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ABSTRACT 

The incorporation of polymeric insulators has led to notable achievements in the field of organic 
semiconductors. By altering the blending concentration, polymeric insulators exhibit extensive capabilities 
in regulating molecular configuration, film crystallinity, and mitigation of defect states. However, current 
research suggests that the improvement in such physical properties is primarily attributed to the 
enhancement of thin film morphology, an outcome that seems to be an inevitable consequence of 
incorporating insulators. Herein, we report a general and completely new effect of polymeric insulators in 
organic semiconductors: the insulator-donor electron wavefunction coupling effect. Such insulators can 
couple with donor polymers to reduce the energy barrier level and facilitate intramolecular electron 
transport. Besides the morphological effects, we observed that this coupling effect is another mechanism 

that can significantly enhance electron mobility (up to 100 times) through the incorporation of polymeric 
insulators in a series of donor systems. With this effect, we proposed a polymeric insulator blending 
approach to fabricate state-of-the-art pseudo-bilayer organic solar cells, and the PM6/L8-BO device exhibits 
a high efficiency of 19.50% (certificated 19.18%) with an improved interfacial electron transport property. 
This work not only offers a novel perspective on the quantum effect of polymeric insulators in organic 
semiconductors, but also presents a simple yet effective method for enhancing the performance of organic 
solar cells. 
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[1 ]. Generally, the blending of insulating materials 
has been proven to be an effective method to im- 
prove the electrical conductivity and defect charac- 
teristics of organic semiconducting thin films. 

Organic solar cells (OSCs) are a more complex 
case [10 ]. Within the photoactive layer, donor and 
acceptor establish distinct hole and electron trans- 
port pathways, and OSCs can potentially achieve op- 
timal performance only when charge carriers reach a 
state of equilibrium transport [11 –14 ]. This implies 
that blending insulators in OSCs may not be as 
feasible as other organic electronic devices, because 
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NTRODUCTION 

olymeric insulators have achieved great success
n the field of organic semiconductors [1 ,2 ]. Sev-
ral research groups have demonstrated favorable
mpacts of low-dosage insulators on the regula-
ion of molecular aggregation, enhancement of crys-
allinity and trap dilution effects [3 –9 ]. More en-
ouragingly, Blom et al . discovered that the insulator
oly(vinylcarbazole) (PVK) can completely passi-
ate electron traps and tune the diluted organic semi-
onductor to an ideal bipolar transport case, even

ith an extremely high weight content (up to 90%) 
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he dilution effect for de-trapping a specific type
f carrier can lead to uncontrollable consequences
or the other [1 ]. Due to such highly disordered
ature of OSCs [15 ,16 ], the mechanism of insulator
n donor:acceptor (D:A) blending systems is sti l l
nclear. There are many case studies on insulator
lending in OSC systems. Incorporating insulators
an significantly prolong the film formation process,
mproving molecular crystallinity and reducing
rap state density [2 ,4 ]. Moreover, enhanced non-
ovalent molecular interaction through insulator
lending optimizes molecular stacking, thereby
oosting charge carrier delocalization and improv-
ng performance of OSCs [7 –9 ]. Current studies
how that the improvement in morphology appears
o be an inevitable outcome of insulators. However,
his morphological evolution cannot be theoreti-
ally correlated with the charge carrier behavior in
he active layer or experimentally summarized in
tatistical models. Therefore, elucidating the mecha-
ism of insulator on the active layer morphology and
eeking other potential functions beyond morpho-
ogical regulation are of great research and practical
ignificance for further enhancing the performance
f OSCs. 
Herein, we propose an insulator-donor electron

