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ABSTRACT: Given the great potential for achieving record breaking -« =y - - =
organic solar cells (OSCs), newly explored solid additives that could t’_ e = K " ¥ o
optimize nanoscale morphology of active layers have rapidly gained #*_ §-,':" Rl = o "r g
: . ; . ; A CELTe o T ey mema |2 Y
widespread attention. Herein, a new volatile solid additive 2,5- f.:“f_“-u sdihion - _;5
dichlorothieno[3,2-b]thiophene (TT-Cl) is delicately explored, fully ¢~ " % L2 o
satisfying the design criteria of a planar conjugated skeleton with suitable PMe Y6 o Tren @
molecular size, symmetrical geometry, and proper halogenation. When Volatlle Solld Additive )% T oKX
applied in the state-of-the-art OSCs with diverse active layers, the quite = .
high crystallinity of TT-Cl and strong interactions with light-harvesting w51e RS
components lead to optimized molecular crystalline ordering, fibrillar & 3 occh
networks, and vertical phase distributions, thus offering a significant . PP Lt )
performance enhancement. Consequently, PM6:Y6-based binary and LI

ternary OSCs achieved PCEs of 18.20% and 18.95%, respectively.
Moreover, PM6:CH23-based binary OSCs presented an outstanding PCE
of 18.72%. Our work not only provides a broad-spectrum solid additive to optimize film morphologies powerfully but also
manifests great potential for achieving a record-breaking PCE of OSCs.

developed with the aim of consistently establishing desired
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rganic solar cells (OSCs) are a promising pathway to
O realize efficient utilization of solar energy, and they

have gained widespread traction due to their unique
advantages of flexibility, large-area printability, cost-effective-
ness and semitransparency.' '* Thus far, the state-of-the-art
single-junction solar cell has reached a power conversion
efficiency (PCE) of over 19%."""? In such a high-performance
OSC device, favorable nanoscale morphology of active layers,
such as donor/acceptor (D/A) interpenetrating fibrillar
network, is highly desired in light of its critically important
effects on exciton diffusion and dissociation, charge transport
and extraction.">”'® However, fine regulation of film
morphology in OSCs is still confronting huge challenges due
to the great system complexity caused by multifactor
interactions.'” " In general, modifying conjugated backbones
or side-chains of light-harvesting materials could successfully
tune molecular crystallinity, packing modes, and domain size in
blended films.”*~** Nevertheless, chemical structural changes
will inevitably bring about tedious synthesis; meanwhile, there
is still a lack of clear structure—morphology relationships.**~>’
As a result, several more convenient methods, including post-
treatment,*> 03 processing additives, etc,”> ™ have been
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morphologies. Among them, introducing additives has been
proven as a quite effective strategy to optimize molecular
crystalline ordering, film fibrillar networks and even vertical
distributions of light-harvesting components in OSCs.**~*
However, the additive residues with high boiling points will
result in continuous evolution of film morphology, leading to
unsatisfactory long-term stability and thus rendering the
additive strategy possibly infeasible for mass production of
0SCs.*"*

Recently, as an alternative to solvent additives with high
boiling points, like 1,8-diiodooctane (DIO),*** volatile solid
additives have been developed and demonstrated great
potentials for synergistically improving PCE, stability, and
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Figure 1. (a) Newly explored volatile solid additive of TT-Cl in this work. (b) Thermogravimetric analysis (TGA) curves of TT-Cl at a scan
rate of 10 °C min~' under a nitrogen atmosphere. The dashed curve was obtained by maintaining the sample at 90 °C for 1 h. A small
amount of spin-coated TT-Cl thin film on silicon wafer can be rapidly removed after thermal annealing. UV—vis spectra of PM6 films (c), Y6
films (d), and PM6:Y6 blended films (e) with or without TT-Cl after thermal annealing at 90 °C for 5 min.

