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ABSTRACT: The origin of Urbach energy (EU) in organic semi-
conductors and its effect on photovoltaic properties remain a topic of
intense interest. In this letter, we demonstrate quantitative information
on the EU value in emerging Y-series molecules by an in-depth analysis of
the line shape of the temperature-dependent quantum efficiency spectra.
We found that the static disorder (EU(0)), which is dominated by the
conformational uniformity in Y-series acceptors, contributes 10−25 meV
to the total Urbach energy. Particularly, this static contribution in organic
solar cells (OSCs) is much higher than those (EU(0) ≈ 3−6 meV) in
inorganic/hybrid counterparts, such as CH3NH3PbI3 perovskite, crystal-
line silicon (c-Si), gallium nitride (GaN), indium phosphide (InP), and
gallium arsenide (GaAs). More importantly, we establish clear
correlations between the static disorder and photovoltaic performance
and open-circuit voltage loss. These results suggest that suppressing the static disorder via rational molecular design is clearly
a path for achieving higher performance.

Bulk heterojunction (BHJ) organic solar cells (OSCs)
have experienced drastic development in the last 2
years, with power conversion efficiencies (PCEs) of

over 19%.1−3 These outstanding PCE advances have been
largely driven by the rapid development of the A−DA′D−A
type Y-series non-fullerene acceptors (NFAs).4−6 Despite the
remarkable device performance of Y-derivative-based OSCs,
the reported open-circuit voltage (Voc) barely exceeds 1.0 V
along with Voc loss around 0.5−0.7 eV.7−10 These loss values
are not small enough to compete against mature inorganic
photovoltaic technologies, such as gallium arsenide (GaAs),
copper indium gallium selenide (CIGS), or silicon (Si), which
exhibit much smaller Voc losses within the range of 0.3−0.5
eV.11,12 Although many recent studies have focused on tackling
this issue, the key governing loss mechanism remains obscure.
The loss of Voc in OSCs is known to be related to charge

carrier recombination activities in BHJ absorbers.13 One
potential source of unfavorable recombination is the sub-
bandgap absorption tail, which can be characterized by its
Urbach energy. Absorption tails are defined as densities of
states (DOSs) that extend from the bands into the band gap of
a photoactive layer. The tail states inside the band gap act as
trap sites and recombination centers and capture a charge
carrier that subsequently recombines with a mobile carrier due

to Coulombic interaction, leading to stronger trap-assisted
recombination. In addition to the influence on the
recombination kinetics, the broadening of the DOS also
reduces the splitting of electron and hole quasi-Fermi levels by
restricting the accumulation of photogenerated charge carriers
into the tail of the DOS, thus resulting in higher Voc loss. The
sub-bandgap absorption near the band edge is exponentially
dependent on the photon energy and obeys the empirical
Urbach equation25
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where α0 is the absorption coefficient at the bandgap energy Eg,
EU represents the Urbach energy, h is Planck’s content, and ν is
the incident photon frequency. The Urbach energy is
influenced by the thermal (dynamic) and structural (static)
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Figure 1. (a) Chemical structures of benzotriazole-core-based five-membered-ring Y-series molecules Y25 and Y26, seven-membered-ring
molecules Y3 and Y18, and a benzothiadiazole core with alkoxy chains attached molecule Y6-O. (b) Photothermal deflection spectroscopy
(PDS) absorption spectra for determining the Urbach energy (EU) of Y-series based pristine acceptor thin films, including Y25, Y26, Y3, Y6-
O, and Y18. (c) Highly sensitive sub-bandgap external quantum efficiency (s-EQE) spectra for EU extraction of pristine Y-series acceptor
based devices, all measured at room temperature. (d) Summary of EU extracted from PDS and s-EQE measurements plotted against five Y-
series systems. The two experimental techniques from (b) and (c) generate consistent EU values and similar ranking trends at room
temperature.
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disorders of semiconductors.14,15 Temperature-dependent EU

has been investigated intensely in many classes of inorganic
semiconductors, including cesium lead halide (CsPbI3),

