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ABSTRACT: Alcohol-soluble conjugated polymers have been Main-chain modulation strate e
demonstrated as effective cathode interlayer materials (CIMs) in u 9y CaHs
organic solar cells (OSCs). In addition to device efficiency, stability A

and material preparation costs are also of critical importance. - tavels
However, limited studies have focused on the intrinsic stability and '('\g:"n N { DO Q_

/
synthesis procedures of CIMs. To enhance device efficiency and s et
stability while simplifying the material synthesis process, alcohol- \ SACeTR G-t \%NDIT N é
soluble conjugated polymers, PNDITphN and PNDITphN-Br, N czn(:\HN y P BN
were synthesized through direct arylation polycondensation with 00 “% PNDITF3N - High efficiency
precise modulation of the main-chain structures. Both polymers h * Thickness insensitivity
demonstrated superior power conversion efficiency (PCE) PFN * Improved stability
compared with PEN-Br. Notably, devices based on PNDITphN - Simplified synthesis route
exhibited relatively higher PCE than those based on PNDITphN-
Br, attributed to its face-on molecular packing, more uniform surface morphology, and stronger interfacial contact with the active
layer. As a result, ternary devices using PNDITphN and PNDITphN-Br achieved maximum PCEs of 18.84% and 18.36%,
respectively. Moreover, PNDITphN-based devices enhanced light stability compared to those based on PFN-Br and PNDITF3N.
These findings provide new insights into cathode interlayer engineering for achieving highly efficient and stable OSCs.

H INTRODUCTION In general, CIMs can be categorized into inorganic and
organic materials. Inorganic CIMs, particularly transition metal
oxides, are widely used in CILs due to their excellent charge
transport properties, such as zinc oxide (ZnO),*" tin oxide

In recent years, organic solar cells (OSCs) have attracted
considerable attention owing to their advantages of physical
lightweight, mechanical flexibility, and solution processabil-

ity.'~” Currently, the power conversion efficiency (PCE) of (Sn0,),” and titanium dioxide (TiO,).”> While inorganic
single-junction OSCs has surpassed 20%,°”"" which basically metal oxides are commonly employed in inverted devices,
meets the demand of commercial applications. This rapid organic water/alcohol materials present a promising alternative
progress in efficiency is attributed to advances in both device in conventional devices.”* Organic CIMs can be subdivided
optimizations'>~'* and material innovations,""~"* including into conjugated small molecules and conjugated polymers.
active layer and interfacial layer materials.'”~>” In a multilayer PDI- and NDI-based conjugated small molecules have been
OSC structure, the active layer absorbs photons, generating developed, such as PDINO,” PDINN,** PDI-M,*” NDIO,*
excitons that dissociate into free carriers, which are then NDI-Br,*’ and NDI—ph.40 Compared with conjugated small
transported through the interfacial layers to the electrodes for molecules, conjugated polymers offer improved film-forming
collection. The cathode interlayer (CIL) plays a crucial role in properties. A representative example is conjugated polymer

lowering the work function (WF) of the electrode, facilitating
ohmic contact between the active layer and the metal
electrode, thereby enhancing charge extraction, transport,
and collection.”® In addition, the CIL protects the active
layer by preventing metal atom migration during electrode
deposition® and blocking water and oxygen penetration,’
significantly improving the stability. Therefore, the rational
design of cathode interface materials (CIMs) is critical for
enhancing both the efficiency and the long-term stability of
OSC devices.

PEN, which contains a conjugated main chain and polar side
chains, enabling water/alcohol processing and improving
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Figure 1. Conjugated polymer design strategies: retain the acceptor unit and replace the donor fluorene unit. Chemical structures of (a) PFN, (b)

PNDITE3N, and (c) PNDITphN.

Scheme 1. Synthetic Routes of the Monomers and the Polymers PNDITphN and PNDITphN-Br
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device efficiency.”’ Subsequently, polyfluorene-based water/
alcohol-soluble conjugated materials have been extensively
developed for CIL applications.””~** However, due to their
low electron mobility, polyfluorene-based CIMs are effective
only in ultrathin films, which restricts their broader application.
To address this limitation, an electron-deficient NDI unit was
introduced into the polymer, resulting in PNDITF3N that
functions effectively as a cathode interlayer in thicker films.*®
Up to now, PNDITF3N has been applied in high-efficiency
OSC devices widely,”” and then a series of CIMs based on
electron-deficient units have been developed.'®***’ However,
limited studies have focused on the intrinsic stability and the
synthesis procedure of CIMs, which are of importance for the
commercialization of OSCs. It has been reported that
conjugated polymers containing fluorene units demonstrated
poor light stability.’>>" Additionally, the predominant reliance
on Stille or Suzuki coupling methods for most CIM synthesis
involves complex synthetic protocols, presenting a significant
barrier to OSC industrialization. Therefore, designing high-
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performance polymer-based CIMs with enhanced efliciency
and stability and developing simplified synthesis methods are
crucial for promoting the development of OSCs.