even reproducibility of OSCs.**~*" In order to maximize the
strengths of tailoring the nanoscale morphology of active
layers, volatile solid additives should meet several essential
criteria: (1) strong interactions with light-harvesting molecules
through both z—7 stackings and noncovalent bonding like
halogen bond, sulfur—fluorine secondary action, etc.; (2)
intrinsic high crystallinity as likely a crystal seed to improve
crystalline ordering of active molecules;™” (3) ease of removal
during the subsequent thermal annealing process to maintain a
favorable morphology.” The requirements above determine
that volatile solid additives are usually featured with a small but
proper conjugated skeleton and preferably suitable halogen-
ation or “soft” Lewis base atoms (like sulfur etc.) in view of
chemical structures’™>* (Figure S1). As regards to the
conjugated skeletons, the simple thiophene unit would be
the most likely choice as it (1) exists in all high performance
OSC molecules,” (2) could interact with those OSC
molecules through both strong 7—7 stackings’™ and widely
observed sulfur-halogen secondary interactions,”*® and (3)
would further increase the capacity for better crystallization
due to easy addition of halogen atoms on such a thiophene
ring,”” which may act as a crystal seed to optimize
morphologies of active layers. In short, these combined
features of simple halogenated thiophene thus would make it
a promising solid additive, despite that such an analysis was
rarely reported.”®

Bearing these thoughts in mind, a new and simple solid
additive, 2,5-dichlorothieno[3,2-b]thiophene (TT-Cl), was
explored successfully (Figure 1a). The synthesis routes of
TT-X (X= F, Cl, Br) and 2,6-dichlorodithieno[3,2-b:2",3'-
d]thiophene (DTT-CI) are shown in Supporting Information
(Figures S2—S5). Note that the careful selection of thieno[3,2-
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b]thiophene rather than its derived skeletons, like thiophene or
dithieno[3,2-b:2’,3'-d]thiophene, is involved with multiple
considerations (Figure S6): (1) the relatively smaller
conjugated backbone of thiophene may not be able to offer
strong enough ability of 7— stacking with polymeric donors
or nonfullerene acceptors; (2) although dithieno[3,2-b:2’,3'-
d]thiophene affords a broad conjugated plane, its further
halogenated DTT-CI will result in a much higher temperature
required for removal (Figure S7); (3) as regards to thieno[3,2-
b]thiophene, its fluoride is faced with relatively complicated
synthesis, whereas its bromide and iodide suffer from inferior
chemical stability®” and unbearably high removal temperature
(Figure $8).°° As a result, enhanced molecular crystalline
ordering, superior fibrillar networks, and preferable vertical
distributions of light-harvesting components can be well
established when applying TT-Cl as an additive in several
typical state-of-the-art OSCs, including Y6, CH, and ITIC
series-based systems. Note that all of them afford clear
performance enhancements, demonstrating the broad-spec-
trum application of TT-Cl to improve the PCE of OSCs.
Among them, PCEs of 18.20% for binary-OSCs and 18.95%
for ternary-OSCs based on typical and widely investigated
PM6:Y6 systems have been achieved, respectively, both of
which are ranked among the best values for this typical system
thus far. More impressively, PM6:CH23-based binary OSCs
also demonstrate an exciting PCE of 18.72% and an
outstanding fill factor (FF) of 79.68% after treatment with
TT-Cl, further manifesting the great potential of TT-Cl for
achieving record-breaking OSCs.

