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% Check for updates Non-fullerene acceptors based organic solar cells represent the frontier of the

field, owing to both the materials and morphology manipulation innovations.
Non-radiative recombination loss suppression and performance boosting are
in the center of organic solar cell research. Here, we developed a non-
monotonic intermediate state manipulation strategy for state-of-the-art
organic solar cells by employing 1,3,5-trichlorobenzene as crystallization reg-
ulator, which optimizes the film crystallization process, regulates the self-
organization of bulk-heterojunction in a non-monotonic manner, i.e., first
enhancing and then relaxing the molecular aggregation. As a result, the
excessive aggregation of non-fullerene acceptors is avoided and we have
achieved efficient organic solar cells with reduced non-radiative recombination
loss. In PM6:BTP-eC9 organic solar cell, our strategy successfully offers a record
binary organic solar cell efficiency of 19.31% (18.93% certified) with very low
non-radiative recombination loss of 0.190 eV. And lower non-radiative recom-
bination loss of 0.168 eV is further achieved in PM1:BTP-eC9 organic solar cell
(19.10% efficiency), giving great promise to future organic solar cell research.

Tremendous efforts in non-fullerene acceptor (NFA) materials have
brought organic solar cells (OSCs) to a new era'>. Now, the reported
power conversion efficiency (PCE) of OSCs has exceeded 18%*™", with
18.2% certified record on NREL efficiency chart (https://www.nrel.gov/
pv/cell-efficiency.html). However, compared to perovskite counter-
parts at 25.7% PCE, there is still clear PCE gap mainly due to the high
non-radiative recombination loss in OSCs™. Therefore, a key question
is how to form high-quality organic active layer that can reduce non-
radiative recombination loss without deteriorating charge separation

and transport. In the field of OSC, the quality of active layer is related to
the distribution and molecular stacking of donor and acceptor (D:A)
bulk-heterojunction (BHJ) blend”™, which is more complicated than
that in perovskite. In our previous fullerene-based work, we demon-
strated that slowing down evaporation rate of high boiling point sol-
vent is a strategy to induce highly ordered and crystalline polymer in
the blend film™"¢. Some of the landmark fullerene acceptor OSC works
like solvent annealing, additive strategies are also tightly linked to BHJ
active layer drying and crystallization kinetics”®, but due to the
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limitation of characterization tools, little insightful detail about the
drying and crystallization kinetics of active layer has been presented so
far. Entering NFA OSC era, the morphology-modifying techniques are
commonly restricted to molecule optimization and ternary strategy,
assisted by solvent additives originally designed for fullerene-based
OSC systems, which does not fully realize the potential of NFA*>'?"2*,
Taking the benchmark additive DIO as an example, DIO can increase
the crystallinity of NFA while it has less impact on polymer donor* %,
The low volatility of DIO leads to the excessive aggregation of NFA
associated with increased non-radiative recombination loss of OSC,
which is one reason why DIO treated devices commonly suffer more
serious voltage loss than as-cast devices®*. While the recent explora-
tions on volatile solid additives have led to better device stability
comparing to the traditional solvent additives?**, little obviously
enhanced PCE over solvent additives approach has been validated.
Therefore, it is imperative to develop new morphology-regulating
techniques that can optimize the self-organization of D:A and reduce
non-radiative recombination simultaneously. Here, by employing 1,3,5-
trichlorobenzene (TCB) as crystallization regulator’**?, we report a
non-monotonic intermediate state manipulation (ISM) strategy to
maneuver the self-organization process of D:A blend. TCB can interact
with both polymer donor and NFA, thereby improving their crystal-
linity and contributing to more efficient and balanced charge transport
process. At the same time, the volatility of TCB is excellent, and it can
be removed during spin-coating process. Finally, the OSC morphology
of D:A molecules experienced a two-step manipulation process—the
first enhancement and then relaxation of molecular aggregation.
Assisted by the delicate intermediate states transition, active layer with
more suitable molecular aggregation is achieved, facilitating higher
EQEg,, eventually leading to a record PCE of 19.31% (18.93% certified) in
binary OSC with reduced Ejyss, of 0.190eV. And lower Ejygsp, Of
0.168 eV is further achieved in high efficiency PM1:BTP-eC9 OSC (with

19.10% PCE). With the combined high device efficiency, reduced non-
radiative recombination, excellent generality, and superior stability,
the ISM strategy provides a new promising route towards OSC tech-
nology future.

