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17.2% Efficiency for Completely Non-Fused Acceptor
Organic Solar Cells Via Re-Intermixing Strategy in D/A
Stratified Active Layer

Xiyun Xie, Ruijie Ma,* Sen Zhang, Top Archie Dela Peña, Yongmin Luo, Zixuan Huang,
Tao Jia, Jiaying Wu, Qunping Fan, Wei Ma, Aung Ko Ko Kyaw,* and Gang Li*

Pursuing power conversion efficiency (PCE) is the priority of developing
organic solar cells (OSCs) based on low-cost completely non-fused ring
acceptors. Herein, a donor/acceptor re-intermixing strategy to enhance the
photon capturing process, based on a previously established well-stratified
active layer morphology is reported. By adding 20 wt% PTQ10 (polymer
donor) into the acceptor’s precursor, the device PCE is increased to 16.03%
from 15.11% of the D18/A4T-16 control system, which is attributed to the
additional charge generation interface and suppressed bimolecular
recombination. On the contrary, using the equal ratio of PM6 leads to
significant efficiency loss, indicating the importance of considering vertical
distribution from the perspective of thermodynamics. Moreover, a
cutting-edge level of 17.21% efficiency for completely non-fused ring acceptor
systems is realized by altering the active layer to PBQx-TF/TBT-26 and PTQ11,
via the identical processing strategy. This work thus presents attractive device
engineering and solar cell performance, as well as in-depth vertical
morphology understanding.

1. Introduction

The power conversion efficiency (PCE) of organic solar cells
(OSCs) has surpassed 20% in both single-junction and tandem
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structured devices, thanks to the synergistic
advance in material design and fabrication
optimization.[1–13]Simultaneously, the oper-
ational stability of OSCs has been reported
with year-scale T80 lifetime,[14–20] indicating
that this clean energy harvesting technology
is nearing commercialization. However,
these advances rely on fused ring acceptor
materials with complicated chemical struc-
tures, which are synthesized from expen-
sive ingredients and have low yields.[21–24]

Therefore, developing OSCs based on non-
fused ring acceptors is a more promising
path toward commercialization despite the
significantly lower device efficiency.[25–33]

Aside from designing new high-
performance materials, optimizing the
active layer morphology by adjusting so-
lution deposition details is crucial for
promoting the PCE. Techniques such as ad-
ditive engineering, sequential deposition,
and ternary blend construction have proven

effective.[34–42] In our previous work, we utilized the poor solubil-
ity of D18 (Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-
yl)-benzo[1,2-b:4,5-b′]dithiophene))-alt-5,5′-(5,8-bis(4-(2-butylo-
ctyl)thiophen-2-yl)dithieno[3′,2′:3,4;2″,3″:5,6]benzo[1,2-c][1,2,5]-
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Figure 1. a) Illustration of LBL fabrication process. b) UV–vis absorption spectra of D18 and A4T-16 neat films, as well as PTQ10 and PM6 incorporated
A4T-16 films. c) Corresponding 2D-GIWAXS patterns.

thiadiazole)]) in ortho-xylene (o-XY) to achieve a partially inter-
mixed and well-stratified donor–acceptor vertical distribution
via layer-by-layer (LBL) processing. This morphology yielded a
decent PCE of 15% for an optimal thin-film (100 nm) device,
the corresponding devices exhibited a thickness-insensitive
characteristic.[43] However, this kind of method may result in
insufficient charge generation since the donor–acceptor blend-
ing region is not as abundant as in the films produced by the
one-step casting method, leading to lower photon capture.

Inspiringly, a recent report proposed a dilution strategy for
both donor and acceptor deposition on LBL fabricated active
layer, which significantly boosts both short-circuit current den-
sity (JSC) and fill factor (FF), without sacrificing open-circuit
voltage (VOC).[44] Accordingly, for our cases, properly introducing
polymer donor materials (soluble in o-XY) should facilitate
forming an additional donor–acceptor intermixing phase in an
acceptor-rich region, thereby improving device performance.
Therefore, in this study, we utilized two representative commer-
cially available polymer donors, PTQ10 (Poly[[6,7-difluoro[(2-
hexyldecyl)oxy]−5,8-quinoxalinediyl]−2,5-thiophenediyl]]) and
PM6 (Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-
benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-
bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c’]dithiophene-4,8-dione)]),
proven efficient in previous study,[45] to optimize the device
performance of host system D18/A4T-16. As a result, 20 wt%
PTQ10 (optimized) doping in A4T-16-layer leads to a PCE
increase from 15.11% (control device) to 16.03%, while 20 wt%
PM6 results in a much lower efficiency of 12.78%. A series of
morphological characterizations reveal that the crystallization
tuning effects of PTQ10 and PM6 on A4T-16 are very similar, but
excessively high surface tension of PM6 results in unfavorable
vertical phase segregation, inhibiting initial charge generation

