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Designing ternary blend bulk heterojunction solar
cells with reduced carrier recombination and a fill
factor of 77%
Nicola Gasparini1*, Xuechen Jiao2, Thomas Heumueller1, Derya Baran3, Gebhard J. Matt1,
Stefanie Fladischer1,4, Erdmann Spiecker4, Harald Ade2, Christoph J. Brabec1,5* and Tayebeh Ameri1*

In recent years the concept of ternary blend bulk heterojunction (BHJ) solar cells based on organic semiconductors has been
widely used to achieve a better match to the solar irradiance spectrum, and power conversion e�ciencies beyond 10% have
been reported. However, the fill factor of organic solar cells is still limited by the competition between recombination and
extraction of free charges. Here, we design advanced material composites leading to a high fill factor of 77% in ternary
blends, thus demonstrating how the recombination thresholds can be overcome. Extending beyond the typical sensitization
concept, we add a highly ordered polymer that, in addition to enhanced absorption, overcomes limits predicted by classical
recombination models. An e�ective charge transfer from the disordered host system onto the highly ordered sensitizer
e�ectively avoids traps of the host matrix and features an almost ideal recombination behaviour.

The combination of a broad understanding of material
synthesis, device engineering and physical process control,
combined with theoretical studies, has driven the organic

photovoltaics (OPV) efficiency beyond the 10% milestone1–9.
However, due to the narrow intrinsic absorption of polymers, full
coverage of the solar spectrum with a single polymeric donor
mixed with fullerene acceptor is fairly challenging. A promising
strategy to overcome the absorption limitation is using the concept
of ternary blends, typically consisting of two donor materials10–16
with complementary absorption profiles and one acceptor material
(or one donor and two acceptors)17,18. Importantly, the ternary
organic solar cell concept features a simple device architecture and
can readily be scaled up with cost-efficient equipment, which is
in contrast to complex multi-junction solar cells17–20. Significant
increases of the short-circuit current (J sc) are achieved in ternary
solar cells due to the additional absorption from the second donor
material, resulting in remarkable performance improvements.
Whereas for many ternary devices the open-circuit voltage (V oc)
normally scales with the sensitizer content between the V oc values
of two binary solar cells21, the fill factor (FF) is often significantly
reduced by the introduction of a third component with different
physical and chemical properties. The formation of energetic or
morphological traps as well as a disruption of themolecular packing
in the host polymer22 can degrade charge transport and increase
recombination, leading to decreased fill factors11.

Recently, high-mobility materials14,23 have been introduced in
the binary polymer:fullerene matrices as additives or morphology
agents to improve themorphology and to facilitate charge transport.
We have also demonstrated that the concept of ternary blends with
over 50% sensitizer represents a promising route for controlling the
recombination mechanism at low light levels24. In general, the FF in

binary blends is limited by the competition between recombination
and extraction of free charges25. The common approach to overcome
those limitations is to design materials with novel properties
forming an ideal morphology3 or to optimize existing donors, that
is, by purification and/or molecular weight26.

In this work, we demonstrate a ternary organic solar cell with
a record high FF of 77% and a high PCE of 8.6%. The photoac-
tive layer consists of a host system of polythieno[3,4-b]-thiophene/
benzodithiophene(PTB7):[6,6]-phenyl C70 butyric acid methyl
ester (PC70BM) and a sensitizer polymer of poly[(4,4′-bis(2-ethylh-
exyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,
1,3-benzothiadiazole)-5,5′-diyl](Si-PCPDTBT). To study the
microstructure and transport of our ternary devices, we performed
comprehensive characterization by employing different structural
and optoelectrical techniques. Counterintuitive to classical
sensitization concepts, where charges are transferred from
the sensitizer to the host, we overcome charge recombination
limitations on the host matrix by charge transfer to a highly
ordered sensitizer, which provides ideal recombination behaviour.
We choose a host amorphous polymer that provides highly
efficient charge separation and introduce a second more crystalline
polymer that facilitates charge transport, mimicking a three-phase
morphology that is known for efficient device operation27,28. The
energetic offset29 between the highest occupied molecular orbital
(HOMO) levels of the selected polymers results in spatial separation
of charge carriers and significantly reduced recombination.

Device performance and recombination
We fabricated bulk heterojunction (BHJ) solar cells in an inverted
configuration (Fig. 1a), keeping the polymer to PC70BM ratio
constant at 1:1.5. Figure 1b,c shows the chemical structures of
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Figure 1 | Absorption spectra, device architecture and energy diagrams of the materials used. a, Device architecture of the solar cells. b, Chemical
structure of the polymers and fullerene derivate used in this study. c, Absorption spectra of the binary reference and ternary films. d, Energy diagrams of
the materials used in the BHJ photoactive layer.

