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High-efficiency small-molecule ternary solar
cells with a hierarchical morphology enabled by
synergizing fullerene and non-fullerene acceptors

Zichun Zhou'25, Shengjie Xu'®, Jingnan Song?, Yingzhi Jin%, Qihui Yue'?, Yuhao Qian?, Feng Liu®3*,
Fengling Zhang ®#* and Xiaozhang Zhu®'2*

Using combinatory photoactive blends is a promising approach to achieve high power conversion efficiency in ternary organic
photovoltaics. However, the fundamental challenge of how to manipulate the morphology of multiple components and corre-
late structure details via device performance has not been well addressed. Achieving an ideal morphology that simultaneously
enhances charge generation and transport and reduces voltage loss is an imperative avenue to improve device efficiency. Here,
we achieve a high power conversion efficiency of 13.20 + 0.25% for ternary solar cells by using a combination of small mole-
cules with both fullerene and non-fullerene acceptors, which form a hierarchical morphology consisting of a PCBM transporting
highway and an intricate non-fullerene phase-separated pathway network. Carrier generation and transport find an optimized
balance, and voltage loss is simultaneously reduced. Such a morphology fully utilizes the individual advantages of both fuller-

ene and non-fullerene acceptors, demonstrating their indispensability in organic photovoltaics.

absorption spectrum has been recognized as an efficient

approach to realize high power conversion efficiency (PCE)
in ternary organic photovoltaics (TOPVs)'~*. TOPV performance
strongly relies on materials combinations that can form matched
electronic structure and proper blend morphology for charge gener-
ation and transport. In spite of a few recent successful examples* ',
the fundamental challenge of how to manipulate the morphology of
multi-component blends, guided by balancing complicated dynam-
ics and kinetics, to meet the need of extracting the maximum pho-
ton current and voltage and reduce the loss channels of different
origins is far from being fulfilled. Achieving an ideal morphology
that can maximize charge generation and extraction using suit-
able materials and treatments is an inevitable avenue for improving
device efficiency. To this end, combining fullerene and non-fuller-
ene acceptors (NFAs) can be advantageous as phenyl-Cy, ,,-butyric
acid methyl ester (PCBM) derivatives'"'? are good electron trans-
port media, while NFAs'*"'* have good light absorption and highly
tunable energy-level alignment. In addition, energy losses'™"’
(defined as E,, _ E;* — gV, (where E*' is the optical bandgap, V, is
the open-circuit voltage and g is elementary charge) are low in non-
fullerene organic photovoltaics (OPVs) due to a small driving force
during charge separation®. We are particularly interested in small-
molecule OPVs?'~** due to their mature synthesis and purification®.
We have recently developed a series of low-bandgap NFAs**~** that
can extend light absorption to the near-infrared (NIR) region based
on the quinoid-resonance effect of thieno[3,4-b]thiophene**. To
match with low-bandgap NFAs, high-bandgap molecular donors are
targeted. A finite phase-separated morphology between donor and
NFA can be used to secure large current generation; modified C70

Employing multiple light-absorbing materials to broaden the

fullerene (PC,,BM) is introduced as a phase mediator and trans-
port channel to guarantee good electron transport. Under this pre-
scribed morphology, elevated device performance can be expected.

Here we use a high-bandgap and high-crystallinity molecular
donor (BTR, benzodithiophene terthiophene rhodanine)’’, a low-
bandgap and moderate-crystallinity molecular acceptor (NITI)*
and PC,BM to form a favourable cascade-energy-level alignment
to develop high-performance ternary solar cells. A hierarchi-
cal morphology composed of PC,,BM transporting highways and
intricate non-fullerene phase-separated small pathways is obtained,
where carrier generation and transport achieve an optimal balance.
Such a morphology fully utilizes the individual advantages of both
non-fullerene and fullerene acceptors, which demonstrates their
necessity in OPVs. A V,_ of 0.94+0.01V, short-circuit current (J,.)
of 19.53+0.38 mA cm2, fill factor (FF) of 71.96 +0.99% and PCE
0f 13.20 +0.25% counted from 35 devices are obtained at a substan-
tial blend thickness of 300 nm. Balanced charge transport, efficient
charge extraction, reduced bimolecular recombination and low E,
(0.55eV) are also recorded.

Performance enhancement in ternary solar cells

Figure la,b shows the chemical structure and energy levels of
the materials used in the ternary blends. The BTR:NITI and
BTR:PC, BM energy levels are well aligned to split photon-gen-
erated excitons. PC, BM has deeper highest occupied molecular
orbital and lowest unoccupied molecular orbital energy levels;
thus, it can serve as an electron sink to host electrons and form
electron transport channels. The absorption of these molecules is
well complemented to cover the whole visible to NIR region (300—
850nm, Fig. 1c), from which a broad external quantum efficiency
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Fig. 1| Properties and photovoltaic performance. a, Chemical structures of BTR, NITI and PC,,BM in the ternary device. b, Energy levels of BTR, NITI and
PC,:BM. ¢, Normalized thin-film absorptions of BTR, NITI and PC,,BM. d, Current-voltage characteristics of the binary and ternary devices under constant
incident light intensity (AM 1.5G, 100 mW cm~2). e, Histogram of the PCE measurements for 35 devices based on binary- and ternary-blend films. The
average PCE of BTR:NITI:PC,,BM TOPVs is 13.20% with a standard deviation of 0.25 summarized from 35 devices. f, EQE and integrated J, of the binary

and ternary devices.

