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The molecular spinterface is an ideal platform to realize multistate storage in organic spin valve (OSV) devices.
However, as an effective strategy to enhance the conductivity and modify the spinterface, molecular doping
has rarely been reported in vertical OSV devices, and the effect of artificial doping induced spinterface is not
clear yet. Herein, we fabricated a F;,TCNQ-doped polymer spin valve with a stacking structure of Lay/3Sr;,3MO+
(LSMO)/poly(3-hexylthiophene-2,5-diyl) (P3HT)/tetrafluoro-tetracyanoquinodimethane (F4TCNQ)/Co/Au, and
found a significant improvement in conductivity and the magnetoresistance (MR) ratio. According to the
characterization of interfacial states and investigation of half spin valves, it was determined that F4,TCNQ was
doped in the form of free radicals and created a spin-dependent hybrid interfacial state (SDHIS). Such a SDHIS
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can exhibit an extra interface magnetoresistance (IMR) effect imposed on the standard giant magnetoresistance
(GMR) effect. This interfacial doping strategy shows great potential for application in future multistate molecular
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1. Introduction

In 1988, German scientist Peter Griinberg and French scientist
Albert Fert independently discovered the giant magnetoresis-
tance effect (GMR) and shared the Nobel Prize in Physics in
2007." Since then, GMR has successfully opened a new door to
modern information storage with spintronics. Spin is one of
the basic properties of electrons, as well as the basis of
chemical properties such as molecular magnetism and free
radical reactions. With further research and wide application of
spintronics, traditional inorganic spin valves suffer from major
limitations such as high cost, rigid temperature treatment and
lattice matching requirements.” In comparison, organic mate-
rials with good solution processability, low cost, excellent
flexibility and diverse chemical modifications can make up
for the above deficiencies.’® Particularly, due to the small
atomic number of constituent elements, organic materials exhibit
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spintronic devices and provides a new insight into the mechanism of radical-induced molecular spinterface.

weak hyperfine interactions and long spin relaxation times, and
are considered as very promising materials for spin transport
applications.”™ In 2004, Xiong et al reported the first vertical
organic spin valve (OSV) device using the organic semiconductor
Alq; as the intermediate layer sandwiched between ferromagnetic
(FM) LSMO and cobalt (Co), opening the new era of molecular
spintronics.”” From then on considerable progress has been made
in both theoretical investigations and integrated multifunctional
devices on the foundation of the OSV prototype.”*™”

The organic semiconductor materials adopted in OSVs mainly
include small molecules and polymers."®>° As for the spin transport
in m-conjugated polymers, their spin diffusion length (4s) will be
limited by the relatively low mobility (1) of the localized polarons
which is governed by the thermally activated hopping mechanism,
considering the relationship of s = \/ukpTt/e.*"** Moreover, the
large resistivity of the organic intermediate layer is also a bottleneck
for spin injection from most FM electrodes due to the famous
conductivity mismatch problem.>** To solve these problems,
replacing FM electrodes with optimized spin injection efficiency is
effective but not the only option.**® In contrast, based on the huge
influence of the spinterface on the device performance, modification
of the spinterface may provide a new insight into the spin injection
enhanced performance.””*® Many scientists have found that the
change of the spinterface can greatly influence the performance of
the device by enhancing/inversing the magnetoresistance (MR)
response, increasing the spin injection efficiency and so on.**** In
addition, recent studies have shown that molecular doping can
significantly improve the chemical tunability advantage of organic

This journal is © The Royal Society of Chemistry 2022
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materials and further boost the spin diffusion length by increasing
the conductivity via a transverse spin pumping approach.** > How-
ever, such an interfacial doping strategy has rarely been proved in
vertical spin valve devices, and the hybrid spin-polarized states
formed by both the dopant and FM electrode still remain unclear.
Therefore, it is necessary to establish a platform to investigate the
doping induced spinterface in OSVs.