In this study, we developed two alcohol-soluble polymers by
precisely modulating the conjugated main-chain structure. As
depicted in Figure 1, the target polymer PNDITphN was
synthesized through direct arylation polycondensation (DArP)
by strategically retaining the electron-deficient NDI unit while
substituting the fluorene moiety with a benzene ring. This
methodology eliminates the requirement for toxic organotin
reagents or borates, thereby simplifying the synthetic protocol.
The ionic side chain-based polymer PNDITphN-Br was
obtained by treating PNDITphN with excess bromoethane.
Owing to the introduction of electron-deficient unit NDI, OSC
devices based on these two polymeric CIMs achieved higher
PCE than the traditional PFN-Br-based devices. However, it
was found that their aggregation behaviors differed signifi-
cantly. PNDITphN-Br exhibited stronger aggregation, resulting
in a rougher surface morphology, which is detrimental to
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Figure 2. (a) N 1s signal of XPS spectra of PNDITphN and PNDITphN-Br; (b) cyclic voltammetry curves of polymers; (c) UV—vis—NIR
absorption spectra of the polymers in the thin film state and in methanol solution; the time-dependent UV—vis absorption spectra of the polymer:
(d) PNDITF3N and (e) PNDITphN; (f) KPEM spectra of PNDITphN, PNDITphN-Br, and bare Ag.

Table 1. Summary of the Electrochemical Properties of the Two Polymers

Polymer }“onsetml (nm) A’onsetmm (nm)
PNDITphN 916 860
PNDITphN-Br 945 968

Enomo (eV)
—-5.49
-5.39

ELUMOb (eV)
—4.05
—4.11

EgOPlL‘l (ev)
1.44
1.28

“ES = 1240/ Aonse™ PErumo = — (480 + Eqp™) eV. “Epomo = (Bromo — EgOPt) eVv.

charge transport. Surface energy measurements further
revealed that PNDITphN’s surface energy more closely
matched that of the active layer materials, resulting in tighter
interfacial contact, reduced defect and trap density, and
improved charge transfer from the active layer to the CIL.
Consequently, binary and ternary OSC devices using
PNDITphN-based CIL achieved maximum PCEs of 18.39%
and 18.84%, higher than 17.78% and 18.36% for PNDITphN-
Br-based devices. Moreover, PNDITphN-based devices
exhibited better photostability than those using PFN-Br and
PNDITE3N, highlighting their potential for future commercial
applications. These findings offer new insights into cathode
interlayer engineering for improving the efficiency and stability

of OSCs.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The synthetic routes for
PNDITphN and PNDITphN-Br are outlined in Scheme 1.
Monomer M1 was purchased from a commercial source, while
M2 was obtained by reacting M1 with an excess of 1,6-
dibromohexane. M2 was then subjected to Stille coupling with
tributyl(thiophen-2-yl)stannane, yielding M3. Subsequently,
M3 was treated with diethylamine to afford the target
compound M4, featuring tertiary amine neutral side chains.
NDI-EH was synthesized by following a previously reported
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approach. Detailed synthetic procedures for all monomers are
provided in the Supporting Information, and their structures
were confirmed via 'H and *C NMR.

The target neutral side-chain-based conjugated polymer,
PNDITphN, was synthesized via DArP. This method enables
direct C—C bond formation without the use of toxic organotin
reagents, simplifying the synthesis and making it more suitable
for industrial applications. The number-average molecular
weight (Mn)/polymer dispersity index (PDI) of PNDITphN
was determined to be 7.7 kDa/2.97 via gel permeation
chromatography (GPC) using chloroform as the eluent
(Figure S3). PNDITphN was treated with excess bromoethane
in darkness for 4 days, yielding the ionic side-chain-based
conjugated polymer PNDITphN-Br. X-ray photoelectron
spectroscopy (XPS) was conducted to confirm the successful
ionization of the side chains. As shown in Figure 2a, the N 1s
peaks at 400.2 and 398.8 eV of PNDITphN could be assigned
to the imide of the NDI unit and tertiary amine groups on the
side chains, respectively. In PNDITphN-Br, the imide peak
remains, but the peak for the tertiary amine groups disappears,
and a new N 1s peak at 402.0 eV, corresponding to quaternary
ammonium (N*) groups, appears. These results confirm the
transition from neutral to quaternary ammonium side chains.
PNDITphN is soluble in common organic solvents like
chloroform, toluene, and chlorobenzene and can also dissolve

https://doi.org/10.1021/acs.chemmater.5c01203
Chem. Mater. 2025, 37, 59235934
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Figure 3. (a) Chemical structures of D18 and DTC11; (b) device structure with ITO/PEDOT:PSS/active layer/CILs/Ag; (c) energy level
diagram; (d) J—V curves of devices with different CIMs; (e) EQE curves of devices with different CIMs; (f) Box plots of PCEs of devices based on

