
AdvancedMaterials

www.advmat.de

RESEARCH ARTICLE

Charge Carrier and Spin Transport Properties in
Diketopyrrolopyrrole-Based Polymers
Xitong Liu1,2 Congyuan Wei1 Hao Li1,2 Zhen Yang3 Youjia Li4 Mengya Liu1 Zhihui Chen1
Weifeng Zhang1,2 Liping Wang4 Kuijuan Jin3,5 Gui Yu1,2

1Beijing National Laboratory For Molecular Sciences, CAS Research/Education Center For Excellence in Molecular Sciences, Institute of Chemistry, Chinese
Academy of Sciences, Beijing, P. R. China 2School of Chemical Sciences, University of Chinese Academy of Sciences, Beijing, P. R. China 3Beijing National
Laboratory For Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing, P. R. China 4School of Materials Science and
Engineering, University of Science and Technology Beijing, Beijing, P. R. China 5School of Physical Sciences, University of Chinese Academy of Sciences,
Beijing, P. R. China

Correspondence: Liping Wang (lpwang@mater.ustb.edu.cn) Kuijuan Jin (kjjin@iphy.ac.cn) Gui Yu (yugui@iccas.ac.cn)

Received: 20 July 2025 Revised: 22 November 2025 Accepted: 28 January 2026

Keywords: D–A copolymers | electron mobilities | magnetoresistance | organic spin-valves | spin transport

ABSTRACT
The organic active layer in organic spin-valves (OSVs) plays a vital role in regulating the device’s performance, and the
variations in molecular structure can significantly modulate their physicochemical properties. Herein, we synthesized two
diketopyrrolopyrrole-based donor-acceptor copolymers with distinct alkyl side chains, namely DPP-BTCN-C1 (with side-chain
branching points closer to the conjugated skeleton) and DPP-BTCN-C3. To evaluate the charge carrier transport properties,
a polymer field-effect transistor and space charge limited current method based on the two molecules were conducted. The
experimental results demonstrated that the DPP-BTCN-C1 materials had a higher electron transport mobility. Moreover, the spin
transport properties were also revealed by fabricating OSVs devices. In the OSVs with a 50 nm interlayer, DPP-BTCN-C1 exhibited
a higher magnetoresistance (RM) value of up to 24.6 %. By fitting the polymer thickness dependence of the MR value at 10 K, a
longer spin diffusion length and higher spin polarization injection efficiency were achieved for the DPP-BTCN-C1 structure. We
attributed the differences in charge and spin transport performance to themodulation of the filmmicrostructure and energy levels
by the alkyl side chains. This work studied the structure-property relationship of polymer OSVs from the perspective of side-chain
engineering, providing valuable insights for the design of polymers with enhanced spin properties.
1 Introduction

With the rapid advancement of information technology, spintron-
ics, which utilizes the electron spin degree of freedom for data
storage and logical operations, has garnered significant attention
in the academic community [1–3]. In the meanwhile, organic
semiconductors (OSCs), which are typically composed of light-
weight elements including carbon, hydrogen and oxygen, exhibit
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intrinsic weak spin orbit coupling and hyperfine interaction
[4–6]. Thus, the integration of OSCs with exceptional spin
transport potential into spintronics has led to the emergence of
a new interdisciplinary field: organic spintronics [7, 8]. Since the
initial fabrication of organic spin-valves (OSVs) by Xiong et al.
[9], organic spintronics has witnessed numerous advancements
over the past two decades of intensive research. A variety of
material types and spinterface modification methods have been
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applied in this field. In addition, organic spintronic functional
devices have also been developed and optimized. In the realm of
material development, alongside small molecules and polymers
[10, 11], several novel material systems, including metal organic
frameworks [12, 13], covalent organic frameworks [14], radicals
[15, 16], and organic–inorganic hybrid perovskites [17, 18], have
also been employed as spin transport layers. In recent years,
certain polymers exhibiting unique physical properties, such as
ferromagnetic [19] or ferroelectric characteristics [20, 21], have
been increasingly employed in the field of organic spintronics,
thereby significantly broadening the range of physical phenom-
ena and control strategies associated with spin valve devices.
Moreover, the deeper investigation into the impact of OSCs’
structure on spin-related properties is crucial for the design of
intrinsically high-performancematerials. As a crucial component
of OSCs, π-conjugated polymers have been extensively investi-
gated and utilized in various organic electronic devices, including
organic field-effect transistors and organic photovoltaic devices
[22, 23]. The intrinsic flexibility, stretchability, and compatibility
with solution processing of polymer materials also render them
highly attractive for research in the field of organic spintronics
[24, 25]. The research on conjugated polymers in spintronics
devices primarily focused on the following aspects: (1) inves-
tigating the structure-properties correlations by leveraging the
structural diversity [26, 27]; (2) enhancing spin transport proper-
ties through tailored chemical structures or doping strategies [28,
29]; (3) providing a material foundation for the development of
functional devices [30, 31].