avefunction coupling effect, which is different from
he conventional understanding of the morphologi-
al control. This coupling effect can significantly en-
ance electron mobility (up to 100 times) through
he incorporation of polymeric insulators in a series
f donor systems, involving PM6, PBDB-T, PTB7-
h and PBDB-T-SF. Furthermore, inferior electron
ransport properties in the PM6:PE films can be
bserved with improved thin film crystallinity, and
his phenomenon excludes the dominant effect of
orphology change in electron transport evolution.
he extended Su–Schrieffer–Heeger (SSH) tight-
inding model indicates that the polymeric insula-
ors with electron-rich groups can couple with the
 unit of D-A type donor polymers, and thus ef-
ectively reduce the intramolecular energy barriers
f electron carriers. This quantum effect can par-
ially address the inferior electron transport behav-
ors due to the adverse interfacial contact in pseudo-
ilayer OSCs. By applying this polymeric insulator
lending strategy, we achieved a power conversion
fficiency (PCE) of 19.50% (certificated 19.18%) in
he PM6/L8-BO based pseudo-bilayer OSCs. This
ork not only offers a novel perspective on the quan-
um effect of polymeric insulators in organic semi-
onductors, but also presents a simple yet effective
ethod for enhancing the performance of organic
olar cells. 
Page 2 of 10
RESULTS AND DISCUSSION 

Electron transport analysis in donor 
polymers 
Figure 1 a displays the chemical structures of se- 
lected donor polymers and polymeric insulators in 
this work. Figure 1 b and Fig. S1 depict the energy 
levels and normalized UV-vis absorption spectra of 
donor polymers. The space-charge-limited current 
(SCLC) model was performed to extract charge car- 
rier mobilities [17 ,18 ]. Figure 1 c summarizes the 
electron mobility of neat PM6, PBDB-T, PTB7-Th, 
PBDB-T-SF, P3HT and PCDTBT films. However, 
it is worth noting that the analysis of electron trans- 
port in D18 and D18-Cl films is unavailable due to 
the large electron injection barriers in such materi- 
als [19 ,20 ]. It can be clearly observed that the elec-
tron mobility values in donor polymers are much 
lower than hole cases [21 ]. Such unipolar charge 
carrier transport properties result in high charge re- 
combination rate, hindering further decrease of non- 
radiative energy loss in pseudo-bilayer OSCs. There- 
fore, boosting the delocalization of electron and hole 
carriers in donor polymers may be expected to en- 
hance the performance of OSCs [22 ,23 ]. Figure 1 d
and e i l lustrate the changes of electron transport be-
havior after insulator blending, and the detailed in- 
terpretation is described in a later section. 

We initially chose one of the most widely-used 
donor PM6 with polystyrene (PS) as the model 
system to investigate the electron transport proper- 
ties. The electron mobility μe of neat PM6 film is 
5.7 × 10−9 cm2 V−1 s−1 , which is consistent with 
reported results in the literature [21 ]. Figure S3a
summarizes μe in PM6-based films with various PS 
contents; μe can be improved to exceed 10−7 cm2 

V−1 s−1 when 40 wt% PS was blended into the PM6 
film. Other donor systems exhibit similar results 
when we added different polymeric insulators into 
neat films. Figure S3 shows the variation of μe in 
PM6&PMMA, PM6&SEBS, PBDB-T&PS, PTB7- 
h&PS and PBDB-T-SF&PS systems. When the 

polymeric insulators reach high blending fraction, 
μe begins to show a downward tendency. This is 
due to the fact that high insulator blending fraction 
severely disrupts the film morphology, leading to the 
decay of transport network and electron mobility 
in donors. However, the blending of polymeric 
insulators cannot improve the electron transport 
properties in selecting donor D18, D18-Cl, P3HT, 
PCDTBT or insulator PP, PE cases ( Figs S5 and 
S6). For D18 and D18-Cl, the large electron in- 
jection barrier make it is inappropriate to analyze 
electron transport behavior using the SCLC model. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
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Figure 1. (a) The chemical structures of donor polymers and polymeric insulators in this work. (b) The energy levels of the 
donor polymers. (c) The neat film electron mobilities of the donor polymers. The change of electron transport behavior in 
donor polymer before and after blending the insulator from different angles in (d) energy level and (e) transport sites level. 
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igure 2 summarizes the current density response
s a function of the applied electric field in a se-
ies of donor polymer-based electron-only devices
nd mobility values. It is clearly observed that the
ositive effect of polymeric insulators in electron
ransport properties only occurs in D-A type donor
olymers, and the insulating component should
nvolve electron-rich groups, such as PS, PMMA
nd SEBS. 
Next, we selected two polymeric insulators PS

