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All-polymer solar cells (all-PSCs) have received extensive attention due to their excellent mechanical robustness and perfor-
mance stability. However, the power conversion efficiency (PCE) of all-PSCs still lags behind those of organic solar cells (OSCs)
based on non-fullerene small molecule acceptors. Herein, we report highly efficient all-PSCs via sequential deposition (SD) with
donor and acceptor layers coated sequentially to optimize the film microstructure. Compared with the bulk heterojunction (BHJ)
all-PSCs, an optimized morphology with vertical component distribution was achieved for the SD-processed all-PSCs due to the
synergistic effect of swelling of polymer films and using additive. Such strategy involves using chlorobenzene as the first layer
processing-solvent for polymer donor, chloroform as the second processing-solvent for polymer acceptor with trace 1-chlor-
onaphthalene, efficiently promoting exciton dissociation and charge extraction and reducing trap-assisted recombination.
Consequently, over 16% all-PSCs fabricated via SD method was realized for the first time, which is much higher than that
(15.2%) of its BHJ counterpart and also among the highest PCEs in all-PSCs. We have further demonstrated the generality of this
approach in various all-polymer systems. This work indicates that the SD method can yield excellent all-PSCs and provides a

facile approach to fabricating high-performance all-PSCs.
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1 Introduction

As a clean and renewable energy conversion device, organic
solar cells (OSCs) have received extensive attention from the
academic and industrial community benefiting from the ad-
vantages such as processability, lightweight, and low cost [1—
5]. Among various OSCs, all-polymer solar cells (all-PSCs)
based on the combination of polymer donors and polymer
acceptors show unique merits including superior stability
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and mechanical robustness [6—10]. Recently, polymerized
small molecule acceptors (SMAs) have boosted the power
conversion efficiency (PCE) of all-PSCs over 14% by ra-
tional material design and device optimization [11-16].
However, there is still a large gap in terms of PCEs between
all-PSCs and polymer:SMAs-based OSCs [17,18]. One of
the most important reasons is that it is difficult to achieve
nanoscale phase separation for bulk heterojunction (BHJ)
dominant structure in all-PSCs [19-21]. Although various
morphology control strategies from the molecular design and
device optimization have been implemented, controlling the
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side-chain entanglement and backbone orientation to achieve
sophisticated film microstructure, especially the distribution
of the polymer donor and polymer acceptor in the vertical
direction in BHJ all-PSCs, still remains a challenge.

Compared with the BHJ structure, the pseudo-planar het-
erojunction (or layer-by-layer, LBL) configuration is fabri-
cated by the sequential deposition (SD) method, in which the
donor and acceptor layers are prepared separately [22]. Such
a method not only can manipulate and optimize the micro-
structure of donor and acceptor layers independently but also
overcome the drawbacks induced by intrinsic material
properties, giving extrinsic advantages in control of vertical
phase distribution [23-28]. Although the SD method has
recently achieved great success in OSCs based on polymer:
SMAs systems, there are few reports on high-performance
LBL all-PSCs via the SD method due to the polymer similar
solubility [29-31]. For instance, despite the fact that the LBL
structures achieved a more suitable morphology than the
BHJ ones, the highest PCEs of LBL all-PSCs based on the
classic naphthalene diimide (NDI) and perylene diimide
(PDI) polymers is less than 10% [32-34]. In addition,
polymerized SMAs have been proven to be an effective
strategy for improving the device performance in BHJ all-
PSCs. Despite this, there are only a few successful examples
in LBL all-PSCs [15,26,32].

Inspired by the great success of SD mothed for OSCs
based on polymer:SMA blends and polymerized SMAs for
improving PCEs of all-PSCs, herein, we report a high-per-
formance SD-processed LBL all-PSCs based on polymer
donor PM6 and polymer acceptor L15 (Figure la). During
the SD process, chlorobenzene (CB) was used as the first
processing solvent for PM6, while non-orthogonal solvent
chloroform (CF) was used as the second processing solvent
for L15 with trace l-chloronaphthalene (CN). Our SD
method enabled favorable vertical phase separation and or-
dered molecular packing for all-polymer systems. In addition,
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Figure 1 (a) Molecular structures of PM6 and L15; (b) the two proces-
sing methods of active layer fabricated by spin-coating and the convention
OSC device structure (color online).

optical characterization shows that LBL all-PSCs have better
light absorption and more balanced carrier transport than
those of BHJ all-PSCs. Moreover, the results of femtosecond
transient absorption (TA) spectra and light-intensity de-
pendencies data demonstrate that LBL all-PSCs exhibit ef-
ficient exciton dissociation at the donor/acceptor interface,
swift charge extraction, and reduced bimolecular re-
combination. As a result, the optimized all-PSCs show an
excellent PCE of 16.15%, which is the best value among the
SD-processed all-PSCs to date and which is also much higher
than that (15.19%) of the corresponding BHJ counterpart. Of
particular note is that our SD method also has certain general
applicability, which is reflected in the performance im-
provement in the other three all-polymer systems.