CIMs of PFN-Br, PNDITphN, or PNDITphN-Br.

Table 2. Photovoltaic Performance of D18:DTC11-Based OSCs with Different CIMs

CIMs Voc (V) Jsc (mA cm™)
PNDITphN 0.857 (0.859 + 0.002) 27.84 (27.68 + 0.19)
PNDITphN-Br 0.854 (0.855 + 0.004) 27.06 (27.19 + 0.17)
PFN-Br 0.856 (0.857 + 0.003) 26.46 (26.12 + 0.47)

Jea” (mA em™) EF (%) PCE;/PCE,,” (%)

2645 77.06 (76.36 + 0.50) 18.39 (18.16 + 0.12)
26.08 76.94 (75.60 + 0.69) 17.78 (17.57 + 0.12)
25.23 68.29 (67.05 + 0.78) 15.48 (15.00 + 0.20)

“Integrated from EQE curves. “The average PCE was obtained from at least 10 independent devices.

in methanol (>10 mg/mL) with the aid of 1% acetic acid. In
contrast, PNDITphN-Br is completely insoluble in common
solvents but exhibits excellent solubility in methanol (>15 mg/
mL). The alcohol solubility of both polymers allows for
orthogonal solvent processing, ensuring the active layer
remains intact when depositing the cathode interlayer.

Thermogravimetric analysis (TGA) and differential scanning
chromatography (DSC) were conducted to investigate the
thermal behavior of PNDITphN and PNDITphN-Br. As
shown in Figure S4, the thermal decomposition (Tj)
temperature (5% loss) of PNDITphN and PNDITphN-Br
was determined to be 332 and 215 °C, respectively. The lower
T4 of PNDITphN-Br is attributed to the decomposition of the
ethyl bromide group in the quaternary ammonium salts.’”
When the temperature rises to about 300 °C, both of the
polymers continue to decompose due to the decomposition of
the tertiary amine groups. The side chains start to decompose
as the temperature continues to increase. No significant phase
transition peaks were observed in the DSC spectra before Ty
(Figure S4).

Electrochemical and Optical Properties. The lowest
unoccupied molecular orbital (LUMO) levels of both
polymers were measured by the cyclic voltammetry method.
As shown in Figure 2b, both polymers showed obvious redox
processes, and the LUMO energy levels of PNDITphN and

5926

PNDITphN-Br were calculated to be —4.05 and —4.11 eV,
respectively, based on the onsets of reduction peaks. The
electron-deficient NDI units in the conjugated backbone
enable the low LUMO energy levels. Notably, Y-series
acceptor molecules typically have LUMO energy levels around
—4.0 eV, and the low LUMO levels of the cathode interlayer
materials can overcome the energy barrier, facilitating efficient
electron transport.

The optical properties of PNDITphN and PNDITphN-Br
were characterized by UV—vis—NIR absorption spectroscopy
in a methanol solution and thin films. As shown in Figure 2c,
both of polymers exhibit two similar main absorption bands.
The first peak at 350—450 nm is attributed to the absorbance
of 7—x* transition in the polymer main chain, and the broad
band at the lower-energy region is attributed to the
intramolecular charge transfer (ICT) from the electron-rich
units to the electron-deficient NDI unit. Compared with the
neutral PNDITphN, PNDITphN-Br shows a slight red shift in
solution absorption, possibly due to electrostatic perturbation,
the polar solvent effect, or multichain aggregation.”® In the
thin-film state, the absorption onsets for PNDITphN and
PNDITphN-Br are at 860 and 968 nm, respectively. This
corresponds to optical bandgap energies (Eg"}’t) of 1.44 and
1.28 eV for PNDITphN and PNDITphN-Br, respectively. The
highest occupied molecular orbital (HOMO) levels of

https://doi.org/10.1021/acs.chemmater.5c01203
Chem. Mater. 2025, 37, 59235934
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Figure 4. (a) Dark current vs voltage curves; (b) Joh— Ve curves of two devices; () light intensity dependence of Jsc; (d) normalized transient
photocurrent traces of devices; (e) carrier lifetime versus carrier density of two devices; (f) bimolecular recombination rate constants (k,..) versus
carrier density of two devices; (g) SCLC measurement for bilayer electron-only devices; (h) impedance spectra of the devices and the equivalent

circuit model; (i) C™>~V curves and Mott—Shockley plots.