Table 1| Summary of photovoltaic parameters in binary and ternary

solar cells

BTR:NITI: Thickness V, (V) J. (mA cm~2) Fill factor(%) PCE(%) p(ecm?V-'s™) p(ecm?V-'s™)
PC,.BM (nm)

1:0:1 250 0.90(0.89+0.01) 13.80(13.42+0.41) 72.86(71.67+0.90) 9.03(8.66+0.26) (4.43+0.73)x10~* (9.08+0.22)x10~*
1:1:0 250 0.95(0.95+0.01) 15.02(14.33+0.60) 48.69(46.99+2.98) 6.82(6.28+0.39) (291+0.25)x10™* (1.27+0.14)x10°°
1:0.4:1 300 0.94(0.94+0.01) 19.50(19.53+0.38) 73.83(71.96+0.99) 13.63(13.20+0.25) (6.14+0.65)x10™* (5.50+0.60)x10~*

The average PCE values with standard deviations were obtained from 35 devices.

(EQE) response is expected. Binary (BOPVs) and ternary solar
cells are fabricated using a conventional device structure and the
post-treatment of tetrahydrofuran (THF) vapour annealing dur-
ing morphology optimization, and detailed performance data are
summarized in Fig. 1d and Table 1. The appropriate annealing
time is critical in driving high device performance, with 60 as the
best condition in our experiment (Supplementary Table 1). The
BTR:PC,,BM blend shows a moderate efficiency of 8.66+0.26%,
and such a PC, BM-based blend suffers from a high E,, of 0.92eV.
A good phase separation is expected due to the high-crystallinity
nature of BTR and strong material demixing, which induces bal-
anced transport channels and boosts the FF (71.67 +0.90%). Poor
absorption from PC, BM leads to a low J,. of 13.42+0.41 mA cm™.
The BTR:NITI blend shows a low E,, of 0.54 eV; thus, a high V,_ of
0.95+0.01V is obtained, which is quite important in non-fullerene
OPVs*. Poor morphology caused by good material mixing in non-
fullerene blends leads to a strong charge recombination; thus, a poor
FF (46.99+2.98%) is observed. The BTR:NITL:PC, BM (1:0.4:1)
ternary blend combines the advantages of both fullerene and non-
fullerene acceptors, whose devices treated by solvent vapour anneal-
ing (SVA) show a V,_ of 0.94+0.01V, ] of 19.53+0.38 mA cm™,
FF of 71.96 +0.99% and PCE of 13.20+0.25%. The good transport
property of PC,,BM and the low E of the NFA are maintained,
which increases the FF and V,.. Though PC, BM has poor absorp-
tion, its presence improves the EQE response in the BTR:NITI blend

to a high level, especially in the NIR region (Fig. 1f), indicating that
PC, BM-dominated electron transport is critical and benefits both
the BTR and NITI domains. Ternary blends of different composi-
tions were investigated and mostly displayed improvements in the
device parameters (Supplementary Tables 2 and 3). Maintaining a
high PC,BM content is critical for obtaining a high PCE, as it indi-
cates the importance of PC,BM moiety during morphology opti-
mization. The consistency in device performance indicates that our
new ternary methodology has high composition tolerance, which
should be lied in a new morphology that can maximize the advan-
tages of a non-fullerene electronic process and PC, BM transport.
Single carrier devices were fabricated to evaluate electron and hole
mobilities using the space charge limited current (SCLC) model
(Supplementary Table 4). The BTR:PC,BM binary blend shows
good hole (y;,) and electron (y,) mobilities of (4.43+0.73)x10~*
and (9.08+0.22)x10™*cm?V~'s7}, respectively, due to well-defined
phase separation and BTR crystallization. The BTR:NITI binary
blend shows a moderate g, of (2.91+0.25)x10"*cm?*V~'s~! and
quite low g, of (1.27 £0.14)x10~>cm?V~'s™" due to excessive mate-
rial mixing and low NITT crystallinity. The ternary bulk-hetero-
junction (BHJ) blend shows balanced hole and electron mobilities
of (6.14+0.65)x10™* and (5.50+0.60)x10™*cm?*V~'s™!, respec-
tively, within a high-value range, which explains the improved FF of
the device. The ternary blend shows enhanced device performance
at varied thicknesses, with an optimal performance at 300nm and
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Fig. 2 | Morphology investigations. a, GIWAXS two-dimensional diffraction patterns of the binary and ternary blends (1:0.4:1). b, In-plane (dotted lines)
and out-of-plane (solid lines) line-cut profiles of the two-dimensional GIWAXS data. ¢, Length information of the crystallinity coherence for the blended
films with different NITI compositions. d, Bright-field (BF, left column) and HAADF (right column) TEM of the binary and ternary blends. e, RSoXS
scattering profiles of the binary and ternary BHJ thin films using a photon energy of 284.2eV. g, scattering vector.

a high average PCE of 10.56 +0.23% maintained at a 500 nm thick-
ness (Supplementary Table 5). It is quite rare to obtain high-perfor-
mance small-molecule OPVs with a large thickness due to limited
transport ability”*. Thus, our system reveals a device functioning
mechanism that can surpass this limitation. We obtained consis-
tently high PCEs for a wide variety of devices, with an average PCE
of 13.20% (Fig. le). The ternary solar cells were encapsulated and
certified by the National Institute of Metrology in China, showing
a 12.9% PCE (Supplementary Fig. 20), which is the highest among
the certified ternary solar cells and one of the best certified single-
junction cells*>*.