PTB7, Si-PCPDTBT and PC70BM and the contribution of the guest
polymer Si-PCPDTBT in the absorption spectra of the ternary
systems, respectively. Si-PCPDTBT shows a clear ultraviolet-visible
(UV-Vis) signature in the near-infrared (NIR) from 700–750 nm to
850 nm, and gradually increases when increasing the guest content.
Simultaneously, the host donor absorption decreases slightly
from 450 nm to 700 nm. Indeed, the complementary absorption
characteristics and verified compatibility of the two polymers, in
a preferred face-on orientation22,30, make them good choices for
ternary solar cells. Figure 2a shows the typical current density versus
voltage (J–V ) characteristics of the control devices and ternary sys-
tems under simulated AM 1.5G solar irradiation (100mWcm−2).

Table 1 summarizes the photovoltaics parameters for the
devices. We achieved power conversion efficiencies of 7.5% and
3.8% for PTB7:PC70BM and Si-PCDTBT:PC70BM reference blends,
respectively, which are in line with the current state of the art
for solar cells using these polymers in an inverted architecture31,32.
Notably, with the incorporation of 15% of Si-PCPDTBT into the
host blend, not only the J sc increased by around 6% (from 15.01
to 15.94mA cm−2), but more importantly we reached a high FF
of 77%, leading to a PCE of 8.6%, which is 12.5% higher than
the corresponding PTB7:PC70BM binary blends. To date, the FF
of 77.1% represents the highest FF for ternary BHJ solar cells.
An average FF and PCE of 76.67% and 8.43%, respectively, was
obtained for 20 devices (Supplementary Fig. 1). Meanwhile, loading
a higher amount (25–50%) of sensitizer into the ternary system
reduced the overall PCE, mainly due to a lowered FF. Generally,
V oc is determined by the difference between the HOMO energy
levels of the donor and the lowest unoccupied molecular orbital
(LUMO) energy level of PC70BM. As shown in Fig. 1d, the HOMO
energy levels of the two donormaterials are−5.15 eV and−5.05 eV,
for PTB7 and Si-PCPDTBT, respectively31,32. According to previous
reports21,33, V oc of the ternary systems is often tuned continuously
between the open-circuit voltage values of reference binary devices.

This is in line with the observed gradual reduction of V oc from
0.72 in the reference device to 0.55V for the 0.50:0.50:1.5 PTB7:Si-
PCPDTBT:PC70BM ternary device.

To study the contribution of the two polymers to J sc, wemeasured
the external quantum efficiency (EQE) (Fig. 2b). We note that the
integrated EQE for these devices matches the measured J sc with a
margin of less than 5%. Unlike the trend observed in the UV-Vis
spectra, ternary solar cells with 10–15%of sensitizer content showed
increasedEQEvalues in the 600–750 nmregion,wheremainly PTB7
absorbs. This current gain from the host material suggests that
addition of the sensitizer significantly improved charge separation
and/or charge transport. Interestingly, the improvement of charge
collection from the host represents the major contribution for the
increased J sc in the ternary cells with 10–15% sensitizer, while
absorption and EQE in the 700–850 nm region are still low. For
the devices with 20–50% of Si-PCPDTBT content, a significant
current contribution from absorption in the sensitizer is seen from
the increased EQE in the 700–850 nm region, consistent with the
absorption spectra of the ternary systems. In contrast to Lu et al.12,
where an enhancement in the fullerene region EQE (400–550 nm)
upon the introduction of a sensitizer is reported, here for 10% and
15% Si-PCPDTBT concentrations the EQE values were improved
mainly in the PTB7 absorption region (550–700 nm). However,
loading higher amount of sensitizer reduces the EQE values in
the PTB7:PC70BM absorption region, leading to a lower overall
J sc despite the significant contribution of Si-PCPDTBT in the
NIR region. This decrease of current collection for high sensitizer
contents is caused by the formation of a Si-PCPDTBT wetting layer
near the cathode that blocks electrons, as will be discussed later.
If the enhanced EQE in the 600–750 nm region at low sensitizer
concentrations is facilitated by enhanced charge collection due
to the sensitizer, hole transfer from the host to the sensitizer is
expected. To test this hypothesis, which is contrary to the operating
principles ofmost ternary solar cells, we fabricated bilayer hole-only
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Figure 2 | Optoelectrical characterizations of ternary devices. a, J–V characteristics of PTB7:Si-PCPDTBT:PC70BM ternary BHJ solar cells under solar
simulator illumination (100 mW cm−2). b, EQE curves of the corresponding devices shown in a. c, Voc versus light intensity for the binary reference and 15
and 25 wt% Si-PCPDTBT ternary devices. The dashed lines represent linear fits of the data. d, Charge collection probability (P(E, T)) versus voltage of the
binary reference and 15 and 25 wt% Si-PCPDTBT ternary devices.