nd PE to evaluate the relationship between the vari-
tion in electron mobility and the morphological
volution in thin films. Figure 3 a shows the cur-
Page 3 of 10
rent density response as a function of the applied 
electric field in PM6-based hole-only and electron- 
only dev ices w ith ≤5 wt% PS, PE, and PS&PE
(1:1 in weight), and Fig. 3 b summarizes the mo-
bility values as a function of polymeric insulator 
contents. With low dosage ( < 10 wt%) polymeric 
insulators, hole mobility μh values increase in all 
three cases, whereas μe values only remarkably in- 
crease in the PM6:PS system. With 5 wt% PS, μe is
2.2 ×10−8 cm2 V−1 s−1 , which is ∼3.9 times higher 
than the neat PM6 film. In contrast, the 5 wt%
PE blended film shows a low μe of 1.4 ×10−9 cm2 

V−1 s−1 . We further performed grazing incidence 
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ide-angle X-ray scattering (GIWAXS) to investi-
ate the origin of these transport behavior differ-
nces of hole and electron carriers in PS, PE and
S&PE systems. Figure 3 c shows the 2D and 1D GI-
AXS morphology information of PM6-based thin
lms w ith/w ithout 5 wt% PS, PE and PS&PE ma-
erials. Figure S7 and Table S1 summarize parame-
ers of π–π stacking information in the out-of-plane
irection. The π–π stacking interaction and crys-
al linity of al l thin films can be improved with poly-
eric insulators, and the π–π distance/crystalline
oherence length (CCL) after blending 5 wt% PS,
E and PS&PE are 3.61 Å/19.26 Å, 3.63 Å/18.87 Å,
.64 Å/17.93 Å, respectively, while that of the PM6
eat film is 3.65 Å/17.38 Å. The morphology evo-
ution shows a high correlation with the change of
ole mobilities. However, the variation of electron
obility mismatches with the thin film morphology
ith the blending of polymeric insulators, and there-
ore, it is implausible to only attribute the electron
Page 4 of 10
behav ior w ith the morphological change. There- 
fore, we can conclude that the variations of electron 
and hole mobilities after polymeric insulator blend- 
ing are driven by distinct mechanisms. Specifically, 
hole mobility is more closely linked to morphology, 
whereas the changes of electron mobility may also 
be driven by potential effects beyond morphology, 
which eventually lead to different tendencies for the 
electron and hole transport behavior after insulator 
blending. 

Based on the analysis above, we can conclude 
that two essential prerequisites may contribute to 
the enhancement of electron transport property in 
insulator-donor blending films: (1) the side chains 
of polymeric insulators should contain electron-rich 
units such as a benzene ring; and (2) the donor poly- 
mer should contain D-A repeating units, meaning 
the push electron unit and the pull electron unit ap- 
pear alternately in the polymer backbone. To eluci- 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
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Figure 3. (a) The electron and hole J × d values with the applied electric field for different neat and blending systems using 
SCLC analysis. (b) The detailed relationship of hole and electron mobility with insulator fraction in donor PM6. (c) 2D and 1D 
GIWAXS patterns of PM6 and PM6 blending with insulator systems. 
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ransport properties when polymeric insulators are
lended into donor polymers, we concurrently an-
lyze the structural characteristics of above specific
onor polymers and insulators. One possible reason
s that after blending the polymeric insulator con-
aining the electron-rich group with the D-A poly-
ers, the insulator may couple with the D or/and A
nit of the polymer, and thereby reduce the barrier
eight of the D unit or the potential well depth of the
 unit in the polymer backbone, and thus facilitate
ntramolecular electron transport. 