A hierarchical morphology that governs device function

The encouraging device results persuaded us to investigate the
structure details of ternary blends, which was accomplished by
using grazing incidence wide-angle X-ray scattering (GIWAXS),
transmission electron microscopy (TEM) and resonant soft X-ray
scattering (RSoXS). Figure 2a-c shows the GIWAXS diffraction
patterns, line-cut profiles and crystallinity analysis. The BTR in
thin film shows quite strong structure order, with (100) diffraction
at 0.33 A in plane (9,) and strong n—n stacking at 1.69 A" out
of plane (g,). The NITT shows weak crystallinity, with an in-plane
(100) peak at 0.36 A~ and broad n—n stacking in the out-of-plane
direction at 1.79 A", Thus, both materials prefer a face-on orienta-
tion”. The BTR:PC,,BM blend displays BTR molecular order and
PC,BM diffuse scattering ring. The BTR n—m stacking coherence
length is estimated to be 5.39 nm by the Scherrer equation®, which
is quite large for OPV materials. The BTR:NITI blend shows a much
weaker structure order, where both the (100) and n—n stacking peak
intensity and size show sharp reductions. Thus, the presence of the
NITT could retard BTR crystallization, indicating good material
mixing. Such a mixed morphology and reduced structure order
lead to poor carrier transport and, thus, device FE. Ternary blends
with different NFA compositions show similar diffraction features.
The (100) and n—m stacking peak sizes are quite similar across a
broad range of loading ratios (Supplementary Table 6), indicating
that the presence of PC, BM leads to similar material ordering states
for BTR (Supplementary Fig. 4), which is quite different compared
with the NFA binary mixture. Thus, PC,BM works not only as a
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transporting material (with low light absorption) but also a phase
mediator to control the morphology of BHJ thin films.

The phase images of BHJ thin films were studied via bright-
field and high-angle annular dark-field (HAADF) TEM, which has
shown the ability to distinguish PCBM aggregates®. The results
are shown in Fig. 2d. As seen from the BTR:PC,BM blend, dark
aggregates are seen in the bright-field image, while they appear to be
bright in the dark-field image. Such a feature is typical of a PC,,BM-
rich region, which is characterized as an intertwined network with
an inter-distance of approximately 100nm. The BTR:NITI blend
shows a much more refined morphology (tens of nanometres),
which is hard to see in the bright-field image but is clear in the
HAADF image. Such a refined image can be highly efficient in exci-
ton splitting, but the intimate mixing of the two materials results in
high recombination, which reduces the current. The ternary BHJ
blends show an interesting phase separation at a multi-length scale.
Sharp white PC, BM domains are seen in the HAADF TEM, which
suggests good domain connectivity. The domain spacing enlarges
when NFA loading is high, which agrees well with the material com-
position. The presence of PC, BM in ternary BHJ blends makes it
difficult to resolve more detailed structures within PC, BM-poor
domains (BTR:NITI-rich domains). However, a morphology simi-
lar to that in the BTR:NITTI blended thin film is expected. Such a
morphology in ternary blends is similar to the city transportation
system, where super highway arteries are interconnected by small
roads to form a hierarchical network system. The detailed composi-
tion variation changes the ratio of super highways to small roads,
which results in maximum transport efficiency (Supplementary
Fig. 5). A power spectral density analysis was applied to HAADF
TEM, but the low resolution led to poor statistical information on
size (Supplementary Fig. 6). More detailed statistics on phase-sep-
aration size were studied via RSoXS by using a high-flux synchro-
tron X-ray and enhanced carbon k-edge contrast (284.2eV)”. As
seen from Fig. 2e, the BTR:PC, BM blend shows a sharp scatter-
ing peak at 0.0088 A~!, which corresponds to a distance of 71.4nm.
The BTR:NITI blend shows a weak scattering profile in the high
scattering vector (q) region due to low material contrast. When
NITI loading increases, the RSoXS profiles become broadened
and shift towards a smaller g region (below 0.01A-"), indicating
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Fig. 3 | Charge generation, extraction and recombination. a, Photoluminescence spectra of the pristine donor, NFA and blended films. The intensities are
corrected by their absorptions at the excitation wavelength (532nm). b, Characteristics of the photocurrent density versus effective voltage (J,, — V.. €,
Measurement of J.. versus light intensity. d, V.. versus light intensity for binary and ternary devices.