Results

Interaction between TCB and active materials

The chemical structures of PM6, TCB, and Y6 are presented in
Fig. 1a-c. We first conducted differential scanning calorimetry (DSC)
test, formerly used to identify eutectic phase in OSC®, As illustrated in
Fig. 1d-f, on the one hand, for PM6, Y6, and PM6:Y6 samples, no peak is
observed in the cooling direction in a temperature range of 90-10°C,
illustrating no endothermic or exothermic behavior in these samples.
On the other hand, neat TCB shows an obvious exothermic peak at
53°C, which is related to the solidification temperature of TCB during
the cooling process. The most interesting thermal behavior occurs in
samples of TCB:PM6, TCB:Y6, and TCB:PM6:Y6. Take TCB:PM6 as an
example, except the exothermic peak (at around 53°C) that attributed
to the solidification process of TCB, we can observe another exother-
mic peak at lower temperature. As the neat PM6 sample does not show
any peak during the cooling process, we ascribe this unexpected peak
to the formation of a new phase in TCB:PM6 complex—to be specific,
TCB can interact with PM6 and form a new phase. The similar phe-
nomenon is again observed in TCB:Y6 and TCB:PM6:Y6 complexes,
revealing that TCB can simultaneously interact with both donor and
acceptor materials. To further elucidate the underlying mechanism at
molecular level, we performed density functional theory (DFT) simu-
lation (Supplementary Fig. 1). According to the computational result,
in TCB molecule, the hydrogen (H) atoms show the maximum positive
electrostatic potential (ESP) value. While oxygen (O) atoms in carbonyl
groups (-CO) and nitrogen (N) atoms in cyano groups (-CN) show the
minimum negative ESP value in PM6 molecule and Y6 molecule,
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Fig. 1| Chemical structures and thermal behaviors between TCB and active
materials. Chemical structures of PM6 (a), TCB (b), and Y6 (c). d DSC thermograms
(cooling process) of PM6, PM6:TCB, and TCB. e DSC thermograms (cooling
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process) of Y6, Y6:TCB, and TCB. f DSC thermograms (cooling process) of PM6:Y6,
PM6:Y6:TCB, and TCB. Here exo. is the abbreviation of exothermic.
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Fig. 2 | Device performance of OSCs with DIO and TCB processing. a Device structure used in this work. b /-V curves for PMé: Y6-based OSCs with benchmark solvent
additive DIO and with TCB. ¢ EQE spectra for PM6:Y6-based OSCs with DIO and with TCB. d PCE histograms of PM6:Y6-based OSCs with DIO and with TCB. e EQEg, of
PM6:Y6 devices with different treatments at various injected current densities. f Detailed energy loss in the DIO processed and TCB processed PM6:Y6 devices. Source data

are provided as a Source Data file.

Table 1 | Detailed photovoltaic performances of PM6:Y6-based devices processed with different treatments

Additive Voc (V) Jsc (mAcm™) Jsc® (mAcm?) FF (%) PCE? (%)
DIO 0.829 26.60 26.06 76.36 16.83 (16.61+0.10)
TCB 0.852 27.02 26.31 78.43 18.06 (17.86 + 0.09)

2The average PCEs with standard deviation were calculated from 33 devices in each case.
“|ntegrated Jsc values from EQE measurements.

respectively. This indicates the interaction between TCB and light
absorbing materials originates from hydrogen bonds, i.e. -CO...H- and
-CN...H-. In our recent work, we found eutectic phase behavior
between the additive and acceptor (happened at the heating process)
can be used as the driving force for nanomorphology optimization of
absorbing layer®, In this work, no extra peak can be observed, except
the melting peak of TCB in heating process (Supplementary Fig. 2).
However very interestingly, in the cooling process, all three (PM6, Y6,
D:A blend) mixtures with TCB exhibited new phases, which has never
been reported in OSCs before. In principle, the crystallization-related
physical processes are potentially effective in influencing OSC active
layer film formation/crystallization kinetics, thereby influencing device
performance. Therefore, we examined whether the interaction
between TCB and active materials could have a positive impact on
device performance.

The impact of TCB on device performance

We fabricated OSCs with sandwich structure of indium tin oxide
(ITO) / poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate)
(PEDOT:PSS)/PM6:Y6/poly[(9,9-bis(3’-((N,N-dimethyl)-N-ethyl
ammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]
dibromide (PFN-Br) / Ag (Fig. 2a). The current density-voltage
(J-V) curves of optimal OSCs treated with TCB and the current
OSC field benchmark solvent additive 1,8-diiodooctane (DIO) are
plotted in Fig. 2b, and the corresponding photovoltaic para-
meters are summarized in Table 1. Compared to the device
without additive treatment with 16.16% PCE (Supplementary

Table 1), the DIO treated devices show a champion PCE of 16.83%,
with a Voc of 0.829V, a Jsc of 26.60 mA/cm? and a FF of 76.39%.
Excitingly, for the TCB-treated devices, the Voc of champion
device increases to 0.852V, and the other two parameters also
get improvements—/sc and FF increase to 27.02mA/cm? and
78.43%, respectively, thereby leading to a PCE of 18.06%. It is
worth mentioning that 18.06% is among the highest efficiency for
PM6:Y6-based binary system so far. To verify the Jsc from J-V test,
we conducted external quantum efficiency (EQE) measurements
(Fig. 2¢). The integrated Js¢ values are 26.06 and 26.31 mA/cm? for
the DIO and TCB-treated devices, respectively, which are in good
agreement with the results form J-V test.