16

methylammonium lead iodide (CH3NH3PbI3) perovskite,17

c-Si, gallium nitride (GaN),18 indium phosphide (InP),19 and
GaAs,20 and the correlation of EU with Voc loss in the
photovoltaic devices has been established. However, such
knowledge remains unexplored in the case of OSCs to date.
In this contribution, we report temperature-dependent EU in

a family of structure-related Y-series molecules. Particularly, we
examine the correlation between EU and photovoltaic
parameters. Two independent techniques, namely, photo-
thermal deflection spectroscopy (PDS) and sensitive sub-
bandgap external quantum efficiency (s-EQE), were applied to
characterize the Urbach energy at room temperature to cross-
check the EU values. The temperature-dependent s-EQE
measurements were then carried out on a large set of samples,

prepared with five Y-series acceptors and their bulk
heterojunctions (BHJs). Very similar temperature-dependent
behaviors were observed for any pristine acceptor and its BHJ.
The EU data were then analyzed by theoretical models, where
the Urbach tail is contributed by two components: (i) static
(or structural) disorder, induced by the conformational effects
in a Y molecule’s architecture and (ii) dynamic disorder caused
by thermally induced strong molecular rotations in solids.
Finally, we show that eliminating the structural disorder is
essential to reducing voltage loss and improving photovoltaic
performance in organic solar cells. This work provides insights
into the electronic and structural properties of emerging OSC
materials and suggests future directions that could direct the
material design of high-performance OSCs.
Recent contributions from our group have revealed that

attaching side chains at the DA′D core in the Y-derivatives
could restrict the rotation between the end groups and central

Figure 2. (a) Experimental results of s-EQE signals as a function of wavelength from 131.2 to 295.7 K, plotted on a semilogarithmic scale for
the pristine Y18 thin-film sample. (b) Normalized s-EQE signals as a function of photon energies. The EU values at different temperatures
were estimated by applying a linear fitting to the band tail area. The Urbach slope rapidly increases (EU decreases) as the temperature was
reduced from room temperature and then becomes saturated at low temperatures. (c) EU as a function of temperature for all tested material
systems, including five pristine acceptors and four BHJs (PM6:Y25, PM6:Y3, PM6:Y6-O, and PM6:Y18).
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core, leading to a largely suppressed EU value at room
temperature.21−23 We targeted having a comprehensive
comparison with a series of molecules that feature distinctive
EU values but have similar molecular structures. Here, the Y-
derivatives Y25, Y26, Y3, Y18, and Y6-O (Figure 1a) and
donor polymer PM6 (Figure S1a in the Supporting
Information) were identified for the investigation of the
temperature dependence of EU. Five-membered-ring molecules
Y25 and Y26 and seven-membered-ring molecules Y3 and Y18
have the same benzotriazole core unit and end groups. Another
difference among these molecules is that there are two extra
alkyl (n-hexyl) chains attached to the periphery of the central
core in Y26 and Y18. Y6-O has a benzothiadiazole unit, a
seven-membered-ring core framework, and alkoxy side chains
attached. The alkoxy groups have stronger intramolecular
conformational effects in comparison with alkyl groups.24 This
molecule was therefore selected as a supporting material
system. All of these Y-derivatives can be blended with the same
donor polymer PM6 to fabricate a BHJ OSC device. The
normalized absorption spectra of pristine acceptors and donor
are shown in Figure S1b.
Here, the room-temperature EU values of all Y-series

acceptors were investigated by PDS and s-EQE techniques.
The optical-based PDS was performed on isolated thin films.
This technique not only contributes to accurate EU assessment
but also benefits an accurate evaluation of band gaps (Eg).

25

However, using sub-bandgap s-EQE, a direct measurement can
be applied to a device by monitoring the photocurrent in tail
the region. Figure 1b shows the PDS-derived absorption
coefficients versus photon energies of the five pristine acceptor
thin films. We note from PDS spectra that the absorption
spectra exhibit distinct drops beyond the band gap region with
Eg values at 1.53, 1.50, 1.49, 1.31, and 1.32 eV for Y6-O, Y25,
Y26, Y18, and Y3, respectively. These values are in good
agreement with the test results of UV−vis spectra shown in
Figure S1b. Just below the Eg value, the EU value can be
calculated using eq 1. As shown in Figure 1d, EU decreases
from 31.9 meV for Y25 to 28.8 meV for Y26 in the five-
membered-ring system. For the three seven-membered-ring
molecules, EU decreases gradually from 29.6 to 27.6 and 22.4
meV for Y3-, Y6-O-, and Y18-based thin films, respectively. It
can be clearly seen that the presence of these side chains
suppresses EU at room temperature in both the five- and seven-
membered-ring systems. The normalized s-EQE spectra of the
photodiode devices using the five pristine acceptor films as the
active layers are plotted as a function of the photon energy, as
shown in Figure 1c. The Eg values extracted from the s-EQE
measurement for all five pristine samples were almost identical
with those of the PDS results. The EU values of the absorbers
were calculated from the exponential tail near the band edge of

