Information); see Note S4 (Sup-
porting Information for the discussion of the applicability of 
the equations. The fitting parameters are collected in Table S3 
(Supporting Information). N0 was set to the number density of 
Y6/N4 molecules in the blend (NY6/N4 = 2.4 × 1020 cm−3)[55] and 
the values of σL,A and σH,D were fixed as obtained from SCLC, 
leaving the HOMO–LUMO gap as the only free parameter. As 
shown by the solid lines in Figure  5a, this approach explains 
well the temperature dependence of VOC, yielding a reasonable 
value for the bandgap, Eg  = 1.42 ± 0.15 eV.  Notably, when the 
system has fully entered the degenerate regime, the tempera-
ture does not appear as an independent variable anymore but 
influences VOC only through the temperature dependence of 
the carrier density. Therefore, without knowledge of n(T), the 
analysis of VOC(T) will likely lead to wrong conclusions. We 
note a small discontinuity of the predicted VOC(T) from Equa-
tion (3a); and Equation S3e (Supporting Information) at the 
transition from the non-degenerate to the degenerate regions at 
around 200 K. The reason is that Equation (3a) becomes inac-
curate at this transition, but unfortunately, there is no analytical 
approximation to provide a description of the entire transition 
region. For the same reason, the bandgap from the fit is slightly 
different for the high and low temperature regimes.

The fit to the PM6:N4 device with the Gaussian–Gaussian 
model and the disorder values deduced from SCLC works well 
in the non-degenerate regime, but the model fails to explain 
the data in the low temperature region, where it predicts a 
stronger temperature dependence (Figure  5a). In contrast, 
the Gaussian-exponential model (Equation (3b); and Equation 
(S3f), Supporting Information), marked in the plot with dashed 
lines, reproduces the VOC over the entire temperature range. 
As detailed above, the lack of a temperature dependence of the 
(quasi-)Fermi level causes a smaller dependence of the VOC 
on temperature, exactly as we observe in the PM6:N4 experi-
mental data. The data could be well fitted using T0 = 435 K, the 
value predicted from the m(T) and nid(T) data (Figure  4a). We 
notice that the VOC does not increase as much as the models 
would predict toward lower temperatures, in neither PM6:Y6 
and PM6:N4 devices. To ensure that the reduction of the VOC 
is not a consequence of high leakage current,[75] we compared 
the light and dark J–Vs in Figure S15 (Supporting Information). 
The dark current decreases with temperature, and it is much 
lower than the photocurrent at low temperatures. For both sys-
tems, at 100 K, subtracting the leakage current from the photo-

current increases the VOC by less than 5 mV, thus we conclude 
that the leakage effect is negligible. Another potential source of 
VOC saturation is a low built-in voltage, e.g., due to a too small 
difference between the electrodes or an injection barrier.[20,76,77] 
We, therefore, measured VOC(T) for different illumination 
intensities (Figure S16, Supporting Information). Instead of 
converging towards a fixed VOC, changing the intensity leads 
to a horizontal shift of the VOC(T), with little distortion of the 
shape. In fact, we could reproduce the entire data set with the 
parameters determined from the fit to the 1 sun VOC(T) data 
and assuming that recombination is bimolecular for all temper-
atures (the carrier density depends strictly on the square root of 
the intensity). We, therefore, believe that the slight deviation of 
the measured and predicted VOC at low temperatures has other 
reasons. We, finally, point out that all published VOC(T) data for 
the PM6:Y6 blend exhibit very similar behavior, implying that 
the underlying phenomena are intrinsic to the blend.

3. Discussion

Our data show that energetic disorder has a pronounced effect 
on the absolute value of the VOC but also on the steepness of 
its temperature dependence, already at room temperature. 
Consequently, disorder affects the interpretation of the linear 
extrapolation of the VOC(T) to T = 0, which is typically assigned 
to the energy of the recombining state; the charge transfer 
(CT) state (in organic solar cells). For PM6:Y6, the extrapola-
tion gives qVOC(T = 0 K)≅ 1.1 eV. Because of the strong con-
tribution of the NFA singlet excitons to the absorption and 
emission of this blend, there is yet no accurate value of the CT 
energy of PM6:Y6. Moreover, because of the energetic disorder, 
the mean energy of the populated CT state manifold is itself a 
function of temperature and referring to one CT state energy is 
meaningless.[78,79] The situation is similar for PM6:N4, where  
qVOC(T = 0 K)≅1.0 eV is an unreasonably low value. Therefore, 
the extrapolation of qVOC will not provide a reasonable estimate 
of the mean energy of the CT state manifold in these blends.