As expected, such a planar and symmetrical structure of TT-
Cl shows a relatively high crystallinity, which can be derived
from its differential scanning calorimetry (DSC) curve (Figure
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S8). Meanwhile, TT-Cl can be easily removed at a widely
employed thermal annealing temperature of 90 °C during
fabrication of OSCs (Figure 1b, Figure S9 and Table S1), in
favor of its application as a volatile solid additive. In order to
evaluate the most concerned ability of morphology regulation
for TT-Cl, UV—vis spectra of PM6 and Y6 (see Figure S10 for
their chemical structures) films with or without TT-Cl
treatment were studied first. As shown in Figure Ic, the
vibronic band between 500 and 700 nm can be assigned to
internal charge transfer of PM6.°"°> Note that an enhanced
relative intensity (I,_,) of 0—0 absorption can be observed
with a larger intensity ratio (Iy_o/I,_;) of 1.06 for TT-CI
treated films comparing to that of 1.04 for neat films of PM6,
implying more ordered interchain stacking of PM6 after TT-Cl
treating.”"*>** The similar tendency can be even amplified for
Y6 films, indicated by the significantly enlarged I,_o/I,_, value
of 1.62 after TT-CI treatment (1.50 for Y6 films without TT-
Cl), suggesting the greater ability of TT-Cl to tune molecular
packing or micromorphology of Y6 than that of PM6 (Figure
1d). The resulting more ordered molecular packings will result
in facilitated charge transport in theory, which has been proven
by the both enlarged hole mobility of PM6 (1.94 X 10* cm?
V™' s7! without TT-Cl and 3.54 X 107* cm® V™' s™" with TT-
Cl) and electron mobility of Y6 (2.85 X 10™* cm? V™! 57!
without TT-Cl and 4.65 X 10~ cm® V™! s7! with TT-Cl) as
shown in Figure S11. Generally, when taking the enhanced
absorption of PM6:Y6 blended film (Figure le) and enlarged
charge mobility into consideration, both enlarged short circuit
current density (Jsc) and fill factor (FF) are expected for OSCs
with TT-CI as a solid additive.

To further shed light on the influence of additives on
photovoltaic behaviors, OSCs with a conventional architecture
were prepared (Figure S12; see Table S2—S9 for the detailed
device optimization data). The best PCE of 18.20% was
yielded by OSCs based on PM6:Y6 active layer with TT-Cl,
accompanied by an open circuit voltage (Voc) of 0.861 V, Jgc
of 26.86 mA cm™” and FF of 78.69% (Figure 2a, and Table 1).
Note that the greatly improved FF and Jg- compared to those
of OSCs without TT-Cl agree well with our UV—vis spectra
discussions above. However, the best PCE of 17.12% and
17.16% can be yielded by OSCs based on PM6:Y6 active layer
treating with DTT-CI and TT additives (Tables S3 and S6).
More excitingly, a much better PCE of 18.95% along with an
exciting FF of 79.01% (Figure 2b and Table 1) was further
realized by a ternary OSC employing an absorption
complementary donor (D18, Figure S10 and S13) as the
third component. It is worth noting that this is the best PCE
for Y6-based OSCs reported thus far (Figure 2c and Tables
S14—S15), demonstrating the great possibility of reaching
record-breaking OSCs by employing TT-Cl as solid additives.
Moreover, the champion PCE of 18.35% is obtained by
D18:Y6-based OSCs including a V¢ of 0.880 V, Jsc of 26.30
mA cm 2 and FF of 79.27% (Table S7). Figure 2d illustrates
the statistical distribution of PCEs based on 15 independent
devices (see Table S10—S13 for details), revealing the
evidently larger PCEs for OSCs with TT-Cl. The approximate
10% enlargement of PCEs for TT-Cl aided OSCs should
mainly benefit from their greatly improved FF and Jsc. The
enlarged external quantum efficiencies (EQEs) for OSCs with
TT-Cl treating, especially in the low energy region, could result
in ~0.6 or 1.0 mA cm™? amplification of integrated Jgc (Figure
2e,f), which is consistent with the Jqc values derived from J—V
curves. The improved EQEs of OSCs with TT-Cl should be
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Figure 2. (a,b) J—V curves of OSCs based on PM6:Y6 and
PM6:D18:Y6 blends, respectively. (c) A summary of FF and PCE
of OSCs based on the widely reported Y6 system (detailed
parameters are listed in Tables S14—15). (d) The performance
statistics of OSCs based on the typical PM6:Y6 blends. (e,f) EQE
plots of OSCs based on PM6:Y6 and PMé6:D18:Y6 blends,
respectively.

attributed to not only the enhanced light-harvesting but also
facilitated exciton/carrier dynamics. Regarding the significantly
enlarged FFs, the more ordered molecular packing induced
increase in charge mobilities and low energy disorder of
blended films after TT-Cl treating should be taken into
consideration. All the analysis above will be discussed in detail
below.