their EQE spectra by26 = + νcln EQE h
EU
, where c and hν are a

constant and the photon energy, respectively. The Urbach
energy results extracted from s-EQE are provided in Figure 1d.
All s-EQE spectra display sharp absorption edges that translate
into an Urbach energy range from 31.2 to 21.8 meV. The
extracted data are highly consistent with those obtained from
PDS measurements. In general, the room-temperature EU
values extracted by the two techniques enable us to confirm
the conformational effect on the Urbach energy in Y-series
acceptors and validate the EU value for the following analysis.
We also that note that, apart from Y25, the EU values are
smaller than 30 meV, which is significantly smaller than those

of common polymer donors and acceptors previously used in
OSCs.
After cross-checking the accuracy of the EU values

investigated by the s-EQE, we carried out temperature-
dependent measurements for the device samples. To exclude
the influence of other factors on EU assessment, such as
disorder resulting from interlayers or interface contact,27,28 the
device samples were prepared with a simple diode structure of
ITO/active layer/Al. Figure 2a shows an example of the
evaluation of s-EQE spectra as a function of temperature for
the pristine Y18 sample. Figure 2b presents the enlarged part
of the band tail region plotted as the normalized s-EQE versus
photon energy. As the temperature is decreased from room
temperature, the Urbach slope initially becomes progressively
steeper, but there is no further increase in the slope when the
temperature is lower than ∼170 K. In other words, as the
operating temperature decreases, the Urbach energy decreases
first and then becomes saturated in the low-temperature
region. The EU versus temperature plots for all five pristine Y-
series acceptors and four representative BHJ blends, including
PM6:Y25, PM6:Y3, PM6:Y6-O, and PM6:Y18, are shown in
Figure 2c. The full s-EQE spectra of all investigated samples
are provided in the Figures S2 and S4 in the Supporting
Information, and normalized EQE signals for Urbach energy
extraction are given in Figures S3 and S5, respectively. In
comparison to a pristine acceptor film, its BHJ film generally
has a reduced disorder. The reduced disorder in the BHJ blend
may be due to the improved thin-film crystallinity and
compactness after introducing the highly crystalline long-
chain polymer and ordered polymeric matrix into the
amorphous organic system.29,30 Interestingly, we also observe,
unlike the case for other systems, a slightly smaller EU value in
the pristine Y-series acceptor in comparison to that for the BHJ
blend across all temperatures for the Y18 system. This result
suggests that, apart from the further molecular optimization of
the acceptor unit, developing the donor unit to better match
with the acceptor could also contribute to the suppressed
disorder in the BHJ film.31−33

Next, we analyze the experimental results with theoretical
Urbach energy models. We will only focus on the BHJ blends,
as they form the active layer of solar cell devices and the results
can be correlated to their photovoltaic performance. The
temperature-dependent Urbach energy was first analyzed by a
Cody model. Cody et al. proposed that the Urbach energy
arises from two kinds of disorder. One is the temperature-
independent static disorder, and the other is the thermally
induced disorder. The overall Urbach energy can be described
by34,35

= +
−θE T E

E
( ) (0)

e 1
t

TU U
U,

/E (2)

EU(0) is known as the static disorder, and it originates from the
intrinsic structural disorder. EU,t is known as the dynamic
disorder, and it arises because of random thermal motions of
atoms of the material at a finite temperature. θE denotes the
Einstein characteristic temperature, which corresponds to the
mean frequency of lattice phonon excitation. As revealed in eq
2, at a temperature T below θE, the static disorder is the
dominant term and the Urbach energy can be considered to be
relatively temperature independent. On the other hand, when
T is above θE, the dynamic disorder begins to dominate over
the static disorder and the Urbach energy becomes temper-
ature dependent.
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The solid line in Figure 3a corresponds to fits of eq 2 to the
data. The three parameters θE, EU,t, and EU(0) were extracted
and are given in Table 1. The analysis allows us to differentiate
between thermal and static disorders. The Cody model fits the
experimental data well for the four BHJs. The fitting curves can
be generally divided into two regions: (i) a flat region which
can be extrapolated to the 0 K limit and (ii) a linear region
starting between 100 and 150 K and extending to room
temperature. The y intercept at the 0 K limit, EU(0), represents

the static contribution to the overall Urbach energy. It can be
noted that the side-chain-induced Y-derivatives, with either
alkoxy or alkyl side chains, can achieve a suppressed EU(0)
value of about 11 meV. In contrast, PM6:Y3 and PM6:Y25,
containing the “Y” acceptor without any side chains, exhibit
relatively higher EU(0) values of 16.2 and 24.1 meV,
respectively. These results are consistent with previous
observations21−24,36,37 that the absence of side chains
promotes conformational diversities and the end-group