Physical properties of devices with different treatments

To understand the much higher efficiency improvement in the TCB-
treated device from a physical point of view, we then analyzed the
charge transport and recombination processes. The charge carrier
transport properties were investigated by space charge limited cur-
rent (SCLC) method. As shown in Supplementary Fig. 3 and Supple-
mentary Table 3, TCB treatment contributes to similar electron
(3.5x10™* cm?/Vs in DIO device versus 3.6 x10™* ¢cm?/Vs in the TCB
processed device) and slightly faster hole (2.5x10™*cm?/Vs in DIO
device versus 3.0 x 10 cm?/Vs in the TCB processed device) mobility,
which should ascribe to the more ordered molecular stacking in the
TCB processed film (will be discussed later). Transient photovoltage
(TPV) measurement was performed to explore the charge recombi-
nation dynamics. As shown in Supplementary Fig. 4, device with TCB
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Table 2 | Detailed E;.ss parameters of PM6:Y6 systems made with different treatments

Active layer Voc® (V) Ejoss (€V) Eg (eV) AE; (eV) AE; (eV) EQEg, (%) AE;3 (eV) AE5* (eV)
PM6:Y6-DIO 0.833 0.558 1.391 0.261 0.064 1.7%x1072 0.224 0.233
PM6:Y6-TCB 0.858 0.538 1.396 0.262 0.062 3.4x1072 0.206 0.214

Device area is ~11 mm?, no mask applied.
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Fig. 3 | Morphology—Surface topography and molecular stacking. AFM height
images of Y6 films (a, e) and PM6:Y6 films (b, f) with DIO and TCB treatment. 2D
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are provided as a Source Data file.

treatment exhibits a longer decay time (= 1.82 ps) than that of the DIO
one (r=1.39 ps), which indicates that TCB treatment is a more effec-
tive way to suppress charge carrier recombination. The free charge
carrier recombination mechanism was further studied by the depen-
dence of V¢ on light intensity (Supplementary Fig. 5).

The power n of the TCB-treated device is 1.02, lower than that of
the DIO device (n =1.09), underlining the DIO device suffers from more
serious trap-assisted recombination and this should ascribe to the
residual DIO in active layer**~. Because the vapor pressure of TCB
(77 Pa at 25 °C) is much higher than that of DIO (0.03 Pa at 25 °C)*"*’,
TCB shows much more excellent volatility than DIO (Supplementary
Fig. 6). And TCB can be removed during spin-coating process (Sup-
plementary Fig. 7 and 8), therefore TCB-treated device suffers from
less trap-assistant recombination. The combination of higher charge
mobility, more balanced charge transport, and less recombination
restricts charge carrier accumulation, thereby contributing to the
enhanced Jsc and FF in the TCB-treated device*.

As DIO is the most widely used benchmark additive in pursing
modern high-efficiency OSCs so far, the obviously higher Vo via TCB
processing is of upmost interest for OSC society. To obtain more
insights, we quantitatively analyzed the V¢ loss (also known as energy
loss (Ejss)) in devices processed with different treatments. The Ej in
solar cells can normally be divided into three parts, named AE;, AE; and
AE;. AF; and AE, are related to radiative recombination above and below
the bandgap, respectively**’. AE; is non-radiative recombination loss,
also known as Ejss,- The calculation procedure is presented in Meth-
ods section (‘The calculation procedure of £, part and Supplementary
Fig. 9), and detailed E, parameters are summarized in Table 2 and
Figs. 2e, f. The bandgaps of the DIO processed and TCB processed OSCs
are 1.391 eV and 1.396 eV, respectively, corresponding to AE; values of

0.261 eV and 0.262 eV, respectively. As for AE,, the DIO processed and
TCB processed OSCs show similar values, around 0.06 eV, illustrating
the nearly same charge transfer states in these two OSCs. The first
method used to calculate A4E; is from J-V characteristics
AE =E, — qVoc — AE| — AE;). Here, the AE; values of the DIO pro-
cessed and TCB processed OSCs are 0.233 eV and 0.214 eV, respectively,
meaning the more serious £, in the DIO processed OSC is from non-
radiative recombination loss.

In principle, AE; can also be equivalently calculated
from electroluminescence quantum efficiency (EQEg, AE;=
E\ossnon—rad = —%TlnEQEEL) according to reciprocal principle—the
stronger EQEg, the lower AE;*. As presented in Table 2 and Fig. 2e, the
TCB based device shows EQEg of 3.4 x10™ (corresponds to AE; of
0.206 eV), while the DIO processed device shows weaker EQEg of
1.7x10™ (corresponds to AE; of 0.224 eV), again verifying the DIO
processed OSC suffers more serious non-radiative recombination loss.