PNDITphN and PNDITphN-Br were calculated to be 5.49
and 5.39 eV from the optical bandgap, respectively.
Specifically, PNDITphN-Br shows a clear red shift of
approximately 100 nm compared to PNDITphN (Figure
2cand Table 1). This red shift in the absence of solvent is likely
due to electrostatic interactions and changes in aggregation.
The result indicates that the shift from neutral to ionic side
chains significantly affects the aggregation behavior of the
conjugated polymer.

Photostability Investigation. To validate our design
strategy, the effect of changing the fluorene unit into the
benzene unit on photostability, we examined the changes in
the absorption spectra of PFN, PNDITF3N, and PNDITphN
films following equal durations of UV irradiation. As depicted
in Figure SS, PFN exhibits the poorest photostability, as it no
longer displays a characteristic absorption peak after 10 min of
UV light irradiation. As shown in Figure 2d, after 1 h of UV
irradiation, the absorption around 620 nm for PNDITF3N
films diminished to 84.8% of its initial intensity. With extended
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exposure, the absorption peak continued to decline, reaching
29.6% after 4 h and becoming nearly undetectable after 8 h, as
also evidenced by the photo of the film. On the contrary, the
films of PNDITphN showed better UV stability. As shown in
Figure 2e, the degradation of PNDITphN films was minimal,
with the absorption peak at 680 nm retaining 96.0% of its
initial intensity after 1 h and 90.4% after 8 h of UV irradiation.
The above results effectively verified that the UV stability of
the conjugated polymer could be significantly enhanced by
modifying the polymer backbone and substituting the fluorene
unit with a benzene unit.

Work Function Adjustment Capability. The work
function (WF) of the metal electrode plays a critical role in
charge extraction and collection. In the absence of a charge
injection layer (CIL), a Schottky contact is likely to form
between the active layer and the electrode, resulting in the
formation of a space charge region at the interface, which
impedes electron transport from the active layer to the
electrode. Therefore, it is important to regulate the WF of the
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Figure S. 2D GIWAXS images of (a) PNDITphN, (b) PNDITphN-Br; (c) corresponding 1D profiles of in-plane and out-of-plane directions of the
polymers; AFM height images of (d) bare active layer film, (e) PNDITphN and (f) PNDITphN-Br films deposited on the active layer; contact
angle images of water and ethylene glycol of (g) bare active layer films, (h) PNDITphN, and (i) PNDITphN-Br films deposited on the active layer.

electrode to form an Ohmic contact between the active layer
and the electrode by introducing a CIL. Kelvin probe
microscopy (KPM) was conducted to measure the WF values
of the Ag electrode modified by PNDITphN or PNDITphN-
Br. As shown in Figure 2f, the WF of bare Ag (4.60 eV) was
reduced to 4.24 eV after spin-coating PNDITphN and to 4.08
eV after spin-coating PNDITphN-Br. The result indicates that
both of these polymers could reduce the WF of the electrode
effectively, and CILs based on quaternary ammonium salt side
chains form a larger interfacial dipole compared to those based
on neutral tertiary amine side chains, consistent with previous
reports.46

Photovoltaic Performance. To evaluate the performance
of PNDITphN and PNDITphN-Br as CIMs, nonfullerene
OSCs were fabricated with a conventional structure of ITO/
PEDOT:PSS/D18:DTC11/CIMs/Ag. The chemical struc-
tures of D18 and DTCI11, along with the device structure,
are depicted in Figure 3ab. For comparison, OSC devices
incorporating PFN-Br as the CIM were also fabricated. The
energy levels of active layer materials and CIMs are depicted in
Figure 3c. The LUMO levels of PNDITphN and PNDITphN-
Br are lower than that of the acceptor DTC11, which is
beneficial for the charge transfer from the active layer to the
cathode electrode. The current density—voltage (J—V)
characteristics and external quantum efficiency (EQE) spectra
are shown in Figure 3d,e, and the photovoltaic parameters are
summarized in Table 2. The devices employing PNDITphN,
PNDITphN-Br, and PEN-Br (5 nm) as CIMs achieved
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maximum PCEs of 18.39%, 17.78%, and 15.48%, respectively.
Furthermore, as shown in Figure S6, the PCE of devices with a
PEN-Br interlayer decreased significantly with increasing film
thickness. In contrast, devices using PNDITphN and
PNDITphN-Br maintained over 80% of their initial efficiency,
even when the film thickness was increased to 25 nm,
highlighting the potential of these materials for industrial-scale
applications. This improvement in efficiency validates the
strategy of incorporating electron-deficient units into the
conjugated skeleton. Additionally, Figure 3f shows that
PNDITphN-based devices achieved higher average efhiciencies
compared to PNDITphN-Br-based devices. A detailed analysis
of the fill factor (FF) and current density (Jsc) reveals that
PNDITphN-based devices reached a JSC of 27.68 mA cm™>
and an FF of 76.36%, both higher than the 27.19 mA cm™ Jy¢
and 75.60% FF of PNDITphN-Br-based devices, resulting in a
higher PCE. This difference will be discussed in more detail
later in this article.