Figure 3. (a) Urbach energy as a function of temperature for Y25-, Y3-, Y18-, and Y6-O-based BHJ systems together with Cody model fittings
(black solid lines) of the experimental data using eq 2. Detailed fitting values can be found in Table 1. (b) Summary of phonon energy values
extracted from a Cody model and Urbach rule for four BHJs. Excellent agreements can be observed for the phonon energies evaluated
independently by the two models. (c) Comparison of the temperature-dependent EU values for selected organic BHJs and inorganic
photovoltaic absorbers, including CH3NH3PbI3, c-Si, GaN, InP, and GaAs. The Cody model fitting parameters are given in Table 1. (d)
Comparison of EU values for organic and inorganic semiconductors probed at room temperature and low temperature using a Cody model.
EU(0) values, the static disorders, for inorganic systems are concentrated at around 5 meV, while the values for four organic BHJs are higher
and vary between 10 and 25 meV.

Table 1. Summary of Static Disorder (EU(0)), Dynamic Disorder (EU,t), and Einstein Temperature θE for Organic BHJs and
Inorganic Photovoltaic Systems

organic EU(0) (meV) EU,t (meV) θE (K) inorganic EU(0) (meV) EU,t (meV) θE (K)

PM6:Y25 24.1 48.5 660.2 GaN 6.1 10.8 313.3
PM6:Y3 16.2 32.6 435.8 c-Si 5.1 11.2 356.5
PM6:Y18 12.1 27.5 343.2 GaAs 5.4 4.3 285.2
PM6:Y6-O 11.2 22.5 275.2 InP 6.7 5.3 354.1

CH3NH3PbI3 3.6 5.3 126.9

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.2c00816
ACS Energy Lett. 2022, 7, 1971−1979

1975

https://pubs.acs.org/doi/10.1021/acsenergylett.2c00816?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00816?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00816?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00816?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


rotations lead to the intrinsic structural disorder in Y-
derivatives. On the other hand, the linear regions in Figure
3a originate from the thermally induced disorder that may arise
from activated rotations of the molecular structure as well as
intermolecular motions.38 Kahle et al. reported that the
dynamic contribution is intramolecular and intermolecular
geometric reorganization (phonon-induced broadening) in
organic solids. In our study here, the two thermal-related
parameters, EU,t and θE, are smaller in Y6-O and Y18 based
BHJs, in comparison with those of Y3 and Y25. The differences
can be attributed to the more rigid molecular geometry and the
compact intermolecular packing enabling the Y6-O- and Y18-
based films to be less sensitive to high temperature
variations.22,25

The suppressed thermally induced disorder for Y6-O and
Y18 can be further confirmed by an alternative model
commonly known as the Urbach rule model.39−41 A detailed
analysis can be found in Figure S6 in the Supporting
Information. The Urbach energy data can also be fitted quite
well by the Urbach rule model. To further check the accuracy
of the fitting results by two theoretical models, θE was

converted to the phonon energy hω by θ = νh
kE

B
,42 and the

results are given in Figure 3b and Table S1. There was an
excellent agreement with the phonon energy values extracted
from the Urbach rule and a Cody model and a clear linear
relation for the phonon energy ranking for all four BHJs.
Figure 3c compares further temperature-dependent EU

values of the Y-series BHJs and five representative inorganic
photovoltaic systems, including CH3NH3PbI3, c-Si, GaN, InP,
and GaAs. The inorganic data used for the present study were
extracted from previous reports and refitted by eq 2 for
comparison.17 The fitting results are shown in Table 1.The
EU(0) and θE values obtained from the present fitting are
consistent with the previously reported values.17−19 As can be
seen from Figure 3d, the EU(0) values in BHJs are quite high in
comparison to the inorganic absorbers, even for the optimized
Y18 or Y6-O systems. In contrast, only 3−6 meV of static
disorder contributes to the total Urbach energy in the
inorganic counterparts. Such a difference can be attributed to
the lack of a periodic lattice structure and the amorphous
nature of organic semiconductors. Despite these shortcomings,
our results still demonstrate that the static disorder can be