and transport. In contrast, PTQ10 enriches the top part of
the film, providing an additional charge-generating region.
Photophysical experiments point out that PTQ10incorporation
can enhance the polaron generation and hole transfer process
while suppressing the free charge carrier recombination. Fur-
thermore, by replacing A4T-16 with another high-performing
completely non-fused ring acceptor, TBT-26,[46] we achieved a
state-of-the-art PCE of 17.21% using the PBQx-TF (Poly[(2,6-
(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-5,5′-(6,9-bis(4-(2-butyloctyl)thiophen-2-yl)
dithieno[3,2-f:2′,3′-h]quinoxaline)])/TBT-26 system with 20 wt%
PTQ11 (Poly[(thiophene)-alt-(6,7-difluoro-2-(2-hexyldecyloxy)−3-
methylquinoxaline]).

2. Results and Discussion

The bottom D18 layer and upper A4T-16 or PTQ10-doped A4T-
16 or PM6-doped A4T-16 layer were fabricated by the LBL pro-
cess according to previous reports.[47–50] The fabrication process
and the chemical structures of utilized materials are illustrated in
Figure 1a. First, we investigated the aggregation characteristics
of the various LBL-processed films from their UV–vis absorption
spectra (Figure 1b; Figure S1, Supporting Information).[51–53] In
film-state, even the highly crystalline D18 demonstrates a consid-
erable amorphous signal, while its 0-0 and 0–1 vibrational peaks
are also significant. Compared with neat acceptor film, PTQ10
and PM6 (20 wt%) incorporated films demonstrate improved or-
dered aggregation ratios as 0-0 vibrational peak becomes domi-
nant. Furthermore, the PM6 introduction leads to a more sup-
pressed 0–1 vibrational peak than PTQ10 does, indicative of its
better interaction with A4T-16.
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Figure 2. a) UV–vis absorption profiles of D18/A4T-16 control film, 20% PTQ10, and 20% PM6 incorporated films. b) J–V characteristics, c) EQE spectra,
and d) normal distribution of PCEs for the three systems. e) FTPS-EQE and f) EQE-EL data for the energy loss analysis. g) TPC and h) TPV curves, and
i) derived lifetime values.

Next, the molecular packing and crystallization of the bot-
tom and top layers in device fabrication are investigated by
grazing-incidence wide-angle X-ray (GIWAXS) test.[54–56] The cor-
responding 2D patterns and extracted line-cuts alongside in-
plane (IP) and out-of-plane (OOP) directions are displayed in
Figure S2 (Supporting Information). The fitting parameters, in-
cluding d-spacing and coherence length (CL) values, are summa-
rized in Tables S1 and S2 (Supporting Information). Consistent
with previous findings, D18 exhibits a strong crystallinity, evi-
denced by distinct diffraction peaks and its well-known face-on
orientation.,[57] In contrast, A4T-16 exhibits an edge-on orienta-
tion and other isotropic diffraction peaks. When PTQ10 and PM6
are added, the edge-on feature of the A4T-16 host film is reduced,
indicating suppression of characteristic small molecule crystal-
lization. Interestingly, the addition of 20% PTQ10 leads to the
disappearance of 𝜋–𝜋 stacking signals in the IP direction, while
its OOP (010) peak becomes recognizable. The 20% PM6-doped

A4T-16 film also shows a 𝜋–𝜋 stacking peak in the OOP direction,
suggesting that both polymer donors modulate the crystallization
and aggregation of the A4T-16 host film similarly. Furthermore,
the experimental results confirm that 𝜋–𝜋 stacking peak of A4T-
16 is located at ≈1.85 Å−1, different from D18’s peak at 1.67 Å−1,
providing useful information for analyzing blend film morphol-
ogy.