On the other hand, Li et al. were the first to attempt the
fabrication of OSVs devices based on donor-acceptor (D–A)
copolymers, achieving excellent spin transport performance [32].
The D–A strategy adopted by polymers facilitated intermolecular
π–π stacking, enabling more effective regulation of energy level
and enhanced material stability [33, 34]. Consequently, the D–
A type polymer has also attracted attention for its application
in organic spintronics. For instance, Li et al. investigated the
effect of the introduction of the pyridine nitrogen atom and the
substitution of the fluorine atom in the isoindigo acceptor unit
on the spin transport properties of the resulting polymers [35].
Zheng et al. achieved room-temperature spin transport abilities in
ambipolar naphthalenediimide-based conjugated polymers [36].
Moreover, the magnetoresistance (MR) response and spinterface
effect based on diketopyrrolopyrrole (DPP) building blocks were
discovered by Zheng et al. [37]. More recently, Yang et al. exam-
ined the impact of halogen substitution on the spin relaxation
of bay-annulated indigo-based D–A polymers [38]. Nevertheless,
research on the spintronic properties of D–A polymers remains
in its nascent stages and is not as well-developed as the studies
on charge transport properties in polymer field-effect transis-
tors (PFETs) [39, 40]. Consequently, the full potential of these
materials in the field of spintronics has yet to be fully realized.
Investigating the effect ofmolecular structuremodification on the
physicochemical properties ofmaterials, and consequently on the
modulation of their spin transport performance, is of significant
importance.

In this study, two DPP-based D–A polymers with different side-
chain branching points were synthesized, in which the alkyl
chain branching point of DPP-BTCN-C3 is further away from
the conjugated skeletons than that of DPP-BTCN-C1. Initially,
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to evaluate the transport characteristics of charge carriers, the
carrier mobilities of the polymer films in the horizontal and
vertical directions were measured by using PFET devices and
the space charge limited current (SCLC) method, respectively.
Compared with DPP-BTCN-C3, DPP-BTCN-C1 material exhib-
ited higher electron mobility in both the horizontal and vertical
directions. Ultimately, OSVs devices based on these two polymers
were fabricated in order to investigate the spin-polarized carriers
transport properties. Under identical OSVs fabrication condi-
tions, devices based on DPP-BTCN-C1 presented an obviously
larger MR value compared to those based on DPP-BTCN-C3. By
fitting the correlation between the MR value and the thickness
of the transport layer, we observed a higher spin diffusion
length and spin polarization injection efficiency in DPP-BTCN-
C1 polymer at 10 K. Through further characterization, we found
that the introduction of different alkyl side chains modulated the
microstructure and molecular orbital energy levels of the D–A
polymers, consequently affecting its charge and spin transport
properties. Ourwork attempts to explore the influence of the side-
chain on spin transport properties in D–A polymers, with the goal
of promoting the development of such materials in the field of
organic spintronics.

2 Results and Discussion

The DPP unit served as a critical acceptor component in D–
polymer semiconductor materials, playing a pivotal role in

the development of high-mobility polymers in PFETs. Given
that high mobility is considered advantageous for long spin
relaxation length, DPP-based polymers have also been favored
in spintronics. As illustrated in Scheme 1, we polymerized the
DPP unit with the [2,2′-bithiophene]-3,3′-dicarbonitrile (BTCN)
building blocks via Stille coupling and modified the result-
ing polymers with varying alkyl chains. The distinct alkyl
side chains of the DPP-BTCN-C1 and DPP-BTCN-C3 poly-
mers were 2-decyltetradecyl (C1) and 4-decyltetradecyl (C3),
respectively.