Last but not least, the general applicability of TT-CI is
crucially important to its widely application in OSCs. With the
exciting results for PM6:Y6-based OSCs, some other different
but classic types of nonfullerene acceptors (NFAs), such as IT-
4F,% F-2F,°° 18-BO,"” CH-6F,” and CH23° were further
employed to blend with PM6 donor to verify the feasibility of
TT-CL The chemical structures, J—V curves, and photovoltaic
parameters with and without TT-Cl have been summarized
and presented in Figures S14—17 and Table 2. Similar to
PM6:Y6 based devices, OSCs with these different D/A
materials as active layers also manifest simultaneously
improved Jgc and FF after TT-Cl treating. Especially, the
molar absorption coefficient is enhanced in the L8-BO and
CH23 neat and blended films (Figure S15). It is worth noting
that PM6:CH23-based binary OSCs presented an outstanding
PCE of 18.72%, which should be the record value for CH-
series acceptors. The excellent general applicability of TT-Cl
further emphasizes its significant potential for achieving
record-breaking OSCs through tailoring nanoscale morphology
of active layers, if more high-efficiency OSC systems are
developed and applied in the future.

As we have mentioned above, the improved device
performance with TT-CI treating should be also determined
by the superior carrier dynamics. To further unveil the origin
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Table 1. Optimized Photovoltaic Parameters for OSCs”

Active layer
PM6:Y6 (w/o)
PM6:Y6 (TT-Cl)
PM6:D18:Y6 (w/o)
PM6:D18:Y6 (TT-Cl)

Voc (V)
0.861 (0.860 + 0.002)
0.861 (0.861  0.002)
0.846 (0.845 + 0.002)
0.865 (0.859 + 0.004)

Jsc (mA cm™)
26.14 (25.89 + 0.13)
26.86 (26.71 + 0.13)
26.84 (26.88 + 0.19)
27.73 (27.76 + 0.12)

Calc. ]Scb(m.A cm™2)
25.41
26.15
26.09
27.04

FF (%)
71.30 (71.58 + 0.48)
78.69 (78.27 + 0.30)
74.05 (73.30 + 1.09)
79.01 (78.63 % 0.46)

“Statistical results from 15 independent devices are listed in parentheses. “Current densities derived from EQE plots.

PCE (%)
16.05 (15.95 + 0.09)
18.20 (18.00 + 0.08)
16.81 (16.65 + 0.18)
18.95 (18.75 + 0.08)

Table 2. Photovoltaic Parameters of Different OSCs Treated by TT-CI?

Active layers
PM6:IT-4F (w/o)
PM6:IT-4F (TT-Cl)
PM6:F-2F (w/o)
PM6:E-2F (TT-Cl)
PM6:L8-BO (w/o)
PM6:L8-BO (TT-Cl)
PM6:CH-6F (w/o)
PM6:CH-6F (TT-Cl)
PM6:CH23 (w/0)
PM6:CH23 (TT-Cl)

Voc (V)
0.884 (0.881 =+ 0.005)
0.869 (0.872 + 0.003)
0.892 (0.894 + 0.001)
0.903 (0.902 + 0.002)
0.900 (0.899 + 0.002)
0.906 (0.907 + 0.002)
0.872 (0.872 + 0.004)
0.867 (0.868 + 0.001)
0.888 (0.887 + 0.02)
0.879 (0.878 + 0.001)

Jsc (mA em™)

19.08 (18.94 + 0.23)
20.50 (20.08 + 0.45)
19.28 (18.89 + 0.27)
19.34 (19.38 + 0.05)
24.80 (24.59 + 0.46)
25.54 (25.56 + 0.10)
25.55 (25.28 + 0.19)
26.57 (26.62 + 0.09)
25.43 (25.37 + 0.12)
26.73 (26.78 + 0.06)

Calc. Jc”(mA cm™2)
18.60
20.04
18.77
1891
24.07
24.70
25.29
25.86
24.90
25.89

FF (%)
68.16 (68.40 + 0.16)
75.69 (75.28 + 0.47)
75.45 (76.24 + 0.80)
77.82 (77.32 + 0.39)
75.38 (75.38 + 0.34)
79.74 (79.37 + 0.28)
76.81 (76.41 + 0.26)
79.00 (78.61 + 0.30)
7425 (74.13 + 0.22)
79.68 (79.55 + 0.19)