After clarifying the morphologic and optoelectronic properties
of the bottom and top layers, we examined the combined active
layer and related device performance. First, the UV–vis absorp-
tion profiles of blend films based on D18/A4T-16 (denoted as
the control for D18/A4T-16, 20% PTQ10 for D18/20 wt% PTQ10-
doped A4T-16, and 20% PM6 for D18/20 wt% PM6-doped A4T-
16) are presented in Figure 2a. These profiles demonstrate the
suppression effect of PTQ10 and PM6 on the absorption of A4T-
16, consistent with the previous discussion. Notably, the reduc-
tion in relative absorption intensity in the long wavelength region
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Figure 3. The 2D contour map and representative spectra of fs-TAS for a) control, b) 20% PTQ10, and c) 20% PM6 systems. d) The polaron generation
and recombination dynamics and spectra of three systems (blue for the PM6 incorporated one) at 7 ns after excitation.

does not sacrifice charge generation.[58] Next, the current den-
sity versus voltage (J–V) characteristics of devices of ITO/PEDOT:
PSS/active layer/PFN-Br/Ag traditional structure are plotted in
Figure 2b, with device parameters summarized in Table 1. The
component optimization details for the PTQ10 introduction are
presented in Figure S3 and Table S3 (Supporting Information).
Surprisingly, although PTQ10 and PM6 similarly influence the
crystallization and aggregation behaviors of A4T-16, their im-
pact on device performance differs significantly. PTQ10 increases
the PCE from 15.11% to 16.03%, whereas PM6 reduces the ef-
ficiency to 12.78%. This phenomenon deserves more in-depth
investigations. To assure the measurement accuracy, the exter-

Table 1. Device performances.

D18/A4T-16 VOC [V] JSC [mA cm−2] FF [%] PCE [%]

Control 0.905 22.08/21.49 75.6 15.11

20% PTQ10 0.912 22.86/22.08 76.9 16.03

20% PM6 0.900 19.42/19.07 73.1 12.78

nal quantum efficiency (EQE) spectra of the devices are tested
and presented in Figure 2c. The integrated current density val-
ues in Table 1 confirm that errors are within 5%. EQE spectra in-
dicate that PTQ10 enhances photon conversion, while PM6 de-
creases the EQE response. Besides, the normal distribution of
PCEs for the three systems, based on the results of 15 devices,
is presented in Figure 2d, further visualizing the statistical sig-
nificance of the re-intermixing strategy on the stratified active
layer.

Before carrying out the deeper morphology characterizations
to explain the solar cell efficiency gap, we conducted a series
of physical and photo-physical studies on the device. The VOC
change exhibited different tendencies for two donor polymers.
To analyze energy loss, we used Fourier transform photon spec-
trum (FTPS) EQE, and EQE-EL.[59,60] As shown in Figure 2e,f,
and Table S4 (Supporting Information), the PTQ10-doped device
exhibited a significantly lower non-radiative loss, while this re-
duction is not observed in the PM6 incorporated device, explain-
ing the VOC difference. Next, transient photocurrent (TPC) and
photovoltage (TPV) experiments were conducted to evaluate the
charge extraction and recombination of the devices, with results

Adv. Funct. Mater. 2024, 34, 2411286 2411286 (4 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) 2D GIWAXS patterns of active layers obtained by incidence angles of 0.1° and 0.2°. b) Relative line-cuts of IP and OOP directions.
c) Hole-only and d) electron-only device results. e) Mobility and CL values comparison.

shown in Figure 2g–i. According to the calculated results, the
charge extraction was less efficient in the devices employing the
re-mixing strategy, while the recombination lifetime increased.
Apparently, these data cannot directly explain the FF change,
which will be further discussed after the active layer morphology
investigation.