The chemical structures of the two polymers were measured
by using high-temperature 1H NMR as shown in Figure S1. In
addition, the thermal property analyses of the polymers were
carried out by using thermalgravimetric analysis and differential
scanning calorimetry. The decomposition temperature (Td, 5 %
loss of polymeric weight) was determined to be 433◦C for DPP-
BTCN-C1, while DPP-BTCN-C3 proved a higher Td of 451◦C
(Figure S2). In addition, no obvious exothermic and endothermic
transitionswere found in the two polymers, indicating no obvious
phase transitions in the range of 50◦C–250◦C (Figure S3). The
experimental results confirmed that both polymers exhibited
excellent thermal stability.

As shown in Figure 1, the optical properties of the two copolymers
were studied by using UV–vis–NIR absorption spectra. The
absorption characteristics of the two polymers were investigated
in both diluted chloroform solution and thin film states. Both
polymers demonstrated dual-band absorption profiles from 350
to 1000 nm. The broad low-energy absorption bands observed
in the 520–1000 nm can be assigned to intermolecular charge
transfer, which arose from the strong electron “push-pull” inter-
action between DPP and BTCN units [41]. Moreover, polymer
Advanced Materials, 2026
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SCHEME 1 The molecular structures and synthesis routes of the conjugated polymer.

FIGURE 1 UV–vis–NIR absorption spectra of DPP-BTCN-C1 and DPP-BTCN-C3 copolymers in dilute chloroform solutions (a) and thin films
prepared in quartz plates (b).
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DPP-BTCN-C1 proved a slightly blueshifted absorption, presum-
ably due to the introduction of different alkyl side chains. In
addition, the absorption in the thin film state exhibited a broader
profile compared to that in the solution state. In comparison with
the λabs max of 802 nm in the DPP-BTCN-C3 thin film state,
the DPP-BTCN-C1-based film presented a higher intensity of the
0–1 vibrational peak (with λabs max of 732 nm) than that of the
0–0 vibration peak. An H-type dominated aggregation would be
preferred during the solution-to-solid planarization process. The
optical band (Eopt g) calculated from the thin-film absorption
edge (λabs edge) was 1.34 and 1.31 eV for DPP-BTCN-C1 and
DPP-BTCN-C3, respectively.

To investigate the electrochemical properties of the polymers,
cyclic voltammetry (CV) and ultraviolet photoelectron spec-
troscopy (UPS) measurements were conducted to measure the
frontier molecular orbital energy levels of both copolymers.
CV analyses of the two polymers were performed under an
Ar atmosphere to determine their electrochemical properties.
Polymer solutions in chloroform were deposited onto the surface
of a glassy carbon electrode to ensure uniform films on the
working electrode. The working electrode was immersed in
the electrolyte solution (0.1 M tetrabutylammonium hexafluo-
Advanced Materials, 2026
rophosphate in anhydrous acetonitrile), along with an Ag/AgCl
reference electrode (0.1 m KCl) and a Pt wire counter electrode.
Ferrocene+/ferrocene, as an external calibration, was utilized
to validate the CV measurements [42]. As presented in Figure
S4, both polymers showed obvious oxidation and reduction
processes. The onset potentials of the oxidation and reduction
peaks determined energy levels of their highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). The HOMO and LUMO energy levels for DPP-BTCN-
C1 and DPP-BTCN-C3 were −5.63/−3.56 and −5.56/−3.53 eV,
respectively. To further corroborate the HOMO energy levels
of the polymer, UPS analyses were performed on the spin-
coated thin films on ITO substrates under He-I discharge at
21.22 eV. As shown in Figure 2, the secondary electron cutoffs
(Ecutoff) and onset of HOMO (EH,onset) for DPP-BTCN-C1 andDPP-
BTCN-C3 were measured to be 16.63/1.13 eV and 16.88/1.26 eV,
respectively. According to the ionization potentials (IP) equa-
tion, IP = hν–(Ecutoff – EH,onset) (1), the EUPS HOMO were
calculated to be −5.72 and −5.60 eV for DPP-BTCN-C1 and DPP-
BTCN-C3, respectively. Combined with the results of the optical
bandgaps, we determined the HOMO/LUMO energy levels of
the DPP-BTCN-C1 and DPP-BTCN-C3 to be −5.72/−4.38 eV and
−5.60/−4.29 eV, respectively (Table 1). In the solid-state thin
3 of 12
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FIGURE 2 UPS measurements for (a) DPP-BTCN-C1 and (b) DPP-BTCN-C3 thin films with hν = 21.22 eV.