Table 1 | Photovoltaic device parameters of binary and ternary inverted solar cells under 1 sun illumination.

PTB7:Si-PCPDTBT:PC70BM Voc (V) Jsc (mA cm−2) FF (%) η (%)

1:0:1.5 0.73 (0.73± 0.00) 15.01 (14.81± 0.15) 68.47 (68.77± 0.53) 7.52 (7.44± 0.08)
0.90:0.10:1.5 0.71 (0.71± 0.01) 15.80 (15.52± 0.28) 70.20 (70.34± 0.57) 7.85 (7.77± 0.10)
0.85:0.15:1.5 0.70 (0.70± 0.00) 15.94 (15.76± 0.15) 77.10 (76.64± 0.77) 8.60 (8.43± 0.14)
0.75:0.25:1.5 0.60 (0.60± 0.00) 15.39 (15.01± 0.27) 55.58 (55.29± 0.47) 5.13 (5.00± 0.08)
0.50:0.50:1.5 0.55 (0.55± 0.00) 15.08 (14.81± 0.24) 52.51 (52.36± 0.32) 4.36 (4.25± 0.08)
0:1:1.5 0.55 (0.55± 0.00) 12.65 (12.45± 0.17) 54.65 (54.41± 0.35) 3.82 (3.79± 0.03)

devices in an inverted configuration (Supplementary Fig. 2a). We
found that a hole transfer occurs from PTB7 to Si-PCPDTBT,
and not from Si-PCPDTBT to PTB7, which is also expected from
the compound’s energy level diagram. This already suggests that
charge transfer from the host polymer to the Si-PCPDTBT sensitizer
may facilitate charge dissociation and further improve the charge
extraction of the host system. To prove the efficient hole injection
from MoOx into PTB7 and from PEDOT:PSS into Si-PCPDTBT,
we fabricated hole-only pristine polymer devices. Supplementary
Fig. 2b,c shows a symmetric injection from the contacts into the
polymers, without the presence of any energetic barriers.

The improved charge transport characteristics in ternary solar
cells further allows fabricating devices with thick active layers
that maintain a high FF (Supplementary Fig. 3). At 150 nm active
layer thickness, the FF of the PTB7:PC70BM solar cell has already
dropped to 59%, as compared to 68% in the optimized device
(100 nm). The ternary solar cell with 15% sensitizer features an
FF of 72% at a thickness of 150 nm that is higher than the FF of

the optimized PTB7:PC70BM device despite a 50% increase of the
layer thickness.

The high FF in the ternary devices must have origin in a novel
counterintuitivemechanism tomanipulate and fine tune the recom-
bination dynamics in organic BHJ composites. Thus, to get a deeper
insight into the recombination and transport mechanisms, we mea-
sured the J–V curves as a function of illumination intensity for three
different devices24, PTB7:PC70BM, PTB7:Si-PCPDTBT:PC70BM
(0.85:0.15:1.5) and PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5)
(Supplementary Fig. 4). AtV oc conditions, all of the photogenerated
charge carriers recombine within the carrier diffusion length inside
the bulk34. Thus, the recombination mechanisms can be extracted
by studying V oc as a function of generation rate. For bimolecular
recombination, a slope of kT/q (thermal voltage at 300K) in the
plot of V oc versus the natural logarithm of the light intensity is
expected. Instead, a signature of monomolecular or trap-assisted
recombination is observed with an enhanced dependence of the
open circuit on the light intensity (2kT/q) (ref. 35). As shown in
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Figure 3 | Photo-CELIV measurements and recombination dynamics of ternary devices. a, Photo-CELIV curves of PTB7:PC70BM,
PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) and PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) with laser excitation (λ = 780 nm). All the transient
measurements were recorded by applying a 2 V/60 s linearly increasing reverse bias pulse and a delay time (td) of 1 µs. b, Charge carrier lifetime τ ,
obtained from TPV, as a function of charge density n, calculated from CE measurements under Voc conditions (from 0.2 to 4 suns). The inset table presents
the recombination order (R) of the studied systems. The dashed lines represent linear fits of the data. c,d, Schematics of a three-phase morphology
engineered by adding a more ordered polymer (green) into an amorphous solar cell (red and black depict the amorphous polymer and fullerene derivative,
respectively). The ordered polymer provides e�cient charge transport in the system with a narrow density of states. The energetic o�set between the
mixed amorphous and the crystalline material allows a spatial separation of electrons and holes. The density of states (DOS) is predicted by charge
extraction measurements (c).