The nanostructure and crystalline ordering of D:A blends

As device performance is directly linked to the nanostructure and
crystalline ordering of D:A blend. We investigated the DIO and TCB-
treated blends by tapping mode atomic force microscopy (AFM) and
grazing incidence wide-angle X-ray scattering (GIWAXS). As seen in
Fig. 3a, e, DIO processed Y6 films show obvious molecular aggregation,
with higher root-mean-square roughness (Rq) and more hole-like
“craters”. In comparison, as the volatility of TCB is much more excel-
lent, TCB is removed during spin-coating process, so the excessive
molecular aggregation did not occur in TCB processed Y6 film.
Although both DIO (Fig. 3b) and TCB (Fig. 3f) processed blend films
show similar Rq of around 1 nm, the DIO processed film shows exces-
sive molecular aggregation with more hole-like “craters”, which is
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consistent with the fact that the DIO device suffers more serious non-
radiative recombination loss. Two-dimensional (2D) GIWAXS diffrac-
tion patterns are presented in Fig. 3¢, g, and the relevant one-
dimensional (1D) line cuts in out-of-plane (OOP) and in-plane (IP)
directions are depicted in Fig. 3d. No matter with DIO or TCB pro-
cessing, the blend film shows two prominent diffraction peaks, one is
at around 1.8A™ due to m-m stacking in OOP direction. Since
PM6 shows much weaker diffraction at g =1.8 A in OOP direction than
Y6 (Supplementary Fig. 10), the face-on m-1t diffractions observed in
blend films is more likely to stem from the m-1t stacking of Y6. Another
peak is at around 0.3A™ due to lamellar stacking in IP direction,
reflecting preferred face-on orientations in both blends®”. Detailed
peak information is summarized in Fig. 3h and Supplementary Table 4.
As we can see, the TCB processed film shows larger lamellar and -1t
peak areas, reflecting TCB processing contributes to higher crystal-
linity in active blend, which is beneficial to charge transport process’**.
Besides, TCB can simultaneously improve the crystallinity of both
polymer donor and NFA (Supplementary Fig. 10 and Supplementary
Table 5), while DIO has more impact on NFA than polymer, explaining
why TCB based device shows higher hole mobility.

Non-monotonic intermediate state transition induced by TCB
during film formation

To understand the working mechanisms behind these devices, we
investigated the drying and crystallization dynamics of active blends
by in situ GIWAXS and in situ time-resolved UV-vis reflectance spec-
troscopy measurements to monitor the spin-coating process in real
time. The in situ GIWAXS measurement conducted at beamline 12.3.2,
the Advanced Light Source, Lawrence Berkeley National Laboratory
(LBNL), supports the fastest exposure of 1 frame/s, which however did
not give a diffraction signal (Supplementary Fig. 11a). Although we
further set an exposure time of 3s (Supplementary Fig. 11b-f), the
organic film still cannot show obvious diffraction due to the lower

crystallinity of organic molecules, unlike high crystalline inorganic
material or perovskite. Extending the exposure time to dozens of
seconds may help to get clear diffraction images, but as seen from the
in situ UV-vis result (as we discussed later), the transition state only
lasts for about 10 s. Therefore, the in situ GIWAXS setup we have access
to cannot help to understand the phenomenon. Fortunately, the in situ
UV-vis characterizations with resolution about 0.4s gave us much
useful information. The color mappings of normalized UV-vis reflec-
tion spectra as a function of spin-coating time for samples with DIO
and TCB are presented in Fig. 4a, b, respectively. Time-resolved
reflectance intensity at 600 nm (corresponds to PM6) and 750 nm
(corresponds to Y6) during spin-coating process are extracted and
plotted in Fig. 4c, f, respectively. As we can see, the reflectance of the
DIO sample gets saturated very quickly (within 0.73 s), corresponding
to the removal of host solvent, chloroform. However, the TCB sample
takes more time (over 10 s) to make the reflectance of sample steady,
which illustrates the self-organization process of D:A is more compli-
cated and lasts much longer. For a more direct comparison, the evo-
lution of normalized absorption spectra at representative time points
for DIO and TCB samples are extracted in Fig. 4d, e, respectively.
Unlike the DIO sample, the TCB sample shows an interesting non-
monotonic intermediate state transition. Starting from liquid film at
0's, the 0.73 s curves show the largest redshift in both the DIO and TCB-
treated samples, corresponding to the enhanced molecular stacking
caused by the transition from solution state to solid state and the
interactions between additives and active materials. However, while
the DIO film’s spectra keep the same after 0.73s, the TCB-treated
sample shows a continuous edge blueshift until becomes saturated at
around 10 s after the starting of spin-coating. This observation of first
redshift then blueshift during the spin-coating film formation can also
be visualized in pseudo-colored Fig. 4b, implying the molecular
aggregation in TCB sample experienced a two-step process of first
enhancing and then relaxing?®*>*,
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600 nm (c) and 750 nm (f) as a function of spin-coating time for PM6:Y6 blends with

Wavelength (nm)

Spin-coating time (s)

DIO and with TCB. Normalized absorption spectra (here we defined the absorption
of sample as the difference between the reflectance of background and the
reflectance of sample) at representative time points for PM6:Y6 blends with DIO (d)
and with TCB (e). Source data are provided as a Source Data file.
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Fig. 5 | A schematic diagram illustrating working mechanisms induced by different treatments. a DIO treatment. b TCB treatment.