TABLE 1 Optical and Electrochemical Properties of the Two Polymers.

Polymers 𝑬
𝒐𝒑𝒕

𝒈 (eV) 𝑬𝑪𝑽

𝑯𝑶𝑴𝑶
(eV) 𝑬𝑪𝑽

𝑳𝑼𝑴𝑶
(eV) IPa (eV) EAb (eV)

DPP-BTCN-C1 1.34 −5.63 −3.56 5.72 4.38
DPP-BTCN-C3 1.31 −5.56 −3.53 5.60 4.29

aIP measured by the UPS.
bEA representing electron affinity determined by calculations involving optical bandgaps and IPs.
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film measurements, the frontier orbit energy levels evaluated by
using UPS are more reliable compared to those obtained from CV
analyses.

In accordance with the spin diffusion length formula, 𝜆𝑠 =√
𝜇𝑘𝐵𝑇𝜏∕𝑒 (2), the transport capability of charge carriers sig-

nificantly influenced the efficiency of spin transport within
the thermally activated hopping mechanism [32, 43]. There-
fore, charge-carrier transport properties of the two copolymers
in both the horizontal and vertical directions were system-
atically investigated. First, to investigate the charge transport
properties of the polymer in the horizontal direction, PFET
devices with a top-gate/bottom-contact (TGBC) configuration
were fabricated on Coning glass, in which the encapsula-
tion effect of the top gate electrodes ensured the stability
for electron transport. The fabrication process of the devices
was introduced in detail in the Experimental Section. The
transfer and output curves were represented in Figure 3 and
Figure S5. All the polymers demonstrated ambipolar charge
transport behaviors, with a pronounced electron-dominated
mobility accompanying weak hole transport. As summarized
in Table 2, the DPP-BTCN-C1-based PFETs demonstrated a
maximum electron mobility (µe, max) of 0.36 cm2 V−1 s−1 and
a maximum hole mobility (µh, max) of 3.9 × 10−3 cm2 V−1

s−1. Meanwhile, a lower µe, max of 0.24 cm2 V−1 s−1 and a
slightly higher µh, max of 7.5 × 10−3 cm2 V−1 s−1 were cal-
culated in DPP-BTCN-C3-based PFETs. Moreover, the charge
mobility measurements of the polymer thin films in the
vertical direction were obtained by using SCLC methods
[44, 45]. As shown in Figure S6, the calculated electronmobilities
in the vertical direction for the annealed DPP-BTCN-C1 and
DPP-BTCN-C3 films were 3.52 × 10−5 and 2.59 × 10−5 cm2

V−1 s−1, respectively (details were discussed in the Supporting
Information).
4 of 12
Therefore, we surmised that the lower LUMO energy level was
one of the primary factors contributing to the enhanced electron
mobility in DPP-BTCN-C1 polymer thin films.

