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donor†
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and Ming Wang *a

Ternary all-polymer solar cells are fabricated using an N2200 acceptor and two donor polymers (PF2 and

PM2) with complementary absorption. The major donor PF2 is a relatively wide bandgap polymer that

contributes the most photon absorption in the UV-vis region while the second donor PM2 improves the

light harvesting due to its strong absorption in the near-IR region. By carefully tuning the ratio of two

donor polymers, the best ratio of 9 : 1 : 5 (PF2 : PM2 : N2200) is achieved and shows a PCE of 6.90%,

which is better than two binary devices. This work demonstrates an effective strategy of utilizing

a narrow bandgap donor polymer as the second donor to improve the performance of all-polymer solar

cells.
Introduction

Tremendous efforts have been devoted in solution-processed
polymer solar cells (PSCs) in the past decades because of their
advantages of low-cost, light-weight, exibility and large-area
production.1 It is reported that the record power conversion
efficiency (PCE) is up to �18%.2,3 High performance PSCs
usually employ a bulk heterojunction (BHJ) architecture, where
a narrow bandgap polymer donor (PD) is used as a p-type
component and a small molecule or polymer acceptor (SMA
or PA) is used as the n-type component.4–6 The combination of
PD and PA (all-PSC) exhibits excellent lm processing proper-
ties, and superior thermal and mechanical stability, which are
essential for practical applications.7,8 However, the reported
highest PCE of all-PSCs is still signicantly lower than that of
PSCs using SMAs.9 One reason is the absence of high-efficiency
narrow bandgap PAs that could utilize the photons effectively in
the near-IR region (700–1000 nm), which has been successfully
achieved in SMA PSCs.10–13 Currently, poly{[N,N0-bis(2-octyldo-
decyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-
(2,20-bithiophene)} (N2200) is still one of the best PAs due to its
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high electron mobility, narrow bandgap and excellent compat-
ibility with varieties of PAs.14–21 Though N2200 thin lm displays
a relatively wide absorption range of 300–900 nm, the absorp-
tion coefficient is dramatically smaller than those high-
performance narrow bandgap SMAs in the near-IR region,
such as ITIC10 and Y6.11 Since the typical high-performance PDs
have relatively wider bandgap than N2200,22 the weak light
absorption of N2200 would lead to low EQEs in the near-IR
region in comparison to UV-vis region. How to utilize photons
in the near-IR region efficiently remains a challenge for all-
PSCs. Either developing new narrow bandgap polymers23–28 or
device fabrication technics29 are needed in future.

In this manuscript, we demonstrate a ternary all-PSC strategy
to improving the PCEs by enhancing the absorption in the near-
IR region with the loading of second donor. As shown in
Scheme 1, three polymers (namely PF2, PM2 and N2200) are
studied in the devices. It is worth noting that the chemical
structures of PF2 and PM2 have a same benzodithiophene
(BDT) building block. PF2 is a relatively wide bandgap polymer
in comparison with N2200, which is similar to J51.17 PM2 is
a relatively narrow bandgap polymer which displayed low
energy loss in PSCs with SMAs.30 We rst fabricated binary all-
Scheme 1 Chemical structures of PF2, PM2 and N2200.

This journal is © The Royal Society of Chemistry 2020
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PSCs using PF2/N2200 and PM2/N2200 respectively. PF2/N2200
devices exhibited a decent PCE of 6.24% but low EQEs in the
range of 600–900 nm. PM2/N2200 displayed better EQEs in the
near-IR range but a relatively low PCE of 3.54%. Then PM2 is
added into PF2:N2200 blend layer proportionally as the second
donor. Finally, the ternary device with a polymer ratio of 1/9/5
(PM2/PF2/N2200) shows an improved PCE of 6.90%, mainly
due to the improvement of light absorption in the near-IR
range.
Results and discussion
UV-vis absorption