Fig. 2c, slopes of 1.22, 1.09 and 1.33kT/q were obtained for the
PTB7:PC70BM, PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) and
PTB7:Si-PCPDTBT: PC70BM (0.75:0.25:1.5) cells, respectively.
Indeed, trap-assisted monomolecular recombination is weaker in
the device with 15% guest compared to the PTB7:PC70BM device.
On the other hand, increasing the sensitizer content (25%) indicates
that the bimolecular process evolves to trap-assisted recombination.
As reported elsewhere36, PTB7:PC70BM solar cells suffer from trap
states. Therefore, our first analysis already suggests that the
introduction of a small amount of sensitizer Si-PCPDTBT (15%)
effectively deactivates traps in the host matrix and consequentially
decreases monomolecular recombination.

To further understand the influence of Si-PCPDTBT on the
charge dynamics of the host system, we measured the photocurrent
density (J ph) as a function of the effective voltage (V eff), as shown
in Supplementary Fig. 537. The measured photocurrent is defined
as J ph = J l − J d, where J l and J d are the current density under
illumination at 100mWcm−2 and in the dark, respectively.
V eff is given by V eff = V 0 − V , where V 0 is the compensation
voltage defined as J ph(V 0) = 0, and V is the applied voltage.
The J–V plots indicate that J ph quickly saturates for V eff > 1V,
although the PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) ternary
characteristics still show a slightly field-dependent extraction
even at negative bias. Anyhow, in this condition, we assume that
all generated electron–hole pairs are dissociated and collected at

the electrodes, and the saturation current (J sat) is limited just by
the total amount of absorbed incident photons38. The J sat values
for PTB7:PC70BM, PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5)
and PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) BHJ cells were
152Am−2, 163Am−2 and 157Am−2, respectively, in line with
the J sc values measured. To understand the different FF values,
Fig. 2d shows the charge collection probability P(E, T ) versus the
applied voltage39,40. P(E, T ) is determined by normalizing J ph with
respect to J sat (J ph/J sat). Interestingly, the P(E, T ) values under
short-circuit conditions for the three devices were 90%, 97% and
93%, respectively, consistent with the J sc values (Table 1), while
P(E, T ) at the maximum power point (M pp) decreases dramatically
from the ternary system with 15% Si-PCPDTBT (88%) to the
control PTB7:PC70BM (77%) and PTB7:Si-PCPDTBT:PC70BM
(0.75:0.25:1.5) (68%) devices. The results suggest again that the
incorporation of 15% of sensitizer facilitated charge dissociation
and extraction in the M pp condition, leading to an excellent FF of
more than 77% for the ternary organic solar cells.

Therefore, we next analysed the transport behaviour of
ternary blend devices. First, we investigated the charge carrier
mobility µ of the devices by employing the technique of
photoinduced charge carrier extraction by linearly increasing
voltage (photo-CELIV)41.

Figure 3a shows the photo-CELIV measurements carried out
on PTB7:PC70BM, PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) and
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PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) ternary devices. We
calculated a 28% improvement in mobility for the PTB7:Si-
PCPDTBT:PC70BM (0.85:0.15:1.5) system (3.50× 10−4 cm2 V− s−1)
compared to the reference PTB7:PC70BM cells with a mobility of
2.57 × 10−4 cm2 V−1 s−1. The higher mobility accounted for the
enhancement of the EQE values in the 600–700 nm region, the
higher FF and the higherP(E,T ) of the 15% guest content compared
to the binary devices. Introducing a higher amount of Si-PCPDTBT
led to a stronger decrease in the transport properties of the
ternary blend, with a mobility of 7.90 × 10−5 cm2 V−1 s−1, in line
with the poorer performance obtained. In parallel, we investigated
the recombination mechanisms of the ternary systems in more
detail. For this purpose, we studied the charge carrier lifetime
(τ ) and charge carrier density (n) using transient photovoltage
(TPV) and charge extraction (CE) measurements, respectively42.
For both techniques, all samples were operated at V oc, but under
different background illumination intensity (from 0.2 to 4 suns)
(Supplementary Fig. 6; for details see Methods)42. Combining these
two powerful techniques, we were able to determine the charge
carrier density in relation to the carrier lifetime, using the equation
τ = τ 0(n0/n)λ, where τ 0 and n0 are constants and λ is the so-called
recombination exponent42.