To explore the spin transport properties, OSVs devices based
on the two polymers were fabricated. OSVs with a stacking
architecture of La0.67Sr0.33MnO3 (LSMO)/D–A polymers/Co/Au
were prepared with a junction area of 200 × 200 µm2 (Figure 4a).
The ferromagnetic (FM) LSMO and Co electrodes worked as the
spin injectors and detectors, respectively, and the polymer layers
acted as a spin transport interlayer. By employing FM electrodes
with varying coercive fields, the OSVs device exhibited distinct
magnetization configurations under different magnetic fields,
thereby influencing the transport of spin-polarized carriers. We
used MR values to evaluate the performance of the OSVs devices,
in which theMR value was typically defined by the equation, MR
= (Rap-Rp)/Rp (3), where Rap and Rp represented the resistance
in antiparallel and parallel device configurations, respectively.
The half-metallic LSMO electrode was commonly utilized in the
fabrication of OSVs devices owing to its high spin polarization
efficiency at low temperature and excellent ambient stability. To
compare the spin transport properties of the two polymers, spin-
alve devices were measured in a physical property measurement
system (PPMS) by a pseudo-four-probe method. As shown in
Figure 4b,c, the MR curves obtained for both polymers with an
interlayer thickness of 70 nm exhibited a pronounced positive
MR effect. The polymeric spin-valves based on DPP-BTCN-C1
could achieve a positive MR valve of around 20 % at 10 K, and
the magnitude of the MR signal exhibited a sharp decline with
increasing temperature, which is attributed to the reduction in
spin polarization of the LSMO electrode. In addition, we observed
that the MR signal value of the spin-valve devices based on
DPP-BTCN-C3 was slightly lower than that of the device based
on DPP-BTCN-C1 (Figure 4d). This result indicated a superior
Advanced Materials, 2026
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FIGURE 3 Transfer and output characteristic curves for measuring electron mobility. (a,b) Typical (a) transfer and (b) output characteristics of
the DPP-BTCN-C1-based PFETs. (c,d) Typical (c) transfer and (d) output characteristics of the DPP-BTCN-C3-based PFETs.

TABLE 2 Device performance of PFETs based on the two polymers.

Polymers

n-channel p-channel

𝝁𝒎𝒂𝒙(𝒄𝒎𝟐 𝑽−𝟏 𝒔−𝟏) 𝝁𝒂𝒗𝒆(𝒄𝒎𝟐 𝑽−𝟏 𝒔−𝟏) Vth (V) Ion/Ioff 𝝁𝒎𝒂𝒙(𝒄𝒎𝟐 𝑽−𝟏 𝒔−𝟏) 𝝁𝒂𝒗𝒆(𝒄𝒎𝟐 𝑽−𝟏 𝒔−𝟏) Vth (V) Ion/Ioff

DPP-BTCN-C1 0.36 0.26 45 ± 5 104−105 3.9 × 10−3 2.97 × 10−3 38 ± 5 102−103

DPP-BTCN-C3 0.24 0.17 55 ± 5 104−105 7.5 × 10−3 5.8 × 10−3 55 ± 5 103−104

Mobility is calculated based on the results from more than 10 devices
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spin transport performance in the DPP-BTCN-C1 materials. To
validate the origin of the MR responses, we characterized the
magnetic hysteresis loops of the FM electrodes via a vibrating
sample magnetometer (VSM). As shown in Figure 5a,b, the M-H
traces of the Co electrode thermal-deposited on the polymer thin
film and the LSMO electrode demonstrated different coercivity
behaviors. Thus, the difference in coercive switching points was
assigned to the origin of the MR effect. Moreover, we found
that the coercive fields of the Co electrodes deposited on the
DPP-BTCN-C1 and DPP-BTCN-C3 films also exhibited a slight
difference, which could be attributed to the interface hybridiza-
tion between the FM electrodes and the polymer materials.
In the meantime, electrical measurements were conducted to
obtain the spin-polarized carriers transport mechanism of the
Advanced Materials, 2026
polymeric spin-valves. The I–V characteristic of both devices
displayed pronouncednonlinearity at various temperatures, prov-
ing compelling evidence of non-ohmic contact between the
FM electrodes and the polymer interlayer (Figure 5c,d). What’s
more, the I–V curves exhibited a monotonous temperature-
dependent relationship, that is, the resistance of the OSVs
devices decreased with increasing temperature. The above results
indicated that in the OSVs devices, effective carrier injection was
achieved and the hopping transport mechanism was adopted,
with no interference from metallic filaments or magnetic
inclusions.