Charge Transport, Extraction, and Recombination.
To further understand the differing device performance of
OSCs using the CIM of PNDITphN or PNDITphN-Br, the
charge transport characteristics of devices have been carefully
investigated. Both PNDITphN- and PNDITphN-Br-based
devices exhibited low reverse saturation current density in
the dark (Figure 4a), indicating effective interface modification
between the active layer and the metal electrode, which is
beneficial for suppressing leakage current. The relationship
between the photocurrent density (J,;) and effective voltage
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Table 3. Photovoltaic Performance of the OSCs Based on These Two CIMs with Different Active Layers”

PCE,,./PCE,..” (%)

FF (%)
7741 (7630 + 1.17)

Jea (mA cm™)

Jsc (mA Cmgz)

Voc (V)
0.846 (0.843 + 0.002)

CIMs
PNDITphN

Active layer

PM6:Y6

17.78 (17.67 + 0.20)
17.22 (17.18 + 0.18)
18.84 (18.77 + 0.11)
18.36 (18.13 + 0.20)

26.13

27.16 (27.48 + 0.27)
26.93 (27.09 + 0.14)
26.54 (26.59 + 0.09)

26.00 (26.13 + 0.11)

75.98 (75.21 + 0.91)

25.98
25.30

24.93

0.842 (0.843 + 0.002)

PNDITphN-Br
PNDITphN

79.86 (79.39 + 0.47)
79.89 (78.63 + 1.11)

0.889 (0.889 + 0.001)

PM6:D18:L8-BO

0.884 (0.883 + 0.001)
“The device structure is ITO/PEDOT:PSS/active layer/CIMs/Ag. YThe average PCE was obtained from at least 6 independent devices.

PNDITphN-Br
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(Vi) was measured in order to understand the charge
generation and dissociation process in devices. ], is calculated
as Joh = Juight — Jdaro in which Jygp, is the current density under
illumination and Jy,, is the current density in the dark. Vg is
defined as V4 = Vo — V., where V; is the corresponding
voltage when J,;, = 0 mA cm™, and V,ppl is the applied voltage
bias. Ideally, when the voltage is large enough, all photo-
generated excitons will dissociate into free carriers and then be
collected by the electrodes. As shown in Figure 4b, the
photocurrent density increased linearly with voltage and
eventually saturated, reaching the saturation current density
(Jiar), which can be used to estimate the charge generation of
the devices. Devices based on PNDITphN and PNDITphN-Br
achieved a J, of 28.14 and 27.48 mA cm?, respectively,
indicating more efficient charge generation in the PNDITphN-
based device. The exciton dissociation probability (P(E,T)),
defined as ],/ ] was also calculated. The P(E,T) value for the
PNDITphN-based device was 98.12%, higher than 97.74% for
the PNDITphN-Br-based device, indicating that the neutral
side chain-based PNDITphN promotes more efficient exciton
generation and dissociation, leading to a higher FF.

In addition to the charge extraction process, the dependence
of Jsc on the light intensity (Phght) was examined to explore
charge recombination dynamics. The relationship follows Jgc o
Py, where the a value represents the degree of bimolecular
recombination, with an a close to 1 indicating minimal
recombination. As shown in Figure 4c, the a values for
PNDITphN- and PNDITphN-Br-based devices were 0.994
and 0.991, respectively. The slightly higher a value suggests a
better suppression of bimolecular recombination in
PNDITphN-based devices.