olecular dynamics and tight-binding 

odel simulations 
n order to elaborate the mechanism of insulator-
onor electron wavefunction coupling effect in
mproving electron mobility, we performed molec-
lar dynamic (MD) and tight-binding model
Page 5 of 10
simulations. For the MD simulation, we conducted 
PM6 and PM6:Y6 films with various PS contents. 
The radial distribution function and numbers of 
molecule pairs in close proximity ( < 6 Å) between 
D or A unit and PS are summarized in Fig. S8 and 
Table S2. Wecan observe that in both the neat donor 
and blending cases, PS molecules can interact with 
PM6. Moreover, the number of PS molecules near 
the D and A units is similar, indicating that they may
have an equal probability of interacting with the D or 
A units. 

The extended Su–Schrieffer–Heeger (SSH) 
tight-binding model was employed to accurately 
elucidate the electron transport behavior in donor 
polymer [24 ]. We established a polymer model 
which has four-polymerized units ( n = 4) and its
corresponding molecular models in different cou- 
pling situations with insulator PS. For the coupling 
effect, we considered that the carbon atoms between 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
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Figure 4. Time evolutions of the net charges on each site of the corresponding molecular models. (a) No coupling with PS, 
(b) D unit coupling with PS and (c) A unit coupling with PS under E0 = 5.2 × 105 V cm−1 , (d) A unit coupling with PS under 
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models. (e) No coupling with PS and D unit coupling with PS under E0 = 5.2 × 105 V cm−1 . (f) A unit coupling with PS under 
E0 = 5.2 × 105 V cm−1 and 5.4 × 105 V cm−1 . 
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S side chain benzene ring and donor polymer
hiophene ring has an electronic transition integral.
etailed modeling information has been described
n the Supporting Information. We assumed that a
egative polaron was initially generated at the left
ide of the polymer chain. The initial net charge
ensity distribution curve of each grid point is
hown in Fig. S9. This distribution indicates that
here is an intramolecular charge transfer character,
aused by the different on-site energy of D and A
nits, and it also implies that D units wi l l act as
 potential barrier to impede electron transport
25 ,26 ]. As demonstrated in Fig. S10, the negative
olaron in the polymer chain can transport from the
nitial position to the right end group, at least under
he electric field strength of E0 = 5.2 ×105 V cm−1 

or no coupling with PS, E0 = 5.1 ×105 V cm−1 for
 unit coupling with PS and E0 = 5.4 ×105 V cm−1 

or A unit coupling with PS. Therefore, we initially
onclude that PS coupling with polymer A unit
s not conducive for intrachain electron transport
ue to large threshold electric fields. Figure 4 a–c
 l lustrate the time evolutions of net charges on each
ite for three coupling cases under E0 = 5.2 ×105 V
m−1 , while Fig. 4 d shows the case of A unit cou-
ling with PS under E0 = 5.4 ×105 V cm−1 . We
bserved that after applying the identical electric
eld E0 = 5.2 ×105 V cm−1 for 20 0 0 fs, the negative
olaron has already reached the right end group
n the case of D unit coupling with PS. Figure 4 e
Page 6 of 10
and f show corresponding time evolution of charge 
center position for the negative polaron. To intu- 
itively obtain the transport velocities of electron 
polaron under two cases: no coupling with PS and 
D unit coupling with PS, we calculated the average 
transport velocity, 0.342 nm fs−1 for no coupling 
with PS and 0.852 nm fs−1 for D unit coupling with 
PS. The calculation results also tend to support 
that D unit coupling with PS is favorite for electron 
transport, consistent with the phenomena observed 
in the experiment. In short, we find that insulators 
containing electron-rich group can couple with D 

unit of D-A donor polymer, effectively reducing 
the energy barrier, which is conducive for polymer 
intrachain electron transport. The non–D-A type 
polymers themselves do not contain an alternating 
energy level structure, and thus this coupling effect 
cannot be applied. 