Fig. 1 showed the thin lm UV-vis spectra of three polymers. PF2
exhibits an intramolecular charge transfer (ICT) peak at ca.
555 nm and a shoulder at ca. 605 nm, which indicates the strong
intermolecular interaction duo to p–p stacking. The maximum
absorption coefficient of PF2 is 9.7 � 104 cm�1. For PM2 thin
lm, the ICT peak together with the shoulder are around
730 nm and 790 nm, which shows the maximum absorption
coefficient of 9.5 � 104 cm�1. It is noted that the narrow
bandgap of PM2 is attributed to the strong electron-decient
nature of PT building block.31–33 For N2200, it is observed that
the maximum absorption peak locates at ca. 390 nm with an
absorption coefficient of 4.3 � 104 cm�1. In the near-IR region,
there is an ICT peak together with a shoulder around 700 nm,
which gives an absorption coefficient of 3.6 � 104 cm�1. Both
peaks' absorption coefficient values of N2200 are dramatically
less than those values of PF2 and PM2. In addition, it is clear
that PF2 and PM2 show complementary absorption spectra, and
PM2 could absorb more photons in the near-IR region than
N2200. The complementary absorption feature of above three
polymers imply that ternary blend lm might be an option to
improve the photon absorption from 300 nm to 900 nm than
the binary blend lms.
Fig. 1 Film absorption of PF2, PM2 and N2200.

Fig. 2 Solar cell device configuration and energy levels of PF2, PM2
and N2200.
Energy levels

The energy levels of donor and acceptor are crucial for PSCs,
which should provide the driving force at the D/A interface for
holes and electrons separation and transport. We measured
their ionization potential and electron affinity by cyclic vol-
tammetry in the thin lm state, which approximately represent
their HOMO and LUMO to simplify the discussion.34,35 As shown
in Fig. 2, N2200 shows the deepest HOMO (�5.48 eV) and LUMO
(�3.88 eV) among three polymers, which allows the charge
separation in the PM2/N2200 and PF2/N2200 interface. For PF2
and PM2 polymers, the HOMO of PM2 is �5.34 eV, which is
slightly deeper than that of PF2 (�5.25 eV); the LUMO of PM2 is
�3.83 eV, which is signicantly deeper than that of PF2 (�3.30
eV). This phenomenon implies that the electrons of PF2 could
transport to N2200 directly or through PM2, and the holes of
N2200 could transport to PF2 directly or through PM2. Overall,
PF2–PM2–N2200 system forms an energy cascade model of in
the blend lm that allows both charge separation and transport
properly in PSCs.36–39
This journal is © The Royal Society of Chemistry 2020
Solar cell device fabrication

Since both complementary absorption and energy cascade suggest
that ternary solar cells is a possible strategy based on these three
polymers, we then fabricated all-polymer solar cells to examine the
idea with a conventional conguration of ITO/PEDOT:PSS/active
layer/PFN-Br/Ag (PEDOT:PSS, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate; PFN-Br, poly(9,9-bis(30-(N,N-dimethyl)-N-
ethylammonium-propyl-2,7-uorene)-alt-2,7-(9,9-dioctyluorene))
dibromide).40 The optimal active layer thickness is about 100 nm.

The binary device of PF2:N2200 was rstly fabricated. The
optimized condition is under the D : A ratio of 10 : 5 using
chlorobenzene (CB) as the solvent with 1,8-diiodooctane addi-
tive (DIO, 1% volume). As a result, the best PF2:N2200 device
achieved a Jsc of 11.85 mA cm�2, a Voc of 0.83 V, an FF of 0.64,
and nally give the best PCE of 6.24%. For PM2:N2200 devices,
the best PCE is 3.54% under the similar processing condition
with a Jsc of 9.22 mA cm�2, a Voc of 0.85 V, an FF of 0.45. Fig. 3b
provided their EQE curves. One can clearly see the EQE values in
the UV-visible light region (300–625 nm) of PF2:N2200 device is
substantially greater than those of PM2:N2200 device. But in the
near-IR region (>625 nm), the PM2:N2200 device is better.
Especially for the region of 800–900 nm, most of electrons are
contributed by the absorbance of PM2 since the absorbance of
PF2 is very weak here. These difference in the EQE is almost
represented in their blend absorption spectra, as shown in
Fig. 3c. In addition, it is also noted that PM2:N2200 exhibited
a low energy loss of 0.53 eV (Eloss, dened as Eloss ¼ Eoptg � eVoc,
where Eoptg is refer to the optical bandgap of blend lm).41,42 The
RSC Adv., 2020, 10, 38344–38350 | 38345
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Fig. 3 (a) Device J–V curves; (b) device EQE curves; (c) blend film
absorption with different polymer ratios.