Based on the results from DFT simulation, TGA, in situ micro-
scopy, FTIR, DSC GIWAXS, in situ UV-vis spectroscopy measurements
and £y, analysis, the Fig. 5 schematic diagram illustrates the working
mechanism induced by TCB. Starting from precursor solution drop-
ping at Os, the solvent CF is already removed at -0.7 s; at the same
time, the wet film is converted into dry film and the interaction
between additive and active materials occurs. For DIO, it can interact
with NFA molecule and increase the crystallinity of NFA, thereby
improving device performance**%, But the low volatility of DIO tends
to induce the excessive aggregation of NFA molecules, leading to
increased non-radiative recombination®®. Besides, the residual DIO is
harmful to charge transport process and device stability, especially
under illumination®**%,

For TCB, it can simultaneously interact with both polymer and
small molecule by hydrogen bond, thereby facilitating not only the
donor polymer and small molecule NFA self-organization, but also the
interpenetrating network structure. Because the volatility of TCB is
excellent, it is removed during spin-coating (after the CF removal), and
the interaction between TCB and active materials is released at the
same time. The non-monotonic intermediate state transition then
occurs, with the relaxation of molecular aggregation. This scenario
explains the unique first redshift and then blueshift stages (in situ UV-
vis characterization) observed in TCB case. Eventually, the TCB pro-
cessing achieves film with more ordered molecular stacking, facilitat-
ing faster and more balanced charge transport. Besides, after the
delicate non-monotonic intermediate state transition, the TCB-treated
film exhibits more suitable molecular aggregation than the DIO-
treated film, which agrees with the fact that the TCB-treated device has
less non-radiative recombination than the DIO case.

Versatility of TCB-ISM strategy

As shown in Fig. 6, Table 3 and Supplementary Fig. 12, TCB-ISM strat-
egy’s versatility was demonstrated in five more OSC systems, including
all-small-molecule system (BTR-CL:Y6)*°, and polymer:NFA systems
(PBDB-T:TIC, PBDB-T-2CLIT-4F, PMIL:BTP-eC9 and PMé6: BTP-
eC9)*°%2, The same tendency as in PM6:Y6-based systems was
observed: TCB processed devices show clearly improved photovoltaic
performance than the benchmark DIO processed devices. Here we take
the two over 19% systems as examples. The film formation processes of
these two more efficient blends with DIO and TCB were investigated by
in situ UV-vis characterizations, Supplementary Fig. 13 and 14 sum-
marize the in situ UV-vis results of PM1:BTP-eC9 and PM6:BTP-eC9
blends, respectively. Like what we observed in the PM6:Y6 case, the
TCB based blends show a two-step film formation process—the first
enhancement and then relaxation of molecular aggregation while

the DIO based blends do not, verifying TCB can also induce the
non-monotonic intermediate state transition in PM6:BTP-eC9 and
PMI1:BTP-eC9 blends. As a result, in PML:BTP-eC9 systems, device
efficiency increased from 17.86% by DIO processing to 19.10% by TCB
processing. In PM6:BTP-eC9 systems, while the DIO device also shows
an already high PCE of 17.98%, more excitingly, the TCB-ISM device
offers a clearly higher PCE of 19.31%. The TCB-ISM cell was sent to an
ISO/IEC 17025:2017 accredited Calibration Lab—Enli Tech Optoelec-
tronic Calibration Lab for certification, which exhibited an efficiency of
18.93% (Supplementary Fig. 15). To the best of our knowledge, 19.31%
(18.93% certified) is the highest efficiency for binary OSCs so far.

We quantitatively analyzed the Ejg in these two more efficient
OSC systems (Fig. 6c-e and Supplementary Fig. 16) and detailed £,
parameters were summarized in Table 4. In the PM1:BTP-eC9 system,
the bandgaps of the DIO based and TCB based OSCs are 1.384 eV and
1.394 eV, respectively, corresponding to AE; values of 0.259eV and
0.262 eV, respectively. As for AE,, OSCs based on DIO and TCB show
similar values, around 0.07eV. As mentioned before, there are
two methods to calculate AE;. One is from J-V characteristics
BES" =Ey —qVoc — AE, — AE,). Here, the AE; of the TCB based
device is 0.168 eV, the lowest reported so far in efficient (PCE& 16%)
OSCs, to the best of our knowledge. Another one is from EQEg
(AE3=E oss non—raa = — “LINEQE, ). The DIO based OSC shows excel-
lent high EQEg, of 7.2 x10™, corresponding to a AE; of 0.187 eV. The
TCB-ISM strategy gives even more superior result, with EQEg of
1.1x103—the record in efficient OSCs (PCE4 16%) reported so far,
corresponding to a AE; of 0.175 eV. To the best of our knowledge, both
0.168eV (by J-V) and 0.175eV (by EQEg) are the lowest non-
recombination energy loss in high efficiency OSCs (Fig. 6f and Sup-
plementary Table 6, with reported PCE >16%).