suppressed through the rational regulation of molecular
conformations in the acceptor unit. Another intriguing feature
is the relatively steeper slopes of EU versus temperature for
BHJs. This is due to the higher θE and dynamic disorder in
organic solids. Previous reports suggest that, in the case of a
solution-processed CH3NH3PbI3 perovskite, structural disor-
der is low and thermal effects dominate the disorder. The main
contribution to the thermally induced defects is reported to
originate from the cage vibration in the perovskite lattice.18 For
silicon-based semiconductors, bond breaking across temper-
ature leads to its thermal disorder.43 However, the underlying
mechanisms driving dynamic disorder in organic BHJ systems
are still uncertain and need further investigation.
In Figure 4a, we show the correlations among EU(0), power

conversion efficiencies (PCEs), and voltage losses of selected
BHJ OSC systems. The J−V curves and the EQE spectra for
PM6:Y25, PM6:Y3, and PM6:Y18 OSC devices are shown in
Figure S7a,b. The corresponding device parameters are given
in Table S2. The photovoltaic parameters of the PM6:Y6-O
solar cell used here have been previously reported by Yan et
al.24,44 The open-circuit-voltage Voc deficit (Voc,def)/energy loss
(θEloss), defined as the difference between the band gap and

the open circuit voltage, is calculated by45 = −V V
E

qoc,def oc
g

. It

is noticeable that the static disorder EU(0) correlates with
Voc,def and anticorrelates with the PCE within BHJ OSCs.
Furthermore, we have compared the Voc,def losses as a function
of EU(0) for organic and inorganic photovoltaics (Figure 4b).
The detailed values are summarized in Table S3. We took for
these materials the highest reported Voc values (c-Si, 0.75 V;
GaAs, 1.12 V; CH3NH3PbI3 perovskite, 1.12 V, InP, 0.89
V),46,47 whereas the structural disorder extracted from the
Cody model fitting ranges from 0.31 to 0.43 meV. An empirical
trend emerges from Figure 4b: inorganic photovoltaic
materials possess extremely low static disorder (3−6 meV)
and also less energy loss (0.3−0.45 eV). In contrast, Y-
acceptor-based BHJs have a relatively large static disorder
(10−25 meV) and a large voltage loss (0.53−0.7 V).
Moreover, it is worth mentioning that for CH3NH3PbI3
perovskite, which is another solution-processed photovoltaic
system, its EU(0) as well as Voc,def value have approached or
even surpassed those of the best inorganic c-Si and GaAs solar
cells.47 In addition, the voltage loss as a function of room-

Figure 4. (a) Device performance of BHJ solar cell device (left Y axis, purple) and Voc deficit (right Y axis, black) variations against the static
disorder EU(0) extracted from Cody model fitting. Detailed PCE values can be found in Table S2 in the Supporting Information. (b) Voc
deficit versus EU(0) for Y-series acceptor based organic BHJs and typical inorganic photovoltaic absorbers. The corresponding values are
summarized in Table S3.
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temperature Urbach energy (Eu,total) for organic and inorganic
photovoltaics is also summarized and plotted in Figure S8. The
trend is nearly the same as that for EU(0) versus voltage loss.
These results further confirm that reducing the static
contribution to the total Urbach energy can be considered
an available method to suppress the voltage loss. Although
recent advances in Y-series molecules are driving the OSC field
into a new phase, gaps remain with regard to the disorder
properties between organic and inorganic systems. Suppressing
the static disorder via improved molecular design is clearly a
path for moving forward.38,48 For Y-series acceptors, our data
and analysis indicate that static disorder can be suppressed by
optimizing side chains and restricting end-group rotations.
Molecular design along this direction should be further
explored.
In summary, we investigated the temperature-dependent

Urbach energies of Y-acceptors and their correlation with the
photovoltaic parameters. First, the room-temperature EU values
of the identified materials systems were measured by PDS and
s-EQE techniques. Then, temperature-dependent s-EQE
measurements were carried out for both pristine acceptors
and BHJ samples. The Cody model and Urbach rule model
were applied to analyze the temperature-dependent EU data.
The following has been found. (i) The static contribution to
the total EU is dominated by the conformational variations in
Y-derivatives. Reducing this contribution should drive down
the total disorder and make it closer to that of their inorganic
counterparts. (ii) The thermal contribution to EU is correlated
to the rigidity of the molecules and amorphous nature of
organic semiconductors. Finally, we examined the relationship
between EU and photovoltaic parameters in different classes of
photovoltaic materials. We see that inorganic photovoltaics
possess extremely low static disorder and exhibit much less
energy loss. The large static (or structural) disorder and
thermal disorder within Y-series OSCs are the potential
limiting factors for a further improvement of device perform-
ance. More investigations in this regard are required within
OSCs toward the goal of competing with inorganic photo-
voltaics.
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