the irregular arrangement of super highways and increased inter-
highway distance by swelling PC,;BM domains, which agrees well
with the TEM characterizations. The PC, BM framework and the
in-between domains decorated with BTR crystallization-induced
phase separation formulate the hierarchical structure in the ter-
nary BHJ blends. Weak scattering anisotropy is seen in the ternary
blends, with an increase in intensity in the vertical direction under
the resonant scattering of polarized soft X-rays (Supplementary
Fig. 7). Such a feature indicates that the PCBM:(BTR:NITI) domain
interface has an orientation preference, where a slightly preferred
face-on molecular orientation exists with respect to the PC, BM
interface®. Such a feature is in favour of charge hopping and facili-
tates carrier transport. The current ternary blends are processed via
spin-coating, followed by THF SVA, as such a treatment is crucial
during morphology optimization and performance enhancement
(Supplementary Table 1). The difference in material interactions, as
estimated by the measured surface tension (Supplementary Fig. 8),
shows that PC,BM has a much larger value than the BTR and NITI,
which leads to large-scale phase separation via SVA*. The high-
crystallinity BTR donor is expected to crystallize when the BHJ thin
film is vitrified via THF vapours. The crystal growth of the BTR
would expel the NITT molecules externally, which would jam at the
PC,,BM network framework interface to form a kinetically trapped
structure with a smaller size phase separation and a preferred face-
on orientation towards the PCBM. Such a morphology can be ben-
eficial as transporting channels and exciton splitting sites manifest
due to the hierarchical structure. The jamming of refined phase
separation at multiple boundaries can also be of interest, as it can
lock the system and enhance device stability; therefore, we checked
the device storage stability (Supplementary Fig. 9). The PCE of the
BTR:PC,,BM device drops quickly to approximately 50% in approx-
imately 500 h. However, the BTR:NITT:PC,BM ternary blend has a
high PC,,BM content, which shows stability better than that of the
BTR:PC,,BM device; we attribute these results to the benefits of the

hierarchical morphology and interfacial ordering of the NITI at the
PC,,BM domain surfaces.

The hierarchical morphology in the ternary blends helps to pin
device parameters under optimized conditions for the correspond-
ing binary blends, resulting in a V,_similar to that in the BTR:NITI
blend and large improvements in J,. and FF. Such a morphology can
be of general interest in OPV research. We extended this research
to other material systems (with the results shown in Supplementary
Figs. 10-12 and Supplementary Table 7) and realized several gaug-
ing parameters that lead to hierarchical morphology. There should
be large-scale demixing between fullerene and other molecules and
relatively good mixing between non-fullerene donor and acceptor
materials, which could then phase separate via material crystalliza-
tion. The inability to form refined phase separation in non-fullerene
blends or good mixing between PC, BM and non-fullerene contents
leads to a morphology without a defined hierarchy and, thus, no over-
all device parameter improvement. The molecular frameworks of
donor and non-fullerene acceptor materials and side chains have sig-
nificant impacts on morphological control (Supplementary Fig. 12).
Preliminary in situ grazing incidence small-angle X-ray scattering
(GISAXS) and GIWAXS printing experiments were carried out to
investigate the morphology evolution process, which showed that
large size phase separation occurs ahead of material crystalliza-
tion (Supplementary Fig. 13)*, indicating that the formation of the
PC,,BM framework drives hierarchical morphology evolution.