In this work, we constructed a n-conjugated polymer spin
valve with a vertical structure of LSMO/P3HT/F,TCNQ/Co/Au to
explore the effect of F,TCNQ doping on the spinterface. Here,
we adopted a solution-sequential processing (SqP) method by
doping a widely used p-type dopant, F,TCNQ, on the polymer
P3HT layer to optimize the spinterface and reduce the device
resistance.>* Compared with the undoped device, the conduc-
tivity and giant magnetoresistance (GMR) response of the
doped LSMO/P3HT/F,TCNQ/Co/Au showed a significant
increase with an increase of the coercivity of the FM electrode
Co. In order to further study the role of doping induced
spinterface in performance optimization, the FM LSMO elec-
trode was replaced by a non-FM ITO electrode. It was observed
that doping not only adjusts the electron injection barrier but
also changes the temperature-dependent device resistance.
More importantly, we verified that the F,TCNQ was doped in
the form of radicals and served as an effective spin filter, which
may be utilized to achieve multistate and even new-type spin-
tronic devices. These findings will provide ideas for promoting
the development of organic spin valves and optimizing the
spinterface spontaneously.

2. Experimental section
2.1. Device fabrication

In this experiment, we prepared a polymer spin valve with a
vertical structure of LSMO (100 nm)/P3HT (~40 nm)/F,TCNQ/
Co (15 nm)/Au (25 nm). The structure contains an effective
overlapping junction area of 500 pum x 600 pm.

Fabrication of the bottom LSMO electrode. A 500 um-wide
LSMO FM electrode on a SrTiO; substrate was fabricated by
direct current facing-target magnetron sputtering technology
and was used as the bottom electrode.’™*® It was cleaned with
isopropanol, ultrasonicated using an ultrasonic cleaner for
10-20 s, and dried with N, stream, successively.

Preparation of the organic spacer. We used regioregular
poly(3-hexylthiophene-2,5-diyl) (RR-P3HT) powder (stereoregu-
larity >99%, molecular weight of number average from 27 000
to 45000, TCI Chemicals) and 1,2-dichlorobenzene (>99%,
Acros Inc.) as the polymer intermediate layer and solvent,
respectively. A P3HT solution with a concentration of
10 mg mL ™" was prepared. The solution was heated and stirred
continuously on a heating stage at 70 °C for 30 min and filtered
through a 0.22 pm organic phase syringe filter to obtain a uniform
and clear solution. The P3HT layer was spin-coated at a rotating
speed of 2000 rpm for 60 s and then annealed at 120 °C for 5 min.
2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F,TCNQ,
purified by sublimation, TCI Chemicals) and butyl acetate
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(colorless clear liquid, purity (GC) >99.0%, TCI Chemicals)
were adopted as the dopant and solvent, respectively. The
concentration of F,TCNQ solution was 1 mg mL™*. The F,TCNQ
solution was uniformly mixed by ultrasonication, the power was
set as 40%, and the ultrasonic time was 2 min. The doping was
carried out by means of spin coating as well. The spin speed was
6000 rpm with a spin time of 60 s. All spin-coating operations were
completed in a clean room to avoid additional contamination.

Evaporation of the top Co electrode. The Co FM electrode
and Au protecting layer were evaporated with a shadow mask in
a thermal evaporation system in a glovebox. The base pressure
was 1 x 10~° torr. The evaporation rates of Co and Au were
0.1 A s7* and 0.3 A s, respectively. During the evaporation
processes of Co and Au, we used a customized evaporation boat
to reduce possible damage from thermal radiation.

Meanwhile, we also prepared a half spin valve device with a
vertical structure of ITO/P3HT/F,TCNQ/Co/Au for comparison.
An ITO electrode was ultrasonically cleaned by isopropanol
3 times with a cleaning power of 40% and 5 minutes each
time. Then the preparation of the P3HT organic layer, the
process of spin-coated doping and the evaporation of the top
Co electrode were the same as those mentioned above. It
should be emphasized that the spin coating speed for P3HT
was calibrated to maintain the same thickness as well.