In the more efficient PM6:BTP-eC9 system, we observed a similar
Ejoss tendency, which again verifying the effectiveness of ISM proces-
sing in suppressing non-radiative recombination loss. OSC based on
PM6:BTP-eC9 with TCB-ISM processing shows a slightly higher AE; of
0.19 eV, next only to that of PM1-based OSC here (Fig. 6f and Supple-
mentary Table 6) so far. In addition to suppressing non-radiative
recombination loss, ISM strategy also improves the device stability.
Figure 6g shows the operational stability of PM6:BTP-eC9-based OSCs
by maximum power point (MPP) tracking method. The DIO-treated
device shows a stronger initial drop in PCE, suffering 17% efficiency
decay within the first 75h, while the efficiency of the TCB-treated
device is only reduced by 7% within the same 75 h. After 1000-hour
simulated 1-sun illumination stress test at MPP, the TCB-treated device
shows very encouraging result, maintaining 78% of initial efficiency,
versus 69% in the DIO case. It is worth noting the Tg, lifetime (the time
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Fig. 6 | The generality of TCB and the analysis of Vo loss as well as light
stability. a /-V curves for the DIO processed and TCB processed OSCs based on
PMIL:BTP-eC9. b J-V curves for the DIO processed and TCB processed OSCs based
on PM6:BTP-eC9. ¢ EQEg, of OSCs at various injected current densities. d Detailed
energy loss in the DIO-processed and TCB-processed OSCs based on PM1:BTP-eC9.
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e Detailed Voc loss in the DIO processed and TCB processed OSCs based on
PM6:BTP-eC9. f Comparison of PCE versus AE; in reported OSCs with over 18%
efficiency. g Light stability tests for PM6:BTP-eC9 based OSCs with different
treatments, all OSCs were encapsulated and stored under continuous illumination
equivalent to 1 sun in air. Source data are provided as a Source Data file.

in which device efficiency drop to 80% of initial value) of the TCB-
treated device is 660 h, much higher than that of the DIO-treated one
(169 h). It is also encouraging that it took 340 more hours stress test
(from 660 to 1000 h) for the TCB device PCE to drop from 80% to 78%
of its initial value. We believe the enhanced light stability is related to
(a) TCB-induced uniform molecular aggregation for inhibiting the
formation of isolated NFA aggregates as morphological traps®**,
(b) the higher crystallinity in the TCB-treated blend for delaying the
morphology evolution under light illumination®>*, and (c) the excel-
lent volatility of TCB for no residue left in the blend film.

Discussion

In summary, we developed a non-monotonic intermediated state
transition strategy to manipulate the BH) OSC morphology—simulta-
neously optimize crystallization dynamics and energy loss of non-
fullerene OSCs. Unlike the excessive molecular aggregation in films
based on traditional solvent additive, the ISM strategy assists the for-
mation of more ordered molecular stacking and suitable molecular

aggregation. As a result, we achieved obvious efficiency enhancement
with reduced non-radiative recombination loss. In high-performance
PM6:BTP-eC9 and PM1:BTP-eC9 binary OSC systems, the ISM strategy
contributes to a record efficiency of 19.31%, and very low Ejyspr Of
0.168 eV, respectively. The success of the ISM strategy paves a new
avenue to further unleash the potential of emerging non-fullerene
materials.

Methods

Materials

All materials are provided by commercial suppliers: PEDOT:PSS (Clevios
P VP Al. 4083 (Heraeus)), PM6 (Solarmer Energy Inc.), PBDB-T (Solarmer
Energy Inc.), PBDB-T-2Cl (Solarmer Energy Inc.), BTR-Cl (Solarmer
Energy Inc.), PM1 (Solarmer Energy Inc.), Y6 (Solarmer Energy Inc.),
ITIC (Solarmer Energy Inc.), IT-4F (Solarmer Energy Inc.), BTP-eC9
(Solarmer Energy Inc.), DIO (Tokyo Chemical Industry Co., Ltd.), TCB
(Tokyo Chemical Industry Co., Ltd.), PFN-Br (Solarmer Energy Inc.),
Chloroform (Sigma-Aldrich, Ltd.), methanol (Sigma-Aldrich, Ltd.) and
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Table 3 | Summary of photovoltaic operating parameters for 5 OSC systems made with different additives