Figure 1 d and e visualizes this transport mecha- 
nism at different angles. From the point of view of 
energy level, Fig. 1 d describes that after the insula- 
tor electron-rich group coupling with D unit, a cou- 
pling state is provided, which can effectively reduce 
the energy barrier of the D unit in a polymer chain. 
Therefore, this coupling state is a conducive path for 
electron transport. Figure 1 e graphically shows the 
variation of state sites. When insulator coupling with 
donor, some coupling state sites can be provided, 
which have lower barriers and are beneficial for the 
electron transport process. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
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Figure 5. (a) J –V curves of the pseudo-bilayer OSCs based on PM6/L8-BO, (PM6 & 5 wt% PS)/L8-BO and (PM6 & 5 wt% 

PS)/(L8-BO & 3wt% PS) systems under AM 1.5 G conditions. (b) EQE spectra. (c) Certificated I - V curve for a (PM6 & 5 wt% 

PS)/(L8-BO & 3 wt% PS) device. (d) Sensitive EQE spectra. (e) Vertical phase distribution of the corresponding pseudo-bilayer 
OSCs. (f) Summary of PCEs for the pseudo-bilayer OSCs from literature and this work. (The corresponding references are 
listed in the Supporting Information.) 

Table 1. Photovoltaic performance parameters of the pseudo-bilayer OSCs under AM 1.5 G conditions. 

System Voc (V) 
Jsc 

(mA/cm2 ) 
Jcal 

(mA/cm2 ) FF (%) PCE (%)

PM6/L8-BO 0.883 26.81 25.92 75.5 17.90 (17.55 ± 0.37)
(PM6 & 5 wt% PS)/L8-BO 0.888 26.96 26.14 78.0 18.67 (18.30 ± 0.28) 
(PM6 & 5 wt% PS)/(L8-BO & 3 wt% PS) 0.898 27.32 26.39 79.5 19.50 (19.22 ± 0.27)
(PM6 & 5 wt% PS)/(L8-BO & 3 wt% PS) 

(Certificated) 
0.892 27.44 – 78.4 19.18 
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evice fabrication of pseudo-bilayer 
rganic solar cells 
seudo-bilayer OSCs have attracted extensive atten-
ion due to favorable vertical phase separation and
ufficient exciton dissociation interfaces [27 –37 ].
owever, the penetration of acceptors attributed
o the diffusion and swelling effect in the two-
tep donor/acceptor deposition process presents
 double-edged sword. This uneven diffusion and
welling not only give rise to interpenetrating net-
orks but also generate acceptor-isolated domains
n the donor phase. Therefore, trapped free electrons
ithin the isolated domains inevitably undergo high
ecombination rates, which decrease the overall per-
ormance of pseudo-bilayer OSCs. 
Based on the above understanding, we selected

S to regulate the electron transport behavior in the
Page 7 of 10
donor layer of the PM6/L8-BO device, aiming to 
ful ly uti lize the free electrons generated at the inter-
face of isolated domains. The PM6/L8-BO device 
achieved a PCE of 17.90%, while the (PM6 with 5
wt% PS)/L8-BO device exhibited an enhanced PCE 