Optimized carrier dynamics to achieve high J.. and FF

The morphologies or interfaces between donors and acceptors
determine charge generation and recombination in OPVs. To
detect charge generation at the interface of thin films, the photo-
luminescence of ternary films is recorded. For comparison, refer-
ence films of pristine BTR, NITTI and three binary blends are also
measured and shown in Fig. 3a. The photoluminescence of pristine
BTR has a broad emission with a peak at 770 nm. The spectrum of
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NITT shows two peaks at 814nm and 908 nm. As shown in Fig. 3a,
approximately 30% photoluminescence in the BTR observed in
BTR:PC,,BM and complete BTR photoluminescence quenching in
the BTR:NITT suggest large phase separation in the binary PC, BM
and a fine mixture with a substantial number of exciton splitting
sites in the binary NITI. In addition, only 17% photoluminescence
in the NITT can be detected, indicating efficient hole transfer from
the NITI to BTR. Interestingly, the photoluminescence of the ter-
nary blend shows complete quenching of the pristine BTR and
strong quenching (92%) of the pristine NITI, suggesting sufficient
interfaces for efficient charge generation, which is consistent with
the significantly enhanced J. of the corresponding devices. All of
the above photoluminescence results indicate that the interface
between the BTR and NITT dominates the process of charge genera-
tion in BTR:NITLPC, BM. Furthermore, the photoluminescence
of NITI:PC,,BM shows 60% quenching of the pristine NITI, indi-
cating a strong charge transfer from the NITI to PC, BM; however,
such a feature does not lead to efficient NITI:PC,,BM binary solar
cells (Supplementary Table 8). Therefore, extra excitons from NITI
can be further split by PC, BM. These photoluminescence experi-
ments confirm the hierarchical morphology of the ternary blends.
Free carriers from exciton dissociation can be extracted and col-
lected at electrodes or recombined to the ground state during a non-
geminate process'""”. Charge generation, transport and extraction
were studied by analysing the dependence of photocurrent density
(J,») on the effective voltage (V). J;, is defined as J,,,=J, — J,, where
J, and J;, represent the current densities that are illuminated and
in the dark, respectively. V,; is defined as V,— V,, where V, repre-
sents the voltage when ], is 0 and V, represents the applied voltage
bias. As shown in Fig. 3b, the J,;, of both the fullerene-based binary
and ternary devices increases to its saturation value (J,) at a low
Vg of 2.0V, with ], values of 14.22 and 20.16 mA cm™, respectively.
However, the NITI-based binary device does not show a saturation
regime for J;, (even at a V4 of 4.0V), indicating the high depen-
dence of the electric field on charge carrier transport, which is
consistent with low J_ and FF values. In addition, the J/J, ratio is
also used to determine the overall efficiencies of exciton and charge
collections. The fullerene-based binary and ternary devices show
similar values of 97% and 86% under short-circuit and maximum
output power conditions, respectively, suggesting that the PCBM
presence is necessary in improving charge extraction and suppress-
ing carrier recombination. The free carriers suffer from nongemi-
nate recombination if they cannot be extracted and transported to
the electrodes. Nongeminate recombination can be dominated by
trap-assisted (monomolecular) or bimolecular mechanisms. The
recombination mechanism was studied by measuring the depen-
dencies of J. and V,_ on light intensity (Fig. 3¢,d). The BTR:PC,,BM
and BTR:NITL:PC,,BM blends show high figure-of-merit (a) values
of 0.99 and 0.98, respectively, indicating extremely low bimolecular
recombination. However, the BTR:NITI blend shows an a of 0.94,
which is the lowest value in this study. Thus, the NITI binary mixture
suffers from recombination losses, which is a natural consequence
of poor phase separation in blends. The relationship between V.
and light intensity can be used to distinguish whether trap-assisted
(slope of 2k T/q, where ky is Boltzmann’s constant and T represents
the absolute temperature) or bimolecular recombination (k,T/q) is
the dominant mechanism. The BTR:NITI blend shows a small slope
of 1.09k;T/q, while the BTR:PC,,BM blend shows a large slope of
1.36 k;T/q. Thus, the NITT binary mixture is dominated more by
bimolecular recombination than the BTR:PC,,BM blend, indicating
inefficient carrier extraction and, hence, a low FE A small amount
of NITT in ternary blends can clearly reduce trap-assisted recom-
bination in the BTR:PC,BM mixture (small slope of 1.21k;T/q),
which indicates that the NITI can passivate energetic disorder at
the phase boundary by routing the charge transfer from the BTR
to NITT and then relaying to the PC,,BM to form more favourable
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transport pathways. Such a process can be efficient as the energy-
level alignment is suitable to form a cascading charge transfer. Such
material combination and morphology optimization yield overall
improved J,. and high FF values.

Suppressing energy loss channel to improve V,,

The high V,. of the TOPVs (0.94 +0.01 V) motivates us to study the
energy loss associated with the processes of exciton dissociation and
carrier recombination. We use a model based on the Marcus theory
that allows the energy of the charge-transfer state (E.;) to be deter-
mined from the part of the EQE spectrum with lower energy”.

f —(Ecr+ A—E)?
EQE,y (E) = ex 1
T B Jamak,T 42k, T W

where EQE,, represents the photovoltaic EQE, f is proportional to
the absorption strength of the charge-transfer state and the den-
sity of the donor/acceptor interfaces, 4 represents the reorganized
energy of the charge-transfer states and E represents the photon
energy. Meanwhile, the total energy loss E, ; is equal to the summa-
tion of radiative recombination (AE),), charge generation (AE,) and
the non-radiative recombination (AE,) of energy losses, which can
be determined according to the following equation’**:

Elpse = Egap_quc

]Sch362
2nfq(Eqp—A)

+(Egap_ECT) + [_len(EQEEL)]
= AE,+AE,+AE,

—kT1In

2)

where h is Plancks constant, ¢ represents the speed of light and
EQEy, represents the electroluminescence EQE.

Specifically, AE, via photogenerated charge-transfer states is a
dominating factor in dictating the V,, which is qualitatively inves-
tigated by using electroluminescence spectroscopy (Fig. 4a)"**. A
significant charge-transfer emission peaking at 990 nm is observed
in the BTR:PC,;BM blend, indicating a high-energy disorder at the
interface of the BTR and PC, BM. However, the electrolumines-
cence profiles of BTR:NITI and ternary blends are similar to those
of the pristine NITI electroluminescence, which suggests that the
charge-transfer states are similar to the lowest unoccupied molecu-
lar orbital of the NITIL. More importantly, the absence of a charge-
transfer emission at 990 nm in the ternary blend indicates negligible
contact between the BTR and PC,,BM; in other words, in the ter-
nary blend, the NITT lies between the BTR and PC,BM, which
blocks the energy loss channel of the BTR and PC, BM contacts.
Furthermore, the highly sensitive Fourier transform photocurrent
spectroscopy EQE (FTPS-EQE) was conducted to determine weak
charge-transfer absorption (Fig. 4b). E.; can be deduced by fitting
the low energy region of the FTPS-EQE spectrum according to
equation (1)*, and the results are summarized in Table 2. The E.;
values of the fullerene and non-fullerene BOPVs and TOPVs are
1.49, 1.43 and 1.42 eV, respectively. Surprisingly, the AE, of TOPVs
(0.07eV) is almost as small as that of the BTR:NITT device (0.06eV)
but far less than that of the BTR:PC,,BM device (0.33eV). The AE,
values of the three kinds of devices are similar, which is unavoidable
and less tunable for all kinds of solar cells’”. However, AE, should be
reduced with the specific materials optimization, as it is inversely
and logarithmically dependent on EQEy, (Fig. 4c). The AE, values
of the BTR:NITI (0.26eV) and ternary (0.30eV) devices are simi-
lar and much lower than that of the BTR:PC,,BM device (0.40eV).
Thus, the NITI could block the non-radiative decay channels in
BTR:PC,,BM to improve the V,_of the device. In general, high E_
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Fig. 4 | Energy loss analysis. a, Electroluminescence spectra of devices based on the pristine donor, NFA and blended films. b, Normalized FTPS-EQE of