Transient photocurrent (TPC) and transient photovoltage
(TPV) measurements were further conducted to measure the
carrier extraction time and carrier lifetime in these devices. As
shown in Figure 4d, the charge extraction time for the device
with PNDITphN-Br is 0.29 us, while it decreases to 0.14 us for
the device with PNDITphN, indicating superior carrier
extraction in the latter. The TPV results (Figure S7) reveal
that the carrier lifetime for the PNDITphN-based device is
35.71 us, which is significantly longer than the 18.34 us
observed for the PNDITphN-Br-based device. The longer
carrier lifetime could be attributed to smoother morphology
and reduced recombination, as demonstrated in the previous
tests. Additionally, Figure S8a shows that the PNDITphN-
based device exhibits a longer carrier lifetime () across the
entire Vo range compared to that of the PNDITphN-Br-
based device. The carrier density (n) was further measured by
the carrier extraction (CE) technique, with n versus Vg
plotted in Figure S8b. The results indicate that the
PNDITphN-based device consistently achieves higher n values
across the entire V¢ range, aligning with the observed
enhancement in the Jgc. The derived carrier lifetime curves
under different carrier densities are shown in Figure 4e. The
bimolecular recombination rate constants (k,.) can be
extracted from the carrier lifetime and carrier density according
to the formula: k., = 1/(A + 1)nt, where 1 is the
recombination order from Figure 4e. The plot of k. versus
n is shown in Figure 4f, and it is found that the k. values of
the PNDITphN-based device are significantly lower than those
of the PNDITphN-Br-based device at all Vg ranges,
indicating a lower degree of bimolecular recombination and
improved FF, consistent with previous findings. Consequently,
the electron mobility (u.) was measured by the bilayer
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Figure 6. PCE variation diagrams of devices based on polymer PFN-Br, PNDITF3N, and PNDITphN under (a) AM1.5 sunlight and (b) 365 nm

ultraviolet light illumination.

electron-only device structure of ITO/ZnO/DTCI11/CIMs/
Ag, and the results were fitted by the space charge limited
current (SCLC) method. As shown in Figure 4g, the
PNDITphN-based device demonstrates a higher u, of 8.42 X
107* cm® V™' 57! compared to 5.57 X 107" cm® V™' s for the
PNDITphN-Br-based device. This higher electron mobility can
be attributed to faster carrier extraction, longer carrier lifetime,
and reduced carrier recombination in the PNDITphN-based
device. Moreover, the charge transport property was also
explored by electrochemical impedance spectroscopy (EIS). As
shown in Figure 4h, the EIS curves were fitted using the model
with a bulk recombination resistance (Rp,y), carrier transport
resistance (R,,,,), and series resistance (R,,..), and the relevant
parameters are summarized in Table S3. The results indicate
that the PNDITphN-based device exhibits lower resistance
compared to the PNDITphN-Br-based device, suggesting that
the neutral side chains of PNDITphN facilitate better carrier
extraction. This can be attributed to weaker aggregation and
fewer interfacial defects of PNDITphN from the UV—vis
spectra. Altogether, these findings demonstrate that
PNDITphN-based devices exhibit superior charge transfer
characteristics, resulting in higher Jsc and FF.

To further investigate the different charge recombination of
these two devices, the capacitance—voltage (C—V) measure-
ments and Mott—Schottky analysis were conducted to study
the trap density.”*> Trap states can capture electrons or holes,
thus affecting the electrical property. The trapped charge
density (N,) was calculated using eq 1.

2
N = —2>
Y gee Ak 1)

where q is the elementary charge, & is the vacuum permittivity,
€, is the relative dielectric constant, A is the device area, and k
is the slope of the linear regime in the C">~V curve as shown
in Figure 4i. The PNDITphN-based devices exhibit a trap
density of 1.59 X 10" cm™, smaller than 1.76 X 10" cm™ of
PNDITphN-Br-based devices. Furthermore, capacitance—
frequency (C—®) measurement was conducted to explore
the density distribution of trap states. The trap density of states
distribution N(E,,) refers to the number distribution of defect
states in the unit energy range. The trap energy E, and
frequency w are defined by the following equation:
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@y
E, = kgT In] —
w

2)
The trap density of states distribution N(E,,) is defined by

eq 3.

B Vy wdC

N (E,) =
w(E) gAd kT dow 3)

where kg is the Boltzmann’s constant, T is the temperature,
Vy; is the built-in potential, d is the total thickness of the
interlayer and the active layer, /3 is a small correction factor %1,
and @, is the rate prefactor for thermal excitation from the
trap, which is approximately 10'2 s™! in OSCs.”® The state
density distribution curves of the corresponding devices under
different trap energies are plotted in Figure S9. The devices
based on PNDITphN and PNDITphN-Br exhibited trap
densities of states of 6.93 X 10'® cm™ eV~! and 8.55 x 10
cm™ eV}, respectively. The slightly lower Ny of PNDITphN-
based devices indicated a decreased possibility of recombina-
tion and thus a better carrier transport property. The results
are consistent with the longer carrier lifetime and higher
electron mobility of PNDITphN, resulting in higher Jsc and FF
values for PNDITphN-based devices.