PCE (%)
11.50 (11.41 + 0.17)
13.42 (13.16 + 0.27)
13.00 (12.89 + 0.07)
13.64 (13.55 + 0.07)
16.83 (16.68 + 0.25)
18.45 (18.39 + 0.08)
17.13 (16.86 + 0.21)
18.21 (18.16 + 0.04)
16.77 (16.72 + 0.05)
18.72 (18.62 + 0.10)

“Statistical results are listed in parentheses. “Current densities derived from EQE plots.

of upgraded photovoltaic parameters, the exciton dissociation,
charge transport, and recombination behaviors in OSCs with
and without TT-Cl have been measured and analyzed by
taking the typical PM6:Y6 as an example. As presented in
Figure 3a, PM6:Y6-based OSC with TT-Cl treatment could
yield an outstanding exciton dissociation efficiency (Py,) of
98.85% and charge carrier collection efficiency (P,y) of
90.55%. Note that both Py, and P,y are larger than those of
97.44% and 85.69% for control devices without TT-ClI,
respectively. This should partially response for the enlarged
EQEs® for OSCs with TT-Cl as discussed above. Moreover, a
larger charge carrier lifetime of 0.24 ms and smaller charge
extraction time of 0.37 ys can be observed from the transient
photovoltage (TPV, Figure 3b) and transient photocurrent
(TPC, Figure 3c) decay curves for OSCs with TT-C|,
respectively, compared to those of 0.11 ms and 0.62 us for
OSCs without TT-CL This indicates suppressed charge
recombination and facilitated charge transport dynamics in
OSCs with TT-Cl, which will also be in favor of their enlarged
EQEs and FFs. Then we resorted to the space-charge limited
current (SCLC) method”®™"? to further monitor the different
carrier transport capacities in devices with and without TT-Cl
(Figure S18 and Table S16). As displayed in Figure 3d, OSCs
with TT-Cl afford both larger electron/hole mobilities of 3.47
X 107%/3.38 X 10~ cm? V™! s7! than those of 2.21 X 107*/
1.62 X 107* ecm? V! s7! for OSCs without TT-Cl, thus
rendering a more balanced p./p;, ratio of 1.03 for OSCs with
TT-Cl treatment compared to that of 1.36 for OSCs without
TT-Cl. These results are also well consistent with those
derived from pristine PM6 and Y6 films (Figure S11 and
Figure S18). To sum up, the overall suppressed charge
recombination and improved carrier mobility, in combination
with a much balanced p./pu, ratio for OSCs with TT-CI should
account for the enlarged EQEs and FFs.””

In light of the crucial effects of favorable molecular packing
on achieving superior photodynamics in OSCs, grazing
incident wide-angle X-ray scattering (GIWAXS) measure-
ments’> were carried out to unveil the possibly diverse
molecular packing behaviors with and without TT-Cl (Figure
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Figure 3. (a) Plots of ], versus V. The efficiencies of charge
generation and collection were also provided. (b) TPV and (c)
TPC measurements of OSCs based on PM6:Y6 active layers. (d)
Hole and electron mobilities of PM6:Y6-based devices with or
without TT-Cl additive. (e,f) 1D line-cuts of Y6 and PM6:Y6-
based films with or without TT-Cl additive, respectively, which
were derived from their corresponding 2D GIWAXS patterns in
Figure S19.