the blended devices. €, Normalized EQEy, of the binary and ternary devices.

Table 2 | Comparison between binary and ternary solar cells

BTR:NITI:PC,,BM Egap(eV) qV,.(eV) E,..(eV) f(eV?) AeV) E(eV) AE,(eV) AE(eV) EQE.(%) AE;(eV)
1:0:1 1.82 0.90 0.92 1.0x10-3 0.24 1.49 0.33 0.19 1.8x10-° 0.40
1:1:0 1.49 0.95 0.54 3.0x1073 0.1 1.43 0.06 0.22 4.0%x1073 0.26
1:0.4:1 1.49 0.94 0.55 7.0x10~4 0.08 1.42 0.07 018 8.2%x10* 0.30
Ejoss = Egap—qVoc = AEp + AEq+ A3
b 5
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Fig. 5 | lllustration of the morphology and comparison of PCE,,, and E,.. a, lllustration of the hierarchical morphology in the ternary film and the
dominant charge generation and transport processes. The green circles represent PC,,BM, the navy rods represent NITI and the orange rods represent
BTR. b, Plot of PCE versus £, for single-junction OPVs with efficiencies greater than 10%. Source references for the data points are provided in

Supplementary Table 10.

in the BTR:PC,,BM device (0.92eV) and low E, , in the BTR:NITI
(0.54eV) and TOPV (0.55eV) devices are consistent with V,_val-
ues in the corresponding photovoltaic devices. These exciting
results show the importance of the new hierarchical morphology
in simultaneously reducing energy losses and obtaining high J,. and
FF values, forming appropriate interfaces, suppressing unfavourable
charge-transfer state and non-radiative recombination. Our work
demonstrates that a similar V. (if not superior to non-fullerene
BOPVs) can be obtained under proper ternary morphologies, while
improved light absorption and transport provide further aid in driv-
ing the TOPV performance beyond that of any other binary blend.

Conclusions

We designed interesting ternary blends using molecular donor
(BTR), NFA (NITI) and fullerene acceptor (PC, BM) components
that delivered a high device efficiency of 13.20+0.25% at a blend
thickness of 300nm (refs “~*°). We observed synergistic improve-
ment in nearly all device parameters as well as charge transport and
recombination, with a onefold PCE enhancement compared with the
BTR:NITIBOPVs. Such an improvement was due to the hierarchical

morphology that was obtained from a balance between detailed
phase separation and material crystallization, which showed that a
subtle balance between the materials and interfaces was reached. A
schematic of this morphology is shown in Fig. 5a. PC, BM in the
ternary blend plays a critical role that phase separates with the NITI
and BTR to form the morphological framework and provide effi-
cient electron mobility. The BTR and NITI form a smaller size phase
separation that fits into the PC, BM mesh network. We manipulate
the thin-film morphology by using SVA, and BTR crystallization
can push the NITI molecules out, which leads to material enrich-
ment at the PC; BM boundary, with a slightly face-on orientation.
Such a hierarchical morphology is particularly advantageous as
the BTR:PC,,BM charge-transfer state can be suppressed to reduce
energy loss, and the carriers can be effectively transported via a cas-
cading energetic channel. The NITI is key in improving the V,. of
the device. The PC,,BM framework and good BTR crystallinity bal-
ance the carrier transport and reduce bimolecular recombination,
which increases the ], and fill factor. We surveyed the most recent
high-performance binary and ternary blends in terms of energy loss
and the PCE (Fig. 5b and Supplementary Table 10). The current
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work stands out. We attribute this success to the formation of the
hierarchical morphology of the BHJ blend via proper material
choice when identifying large-scale phase separation (PC,BM to
the non-fullerene mixture) from the small-scale phase separation
in the refined non-fullerene network. Such a strategy manifests the
indispensability of fullerene and NFAs in OPVs, where new break-
throughs can be made in the near future.

flethods
Q aterials. The BTR and PC, BM were purchased from 1-Material; all materials
ere used in the condition they were received, without further purification. The
NITI was developed by our group®. The PNDIT-F3N was offered by the Fei
Huang group.

TEM. TEM studies were conducted with a JEM-ARM200F microscope operated
at 150 K. The samples for electron microscopy were prepared by dissolving the
PEDOT:PSS layer using water and transferring the floating active layer to the TEM
grids.