Molecular Packing and Surface Morphological Char-
acteristics. To further investigate the reasons for the different
charge transport behaviors of PNDITphN and PNDITphN-Br,
grazing-incidence wide-angle X-ray scattering (GIWAXS) and
atomic force microscopy (AFM) were performed. In GIWAXS
spectra of the PNDITphN film (Figure Sa,c), an obvious 7—7x
stacking peak located at 1.641 A™' (010) diffraction was
observed in the out-of-plane direction, alongside a lamellar
structure signal at 0.314 A™' (100) diffraction in the in-plane
direction, indicating a face-on molecular orientation, which is
favorable for carrier transport in the vertical direction.’’
Conversely, the PNDITphN-Br film (Figure Sb,c) exhibited
only a weak (010) peak in the out-of-plane direction, with a
pronounced (100) lamellar structure signal, suggesting an
edge-on molecular orientation.

Thin film morphology of the two CIMs (S nm) deposited
on the active layer was measured by AFM. As shown in Figure
5d, the bare active layer without CIMs exhibits a fiber structure
and has a root-mean-square (RMS) roughness of 1.64 nm.
After depositing PNDITphN and PNDITphN-Br on the active
layer, PNDITphN-Br exhibits an islet-like morphology, while
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PNDITphN exhibits a relatively smoother surface. The RMS
roughness values for PNDITphN and PNDITphN-Br are 1.26
and 1.67 nm, respectively (Figure Se,f). In addition, as shown
in Figure S10, conjugated polymer films with a thickness of
approximately 50 nm were deposited for the measurements.
The root-mean-square (RMS) roughness values for
PNDITphN and PNDITphN-Br were 1.92 and 3.84 nm,
respectively, indicating that PNDITphN has a smoother
surface, while PNDITphN-Br exhibits an island-like morphol-
ogy and a rougher surface. The lower RMS value of
PNDITphN is advantageous for minimizing interfacial defects
and trap density, thereby reducing carrier recombination.
These findings suggest that PNDITphN-Br undergoes stronger
aggregation after ionization of the neutral side chains in
PNDITphN. These results imply that PNDITphN favors face-
on molecular packing with moderate aggregation, while
PNDITphN-Br prefers edge-on packing and exhibits stronger
aggregation, which is unfavorable for charge transport.

Furthermore, to assess the compatibility between the active
layer and CIMs, the contact angles of water and ethylene glycol
(EG) on the bare active layer and CIMs-deposited layers were
measured. The contact angle images are shown in Figure 5g—i,
with corresponding results summarized in Table S4. The pure
D18:DTCI1 film exhibits hydrophobic characteristics with a
large contact angle, which decreases after the deposition of the
interfacial layers. Notably, the contact angle of PNDITphN is
closer to that of the bare active layer, promoting a denser
contact between the active layer and the interlayer. Surface free
energy (7) values for the bare active layer, PNDITphN, and
PNDITphN-Br were calculated using the Owens—Wendt
model.>® The surface energy values of the bare active layer,
PNDITphN, and PNDITphN-Br are 20.87, 23.73, and 35.45
mN m™}, respectively (Table S4). A large difference in surface
energy between layers typically hinders the formation of tight
interfacial contact. Therefore, the carriers in the device with
PNDITphN-Br are more likely to recombine at the interface
between the active layer and the interlayer compared to the
PNDITphN-based device. This difference in surface energy
also correlates with the previously observed variations in trap
density from the carrier dynamics analysis.

Universality Verification. To verify the general effect of
these two polymers on device performance, both PNDITphN
and PNDITphN-Br were employed with active layers of
PM6:Y6 and PM6:D18:L8-BO. The chemical structures of
donors and acceptors are depicted in Figure S11. As shown in
Figure S12 and Table 3, compared to the PCE of 17.22%
achieved by PNDITphN-Br-based OSC devices, devices using
PNDITphN with the PM6:Y6 active layer achieved a
maximum PCE of 17.78%, which is among one of the highest
PCE:s of devices based on the PM6:Y6 active layer. The higher
PCE of PNDITphN-based devices is attributed to a higher
average FF and Jsc. When ternary devices with an active layer
of PM6:D18:1L.8-BO were fabricated, the results followed the
same trend. Devices based on PNDITphN exhibited a higher
PCE of 18.84% compared to 18.36% for PNDITphN-Br-based
devices, in line with a higher average FF of 79.39% and a J¢ of
26.59 mA cm™> These findings demonstrate that the neutral
side chain-based PNDITphN CIM is more conducive to
efficient charge transport, resulting in higher FF and PCE.