2 Results and discussion

The chemical structures of PM6 and L15 are shown in Figure
la. The measured M, values of PM6 and L15 were 32.2 and
22.2 kDa, with dispersity values of 1.9 and 2.2, respectively
[12,35]. L15 was synthesized based on our previous work
[12,13]. All-PSCs were fabricated using a conventional
configuration (Figure 1b). The LBL film was sequentially
cast independently using a solution in CB of PM6 and a
solution in CF of L15 with trace additive. In such the SD
process, the CF solvent quickly evaporated and spread into a
film under high-speed spin-coating. The corresponding BHJ
film was fabricated by blend coating (BC) method, spin-
coating from a CF solution of mixed PM6 and L15 with trace
additive. See Supporting Information online for the detailed
device optimization process and the corresponding photo-
voltaic parameters.

The current density-voltage (J-V) test curves of LBL and
BHJ all-PSCs under optimal conditions are shown in Figure
2a. It is found that the LBL all-PSC with a content of 2% CN
yields the highest PCE of 16.15%, with a short-currents
density (J,) of 23.58 mA cm >, fill factor (FF) of 73.17%
and an open-circuit voltage (V) of 0.936 V, which is higher
its BHJ counterpart with a PCE of 15.19% (the J, is
22.51 mA cm °, the FF is 71.31%, and the Vi 1s 0.946 V)
(Table 1). The integrating currents from the external quan-
tum efficiency (EQE) measurement are 22.73 and
21.69mA cm ° for LBL and BHJ devices, respectively
(Figure 2b), which is consistent with the above measured J..
The efficiency distributions of fifteen sets of optimized LBL
and BHJ devices are shown in Figure 2¢, which both exhibit
a normal distribution. The average PCE value of the LBL
device is 15.59%, which is much higher than that (14.66%)
of BHJ devices. To the best of our knowledge, the 16.15%
efficiency is among the highest values reported so far for all-
PSCs (as shown in Figure 2d and Table S11, Supporting
Information online).
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Figure 2 (a) The optimized J-V curves of BHJ and LBL all-PSCs; (b) the
EQE and integral J,, tested under the optimal PCE; (c) histograms of the
PCE counts of BHJ and LBL devices for 15 individual devices; (d) plots of
the PCE versus FF for the representative LBL all-PSCs reported in the
literature, the PCE is almost below 16% except for one example reported
during the reviewing process of this work [15] (color online).

To visually understand the differences in device perfor-
mance of BHJ and LBL all-PSCs from physical dynamics
[24,36], we studied the influence of the SD method on the
active layer morphology by atomic force microscopy (AFM)
and transmission electron microscopy (TEM). As shown in
Figure 3a, b, the surface of the LBL film fabricated under
optimal condition is greatly coarser than the corresponding
BHI film, with root-mean-square (RMS) values of 2.74 and
1.64 nm, respectively. It is speculated that the SD method
facilitates phase separation between donor and acceptor
layers due to the enhanced crystallization of L15 by CN
additive. As can be seen from the TEM images of Figure 3c,
d, the LBL film at the 200 and 500 nm scale exhibited larger
and well-defined fibre-like networks than those of BHJ film,
indicating SD method optimized phase distribution between
donor and acceptor layers. Then, we carried out 2D grazing-
incidence wide-angle X-ray scattering (GIWAXS) mea-
surements to further study the characteristics of the film
molecular packing and crystallinity [26,37-39]. The 2D-
GIWAXS diffraction patterns and 1D line-out profiles of the
neat films of PM6 and L15 are shown in Table S9 and Figure
S10 (Supporting Information online). The neat PM6 film
shows a strong (100) peak at 0.292 A" (4=21.518 A) in the
in-plane (IP) direction and a weak (010) peak at 1.661 A (d
=3.783 A) in the out-of-plane (OOP) direction. The neat L15