GIWAXS. The GIWAXS characterization of the thin films was performed at

the Advanced Light Source on beamline 7.3.3 (Lawrence Berkeley National
Laboratory). Thin-film samples were prepared under device conditions on the Si/
PEDOT:PSS substrates. The scattering signal was recorded with the Pilatus 2M
detector, with a pixel size of 0.172mm by 0.172 mm. The samples were ~15 mm
long in the direction of the beam path, and the sample-to-detector distance was
~300 mm from the sample centre (calibrated by the silver behenate standard). The
incidence angle was 0.16°, and the beam energy was 10keV when operating in
top-off mode. Typically, a 30's exposure time was used to collect the diffraction
signals. All grazing incidence X-ray diffraction (GIWAX) experiments were done
in a helium atmosphere. The data were processed and analysed using the Nika
software package.

RS0XS. RSoXS was performed at beamline 11.0.1.2 (Advanced Light Source,
Lawrence Berkeley National Laboratory). Thin-film samples were prepared under
device conditions on the Si/PEDOT:PSS substrates. The BH]J thin films were

then placed in water and transferred to a silicon nitride window. The scattering
signals were collected in a vacuum using a Princeton Instrument-motion tracking
enhancement technique (PI-MTE) charge-coupled device (CCD) camera.

In situ structure measurement. In situ GIWAXS/GISAXS experiments were
performed using a customer-designed slot-die printer mounted on synchrotron
beamline (Advanced Light Source beamline 7.3.3). The detailed experimental
procedure and experimental videos can be obtained through ref. *". Wafer coated
with PEDOT:PSS was used as the printing substrate. The printing speed was
~80mms~’, the die head to substrate distance was ~30 pm. An incidence angle of
0.16° was used in experiment. An AgB sample was used to calibrate the sample-
to-detector distance. A Pilatus 1M or Pilatus 2M detector was used to record the
scattering signals, and the data were analysed by the Nika software package. The
scattering signal was recorded in burst mode with 0.2 s intervals. The wafer was
first moved to printing position and aligned, and then moved to a start position
that was away from beam path. The printing length is about 40 mm, and the
solution injection triggered the in situ data recording. Experiments were repeated
to ensure good time and space correlation.

Photoluminescence measurement. The pumping light source used to

excite the samples was a green laser (532nm), with a power of 10 mW. The
photoluminescence spectra were recorded with an Andor spectrometer (Shamrock
sr-303i-B), which was coupled with a Newton electron multiplying CCD detector.

Electroluminescence measurement. An external current/voltage source was
employed to provide an external electric field to the pristine and blended
solar cells. The electroluminescence emissions were recorded with an Andor
spectrometer.

FTPS-EQE measurement. The FTPS-EQE was measured with a Vertex 70 from
Bruker Optics, which was equipped with a quartz tungsten halogen lamp, quartz
beam-splitter and external detector option. A low-noise current amplifier (SR570)
was used to amplify the photocurrent produced under illumination of the solar
cells, with light modulated by the Fourier transform infrared spectroscope (FTIR).
The output voltage of the current amplifier was fed back into the external detector
port of the FTIR to use the FTIR software to collect the photocurrent spectra.

EQE;; measurement. The EQE;; was recorded with an in-house-built system
comprising a Hamamatsu silicon photodiode 1010B, Keithley 2400 source
meter (for supplying voltages and recording injected currents), and Keithley 485
picoammeter (for measuring the emitted light intensity).
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Device development and testing. The devices were developed with a conventional
structure of ITO/PEDOT:PSS/active layer/PNDIT-F3N/AL The ITO-coated glass
substrates were cleaned with sequential ultrasonication in a soap-deionized water
mixture, deionized water, acetone and isopropanol. The washed substrates were
further treated with oxygen plasma for 10 min to eliminate any remaining organic
components. A thin layer (approximately 30 nm) of PEDOT:PSS (Clevios P VP
4083) was first spin-coated on the ITO substrates at 3,000 r.p.m. and baked at
150°C for 5min under ambient conditions. The substrates were then transferred
into a nitrogen-filled glove box. Subsequently, the active layer was spin-coated

on the PEDOT:PSS layer via spin-coating from a chloroform solution of BTR,
NITI and PC,,BM at various spin rates. The best PCE was achieved via spin-
coating 25mg BTR, 10 mg NITI and 25mg PC,;BM (1:0.4:1) in 1 ml chloroform at
1,500 r.p.m. The resultant film thickness was approximately 300 nm and obtained
via a surface profilometer (Dektak XT, Bruker). Here, SVA with THF was used

to optimize the blend morphology and promote device performance. SVA was
conducted in a 60 mm glass Petri dish containing 200 ul THF at various durations
in a glove box. The optimal duration in this study was 60s. Then, PNDIT-F3N

(as the electron transport layer) was spin-coated on the active layer at 3,000 r.p.m.
from the alcohol solution. In the final stage, aluminium (100 nm) was thermally
evaporated onto the active layer as the top electrode. Shadow masks were used to
define the device area (0.03262 cm?) of the devices. The current density-voltage
(J-V) characteristics of the PV devices were measured under N, conditions using
a Keithley 2400 source meter. An AAA grade solar simulator, with an air mass
(AM) 1.5 global filter operated at 100 mW cm™2, was used to simulate the AM 1.5G
solar irradiation. The illumination intensity was corrected by using a standard
monocrystalline silicon reference cell, with a protective KG5 filter calibrated by the
National Renewable Energy Laboratory. The -V curves were measured along the
forward scan direction from -0.2 to 1.5V or the reverse scan direction from 1.5

to —0.2'V, yielding identical results. The scan speed and dwell times were fixed at
0.015Vs™ and 20 ms, respectively. The EQE was calculated using certified incident
photon to current conversion efficiency equipment from Enlitech (Taiwan).