For PM6:Y6, the temperature-dependent charge transport can 
be consistently described by a Gaussian-type donor HOMO and 
acceptor LUMO, with a width of 74 and 60 meV, respectively. 
This picture is confirmed by the recombination analysis, which 
yielded nid and m independent of temperature and close to one. 
Importantly, the very same disorder parameters deduced from 
transport measurements explain the course of the temperature-
dependent VOC. It has been proposed that OSCs are non-
equilibrium hot carrier devices, where photogenerated carriers 
leave the device before they equilibrate in the DOS.[31,32] While 
there is consistent proof that hot carriers assist charge extraction 
for highly disordered blends,[80] there is a current debate whether 
the same mechanism is functional at open-circuit conditions.[28] 
Very recently, kinetic Monte Carlo (kMC) simulations on a 
PM6:Y6 blend suggested a 130 meV increase in VOC compared 
to the case of fully equilibrated charges.[81] It was also suggested 
that photogenerated charge carriers exit the device via one of the 
contacts, followed by reinjection and recombination of equili-
brated charge. While we cannot fully rule out that nonequili-
brated carriers affect the measured VOC in our devices, we argue 
that experiments on PM6:Y6 blends without and with electrodes 
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gave the same recombination rate.[53] Also, our steady-state 
approach reproduces the VOC(T) on the basis of the measured 
carrier densities and disorders, for different illumination inten-
sities, with the HOMO–LUMO splitting as the only unknown 
parameter. We see this as a strong proof that the QFLS and with 
that the VOC is mostly determined by equilibrated carriers.

For the PM6:N4 blend, the combination of two Gaussians 
yields a good prediction for VOC(T) at higher temperatures 
but does not provide a good fit of the low temperature regime. 
Here, the combination of a Gaussian-shaped N4 LUMO with a 
broader PM6 HOMO that has an exponential tail gives a much 
better description. Again, we find a very similar dependence 
of the carrier density on fluence for the neat PM6:N4 film and 
device (Figure S5, Supporting Information), meaning that the 
recombination properties are not affected by the presence of 
the electrodes. It is, however, unlikely that the replacement of 
Y6 by N4 transforms the entire PM6 HOMO into an exponen-
tial DOS. Rather than that, we presume that the larger distor-
tion of the PM6 phase in the PM6:N4 blend but also the mixing 
of N4 molecules into the polymer phase broadens the tail of the 
DOS. As N4 and Y6 have the same conjugated core, we expect 
the same electric dipole and quadrupole moment for both 
molecules. It has been shown that a small concentration of 
randomly oriented electric dipoles creates a Lorentzian DOS.[58] 
Similarly, a random distribution of point charges creates expo-
nential band tails.[59] Such tail broadening has been experimen-
tally observed in doped organic molecules and polymers.[82]  
Further experiments and simulations are needed to reveal the 
true origin and shape of the PM6 HOMO, which is however 
beyond the scope of this paper. As a side note, such nonuniform 
DOS explains why T0 from the analysis of the SCLC transport 
is different from the value extracted from the recombination 
studies. The reason is that the SCLC current is proportional to 
the density of free charges while, in our model, the recombina-
tion concerns mainly charges in the tail of the distribution.

The lower VOC of the PM6:N4 blend is consistent with a pic-
ture of equilibrated charges in a broader density of states dis-
tribution. This raises the questions whether a similar broad-
ening concerns the CT state manifold. Because of additional 
disorder of the electrostatic interaction, it is predicted that the 
distribution of the CT energies is wider than that of the charge-
separated states.[83] Also, the larger morphological disorder at 
the donor–acceptor interface would potentially broaden the CT 
DOS.[29] Unfortunately, the presence of a strong absorption and 
emission from Y6 excitons prevents the determination of the 
spectral position and width of the CT emission in PM6:Y6.[55] In 
EL measurements, this is observed by injected free charges that 
are reformed into singlet excitons. Figure S17 (Supporting Infor-
mation) shows the EL spectra of a PM6:N4 device as a function 
of temperature. At 300 K, the peak at 1.32 eV corresponds to the 
N4 singlet but we observe that, as the sample is cooled down, 
a low energy contribution becomes discernible. The peak is at 
1.10 eV at 300 K and it overcomes the singlet below 240 K. This 
is different in PM6:Y6, where the low energy peak is at ≈1.15 eV 
at 300 K, but the singlet emission dominates at all tempera-
tures.[55] For both cases, the intensity of the low energy emis-
sion is independent of temperature for a given injection current, 
implying that it originates from the radiative recombination of 
the main recombining state–the CT state. These results point to 