Figure 3b depicts τ versus n for the ternary systems as well as
the reference PTB7:PC70BMbinary cells.We found that the addition
of 15% of Si-PCPDTBT enhances the carrier lifetime (τ = 3.45 µs)
compared to PTB7:PC70BM devices (τ = 2.61 µs), while PTB7:Si-
PCPDTBT:PC70BM (0.75:0.25:1.5) shows the lowest τ of 1.26 µs
under 1 sun illumination. The higher J sc obtained for PTB7:Si-
PCPDTBT:PC70BM (0.85:0.15:1.5) also agrees with the charge
carrier density values, where n under 1 sun illumination decreases
continuously from the 15% guest ternarywith n = 1.85× 1016 cm−3
to the control PTB7:PC70BM blend and the 25% guest devices
with n = 1.66 × 1016 cm−3 and 1.24 × 1016 cm−3, respectively.
Further, the recombination exponent λ shows the same trend
as τ and n. A recombination order R = λ + 1 equal to
2 indicates almost perfect bimolecular recombination at open-
circuit voltage conditions42. We found R = 2.09 for the PTB7:Si-
PCPDTBT:PC70BM (0.85:0.15:1.5) ternary solar cells, suggesting a
mechanism close to an ideal bimolecular recombination, justified
by the FF of 77%. On the other hand, a recombination order
higher than two is attributed to the effect of trapping and release
in energetic traps, as well as morphological traps43. We obtained
R = 2.22 for the PTB7:PC70BM reference, which confirms the
aforementioned trapping effects for this system. This proves our
hypothesis that charge transfer to the sensitizer (as observed in
the measurements on bilayer devices) provides spatial separation of
electrons and holes, as well as transport in ordered Si-PCPDTBT
phases that have a lower degree of energetic disorder (Fig. 3c,d)36.
Finally, we calculated a recombination order higher than 3 for the
PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) ternary system. Such
high recombination orders have previously been correlated to
spatial inhomogeneous charge carrier distributions within the
active layer of organic solar44. Considering the formation of a
Si-PCPDTBT wetting layer at the cathode (Fig. 4), an accumulation
of electrons at this electron blocking layer can be expected. This
accumulation of electrons results in a highly inhomogeneous charge
carrier distribution and the high recombination order, consistent
with the decreased FF and inferior performance.

The role of the morphology
To correlate the optoelectronic properties of ternary devices
with the structural information, we first carried out resonant
soft X-ray scattering (R-SoXS) to examine the lateral domain
distribution within the active layer quantitatively and with high
spatial resolution45. The scattering profiles for PTB7:PC70BM
and Si-PCPDTBT:PC70BM reveal a significant difference,

indicating a distinctively different lateral morphology between
these two binary blends (Fig. 4e). However, the profiles for
PTB7:PC70BM, PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) and
PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) are very similar to each
other. The characteristic median length scale, calculated using
d = 2π/q1/2, where q1/2 is the half point of the integral of

∫
Iq2dq,

is around 23 nm for PTB7:PC70BM, PTB7:Si-PCPDTBT:PC70BM
(0.85:0.15:1.5) and PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5).
Furthermore, the relative average composition variation, which is
proportional to the square root of the integrated scattering intensity
(ISI), is also comparable among blends with different amounts of
Si-PCPDTBT (Supplementary Fig. 7).

In addition to R-SoXS measurements, analytical transmission
electron microscope (TEM) investigations have been carried
out to directly reveal the domain structure in real space.
Figure 5 compares energy-filtered TEM (EFTEM) images of
PTB7:PC70BM PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) and
PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) blends. It can be
clearly seen that the domain structure coarsens with the addition
of Si-PCPDTBT, reaching domain sizes up to 200 nm. This
interpretation is further confirmed by EFTEM images taken with
the three-windowmethod at the C and S absorption edges, showing
complementary contrast from PC70BM- and polymer-rich domains,
respectively (Supplementary Fig. 8). The development of these
larger domains is also clearly visible in R-SoXS measurements
carried out at 270 eV (Supplementary Fig. 7b). However, a closer
look at the EFTEM images clearly reveals additional contrast
variations on a length scale of 10–20 nm, which are largely
unaffected by the addition of Si-PCPDTBT, in agreement with
the R-SoXS measurements (Fig. 4e and Supplementary Fig. 7b).
The fact that the larger domains appear much more pronounced
in the EFTEM images than smaller domains can be attributed to
projection effects that reduce contrast variations from features
much smaller than the film thickness.