Table 1 Collection of photovoltaic parameters for BHJ and LBL device
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film shows a strong n-n stacking peak in the OOP direction,
as evidenced by the strong (010) lamellar peaks at 1.602 AT
(d=3.922 A), indicating a face-on dominant orientation of
L15. Moreover, the optimized LBL and BHJ film (Figure 3e,
f) both show a strong diffraction peak in the OOP direction at
1.633 A~ (d=3.848 A), implying that the backbone ordering
of L15 is maintained in the BHJ and LBL films. That is
beneficial for charge transport in the vertical direction. In the
IP direction, the scattering peak of both LBL and BHJ films
at g=0.638 AT (d=9.848 A) could be assigned to the lamellar
stacking of either PM6 or L15. Additionally, the crystal co-
herence lengths (CCL) in the IP and OOP directions are
calculated by the Scherrer equation. Both LBL and BHIJ
films have comparable CCL values. Moreover, the (100)
signal intensity calculated by integrating the azimuthal curve
(Figure S10j) shows that although the two films both show
predominantly face-on orientation, a higher face-on/edge-on
ratio (the face-on/edge-on ratio is 0.58 for the BHJ blend film
and 0.72 for the LBL film) in the LBL film, contributing to
the improved vertical charge transport, as evidenced by the
SCLC measurements.

Next, we analyzed the reasons for the high performance of
the LBL device from the working principle of OSCs, in-
cluding exciton generation, exciton diffusion, exciton asso-
ciation, and charge extraction. First, we measured the optical
properties of the optimized BHJ and LBL films to figure out
the improvement of J in the LBL device from the aspect of
exciton generation. The absorption spectrum demonstrates
that PM6 has a strong absorption band in the visible light
region, complementing that of the L15 film with strong ab-
sorption concentrated in the near-infrared region (Figure S2).
This is conducive to the absorption of more photons from the
sun. In addition, we find that the absorption coefficients of
LBL and BHJ films in the visible region are basically the
same, as high as 7.54x10" cm™' (Figure 4a). However, the
absorption coefficient of LBL film is higher than that of BHJ
film in the near-infrared region at around 808 nm, which
indicates that LBL film prepared by the SD method promotes
better light-harvesting, thereby significantly increasing the
Sy

For further investigation of exciton generation and exciton
diffusion dynamics of BHJ and LBL films, TA spectroscopy
[40,41] was performed to characterize photo-to-electron
conversion processes between donor and acceptor. As shown
in Figure 4b, ¢ and Figure S4a, we obtained 2D color plots of

, D A J. Cal. J/EQE
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Devices Addictive Voe (V) FF (%) (mA cmfz) (mA cmﬁz) PCE ™ (%)
BHJ 2%CN 0.95 71.31 22.51 21.69 15.19(14.76)
LBL w/o 2% CN 0.94 73.17 23.58 22.73 16.15(15.70)

a) The device area: 4.5 mm’; b) Average values with standard deviation from at least 10 devices.
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Figure 3 AFM images of BHJ film (a) and LBL film (b); TEM images of BHJ film (c) and LBL film (d) at 200 nm; 2D-GIWAXS diffraction patterns of

BH]J film (e) and LBL film (f) (color online).
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Figure 4 (a) Absorption coefficient of the optimized BHJ and LBL active layer films; the 2D color plot of TA spectrum of BHJ film (b) and LBL film (c) at
indicated delay times; (d) representative spectrum of LBL film at indicated delay times; (e) fitting PL spectrum of neat L15, LBL, and BHJ films; (f) current
intensity plotted against incident light intensity for BHJ and LBL devices on a logarithmic scale (color online).

PM6, BHJ, and LBL films by a 355-nm pump pulse photo-
excitation. There are two bleach peaks at around 625 and
820 nm in the TA spectrum of both BHJ and LBL films,
separately attributed to the sum of ground state bleach (GSB)
and stimulated emission (SE) of PM6 and L15. This result is
consistent with the location of the absorption peak of PM6
and L15. Here, a few representative line-out profiles of LBL
films from the TA spectrum are selected to probe the relative
transmittance change (A7/7) at specific delay times (Figure

4d). The GSB signal attenuation speed of the first 10 ps is
much fast in contrast with the varies of that from 10 to
100 ps, which indicates that there is the hole transfer (HT)
process. Thus, time-resolved photoluminescence (TRPL)
spectroscopy [23,26] was employed to investigate the HT
kinetics of BHJ and LBL films. The obtained plots at 582 nm
were fitted by a biexponential function [42]: i=A4,exp(—t/t)
+4,exp(—t/t,), with pre-factors of 4, and 4, and two lifetimes
of 7; and 7,. Of note is that HT process consists of an ultrafast
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dissociation of excitons at the donor/acceptor interface and a
diffusion process of excitons to the donor/acceptor interface,
as characterized by 7, and 7,, respectively. Finally, biexpo-
nential fitting yields 7,=0.22/0.44 ps and 7,=34.53/56.66 ps
for BHJ and LBL films (Figure S5 and Table S7), indicating
LBL film is favorable for much exciton generation and ef-
ficient exciton diffusion in the whole HT process to achieve a
high-performance device [42—44].