Table 1 Solar cell performance of PF2/PM2/N2200 devices

Ratio Jsc
a (mA cm�2) Voc (V) FF PCEb (%)

10 : 0 : 5 11.85 (11.17) 0.83 0.64 6.24 (6.18)
9 : 1 : 5 13.10 (12.27) 0.82 0.65 6.90 (6.71)
8 : 2 : 5 13.18 (12.47) 0.82 0.59 6.37 (6.34)
7 : 3 : 5 13.99 (13.06) 0.82 0.55 6.23 (6.20)
0 : 10 : 5 9.22 (9.06) 0.85 0.45 3.54 (3.39)

a Numbers in parentheses are Jsc calculated from the EQE. b Numbers in
parentheses are the average PCEs.
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low Eloss feature of PM2 devices imply that PM2 would be
a suitable narrow bandgap donor in the ternary system, which
contribute Jsc without decreasing Voc.

Since the PF2:N2200 device showed a better PCE than
PM2:N2200 device, we then fabricated ternary devices by
directly adding PM2 proportionally into the optimal PF2:N2200
blend lm to systematically evaluate the inuence of PM2 in the
ternary system, such as the strong absorption coefficient in the
near-IR region and low energy loss. The total D/A ratio is kept as
10 : 5 and CB/DIO (DIO, 1%) mixed-solvent system is used. As
shown in Table 1, a signicantly improved PCE of 6.90% is
achieved for PF2 : PM2 : N2200-based ternary devices at the
38346 | RSC Adv., 2020, 10, 38344–38350
ratio of 9 : 1 : 5, which gives a Voc of 0.82 V, a Jsc of 13.10 mA
cm�2 and the same FF of 0.65. The improvement of PCE is
attributed to the enhancement of the Jsc. When increasing the
PM2 weight fraction at the polymer ratio of 8 : 2 : 5, the Jsc is
13.18 mA cm�2 and Voc is 0.82 V, which are almost identical as
the ratio of 9 : 1 : 5. However, the FF decreases to 0.59, and
nally results a PCE of 6.37%. When further increasing the PM2
weight fraction at the polymer ratio of 7 : 3 : 5, the Jsc improves
to 13.99 mA cm�2, the Voc keeps the same and the FF decreases
to 0.55. Overall, the PCE drops to 6.23%. In addition, it is
interesting that all ternary devices achieved a similar Voc of
0.83 V, which is independent with the weight fraction of PM2
and almost identical to value of PF2:N2200 binary device. This
phenomenon implies that the ternary devices form a cascade
model and the Voc is up to offset between N2200 and the donor
with upper HOMO level. Though we designed two donor poly-
mers with the same BDT building blocks, the polymer alloy was
not formed according to the Voc values of ternary devices.39

Fig. 3b provide the EQE curves of ternary devices. It is clear
that these EQE curves could be divided into two regions. In the
UV-visible light region (300–625 nm), the EQE values decreased
gradually when increasing the fraction of PM2, which is
reasonable since the main UV-vis absorber fraction (PF2) is
decreased. In the near-IR region (625–900 nm), the EQE values
increased gradually when increasing the weight fraction of PM2.
The overall effect shows that the Jsc is improved when adding
PM2 as the second donor. As shown in Fig. 3c, similar trend
could be found in their blend lm absorption spectra. However,
the FF of ternary devices were also suffered when PM2 fraction
is more than 10% in total donor component. Finally, the
balanced ratio is achieved at the polymer ratio of 9 : 1 : 5.