To further investigate the impact of the distance from the side-
chain branching points to the main chain on spin injection and
5 of 12
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FIGURE 4 The properties of OSVs. (a) Device structure of polymer OSVs with a stacking architecture of SrTiO3/LSMO/polymer/Co/Au. (b,c) The
MR curves of (b) DPP-BTCN-C1 and (c) DPP-BTCN-C3 based devices at 0.1 µA are measured at different temperatures. (d) The summary of the MR
ratios of the devices varies with temperature.
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spin transport properties, we systematically varied the thickness
of the polymer layer to establish its correlation with the magni-
tude of the MR value. By adjusting the solution concentration
and the spin-casting speed, we controlled the thickness of the
polymer films to approximately 50, 70, 100, and 140 nm, and the
corresponding MR signals were successfully acquired (Figure 6a;
Figure S7). If the thickness of the polymer film is excessively thin,
it may lead to the formation of a tunneling region. Conversely,
the spin transport cannot effectively traverse the excessively
thick polymer films, resulting in an inability to detect the MR
signal. The modified Julliere formula was applied to extract the
spin diffusion lengths of the two polymers. Taking into account
the decay of the spin polarization of the carriers during the
transport in the OSCs layer, the MR ratio can be expressed as
follows:

𝑀𝑅 =
2𝑝1𝑝2𝑒

−(𝑑−𝑑0)∕𝜆𝑠

1 − 𝑝1𝑝2𝑒
−(𝑑−𝑑0)∕𝜆𝑠

(1)

in which p1 and p2 represent the spin polarizations of LSMO
and Co electrodes, separately, d is the thickness of the organic
6 of 12
layer, d0 denotes the “ill-defined” layer formed during the Co
deposition process, and λs is the spin diffusion length [32, 46].
This equation was utilized to fit the MR value in Figure 6b,c to
achieve the three vital spin-related parameters, p1p2, d0, and λs.
As illustrated in Figure 6a, the fitted parameters: p1p2 = 0.2183,
d0 = 10 nm, and λs = 66.9 nm, were in good agreement with
the MR data for DPP-BTCN-C1 at 10 K. Additionally, the spin-
related parameters derived from the MR data of another polymer
were as follows: p1p2 = 0.2068, d0 = 10 nm, and λs = 66.5 nm.
The reduced interfacial spin polarization injection efficiency,
generally attributed to the conductivity mismatch between the
FM electrode and the polymer layer, is the primary factor
responsible for the lower-than-expected value of p1p2. A 10 nm
thick “ill-defined” layer within the polymer interlayer indicated
the presence of an interfacial reaction and the penetration of the
Co electrode during the thermal deposition of themetal electrode.
According to the research based on polymer P(NDI2OD-T2) [32],
where an AlOx buffer layer is used to suppress the penetration
behavior of metal atoms, the spin diffusion length does not
change significantly, indicating that the spin diffusion length
mainly depends on the intrinsic properties of the polymer
Advanced Materials, 2026
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FIGURE 5 (a,b) The hysteresis loops of (a) DPP-BTCN-C1/Co and (b) DPP-BTCN-C3/Co. (c,d) The I–V characteristic curves of the OSVs devices
with (c) DPP-BTCN-C1 and d) DPP-BTCN-C3 as active layers.

FIGURE 6 (a) Comparison of MR values of OSVs devices with different film thicknesses of the two polymers at 10 K. (b,c) MR ratios of the OSVs
as a function of the thickness of (b) DPP-BTCN-CI and (c) DPP-BTCN-C3 thin films. (d) The energy diagram of the polymeric OSVs devices.