Thus, in line with the R-SoXS information, blending
Si-PCPDTBT into PTB7:PC70BM binary film in different amounts
does not cause any noticeable changes in the compositional domain
size on a length scale of 10–20 nm, even though larger fullerene-
dominated regions are observed in ternary blends (Supplementary
Fig. 7b and Supplementary Fig. 8). We assume that the smaller
domains dominate the transport/recombination properties of
the bulk, as the larger domains are beyond the thickness of the
active layer and the common diffusion length of organic materials
(10–20 nm).

It is well known that crystallinity is frequently correlated with
device performance in various material systems46–48. Therefore, we
used grazing-incidence wide-angle X-ray scattering (GIWAXS)49
to assess the evolution of crystallinity in ternary blends with
different amounts of Si-PCPDTBT. From the two-dimensional
(2D) pattern shown in Fig. 4a,b, both PTB7 and Si-PCPDTBT
adopt a face-on orientation with respect to the substrate in
both PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) and PTB7:Si-
PCPDTBT:PC70BM (0.75:0.25:1.5) blends. The normalized one-
dimensional (1D) profiles (shown in Supplementary Fig. 9) also
demonstrate very similar diffraction intensities along circular,
vertical and horizontal sectors in both blends. Again, the negligible
variation of crystallinity in these two blends is not sufficient to
explain the FF enhancement.

Secondary ion mass spectrometry (SIMS), as a highly chemical
sensitive technique, was utilized to provide the depth profiles of each
component across the whole thickness of the active layers. As shown
in Fig. 4c,d, the depth distribution of each component is distinctly
different in the PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) and
PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) blends. To be more
precise, the mass fraction at the interface between the active
layer and the cathode electrode was calculated (summarized
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Figure 4 | Morphological investigations of ternary films. a,b, 2D GIWAXS patterns for PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) (a) and
PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) (b). c,d, Plots of the component mass against SIMS sputtering time, which is normalized to the maximum
sputtering time, for PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) (c) and PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) (d). The red dashed line is an indicator
for the bottom interface between active layer and cathode. e, Lorentz-corrected and normalized R-SoXS profiles for PTB7:PC70BM,
PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) , PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) and Si-PCPDTBT:PC70BM films under 284.2 eV.
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a b c

Figure 5 | Transmission electron microscopy (TEM) images of the ternary devices. Pre-carbon TEM images of PTB7:PC70BM (a),
PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) (b) and PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) (c) films. Dark contrast corresponds to PC70BM-rich
domains. In addition to larger domains which increase in size and reach up to 200 nm in c, contrast variations on a smaller scale of 10–20 nm indicate that
smaller domains remain largely una�ected by the addition of Si-PCPDTBT.

in Supplementary Table 1). In the PTB7:Si-PCPDTBT:PC70BM
(0.85:0.15:1.5) blend, the mass ratio of Si-PCPDTBT:PTB7 is
0.65, while in the PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) film,
the value becomes 2.64. We then postulate that an incomplete
Si-PCPDTBT wetting layer is formed close to the cathode interface
in the PTB7:Si-PCPDTBT:PC70BM (0.85:0.15:1.5) blend, which
collects the holes from host PTB7 and acts as a pathway for the holes
generated in PTB7. However, in the PTB7:Si-PCPDTBT:PC70BM
(0.75:0.25:1.5) blend a complete Si-PCPDTBT wetting layer is
formed due to the overwhelmingly higher concentration of
Si-PCPDTBT than PTB7 at the bottom. Rather than promoting
hole transport, this complete Si-PCPDTBT wetting layer behaves
as a blocking layer for electrons near the cathode. Moreover,
the mass fraction of PC70BM in the PTB7:Si-PCPDTBT:PC70BM
(0.85:0.15:1.5) blend is 67%, compared with only 60% in the
PTB7:Si-PCPDTBT:PC70BM (0.75:0.25:1.5) film at the bottom.
This enrichment of PC70BM near the cathode in cells with 15%
Si-PCPDTBT also contributes to the higher FF, due to more

efficient charge extraction for electrons and the absence of parasitic
recombination. Further details of SIMS data analysis is provided
in the Supplementary Information (Supplementary Fig. 10 and
Supplementary Methods).