We further investigated the mechanism behind the varia-
tion in device FF and Jsc from the perspective of the donor–
acceptor interface using the femtosecond transient absorption
spectroscopy (fs-TAS) technology.[61–63] TAS spectra of A4T-16
films doped with PTQ10 and PM6 are shown in Figure S4 (Sup-
porting Information), while those of the three active layers are
presented in Figure 3. Polaron photo-bleaching (PB) features are
present in A4T-16+PTQ10 but not in A4T-16+PM6, suggest-
ing that singlet excitons can be dissociated more favorably in
A4T-16+PTQ10 samples. This finding is consistent with previ-
ous results observed in the A4T-16 neat film.[43] Based on TAS
data of the blend films, the 20% PM6 film demonstrates signif-
icantly different features in the PB signal region. Thereby, the

polaron decay kinetics analysis was only applied to the control
film and 20% PTQ10 film, since the 20% PM6 film does not
generate a comparable charge population for further compari-
son. Figure 3d shows the polarons PB kinetics for the control
and 20% PTQ10 films. The polarons generation dynamics are
comparable, indicating that the improvements in JSC are likely
due to the increased donor–acceptor interface area brought by
the remixing strategy. Additionally, the recombination dynam-
ics is slower in the 20% PTQ10 film, implying a reduced prob-
ability of free charge losses from recombination, thus improv-
ing the FF. We also analyzed the polaron features obtained from
the spectral line cuts at 7 ns. It can be observed that 20% PTQ10
film has a stronger peak intensity at 600 nm (PTQ10-absorption
peak in A4T-16 + PTQ10 system) relative to the shoulder at
560 nm (D18 absorption peak). This indicates that positive po-
larons tend to migrate and potentially interchange between D18
and PTQ10 domains, which may suppress the probability of re-
combination. Hence, more intense polarons peak intensity re-
mains in 20% PTQ10 film, which also indicates a higher free

Adv. Funct. Mater. 2024, 34, 2411286 2411286 (5 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Water and ethylene glycol (EG) contact angles upon D18, A4T-16, PTQ10, and PM6 near films. b) Diagram of vertical morphology.

charge population remaining at 7 ns and correlates to reduced
recombination.

Then, the active layer morphology was first investigated us-
ing the GIWAXS experiment at different incidence angles of 0.1°

and 0.2° to assess the crystallization behavior of whole films and
their upper part.[64] The derived 2D patterns, line-cuts, and ex-
tracted parameters are displayed in Figure 4a,b, and Tables S5
and S6 (Supporting Information). The results detected at 0.1°

demonstrate overall larger CL values compared to those detected
at 0.2° for the A4T-16 signature OOP (010) peaks in all films.
This supports the vertical segregation hypothesis: A4T-16 en-
riches at the top part of the films, resulting in ordered 𝜋–𝜋 stack-
ing, while the bottom part of the films lacks A4T-16 crystallites,
leading to lower CL values. Furthermore, the general crystalline
ordering is enhanced by PTQ10 and PM6 doping, especially in
the PTQ10-based film, where the CL of IP directional lamellar
peak improved to 114.7 Å, compared to the control (109.7 Å)
and 20% PM6(111.7 Å). This improvement could be beneficial
to achieving more favorable charge transport. To confirm this,
the charge mobility of the active layers and related films was as-
sessed by employing the space charge limited current (SCLC)
method.[65,66] The hole-only and electron-only device results are
plotted in Figure 4c,d, with the calculated hole and electron mo-
bility (μh and μe) values listed in Table S7 (Supporting Informa-
tion). Additionally, the μh and μe values and CL values of the
corresponding 𝜋–𝜋 stacking peak detected at 0.1° and 0.2° are
compared in Figure 4e. The introduction of PTQ10 and PM6 en-
hances the hole mobility of the film due to crystallization reg-
ulation and the increase of p-type materials in the films. How-
ever, the electron mobility exhibits a decreasing trend with the
addition of the two donor polymers. The change in CL values
also cannot fully explain the charge mobility variation, indicat-
ing that further in-depth investigations through other tests are
required.

Next, atomic force microscopy (AFM) and transmission
electron microscopy (TEM) measurements are applied to
the active layers, as shown in Figure S5 (Supporting Infor-
mation). AFM height images confirmed that all the films
are smooth, and lack nano-fibrillar structures (less effi-
cient charge generation and transport than those based on
fused ring accetptors[67]). TEM results suggest that the ag-
gregation motif is influenced by the donor–acceptor remix-
ing strategy: PTQ10 leads to a more sophisticated network
while PM6 results in a more separated structure with larger
aggregates.