To have a deep insight of the exciton generation and disso-
ciation processes, photocurrent density (Jph) versus effective
voltage (Veff) curves of the ve devices were investigated. Fig. 4
provides the Jph–Veff curves of ve devices. Here, Jph is dened as
Jph ¼ JL � JD, where JL and JD are the current density under
AM1.5G light illumination and in dark, respectively. Veff is
dened as Veff ¼ V0 � Va, where V0 corresponds to the voltage
when Jph is equal to zero, and Va is the applied voltage. It is
assumed that all photogenerated excitons could be dissociated
into free charges and then collected by two electrodes at high
Veff.36 Therefore, the saturated current density (Jsat) is domi-
nated by the maximum exciton generation rate (Gmax) and
follows the equation of Jsat ¼ qLGmax, where q is elementary
charge and L is the active layer thickness. For PF2:N2200 device,
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Photocurrent density (Jph) versus effective voltage (Veff)
characteristics.
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the Gmax value was 6.78 � 1027 m�3 s�1 that was calculated at
Veff ¼ 2.0 V. For ternary devices, their Gmax values were calcu-
lated at the similar Veff and were 7.75 � 1027 m�3 s�1 (9 : 1 : 5),
7.44 � 1027 m�3 s�1 (8 : 2 : 5), 8.70 � 1027 m�3 s�1 (7 : 3 : 5),
respectively. For PM2:N2200 device, Gmax was not obtained as
the current density was not saturated. It is clear that the exciton
generation rates of ternary devices are faster than PF2:N2200
device. Meanwhile, the charge collection efficiency could be
evaluated by Jph/Jsat value at the maximal power output condi-
tion. For PF2:N2200 device, Jph/Jsat was 98.1%, which was higher
than that of ternary devices (92.5% at the ratio of 9 : 1 : 5, 91.4%
at the ratio of 8 : 2 : 5 and 89.9% at the ratio of 7 : 3 : 5). The
result shows that the charge collections in ternary devices are
worse than that in PF2:N2200 devices, indicating a negative
effect of PM2 loading. In conclusion, the ternary devices have
better exciton generation efficiency but exhibit lower charge
collection efficiencies and more bimolecular recombination
than PF2:N2200 device.
SCLC mobility measurements

Previous studies have revealed that the charge carrier mobility is
highly correlated with FF.43,44 To investigate the FF variations in
Fig. 5 J–V curves of devices with different polymer ratios.

This journal is © The Royal Society of Chemistry 2020
above ternary devices, we measured the hole mobility of ve
devices by space-charge-limited current (SCLC) method.45,46 The
hole-only diodes were fabricated with the device structure of
ITO/PEDOT:PSS/active layer/MoO3/Ag, and the J–V curves are
shown in Fig. 5. It is obvious that the hole mobilities are
gradually decreased during the increasing of PM2 ratio in the
blend, which shows a similar trend of the FF values. For
10 : 0 : 5 and 9 : 1 : 5 blend lms, their hole mobilities are on
the order of 10�4 cm2 V�1 s�1 and the PSC devices show a high
FF around 0.65. For 8 : 2 : 5 and 7 : 3 : 5 blend lms, their hole
mobilities decrease to the order of 10�5 cm2 V�1 s�1 and the PSC
devices give decent FF values of 0.55–0.59. The 0 : 10 : 5 lm has
the lowest hole mobility at the order of 10�6 cm2 V�1 s�1 and the
device displays the lowest FF of 0.45. These results suggest that
the hole transport in PM2 phase is undesirable since the
mobility decreasing as the function of PM2 ratio. Therefore, FF
shows a similar trend as the charge carrier mobility signicantly
bias the charge recombination. In conclusion, the amount of
PM2 should be restricted in the ternary devices to attain a trade-
off between Jsc and FF.

Light intensity measurements

To reveal the insight of charge recombination dynamics in
above PSC devices, we investigated the variations of Jsc as
function of light intensity. It is reported that the light intensity
(L) of Jsc in PSCs could be described as the following power
relation of Jsc f La.47,48 The deviation from a ¼ 1 is typically
attributed to the bimolecular recombination. When
a approaches to 0.75, space charge effect must be considered. As
shown in Fig. 6, all devices show clearly sub-linear dependence
of Jsc on light intensity. For PM2:N2200 binary device (0 : 10 : 5),
it suggests that both bimolecular recombination and the space
charge effects contribute to a relatively low a of 0.86. It could be
attributed to the low hole mobility of PM2 in the PM2:N2200
blend lm, which is in agreement with the hole mobility
measurement. For other four devices, there is bimolecular
recombination but not signicant since their a close to 1. Over
all, it suggests that the fraction of PM2 could not be high in the
blend lms, as the hole transport is not desired in the PM2
phase that promote bimolecular recombination in blend lms.
Fig. 6 Jsc–L curves of devices with different polymer ratios.