Generality of the method
To prove the generality of our method, we designed novel ternary
BHJ solar cells based on a highly efficient amorphous material,
namely PTB7-th:PC70BM9. We found that, upon introduction of
the crystalline Si-PCPDTBT, the ternary blends show similar
behaviours to that of PTB7:Si-PCPDTBT:PC70BM. In particular, we
obtained an efficiency of 9.08% for PTB7-th:Si-PCPDTBT:PC70BM,
surpassing the corresponding binary cells. Supplementary Table 2
collects the photovoltaics parameters obtained for PTB7-th-based
devices obtained under 1 sun illumination. In line with the PTB7-
based results, upon introduction of Si-PCPDTBT, the FF of the
ternary is significantly enhanced compared to PTB7-th:PC70BM
devices, suggesting that the rational design of ternary composites is
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indeed a generally applicable phenomena to suppress recombination
in organic photovoltaics. To confirm this, we measured the J–V
curves of PTB7-th-based devices under different light levels (as
depicted in Supplementary Fig. 11). Supplementary Fig. 12 shows
the FFs versus light intensity for PTB7:Si-PCPDTBT:PC70BM and
PTB7-th:Si-PCPDTBT:PC70BM ternary blends in comparison with
the respective binary cells. Notably, all the ternary blends show
a monotonically increase of FF from low to high light levels,
whereas the respective binaries depict a maximum at around
0.2–0.3 suns. For the latter case, a drop in the FF at high
illumination is a direct indication of recombination losses24,50. On
the other hand, these losses are absent in the ternary blends, where
the introduction of Si-PCPDTBT indeed allows one to increase
the FF as a result of suppressed second-order recombination.
Finally, Supplementary Fig. 13 shows the EQE curves for the
aforementioned devices. In line with the PTB7-based devices, we
observed an enhancement of EQE in the 600–800 nm region in the
ternary blends at low sensitizer concentrations, in agreement with
suppressed recombination and higher charge collection efficiency
due to the sensitizer.

Conclusions
In summary, we successfully demonstrated that ternary composites
with a distinct microstructure offer remarkable opportunities
in device engineering which goes beyond the classical light
harvesting approach. We carefully selected and incorporated a
ternary sensitizer with energetic levels that allowed the transfer of
charges from the trap-limited host system into the highly ordered
sensitizer. The efficient defect passivation of the PTB7 matrix is
demonstrated by an almost perfect bimolecular recombination
order (R = 2.09) and enhanced charge carrier mobility and
lifetime. As a result, a high FF of 77% was achieved, surpassing
the recombination limitations of the PTB7:PC70BM reference
cell. Furthermore, morphological analysis revealed that the
introduction of Si-PCPDTBT into the host PTB7:PC70BM has
no significant impact on the host system microstructure, but
improves performance by optimizing the electrical properties of
the system. In view of obtaining similar results for further ternary
composites, based on PTB7-th:Si-PCPDTBT:PC70BM, our results
suggest that ternary sensitization indeed has the potential to
suppress recombination losses in other similarly affected binary
systems. Moreover, this design rule creates an opportunity to
reconsider low-FF materials providing efficient charge generation
as host materials in the design of advanced composites for
high-efficiency applications.

Methods
Materials. PTB7 was purchased from Ossila, Si-PCPDTBT from Solarmer,
PTB7-th from 1-Material and PC70BM from Solenne BV; all were used as
received without further purification. All the polymers used were taken from the
same batch to avoid any batch-to-batch variation. ZnO nanoparticles were
purchased from Nanograde.

Device fabrication and measurements. Pre-structured indium tin oxide (ITO)
substrates were cleaned with acetone and isopropyl alcohol in an ultrasonic bath
for 10min each. After drying, the substrates were coated with 40 nm of zinc oxide
(ZnO) and an ∼100-nm-thick active layer based on PTB7:Si-PCPDTBT:PC70BM
(25 g l−1 in a mixture of chlorobenzene and 1,8-diiodooctane 97 to 3 vol%. To
complete the fabrication of the devices 10 nm of MoOx and 100 nm of Ag were
thermally evaporated through a mask (with a 10.4mm2 active area opening)
under a vacuum of ∼1 × 10−6 mbar. The J–V characteristics were measured
using a source measurement unit from BoTest. Illumination was provided by a
solar simulator (Oriel Sol 1A, from Newport) with an AM1.5G spectrum at
100mWcm−2. To study the dependence of the current density on the light
intensity, we used a series of neutral colour density filters. The intensity of light
transmitted through the filter was independently measured via a powermeter.
UV-VIS absorption measurements were performed on a Lambda 950, from
Perkin Elmer. EQEs were measured using an integrated system from Enlitech,
Taiwan. All the devices were tested in ambient air.