a lower energy of the populated CT manifold in PM6:N4, e.g., 
due to an overall lower CT energy or by more pronounced state 
broadening. Energetic disorder is indicated by the redshift of the 
low energy emission peak in Figure S17 (Supporting Informa-
tion) with decreasing temperature. With respect to this, recent 
kMC simulations suggested that free charge encounter forms 
an athermal CT population, whose mean energy is not simply 
determined by the CT state properties but in addition by the 
energy of the encountering charges, which itself is a function 
of temperature.[84] Irrespective of the exact mechanism, the data 
show that for PM6:N4, the offset between the populated CT and 
singlet state is larger, which explains the lower contribution by 
singlet emission and why the ELQY is more than one order of 
magnitude lower in PM6:N4 compared to PM6:Y6 (Figure S3, 
Supporting Information). This, in turn, explains the nonradia-
tive voltage losses in PM6:N4.

Finally, we find that the free carrier density increases with 
decreasing temperature in both blends. At VOC, CT states and 
free carriers (in the charge-separated, CS, state) are in dynamic 
equilibrium.[85] Our data suggest that the CT-CS balance shifts 
toward free charges for a lower T. In other words, the reforma-
tion of CT states by free charge encounter is more affected by 
the lowering of the temperature than the redissociation of these 
states into free charges. Recent transient absorption and time-
resolved photoluminescence experiments suggested that charges 
in PM6:Y6 have to overcome a substantial Coulomb-barrier to 
form free carriers, which would favor CT reformation at lower 
temperatures.[86] On the other hand, recent simulations showed 
that this barrier due to mutual Coulomb attraction can be fully 
compensated by strong band bending across the D:A heterojunc-
tion.[87] Energetic disorder will add complexity to these models as 
it provides additional low-lying states to host free charges.[88,89] 
From the parameters deduced above, we conclude that the mean 
energy of the populated CS states is never larger than 1.1 eV in 
PM6:Y6 (see the Note S4 and Figure S14, Supporting Informa-
tion). This is significantly smaller than the Y6 singlet energy 
and, according to the EL spectra, lower than the populated CT 
energy. As such, energetic disorder is likely to contribute to free 
charge formation in such high-performance NFA-based blends.

4. Conclusion

In summary, by comparing the temperature-dependent charge 
transport and recombination properties of PM6 blended with 
two Y-series NFAs, Y6, and N4, we show that energetic disorder 
plays an important role even in high-efficiency organic solar 
cells. Studies of the blend morphology reveal a different packing 
and larger structural disorder in the PM6:N4 blend, which trans-
lates into a larger energetic disorder but also different shape of 
the density of states distributions. This is confirmed by temper-
ature-dependent BACE and JV measurements, which reveal that 
the blends exhibit different nongeminate recombination mecha-
nism: in PM6:Y6, recombination occurs between carriers in two 
rather narrow Gaussian state distributions, while in PM6:N4, 
recombination is predominantly between carriers in a Gauss-
ian-shaped LUMO DOS with carriers in the tail of a broader 
HOMO DOS with a more exponential character. This informa-
tion combined with the carrier densities from photo induced  

Adv. Energy Mater. 2022, 2103422



www.advenergymat.dewww.advancedsciencenews.com

2103422 (11 of 13) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

absorption allows us to analytically describe the VOC as a function 
of temperature and illumination intensity. Hereby, we find that 
the free carrier density increases with decreasing temperatures  
in both PM6:Y6 and PM6:N4, indicative of a down-hill driving 
force for free charge formation assisted by energetic disorder. 
Regarding the CT properties, electroluminescence measure-
ments reveal a red-shifted CT emission in PM6:N4 compared 
to PM6:Y6, which becomes predominant over the singlet at low 
temperatures. This points to a lower energy of the populated 
CT state manifold, possibly due to a wider distribution of the 
CT energies in this more disordered blend, which goes along 
with a larger nonradiative voltage loss in PM6:N4. We conclude 
that energetic disorder has to be taken into account when con-
sidering the absolute value of the VOC but also the steepness of 
its temperature dependence, and that the treatment of recombi-
nation and related properties with single CT and charge trans-
porting levels is inappropriate. In this regard, PM6:Y6 benefits 
substantially from a narrower Gaussian-type density of state 
distribution, giving promise for the development of NFA-based 
solar cells with even smaller VOC losses once the origin of ener-
getic disorder is properly understood.
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Supporting Information is available from the Wiley Online Library or 
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