S19). Given that TT-Cl has a greater influence on small
molecular NFAs such as Y6 rather than polymeric donor PM6
(Figure 1c,d), we first investigated molecular packings in Y6
pristine films. As observed in Figure 3e, both Y6-based films
with or without TT-Cl show strong (010) diffraction peaks in
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the out-of-plane (OOP) direction at 1.74 A™', indicating the
favorable face-on packing orientation and almost the same 7—7x
packing distance of 3.62 A. Note that an enlarged crystal
coherence length (CCL) of 29.76 A has been afforded by Y6
with TT-Cl compared to that of 26.55 A for Y6 without TT-Cl
(Table S17), which confirms the more ordered molecular
packing after TT-Cl treatment and agrees well with the
enhanced 0—0 absorption discussed above (Figure 1d).
Regarding PM6:Y6 or even PM6:D18:Y6 blends, an obvious
enlargement of CCLs for (010) diffraction peaks in the OOP
direction can be also observed after adding TT-Cl as additives,
being 20.12 and 16.25 A for PM6:Y6 with and without TT-Cl,
respectively (Figure 3f and Table S18); 25.59 and 23.18 A for
PM6:D18:Y6 with and without TT-Cl, respectively (Figures
$19—S20). The detailed parameters indicating the z—x
packing distances and CCLs are also illustrated in Table S18
for clear comparison. In theory, more ordered molecular
packing suggested by both enlarged CCLs and enhanced 0—0
absorptions will result in more efficient charge transport and
collection dynamics, thus in favor of improved FFs and Jcs as
mentioned above.”*

It is known that D/A interpenetrating fibrillar networks are
highly desirable in high-performance OSCs.'' Therefore,
atomic force microscopy (AFM) was further employed to
unveil the surficial morphologies of PM6:Y6 blended films. As
exhibited in Figure 4a,c, the preferable bundle-like nanofiber

(@) | |wio (10.1 nm)
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-5.8 deg

8 12 1
Fibril diameter (nm)

1 TT-CI (16.1 nm)

8.2 deg 1
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8 12 16 20
Fibril diameter (nm)

24

Phase

Figure 4. (a,c) AFM phase images of PM6:Y6-based films with or
without TT-Cl additive, respectively. (b,d) Statistical distribution
of fibril width for PM6:Y6-based films with or without TT-Cl
additive (see Figure S22 for details).

network can be well constructed in both PM6:Y6 blends with
and without TT-Cl. Based on a statistical size analysis (Figures
$21 and $22),”> PM6:Y6 blend with TT-Cl possesses a
relatively larger average fibril diameter of 16.1 nm than both
10.1 nm without additives and 11.7 nm with TT additive
(Figure 4b,d). Note that the suitable diameter (10—20 nm) of
nanofibers has been verified to not only facilitate exciton
dissociation and charge transport/collection dynamics but also
suppress recombination of charge transfer states’®”’ and
carriers effectively, thus contributing to the significantly
upgraded Jscs and FFs of 0SCs.”® This agrees well with our
device results and photodynamic analysis for PM6:Y6-based
OSCs with TT-Cl. The similar tendency of fibril diameter
growing after TT-Cl treating can be also observed in
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PM6:D18:Y6 ternary blends, 16.5 and 15.3 nm for
PM6:D18:Y6 with and without TT-Cl, respectively (Figures
$23 and S24), further demonstrating the powerful capacity of
tailoring nanoscale morphology of active layers usin§ TT-CL
The Flory—Huggins interaction parameters (y),””~"' which
could roughly indicate the miscibility of TT-Cl with other
light-harvesting components, were also estimated, being 0.90
for Y6 and 2.47 for PM6 (Figure S25 and Table S19). The
significantly decreased y for TT-Cl and Y6 suggests their much
better miscibility,"* agreeing well with the greater variation of
UV—vis spectrum for Y6 with TT-CI than that of PM6 with
TT-Cl, as discussed in Figure 1lc,d. Note that the quite high
crystallinity of TT-CI and relatively good miscibility with Y6
should be the response for the enlarged size of the nanofibers
(Figure 4b,d).