Device Photostability. In order to verify the effect of
CIMs on device photostability, devices based on different
CIMs were tested under continuous irradiation with AM 1.5 G
standard sunlight and 365 nm UV light, respectively. As shown
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in Figure 6a, the device efficiency of the PFN-Br-based device
decreased to 80% of the initial value after experiencing about
80 h of sunlight irradiation. Compared with PFN-Br, the
corresponding device photostability of PNDITF3N is
improved and reduced to 80% after the light exposure duration
is extended to 195 h. Notably, PNDITphN with the
replacement of the fluorene unit by the benzene unit showed
the best photostability, which could still maintain 80% of its
initial efficiency after undergoing 400 h of light exposure. To
further investigate the relation of V¢, Jsc, FF, and the CIMs,
we analyzed in detail the trend of Vi, Jsc, and FF changes
with light exposure time, with the results presented in Figure
S13. It is shown that both Vi5¢ and Jgc of the three devices
remain above 90%, while the degree of change in FF is the
most significant as the light exposure time extends. After
approximately 260 h of light exposure, the FF of PNDITphN
retains 88% of its initial value, while those of PFN-Br and
PNDITE3N only retain about 80% of their initial values. The
results indicate that the photostability of the device can be
effectively enhanced by adjusting the structure of the
conjugated main chain of interface materials, and this result
is consistent with the photostability of the material, as shown
in previous absorption spectroscopy. Moreover, as shown in
Figure 6b, compared with PFN-Br, the devices based on
PNDITF3N and PNDITphN exhibit significantly better UV
stability, and the devices based on PNDITphN also exhibit
relatively better photostability, proving the effectiveness of the
material design.

In addition, we also tested the storage stability of the device,
and the results are shown in Figure S14. The device efficiency
still maintained more than 88% of its initial value after more
than 1700 h of storage in the glovebox.

B CONCLUSION

In summary, we synthesized two polymer-based CIMs,
PNDITphN and PNDITphN-Br, by the direct arylation
polycondensation method. These polymers exhibit a good
ability to tune the WF of the electrode and excellent electron
transport properties, thereby improving the efficiency of OSCs.
As a result, the PNDITphN- and PNDITphN-Br-based binary
OSCs achieved maximum PCEs of 18.39% and 17.78%,
respectively, which are higher than 15.48% for devices using
PEN-Br. PNDITphN-based devices exhibit relatively higher
efficiency because of their face-on molecular packing, more
uniform surface morphology, and stronger interfacial contact
with the active layer. Therefore, ternary devices using
PNDITphN achieved a PCE of 18.84%, higher than 18.36%
for devices using PNDITphN-Br. Moreover, compared with
PEN-Br and PNDITF3N, PNDITphN-based devices exhibit
superior photostability, which could maintain 80% of their
initial efficiency after undergoing 400 h of light exposure,
demonstrating the effectiveness of the material design strategy.
This work provides an effective approach to obtain cathode
interlayer materials with high efficiency and stability by a direct
arylation polycondensation method through a main-chain
modulation strategy.

B EXPERIMENTAL SECTION

Synthesis of PNDITphN. NDI-EH, M4, potassium carbonate,
pivalic acid, and Pd,(dba); were combined at a certain rate in a 15 mL
sealed tube, and the mixture was purged with argon twice. Dry
chlorobenzene was added under an argon atmosphere. The reaction
mixture was stirred at 90 °C for 72 h. After cooling down to room
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temperature, the reactant mixture was poured into MeOH, forming of
the dark green precipitate. The precipitate was filtered and
successively extracted with methanol, acetone, hexane, and chloro-
form by Soxhlet extraction. The chloroform fraction was concentrated
and precipitated into methanol. The precipitate was collected and
dried under vacuum overnight to give the dark green polymer.
Synthesis of PNDITphN-Br. PNDITphN was dissolved in
CHCI,, followed by the addition of bromoethane. The mixture was
stirred at 50 °C for 4 days; once some precipitates appeared, some
methanol was added to dissolve them. Then the solvent was removed
under reduced pressure, and the crude product was dissolved in
methanol. The solution was filtered with a 0.45 ym PTFE filter,
concentrated, and precipitated from ethyl acetate. The solid was
collected and dried under vacuum overnight to give the dark green

polymer.
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