Photo-CELIV measurements. In photo-CELIV measurements, the devices were
illuminated with a 780 nm laser diode. Current transients were recorded across
the internal 50 � resistor of an oscilloscope (Agilent Technologies DSO-X
2024A). We used a fast electrical switch to isolate the cell and prevent charge
extraction or sweep out during the laser pulse and the delay time. After a variable
delay time, a linear extraction ramp is applied via a function generator. The ramp,
which was 60 µs long and 2V in amplitude, was set to start with an offset
matching the V oc of the cell for each delay time. From the measured
photocurrent transients, the charge carrier mobility (µ) is calculated using the
following equation (1):

µ=
2d2

3At 2max

[
1+0.36 1j

j(0)

] if1j≤ j0 (1)

where d is the active layer thickness, A is the voltage rise speed A = dU/dt , U is
the applied voltage, tmax is the time corresponding to the maximum of the
extraction peak, and j(0) is the displacement current.

TPV and CE measurements. A 405 nm laser diode was used to keep the solar
cells in approximately V oc conditions. Driving the laser intensity with a waveform
generator (Agilent 33500B) and measuring the light intensity with a highly linear
photodiode allowed reproducible adjustments of the light intensity with an error
below 0.5% over a range from 0.2 to 4 suns. A small perturbation was induced
with a second 405 nm laser diode driven by a function generator from Agilent.
The intensity of the short (50 ns) laser pulse was adjusted to keep the voltage
perturbation below 10mV, typically at 5mV. After the pulse, the voltage decays
back to its steady state value in a single exponential decay. The characteristic
decay time was determined from a linear fit to a logarithmic plot of the voltage
transient, and returned the small perturbation charge carrier lifetime. In charge
extraction measurements, a 405 nm laser diode illuminated the solar cell for
200 µs, which was sufficient to reach a constant open-circuit voltage with steady
state conditions. At the end of the illumination period, an analogue switch was
triggered that switched the solar cell from open-circuit to short-circuit (50 �)
conditions within less than 50 ns.

SIMS. The secondary ion mass spectroscopy (SIMS) was carried out in an ION
TOF TOF-SIMS 5. Dual-beam dynamic SIMS mode was used to provide high
depth resolution and chemical resolution simultaneously, where Bi+ was
employed as the primary ion and Cs+ was employed as a sputtering source. The
sputtering time was set to be 360 s for all samples.

GIWAXS. Grazing-incidence wide-angle X-ray scattering (GIWAXS) was
conducted at beamline 7.3.3 at the Advanced Light Source, Lawrence Berkeley
National Laboratory. Samples were prepared on top of Si substrates. The 10 keV
X-ray beam was incident at a grazing angle of 0.13◦, which maximized the
scattering intensity from the active layers. A 2M Pilatus 2D detector was used to
collect the scattering patterns. All measurements were conducted under a helium
atmosphere to reduce air scattering.

R-SoXS. Resonant soft X-ray scattering (R-SoXS) was carried out at beamline
11.0.1.2 at ALS Lawrence Berkeley National Laboratory. All measurements were
conducted under high vacuum (1 × 10−7 torr) to reduce the air absorption of
soft X-rays. Active layers were flushed with deionized water and transferred onto
Si3N4 substrates. The scattering patterns were collected by a 2,048 × 2,048 pixel
charge-coupled device (CCD) detector. The data were processed using the Nika
software package51. The contrast function for R-SoXS is defined as C = |1δ2 +1
β2|E4 =1 n2E4, where n = 1 − δ + iβ is the complex index of refraction
and E is the incident photon energy. By tuning the incident photon energy E, it is
possible to probe the material contrast between donor-rich domains and
acceptor-rich domains.

Transmission electron microscopy (TEM). The active layers for the TEM
investigations were prepared as plan-view specimens. For this purpose, active
layer films were deposited on PEDOT:PSS (50 nm) coated glass using
doctor-blading under ambient conditions. To float off the active layer, the sample
was put into a vessel containing distilled water, where PEDOT:PSS dissolved, and
the active layer was transferred to a Cu TEM supporting grid. The TEM
investigations were performed using an FEI Titan Themis3 300 TEM with a
high-brightness field-emission gun (X-FEG) operated at 200 kV and equipped
with a high-resolution Gatan Imaging Filter (GIF Quantum) used for electron
energy-loss spectroscopy (EELS) and energy filtered TEM (EFTEM). Elemental
maps were calculated using the three-window technique.
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