SCLC mobility measurements. SCLCs were tested in electron-only devices
configured with the ITO/ZnO/active layer/Al and hole-only devices configured
with the ITO/PEDOT:PSS/active layer/MoO,/Au. The mobilities were determined
by fitting the dark-field current to the model of a single carrier SCLC current with
field dependent mobility, which is described as

N V2

3)
8L’

where ] represents the current, y, represents the zero-field mobility, &, represents

the permittivity of free space, €, represents the relative permittivity of the material,

V represents the effective voltage and L represents the thickness of the active layer.

From the plot of J'2 versus V, the hole and electron mobilities can be deduced.

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

Data availability
The data that support the plots within this paper and other findings of this study are
available from the corresponding authors upon reasonable request.
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not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on Nature Research policies, including our data availability policy, see Authors & Referees.

» Experimental design

Please check: are the following details reported in the manuscript?

1. Dimensions

|X|YES Section "Device fabrication and testing"

Area of the tested solar cells |:| No
) ) |:| Yes  The area of our device area was determined and certified at National Institute of
Method used to determine the device area XI No  Metrology, China (NIM). However, we do not have the detailed information for the
method.

2. Current-voltage characterization

Current density-voltage (J-V) plots in both forward Xl Yes  The current-voltage (J-V) plots in forward is supplied in Figure 1d. Both forward and
and backward direction |:| No backward scans were conducted, which yielded identical results.

Voltage scan conditions |X| Yes  Section "Device fabrication and testing"

For instance: scan direction, speed, dwell times |:| No

Test environment |X| Yes  Our devices were characterized at room temperature (ca. 25 Celsius degree) in glove

For instance: characterization temperature, in air or in glove box |:| No  Pox.And see Supplementary Figure 20.

Protocol for preconditioning of the device before its [_]Yes  No preconditioning protocol.
characterization |X| No

Stability of the J-V characteristic |:| Yes  No hysteresis or other unusual behaviour was observed during the characterization of
Verified with time evolution of the maximum power point or with |X| No the solar cells. In general, organic solar cells do not have hystereisis problems.
the photocurrent at maximum power point; see ref. 7 for details.

3. Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during |:| Yes  No hysteresis or other unusual behaviour was observed during the characterization of
the characterization |X| No the solar cells. In general, organic solar cells do not have hystereisis problems.

|:| Yes  No hysteresis or other unusual behaviour was observed during the characterization of

Related experimental data |X| No  thesolar cells.

4. Efficiency
External quantum efficiency (EQE) or incident DX] Yes  Figure 1 & Supplementary Figure 2
photons to current efficiency (IPCE) |:| No

A comparison between the integrated response under |Z| Yes  Figure 1f
the standard reference spectrum and the response |:| No
measure under the simulator

For tandem solar cells, the bias illumination and bias || Yes  Our devices were only fabricated for single solar cells.
voltage used for each subcell X No

5. Calibration
Light source and reference cell or sensor used for the X Yes  Section "Device fabrication and testing"
characterization [ ]No
Confirmation that the reference cell was calibrated DX Yes  section "Device fabrication and testing"

and certified [ ]No
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Calculation of spectral mismatch between the |:| Yes  The spectral mismatch factor was determined at National Institute of Metrology,
reference cell and the devices under test |X| No China (NIM). We do not have the detailed information for the method.

Mask/aperture
|:| Yes  We did not use a mask during testing.
DX No

Variation of the measured short-circuit current []Yes  we did not use a mask during testing,
density with the mask/aperture area |X| No

Size of the mask/aperture used during testing

Performance certification

Identity of the independent certification laboratory |X| Yes  Section "Performance enhancement in ternary solar cells" & Supplementary Figure 20
that confirmed the photovoltaic performance [ ]No

A copy of any certificate(s) |X| Yes  Supplementary Figure 20

Provide in Supplementary Information |:| No

Statistics

[X]Yes caption "Figure 1d" & Table 1
(o

|X| Yes  Section "Performance enhancement in ternary solar cells" & Caption "Figure 1d" &

Number of solar cells tested

=2
Q
=
(o
=
(@)
=
(D
wv
(@)
QL
=
(@)
>
w
o
)
=
()
w
0
=
)
o
[}
=
=
2
(@]
(2]
c
3
Q
=
=

Statistical analysis of the device performance

|:| No Table 1
Long-term stability analysis
Type of analysis, bias conditions and environmental |X| Yes  Section "A" & Supplementary Figure 9
conditions [INo

For instance: illumination type, temperature, atmosphere
humidity, encapsulation method, preconditioning temperature
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