We also carried out photoluminescence (PL) spectra to
reveal the efficiency of exciton dissociation between poly-
mer donor and polymer acceptor [25]. As shown in Figure
4e, the neat L15 film shows a strong PL intensity in the range
of 800—1,100 nm, but the intensity substantially decreases
after the joining of PM6, which indicates efficient exciton
dissociation and charge transfer occur at the donor/acceptor
interface. We assessed the quenching efficiencies (APL) of
BHJ and LBL films using the equation [45]: APL=(PLgine—
PLyyr1)/PL vistines in Which PLigine is the PL peak value of
L15, PLyr approximately denotes the corresponding PL
intensity of BHJ or LBL films. The calculated quenching
efficiencies of BHJ and LBL films are 79.51% and 75.55%,
respectively. It indicates more electrons dissociation and
extraction in LBL film. The charge transport ability of BHJ
and LBL devices is measured by the space-charge limited
current (SCLC) technology [46]. As shown in Table S8, the
calculated electron mobility () and hole mobility (u;,) re-
sults for LBL devices are 1.75x10* and 1.7x10°*
em’ V' s, respectively. The calculated results of the x, and
uy for the BHJ device are 1.56x10* and 1.67x10*
em’ Vs, respectively. On one hand, the y, and g, of LBL
device are higher than those of BHJ device. On the other
hand, in terms of the ratio of u./u,, LBL device is closer to
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value 1 compared with the BHJ device. Thus, the transpor-
tation of electrons and holes in the LBL device is more ef-
ficient and balanced in the photovoltaic power generation
process and corresponds to higher J and FF. In addition,
light-intensity dependencies measurements were performed
for investigating charge recombination in both LBL and BHJ
devices [47].

Light intensity (P) and J, follow the proportional re-
lationship of J,, o P”. Unless there is no bimolecular re-
combination for a=1, a should be <1 for the devices due to
bimolecular recombination in most cases [48]. As shown in
Figure 4(f), the o values of LBL and BHJ devices are 0.987
and 0.972, respectively. It indicates that the reduced bimo-
lecular recombination and swift charge extraction were
achieved in the LBL device due to the optimized distribution
between donor and acceptor layers.

To demonstrate the generality of our SD method, several
other all-polymer systems based on PBDB-T:L15, PCE10:f-
BTI3-T, and PBDB-T:N2200 blends were here chosen and
the corresponding molecular structures were shown in Figure
5a, b. It was found that the LBL device based on PBDB-T:
L15 achieved a PCE of 8.4%, which is much higher than that
(6.5%) of the BHJ device (Figure Sc, e, Table 2). Similar
results were also observed in the classical fused imide
polymer acceptors-based two all-PSCs. However, the limited
popularization of this method in several high-performance
polymer:SMAs-based OSCs was also observed in Table S4.

3 Conclusions

We reported highly efficient all-PSCs using the SD method.
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Figure 5 Chemical structures of the classic polymer donors (a) and polymer acceptors (b). The J-V curves of PBDB-T:L15 (c), PBDB-T:N2200 (d), and

PCE10:f-BTI3-T-based all-PSCs (e) (color online).
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Table 2 Summary of photovoltaic parameters for three representative all-PSCs systems prepared by SD and BC methods

Devices Voo (V) Jie (A cm ) FF (%) PCE (%)
PBDB-T/N2200 0.83 13.14 62.11 6.76
PBDB-T:N2200 0.84 10.03 61.24 5.16
PCE10/f-BTI3-T 1.03 12.17 56.40 7.10
PCEI10:f-BTI3-T 1.03 8.56 60.86 5.34

PBDB-T/L15 0.95 15.30 57.84 8.43
PBDB-T:L15 0.96 13.63 50.00 6.53
The non-orthogonal solvent used in fabrication and CN ad- 100008 .
ditive introduced in the neat L15 solution played a key role in i IéluLzolau BB;OM&?\% \P;\I/uzﬁi iNFE?gWGv(V::: ;HHIJ(;? JH;aI\l(LL?V\?l
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morphology than the typical BC method for all-polymer 6 LeeJ, Sun C, Ma BS, Kim HJ, Wang C, Ryu IM, Lim C, Kim T, Kim
. . . . Y, Kwon S, Kim BJ. Adv Energy Mater, 2021, 11: 2003367
systems, thus improving carrier transport and generation and 7 LeeC. Lee S, Kim GU, Lee W, Kim BJ. Chem Rev. 2019, 119: 8028
suppressing charge recombination. Consequently, these en- 8086
hanced J,, and FF for the resulting all-PSCs. The optimal all- 8 Wu B, Yin B, Duan C, Ding L. J Semicond, 2021, 42: 080301
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