Advanced Materials, 2026 7 of 12
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FIGURE 7 AFM images of polymer films. (a) as-cast DPP-BTCN-C1 thin film, (b) annealed DPP-BTCN-C1 thin film, (c) as-cast DPP-BTCN-C3
thin film, (d) annealed DPP-BTCN-C3 thin film.
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itself. The relatively thinner hybrid interfacial layer between FM
electrodes and polymers was due to the slow Co thermal evapora-
tion rate (0.1 Å/s) employed during the device fabrication process.
Besides, long spin diffusion lengths of about 66 nmwere obtained
for both polymers, which demonstrated that this type of DPP-
based D–A copolymers had excellent spin transport properties.
The values of λs were acquired by fitting the experimental MR
values obtained from devices with varying polymer thicknesses
using Equation (1). Notably, the spin polarization injection
efficiency between the two polymers showed a relatively obvious
difference. From these observations,we inferred that the injection
efficiency of the spin-polarized carriers was influenced by the
injection barrier between the molecular orbital energy levels of
the polymers and the work function of the metal electrodes.
The work function of the FM electrodes applied in our OSVs
devices was commonly−4.9 eV for Co and−4.8 eV for LSMO. The
energy level structures of the polymers were characterized by the
aforementionedUPSmeasurements and the optical bandgap. The
energy level diagrams for the LSMO/D–A polymer/Co stacking
architecture of the two OSVs were showcased in Figure 6d.
Based on the results of the preceding charge carrier transport
8 of 12
studies, it was evident that the electron transport predominated
in both polymers. Consequently, we proposed that in the OSVs
devices, the spin transport mechanism was also likely dominated
by spin-polarized electron injection and transport. The electron
injection barrier between the work function of the Co electrode
and the LUMO energy level of DPP-BTCN-C1 was approximately
0.52 eV, which was lower than that between the work function of
the Co electrode and the LUMO energy level of DPP-BTCN-C3
(0.61 eV). Therefore, the enhanced spin polarization of DPP-
BTCN-C1 may originate from the better alignment of its energy
level in the device structures [35, 38]. In the design of DPP-based
D–A polymers for the preparation of OSVs devices, the selection
of materials with suitable energy levels was critical to optimizing
device performance.

The analyses of the film morphologies and microstructure were
performed to further reveal the structure-performance relation-
ships in both PFETs and OSVs. To study the effect of the
distance between the branch points of the alkyl side chain
and the conjugated main chains on the surface morphology
of the polymer films, we employed atomic force microscopy
Advanced Materials, 2026
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FIGURE 8 2D GIWAX images of polymer films. (a) as-cast DPP-BTCN-C1 thin film, (b) annealed DPP-BTCN-C1 thin film, (c) as-cast DPP-BTCN-
C3 thin film, (d) annealed DPP-BTCN-C3 thin film.
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(AFM) in the trappingmode. For the TGBC-configure PFETs, the
root-mean-square (RMS) roughness of the as-cast thin film
for DPP-BTCN-C1 and DPP-BTCN-C3 was 1.00 and 0.73 nm,
respectively, and increased to 1.19 and 0.86 nm for the annealed
film. As for the OSVs devices based on the LSMO substrate,
the as-cast films exhibited an RMS surface roughness value
of 0.84 and 0.81 nm for DPP-BTCN-C1 and DPP-BTCN-C3,
respectively. After annealing, the roughness values increased to
0.94 and 0.86 nm (Figure 7), respectively. These low roughness
and homogeneous surfaces provided essential conditions for the
successful fabrication of the electrical and spintronic devices.
Moreover, we measured TEM imaging with element mapping to
examine the cross-sections of the OSVs based on DPP-BTCN-C1.
The elements distribution revealed that both the LSMO/DPP-
BTCN-C1 and DPP-BTCN-C1/Co interfaces were greatly clear
(Figure S8). In addition, to get the microstructural information
of the two polymers on the LSMO substrate, the 2D grazing-
incidence wide-angle X-ray scattering (2D-GIWAXS) technique
was conducted. In comparison to the as-cast thin films, the
annealed polymeric films exhibited an enhanced solid-state
crystallinity and more ordered packing due to the reinforced
(h00) diffraction peaks (Figure 8). TheGIWAXSpattern of the two
polymers represented more distinct (010) peaks in the in-plane
directions, which indicated these DPP-based polymers adopted
an edge-on dominated packing mode [47]. Based on the out-
of-plane and in-plane diffraction peaks, we obtained the d-d
and π–π distances for the polymer thin films via the formula
of d = 2π/q. From the calculated results, the values of the π–π
Advanced Materials, 2026