of 18.67%. The corresponding J - V and EQE curve
are shown in Fig. 5 a and b, and the device parame-
ters are summarized in Table 1 and Table S3. To com- 
prehensively apply the insulator blending strategy for 
both morphology regulation [2 ] and electron delo- 
calization, we fabricated a pseudo-bilayer (PM6 with 
5 wt% PS)/(L8-BO with 3 wt% PS) device yield- 
ing a record PCE of 19.50% (certificated 19.18%, as 
shown in Fig. 5 c and Fig. S11), which to the best
of our knowledge is one of the highest certificated 
PCEs for pseudo-bilayer devices to date (Fig. 5 f and 
Table S4). 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae385#supplementary-data
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To elucidate the function of polymeric insulators
n pseudo-bilayer OSCs, we conducted comprehen-
ive characterization of the above devices from mul-
iple perspectives. The electron hopping distance
an be expressed as μ = eνR2 / 6 kT , where R is av-
rage hopping distance, and ν is jump frequency
38 ,39 ]. After blending 5 wt% PS, the electron hop-
ing ability increases from 1.72 Å to 3.37 Å. The
V-vis absorption spectrum of the corresponding
ystems is depicted in Fig. S12. The redshift of the
cceptor absorption peak can be observed in the
PM6 with 5 wt% PS)/(L8-BO with 3 wt% PS)
ystem, indicating enhanced molecular stacking of
8-BO in the acceptor layer. Additionally, we per-
ormed sensitive sub-bandgap external quantum ef-
ciency (s-EQE) techniques to investigate the ef-
ect of blending PS on the tail state (Fig. 5 d and
able S5). Compared with the control device of 24.9
eV, the (PM6 with 5 wt% PS)/(L8-BO with 3 wt%
S) device has a lower Urbach energy ( Eu ) value
f 24.3 meV. The results show that blending PS can
lightly reduce the tail state. Further insights were
ained from GIWAXS to characterize the molecule
tacking and ordering [40 –42 ], as shown in Fig. S13
nd summarized in Table S6. The GIWAXS results
ndicate that the (PM6 with 5 wt% PS)/(L8-BO
ith 3 wt% PS) system exhibits the largest CCL
n both OOP and IP directions as the indictor for
n enhanced molecular ordering consistent with the
bsorption peak shift and Urbach energy change
2 ]. To gain deeper insights from the morphology
erspective, film-depth–dependent light absorption
pectroscopy (FLAS) was performed to study the
ertical distribution ( Figs S14 and S15). The results
how that more acceptors are enriched near the cath-
de, and more donors are enriched near the an-
de in the (PM6 with 5 wt% PS)/(L8-BO with 3
t% PS) film (Fig. 5 e), which is more conducive
or the electron and hole transport to correspond-
ng electrodes. In addition, from the photolumines-
ence (PL) spectrum in Fig. S16 and Table S7, the
eakened PM6 peak strength ratio of the (PM6 with
 wt% PS)/(L8-BO with 3 wt% PS) system sug-
ests enhanced electron transfer from donor to ac-
eptor [43 –46 ]. From the electrical characteristics
f charge carriers, transient photovoltage/current
TPV/TPC) and photo-induced carrier extraction
y linearly increasing voltage (photo-CELIV) test-
ng were used to investigate transport and recombi-
ation parameters as shown in Fig. S17. The PM6
lending with PS system exhibits favorable carrier
ifetime, extraction time and mobility values. The
ynergistic effects of the above mechanisms cooper-
tively promote the dissociation of excitons and the
xtraction of free carriers, ultimately achieving a high
fficiency of PS-blended pseudo-bilayer OSCs. 
Page 8 of 10
CONCLUSIONS 

In this work, we propose a novel mechanism for 
the polymeric insulator blending effect: an insulator- 
donor electron wavefunction coupling effect. Poly- 
meric insulators containing electron-rich group side 
chains can effectively improve the electron mobility 
of D-A donor polymers, achieving a surprising in- 
crease of electron mobilities in donor polymers up 
to nearly 100 times. The polymeric insulators cou- 
pling with D unit of donor polymers can reduce the 
barrier height and effectively improve electron trans- 
port. This mechanism can be used to regulate the 
electron transport of pseudo-bilayer OSCs. We fab- 
ricated a pseudo-bilayer (PM6 with 5 wt% PS)/(L8- 
BO with 3 wt% PS) device yielding a record PCE of
19.50% (certificated 19.18%), which to the best of our 
knowledge is one of the highest certificated PCEs for 
pseudo-bilayer devices to date. This work not only 
offers a novel perspective on the quantum effect of 
polymeric insulators in organic semiconductors, but 
also presents a simple yet effective method for en- 
hancing the performance of organic solar cells. 
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