RSC Adv., 2020, 10, 38344–38350 | 38347
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Fig. 7 TEM images of blend films with different polymer
(PF2 : PM2 : N2200) ratios: (a) 10 : 0 : 5; (b) 9 : 1 : 5; (c) 8 : 2 : 5; (d)
7 : 3 : 5; (e) 0 : 10 : 5.
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Morphology study

To investigate morphology changes when PM2 was loaded into
the PF2:N2200 blend lm, we prepared these lms under the
same condition in fabricating PSCs and then tested their
morphologies using transmission electronmicroscope (TEM) in
bright-eld mode. Fig. 7 provides all the TEM images. The white
regions represent the donor polymer domains that absorb the
electron weakly, while the dark regions represent the acceptor
polymer domains that could prevent the electron transmission.
The white-dark contrast and domain size indicate the phase
separation scale of donor and acceptor polymers. As shown in
Fig. 7a, it is displayed that the donor and acceptor polymers are
ne-mixed in PF2:N2200 blend lms. One could roughly esti-
mate that both PF2 and N2200 domains' sizes are below 50 nm.
For the lm of PF2 : PM2 : N2200 ¼ 9 : 1 : 5, as shown in
Fig. 7b, it is clearly displayed that the image contrast is
enhanced relative to that of Fig. 7a, and the donor-rich domain
(white region) size is about �50–100 nm, which is signicantly
greater than that in Fig. 7a. In Fig. 7c (PF2 : PM2 : N2200 ¼
8 : 2 : 5), the phase-separation scale seems similar to that in
Fig. 7b. In Fig. 7d (PF2 : PM2 : N2200 ¼ 7 : 3 : 5), the size of
donor-rich domain (white region) is over 200 nm, which is
38348 | RSC Adv., 2020, 10, 38344–38350
substantially greater than that in Fig. 7a–c. Moreover, the size of
acceptor-rich domain (dark region) is also enhanced. For
PM2:N2200 blend lm, as shown in Fig. 7e, the donor-rich
domain is formed clearly with the size over 200 nm, which is
similar to that in Fig. 7d. In conclusion, the PF2:N2200 blend
lm shows the best ne-mixed morphology with a preferred
size-scale for exciton diffusion. On the contrary, the PM2:N2200
lm obtained the worst morphology with a large-scale phase-
separation. With small amount PM2 loading (9 : 1 : 5 and
8 : 2 : 5), lms could still maintain an acceptable phase-
separation scale with interpenetrating polymer network (IPN).

Above results suggest that the loading of PM2 could induce
both donor and acceptor polymers forming aggregates and
therefore increase the phase-separation scale. It is well-known
that the over-sized donor/acceptor domain is difficult for exci-
tons diffusions.49 In addition, polymer bre-network is not
found in above images.50 The relatively large-size donor polymer
aggregates would also induce grain-boundaries, which increase
the energy barriers for charge hoping and prevent the hole
transport in different donor domains.51 Therefore, the hole
mobility decreases when the donor domain size increasing.
Since both exciton diffusion and hole mobility are crucial for
FF, the FF display a trend that is consistent with the phase-
separation variations.
Conclusions

In conclusion, we successfully fabricated ternary all-polymer
solar cells consisting of two donor polymers with complemen-
tary absorption. The second donor PM2 improves the light
harvesting due to its strong absorption in the near-IR range, but
it also decreases the hole mobility in the blend lm and results
low FFs when increasing the PM2 ratio. By carefully tuning the
ratio of two donor polymers, the trade-off has been achieved at
the ratio of 9 : 1 : 5 (PF2 : PM2 : N2200) showing a PCE of
6.90%, which is better than that of two binary devices. More
importantly, ternary devices with introducing of PM2 remain
a similar Voc in comparing with the PF2:N2200 devices,
meaning that there is no extra expense of Voc when increasing
the light harvesting in the near-IR region. This work success-
fully demonstrates a strategy that utilizing a narrow bandgap
donor polymer as the second donor to improve the performance
of all-polymer solar cells.
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