iv
distances were similar for DPP-BTCN-C1 (3.62 Å) and DPP-
BTCN-C3 (3.63 Å) thin films. In addition, the distance values of
the d-spacing were calculated to be 24.46 and 24.78 Å for DPP-
BTCN-C1 andDPP-BTCN-C3, respectively. From the results of the
measurements, it can be inferred that the varying branch points
induced similarπ–π distances and distinct d-d distances in theD–
polymers. The proximity of the branch points to the conjugated

backbone resulted in shorter d-d distances. Consequently, the
corresponding OSVs devices exhibited higher MR values, which
were considered advantageous for the fabrication of spintronic
devices. This finding unequivocally demonstrated that the diver-
sity of alkyl chains played a significant role in themicrostructures
of the D–A polymer films, and then modulated the charge/spin
transport properties.

3 Conclusions

Two D–A conjugated polymers based on DPP units with different
side-chain branching points have been synthesized, and the effect
of their chemical structures on both charge and spin transport
properties has been systematically investigated. In the context of
OFETs and OSVs devices, both copolymers exhibited excellent
charge and spin-polarized carrier transport properties. OFETs
devices based on DPP-BTCN-C1 achieved an electron mobility of
0.36 cm2 V−1 s−1, and the OSVs exhibited a MR value of up to 24.6
% at 10 K. The performance metrics of both devices were slightly
superior to those of their counterparts based on DPP-BTCN-C3.
9 of 12
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Through the analysis of the energy level structure, it was observed
that polymers with branch points closer to the conjugated
backbones exhibited a lower barrier gap between their LUMO
energy level and the work function of the Co electrode, which
facilitated a more efficient electron injection. To further extract
spin-related parameters,we conducted a fitting analysis of theMR
effect as a function of polymer thickness. At 10 K, the maximum
spin diffusion length of the two polymers reached about 66.9 nm.
Additionally, the spintronic devices based on DPP-BTCN-C1
demonstrated a higher spin polarization efficiency, which con-
tributed to the elevatedMR values in their corresponding devices.
The characterization of the microstructures further revealed that
the d-d distance in DPP-BTCN-C1 is relatively shorter, consistent
with our group’s previous findings, which is speculated to be
one of the contributing factors to the superior performance
of its OSVs devices. Further investigation into the correlation
between the extensive structural tunability of D–A polymers and
device performance will provide a foundation for the design of
high-performance transport materials and functional spintronic
devices.

4 Experimental Section

4.1 Device Fabrication

The PFETs were prepared on Corning glass with a TGBC
configuration. The gold source-drain electrodes were patterned
via a shadow mask with a channel width of 5500 µm and
a channel length of 55 µm, respectively. Then, the polymer
solution (∼5 mgmL−1 in CHCl3) was spin-coated on the substrate
with pre-prepared source and drain electrodes in the nitrogen
glovebox and annealed at an appropriate temperature. Subse-
quently, the solution of poly(methylmethacrylate) (PMMA) was
spin-coated on the polymer thin film, which worked as the
dielectric layer. The PMMA layer was thermally annealed at
80◦C for 30 min to ensure complete curing. Aluminum was
then thermally evaporated as the gate electrode on the PMMA
layers under vacuum conditions. As for polymeric OSVs devices,
first, the LSMO electrode was deposited by a physical pulsed
laser deposition method on SrTiO3 substrate and annealed for
60 min in 30 torr oxygen conditions. Then, the LSMO electrodes
were patterned into strip shapes via reactive ion etching in
an Ar atmosphere. Next, polymeric chloroform solutions were
spin-coated on the LSMO electrodes with different solution
concentrations and spin coating rates. Subsequently, the polymer
films were thermally annealed at 110◦C for 10 min to enhance
their crystallinity. Finally, the Co electrodes served as the top
electrode,whichwas thermally evaporatedwith the aid of shadow
masks.

4.2 Magnetic andMagneto-Transport
Measurements

The M-H curves of LSMO and Co electrodes were measured
using a Quantum Design PPMS and Quantum Design
VSM. The magnetic-related transport was measured by
PPMS with a closed-cycle helium cryostat in the mode
of constant current, and the I–V curves were measured
10 of 12
by an external Keithley 4200 semiconductor parameter
analyzer.
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