Condition Voc (V) Jsc (mAcm™) FF (%) PCE? (%)
BTR-CL:Y6, DIO 0.822 23.75 71.99 14.05 (13.82+0.16)
BTR-CL:Y6, TCB 0.838 23.98 747 15.01 (14.81£0.14)
PBDB-T:ITIC, DIO 0.866 17.43 71.81 11.06 (10.81+0.13)
PBDB-T:ITIC, TCB 0.887 17.65 74.37 11.84 (11.62+0.12)
PBDB-T-2CL:IT-4F, DIO 0.860 21.75 76.06 14.23 (13.95+ 0.16)
PBDB-T-2CL:IT-4F, TCB 0.880 21.95 77.28 14.93 (14.72 £ 0.13)
PM1:BTP-eC9, DIO 0.866 26.82 76.91 17.86 (17.51+ 0.21)
PM1:BTP-eC9, TCB 0.887 27.29 78.90 19.10 (18.85 £ 0.18)
PM6:BTP-eC9, DIO 0.836 27.48 78.26 17.98 (17.65+£ 0.21)
PM6:BTP-eC9, TCB 0.861 27.88 80.39 19.31(19.03+0.19)
PM6:BTP-eC9, TCB 0.859 27.86 79.16 18.93°

“The average PCEs with standard deviation calculated from 20 devices. All devices were tested with a metal mask applied.

5The certified photovoltaic parameters from Enli Tech Optoelectronic Calibration Lab, Accreditation Criteria: ISO/IEC 17025:2017.

Table 4 | Detailed E;.ss parameters of two efficient OSC systems made with different additives

Active layer Voc© (V) Eioss (€V) Eg (eV) AE, (eV) AE, (eV) EQEg, (%) AE; (eV) AE; (eV)
PM1:BTP-eC9” 0.872 0.512 1.384 0.259 0.074 7.2x107? 0.187 0.179
PM1:BTP-eC9° 0.898 0.496 1.394 0.262 0.066 1.1%x10™ 0.175 0.168
PM6:BTP-ec9? 0.845 0.549 1.394 0.262 0.075 3.8x107 0.204 0.212
PM6:BTP-eCQ° 0.873 0.521 1.394 0.262 0.069 5.7x107 0.192 0.190

Devices made with DIO.
®Devices made with TCB.
°Device area were tested without metal mask applied.

IPA (Sigma-Aldrich, Ltd.). And all reagents and solvents are used directly
without further purification.

Device fabrication and testing

At first, the ITO-coated glass substrates were cleaned sequentially with
detergent, de-ionized water, acetone, and isopropyl alcohol (IPA) for
15 min under sonication. Then they were dried in nitrogen flow and
treated with UV ozone for 30 min. The PM6:Y6, BTR-Cl:Y6, PM1:BTP-
eC9, PM6:BTP-eC9 OSCs were fabricated with a conventional structure
of ITO/PEDOT:PSS/active layer/PFN-Br or Phen-NaDPO/Ag. In these
systems, ~50 pL PEDOT:PSS was firstly dripped on ITO substrates and
spin-coated at 6000 rpm for 20 s, followed by thermal annealing on a
hot plate at 120 °C for 20 min to remove the water in PEDOT:PSS film.
Then, the substrates were transferred into a glovebox filled with
nitrogen (0,<10 ppm; H,0 <10 ppm). The total concentrations of
polymer:NFA (PN) and all-small-molecule (ASM) systems are 17 mg/mL
(D:A=1:1.2), and 16 mg/mL (D:A=1.7:1), respectively, with chloroform
as solvent. The concentrations of DIO are 0.75 % (v/v) in PM1:BTP-
eC9 system and 0.5 % (v/v) in other systems. The concentration of TCB
is 10 mg/mL in all OSC systems. The thickness of the active layer was
controlled at around 110 nm, then the PN and ASM active layers
experienced a process of thermal annealing at 100 °C for 5 min and at
110°C for 10 min, respectively. The next stage is to coat electron
transport material, ~5 nm PFN-Br, and 5 nm Phen-NaDPO were coated
on the top of PN active layers and ASM active layers, respectively.
Finally, these semi-finished cells were transferred into a thermal eva-
poration chamber with a base pressure of -2 x 10™*Pa, where 100-nm
Ag were deposited through a shadow mask with an active area of
11 mm? The PBDBT:ITIC and PBDB-T-2CLIT-4F OSCs were fabricated
with an inverted structure of ITO/ZnO/active layer/MoO5/Ag. In
these systems, -L ZnO precursor solution was firstly dripped on
ITO substrates and spin-coated at 3000 rpm for 30s, followed
by thermal annealing on a hot plate at 200 °C for 30 min. Then, the
substrates were transferred into a glovebox filled with nitrogen
(0,<10 ppm; H,0<10 ppm). The total concentrations of these
two systems are 22 mg/mL (D:A =1:1.2), with chlorobenzene as solvent.