2.2. Characterization

The surface morphology and layer thickness of the samples were
characterized using an optical microscope (Eclipse Ci-POL,
Nikon, Japan) and an atomic force microscope (AFM, Dimen-
sion Icon, Bruker) in tapping mode. An ultraviolet-visible-
near infrared (UV-vis-NIR) spectrophotometer (UV-3600 Plus,
Shimadzu) and a Fourier transform infrared (FT-IR) spectro-
meter (Vertex 70, Bruker) were used to characterize the effective-
ness of doping. In the magnetic characterization, the coercivity of
the Co electrode on top of various thin films was measured using
the vibration sample magnetometer (VSM) module of a physical
property measurement system (PPMS DynaCool, Quantum
Design). Resistance and magnetoresistance (MR) as a function
of temperature and input current were measured using the built-
in DC-transport option of the PPMS with a motorized horizontal
rotator module. The LSMO (Co) electrode was attached to V+ (V—)
and I+ (I-) pin connector terminations with silver paste. It should
be noted that a magnetic field was applied along the long side of
the rectangular LSMO strip. The current-voltage (I-V) curve
measurements were carried out using an external Keithley
2636B Dual-Channel System Source Meter Unit (SMU) interfaced
to the PPMS, and the Co electrode was grounded during the
measurement.

3. Results and discussion
3.1. MR response of the polymer spin valve

Firstly, we investigated the influence of doping on the MR of
the OSV device. Fig. 1a shows a schematic diagram of the spin
valve device structure of LSMO/P3HT/F,TCNQ/Co/Au. A small
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Fig. 1 (a) The structure diagram of the polymer spin valve with a vertically
stacking device structure of LSMO (100 nm)/P3HT (~40 nm)/F,TCNQ/Co
(15 nm)/Au (25 nm). (b) Optical microscope image of the LSMO/P3HT/
F4TCNQ/Co/Au device. (c) Typical MR curve of the LSMO/P3HT/F,TCNQ/
Co/Au device at a temperature of T = 2 K and a current of / = 0.01 pA.
Insets show the relative magnetization directions of LSMO (blue) and
Co (grey) under various external magnetic fields, respectively.

organic molecule, F,TCNQ, has an electron affinity (E,) of 5.24 eV,
which is a good electron-accepting dopant.** We used F,TCNQ to
dope the spin-coated P3HT thin film through the SqP approach.*
Hole charge carriers and spin signals were injected from the LSMO
electrode and transferred to the Co electrode through the F,TCNQ-
doped P3HT space layer, considering their relative energy level
relationship (Fig. S1, ESIi) and the direction of the input
source.'>***>** Fig. 1b shows an optical microscope image after
evaporation, and the effective junction area of the device is clearly
defined as 500 pum x 600 pm. The granular aggregates induced by
F,TCNQ doping are shown in Fig. S2 (ESI%).

Fig. 1c shows a typical magnetic response curve of the doped
LSMO/P3HT/F,TCNQ/Co/Au device and its corresponding
working states. The blue (red) dotted line represents the real-
time device resistance when the external magnetic field was
sweeping from +3000 Oe (—3000 Oe) to —3000 Oe (+3000 Oe).
Because the coercive forces of the bottom LSMO and top Co FM
electrodes are different, the relative magnetization directions of
the LSMO and Co electrodes can be adjusted by changing the
value and direction of the applied magnetic field. If the
magnetization directions of the LSMO and Co electrodes are
in an anti-parallel alignment, it is difficult for the carriers to
maintain the spin signals when entering the counter electrode
due to spin-dependent scattering, resulting in a high resistance
state. If their magnetization directions are parallel, the charge
carriers will easily reach the Co electrode, leading to a low
resistance state.***> Thus, the control of the resistance states in
a doped-P3HT spin valve device was realized, and the different
stages are shown in Fig. 1c.
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The MR ratio is one of the key parameters in the
performance evaluation of the OSV devices. It is defined as
MR = (Rap — Rp)/Rp, where Ryp (Rp) is the device resistance in
anti-parallel (parallel) magnetization alignment. At T = 2 K, the
device exhibited a normal positive GMR response by taking the
thickness of the doped P3HT thin film into account (Fig. S4f,
ESIi),'® and the MR ratio was about 19%. Compared with the
non-doped device of the same organic spacer thickness (Fig. S3,
ESI}), the GMR effect of the doped device has been significantly
improved. Moreover, we found that the average resistance of
the doped device decreased significantly from 10”7 Q to 10° Q.