Thanks to varied angle GIWAXS, AFM, and TEM measure-
ments, we noticed that the vertical distribution of A4T-16, D18,
and added polymer donors could be reshuffled due to thermody-
namical reasons. To investigate this, the surface tensions of the
four included materials are evaluated by gauging the water and
ethylene glycol (EG) contact angles on the neat films.[68] The sta-
bilized contact angles under all conditions were photographed
and are shown in Figure 5a, with marked angle values. The sur-
face tensions of the neat films were calculated based on Fowkes
and Wu methods, with results demonstrated in Table S8 (Sup-
porting Information). The surface tension values exhibit the fol-
lowing trend:PM6>A4T-16>D18>PTQ10. This implies that after
deposition from the solution state,[69] PTQ10 gradually enriches
at the top of A4T-16, providing an additional donor-acceptor in-
termixing region, as visualized in Figure 5b. On the contrary,
PM6’s larger surface tension indicates that the materials will mi-
grate downward, forming a thicker donor-rich region that harms
the electron transfer process without inducing a new donor–
acceptor intermixing phase. In this context, the change in charge
mobility in the active layer becomes more understandable: top-
agglomerated PTQ10 yields poorer donor continuity than PM6
does, thus resulting in lower hole mobility. This morphology-
performance relationship demonstrates that studying the entire
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Figure 6. a) Chemical structure of TBT-26. b) J–V characteristics, and c) EQE spectra. d) Performance summary of recent advances on completed
non-fused acceptor-based OSCs.

film’s morphology and optoelectronic properties are insufficient
to fully understand donor-acceptor vertically stratified active lay-
ers.

Finally, to further explore the effectiveness of our strategy in
boosting the performance of low-cost completely non-fused ac-
ceptor systems, we selected a recently reported material, TBT-26,
along with its pairing donor PBQx-TF (Figure 6a).[46] Since our
batch of PBQx-TF is not soluble in toluene, or even in hot toluene
(due to batch-to-batch difference), the bottom donor layer can
be deposited using chlorobenzene (CB) while the top layer can
be processed using toluene based on the reported recipe. These
procedures would also yield a well-stratified donor–acceptor mor-
phology, allowing PTQ10-series polymers to provide a partially re-
intermixing phase in the acceptor-rich region. As a result, PBQx-
TF/TBT-26 based devices with 10% additional PTQ11 (better
energy level alignment) demonstrated a 17.21% PCE,[70] which
is significantly higher than the control of 16.25%, and one of
the best efficiencies among completely non-fused ring acceptor-
based OSCs.[71–73] These results, including the J–V characteris-
tics, EQE spectra, and extracted device parameters, are shown
in Figure 6 and Table 2, along with the chemical structures of

Table 2. Device performances.

D18/TBT-26 VOC [V] JSC [mA cm−2] FF [%] PCE [%]

Control 0.816 26.00/25.11 76.6 16.25

10% PTQ11 0.824 26.63/25.88 78.4 17.21

newly mentioned materials. To further emphasize the perfor-
mance progress, a brief comparison of this work’s values with
other peers’ results on completely non-fused acceptor systems is
visualized in Figure 6d, according to detailed information pro-
vided in Table S9 (Supporting Information).

3. Conclusion

In summary, to further improve the PCE of the previously estab-
lished active layer based on a completely non-fused ring acceptor,
additional polymer donors are introduced into the acceptor-rich
top layer to induce intermixing and stratified morphology. The
introduction of PTQ10 successfully formed a remixing phase
that served as an additional charge-generation contributor. This
system achieved a significantly higher JSC, a slightly enlarged
VOC, and an improved FF due to suppressed bimolecular recom-
bination, thus enhancing the efficiency from 15.11% to 16.03%
for D18(CF)/A4T-16(o-XY) based systems. On the contrary,
introducing an equal weight ratio of PM6 led to a decrease in
efficiency due to unfavorable vertical active layer morphology.
Thereby, this work highlights the importance of a re-intermixing
strategy for ideal vertical distribution. Furthermore, by applying
this approach to the newly reported PBQx-TF/TBT-26 system, a
17.21% efficiency was realized with the inclusion of 20% PTQ11,
representing a cutting-edge level of efficiency for OSCs based on
completely non-fused ring acceptors. Such achievements
are beneficial to further push the pursuit of carbon
neutralization.[74–77]

Adv. Funct. Mater. 2024, 34, 2411286 2411286 (7 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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