A desirable vertical phase distribution formed in a blended
film is crucially important for reaching excellent device
performances. Therefore, time-of-flight secondary ion mass
spectrometry (TOF-SIMS) was further performed based on
PM6:Y6 blends. In view of chemical structures of PM6 and Y6,
CN™ could be regarded as the indicator of Y6, whereas F~ that
existing in both PM6 and Y6 can represent the total amount of
light-harvesting components. In this way, the distribution of Y6
in the vertical direction can be roughly estimated through
comparing the intensity ratio of CN™/F~. As shown in Figure
Sa,)b, a CN7/F" ratio of 1.03 was estimated in the region near
hole-transport materials (PEDOT:PSS) for blended film with
TT-CI, slightly smaller than that of 1.12 for films without TT-
Cl. This indicates the accumulation of PM6 near anodes after
TT-Cl treating, which will facilitate charge transport and
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Figure 5. (a,b) Relative TOF-SIMS ion intensity of F, CN~ and
CN™/F" intensity ratio as a function of t/¢,,,, in PM6:Y6 BH]J films
with or without TT-Cl additive. t and ¢, are the specific and total
sputtering time, respectively. (c) EQEg, plots of PM6:Y6-based
OSCs with or without TT-Cl additive. (d) FTPS-EQEs and fitting
lines of PM6:Y6-based OSCs at absorption onset and derived
Urbach energies. (e) Schematic diagram of vertical distribution of
donor and acceptor in BHJ films with or without TT-Cl additive.
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suppress charge recombination in theory.*>** Therefore, a
smaller nonradiative recombination was achieved by PM6:Y6
blended film with TT-Cl treating, which can be indicated by its
higher EQEp values (Figures Sc, S26 and Table S20).
Furthermore, we performed Fourier transform photocurrent
spectroscopy-external quantum efficiency (FTPS-EQE) to
evaluate the Urbach energies quantificationally. A slightly
smaller Urbach energy (E,) of 23.9 meV for device with TT-Cl
has also been afforded comparing to that of 24.8 meV for
device without TT-Cl, revealing smaller energy disorders
caused by more ordered molecular packing.*>*® This is in good
accordance with our discussions on UV—vis spectra and
GIWAXS results above and should account for the suppressed
nonradiative recombination. More importantly, the PCE of
OSCs with TT-Cl could be maintained above 93% compared
to their initial PCE after 480 h at 65 °C (Figure S27), which is
much better than that of 79% for OSCs without TT-ClL
Moreover, Figure S28 shows the PCE variation of PM6:Y6-
based OSCs by tracking at the maximum power point (MPP).
OSCs without the TT-Cl additive degraded 20% of their initial
PCEs within 141 h, whereas OSCs with the TT-Cl additive still
maintained 85% of their initial PCE after 260 h and still
demonstrated a steady-state output. The great improvement of
stability should be attributed to the improved morphology and
vertical phase distribution for active layers with TT-Cl
treatment.

In general, after a systemic investigation involving light
harvesting, photovoltaic performance, and photodynamic and
morphology analysis, the carefully designed TT-Cl has been
proven as a highly effective and broad-spectrum solid additive
to improve the PCE and even stability of OSCs through
optimizing nanoscale morphology of active layers including
both preferable bundle-like nanofiber networks and vertical
phase distributions (Figure Se).

A new solid additive, 2,5-dichlorothieno[3,2-b]thiophene
(TT-Cl), has been delicately explored to regulate the nanoscale
morphology of active layers in OSCs. Benefiting from its planar
conjugated skeleton with suitable molecular size, symmetrical
geometry, and proper chlorination, TT-Cl could afford a quite
large crystallinity as a crystal seek and possess a highly strong
interaction with light-harvesting components, especially small
molecular NFAs. After treating active layers with TT-C],
significantly enhanced molecular crystalline ordering, superior
fibrillar networks, and preferable vertical phase distributions
could be realized, thus rendering the facilitated charge
generation/transport and also suppressed nonradiative recom-
bination. As a consequence, highly efficient and stable binary
and ternary OSCs based on the typical PM6:Y6 system have
been fabricated with outstanding PCEs of 18.20% and 18.95%,
respectively, both of which are among the best values thus far.
Moreover, TT-CI also exhibits a broad-spectrum capacity of
morphology optimization on various classic BHJ systems,
further affording the best PCE value of 18.72% for CH series
NFAs-based binary OSCs and verifying its great potential to be
a general pathway to reach more efficient OSCs. Our success in
developing the feasible solid additive not only has provided a
powerful tool to tune the nanoscale morphology of active
layers but also will stimulate further explorations of exotic solid
additives with the aim of breaking the current PCE bottleneck
of OSCs.
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