The concentration of DIO is 1% (v/v) and the concentration of TCB is
15 mg/mL. The thickness of the active layer was controlled at around
110 nm, then the active layers experienced a process of thermal
annealing at 100 °C for 5 min. Finally, these semi-finished cells were
transferred into a thermal evaporation chamber with a base pressure
of -2 x10™* Pa, where 8 nm MoOs and 100 nm Ag were deposited. All
devices were tested with a metal mask whose area is ~-6.1 mm”. The
current density-voltage (/-V) curves of OSCs were tested by a Keithley
2400 source meter and an AAA grade solar simulator (SS-F7-3A, Enli
Tech. Co., Ltd., Taiwan) along with AM 1.5 G spectra whose intensity
was corrected by a standard silicon solar cell at 1000 W/m? The J-V
curves are measured in the forward direction from -0.2 to 1.2V. The
external quantum efficiency (EQE) was measured by a certified inci-
dent photon to electron conversion (IPCE) equipment (QE-R) from Enli
Technology Co., Ltd.

DSC and TGA

The thermogravimetric analysis (TGA) was carried out on a Mettler
Toledo TGA/DSC 1 thermogravimetric analyzer with a thermal balance
under the protection of nitrogen. Differential scanning calorimetry
(DSC) test was carried out on Thermal Analysis System DSC 3 (Mettler
Toledo), and the data we used is from the second scan because the
first-scan data may be influenced by other factors like residual solvents
and the thermal history of the polymer.

SCLC mobility measurements

Electron-only devices with the structure of ITO/ZnO/PFN-Br/active
layer/PFN-Br/Ag and hole-only devices with the structure of ITO/
Mo0Os/active layer/ MoO3/Ag are used to conduct SCLC measurements.
The mobilities were determined by fitting the dark-field current
density-voltage curves using the Mott-Gurney relationship, which is
described in the following equation,

9 V2
JV)= g€otrHo rg @

Nature Communications | (2023)14:1760



Article

https://doi.org/10.1038/s41467-023-37526-5

where J is the current density, &, is the permittivity of free space, ¢, is
the relative permittivity of the material, i, is the zero-field mobility, V
is the effective voltage and L is the thickness of the active layer. From
the plot of /2 versus V, the hole and electron mobilities can be
deduced.

AFM and GIWAXS

The atomic force microscopic (AFM) images were acquired using a
Bruker Dimension EDGE in tapping mode. GIWAXS measurements
were carried out with a Xeuss 2.0 SAXS/WAXS laboratory beamline
using a Cu X-ray source (8.05 keV, 1.54 A) and Pilatus3R 300 K detector.
The incidence angle is 0.2°.

TPV measurements

TPV is tested under the open-circuit and 1 sun intensity background
light condition to explore the photovoltage decay. The subsequent
voltage decay is then recorded by the digital storage oscilloscope to
directly monitor charge carrier recombination. The intensity of light is
230 pW/cm? and the wavelength of light is 520 nm. The light pulse is
10 ns. The normalized curves are easier to compare the decay time and
the slower decline one is the one with a longer lifetime. The photo-
voltage decay kinetics of all devices follow a mono-exponential decay:
6V = Aexp(-t/1) where t is the time, and 7 is the decay time. The fitted
decay time would not be affected by the A value, thus the TPV curves
are normalized.

Highly sensitive EQE and EQEg; measurements

Highly sensitive EQE was measured using an integrated system (PECT-
600, Enlitech), where the photocurrent was amplified and modulated
by a lock-in instrument. EQE;; measurements were performed by
applying external voltage/current sources through the devices (ELCT-
3010, Enlitech).

The calculation processes of Ej,g
The equations used for Ej,gs calculation are described as follow:

1. Radiative recombination above the bandgap (4£;)

AE,=E, — qV2 )

VSQ kTIn Jsc+1 l qfoEQEPV(E)@AMls(E)dE +1
q q CIfE & pp(E)AE

O
3)
_2m ., 3
@BB(E)_WE e €]
2. Radiative recombination below the bandgap (4E>)
AEZ = E[oss,rad = qVS quad (5)

viad - an(jsc +1> ql <qfo EQEpy(E) D apns(E)AE 1)

ned q/z O pp(E)E
(6)
3. Non-radiative recombination loss (4E3)
kT
AE3 Eloss non—-rad = — FlnEQEEL (7)
AES"=E, — qVoc — AE, — AF, 8)

where E,, Ve&, k, T, q, &g, and VE2 are energy bandgap, Shockley-
Quelsser (SQ) open-circuit voltage limit, the Boltzmann constant, the

temperature, the elementary charge, the black body spectrum and
radiative recombination open-circuit voltage limit.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are presented in
Supplementary Information. And the source data underlying Figs. 2b,
3h, 4¢, f, 6a, b, g, and Supplementary Figs. 3, 5, 12, as well as Tables 1, 3
and Supplementary Tables 1and 2 are provided in Source Date file with
this paper or available from the corresponding author on
request. Source data are provided with this paper.
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