Next, we investigate the evolution patterns on the MR curves
of the F,TCNQ-doped OSV devices in detail. In order to find the
best temperature and current ranges to boost the signal
response of the device, the measurements were carried out at
5 different temperatures and 4 different input currents. Fig. 2
shows the MR curve of the doped LSMO/P3HT/F,TCNQ/Co/Au
device at the same temperature of 5 K; the MR ratio of the
device decreases as the applied current increases. At 0.01 pA,
the MR is 16%, while it is reduced to only 11% at 0.05 pA. This
could be explained by the shift of the relative Fermi level
position of the separate layers in the device and consequently
the variation of effective spin polarization when changing the
bias current.” Fig. 3(a-c) show the MR cutves of the same input
current of 0.01 pA at different monitoring temperatures.
Besides there was an obvious reduction of the MR ratio from
19% to 11% as the temperature was increased from 2 K to 20 K,
and the switching field of the Co electrode also decreased,
indicating decreases in both the coercivity and spin polariza-
tion ratio of FM electrodes. Fig. 3d presents the MR ratio of the
doped device as a function of temperature and bias current.
The MR ratio of the LSMO/P3HT/F,TCNQ/Co/Au device
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Fig.2 The MR curves of the LSMO/P3HT/F4,TCNQ/Co/Au device as a
function of input current at T = 5 K. The input current was set as (a) 0.01 pA,
(b) 0.02 pA, (c) 0.03 pA, and (d) 0.05 pA, respectively.
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Fig. 3 The MR curves of the LSMO/P3HT/F4,TCNQ/Co/Au device when
(@ T=10K, (b) T=15K, and (c) T = 20 K at a constant input current of
0.01 pA, respectively. (d) Bias current and temperature dependences of the
MR ratio of the doped device.

Temperature (K)

decreases with the increase of both temperature and current
under all conditions, which is in good agreement with the
characteristics of classic GMR transport.*® As a result, the MR is
the largest under the conditions of T=2 K and I = 0.01 pA.

As for the line shape of MR curves, it seems that two
repeatable resistance terraces appeared at around 1400 Oe
and 1900 Oe for each dotted line in the entire input current
range (Fig. 2), which was different from the reported
OSV devices with only one platform in each sweeping
direction.”>***” We also found that the width of the resistance
terrace varies as the temperature changes. Particularly, a jump
discontinuity at around 300 Oe emerged at 15 K and even
became dominant at 20 K. We speculate that the competitive
factors of the magnetic response might be related to the
F,TCNQ-doping induced non-trivial spinterface, which will be
demonstrated in the following part.

3.2. Characterization of the doping interface

In order to gain a better understanding of the mechanism of
the improved MR effect and influence of the spinterface after
doping, we need to carefully investigate the interfacial state and
doping degree of the F,TCNQ-doped P3HT thin film.

We firstly compared the surface morphology and film thick-
ness before and after doping (Fig. S4, ESIt). The surface rough-
ness increased after doping, from R, = 5.4 nm and R, = 4.4 nm
in Fig. S4a (ESI) to Rq = 7.1 nm and R, = 5.7 nm in Fig. S4b
(ESIE). This can be explained by the fact that the residual
F,TCNQ aggregated islands formed high points on the surface
of the P3HT thin film (Fig. S4b and c, ESI}). The thickness of
the organic space layer increased slightly after doping from
42 nm in Fig. S4d (ESI{) to 44 nm in Fig. S4e (ESL). Therefore,
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Fig. 4 (a) UV-vis spectra and (b) FT-IR spectra of the pristine P3HT and
F4TCNQ-doped thin films.

it can be known that the doping has little effect on the
thickness of the P3HT layer.

It is well known that the efficiency of molecular doping
strongly depends on the doping method and concentration.***®
In previous studies, it has been reported that F,TCNQ existed in
the form of anions after doping.**”° In order to verify the
doping mode of F,TCNQ, we recorded the UV-vis and FT-IR
spectra. In Fig. 4a, two new characteristic peaks at 768 nm and
860 nm appeared after doping, which represents the formation
of a F,TCNQ radical.>® In the FT-IR spectra (Fig. 4b), new
chemical bonds formed after doping at a wavenumber of
2190 cm™ " In the neutral F,TCNQ sample, C=N stretching
occurs at 2227 em ™. If F,TCNQ is fully ionized to F,TCNQ,
C=N will redshift from 33 cm™" to 2194 cm ™. The spectra of
P3HT/F,TCNQ in Fig. 4b showed a shift towards 2190 cm ,
which is almost close to 2194 cm™*, indicating complete
ionization.”> These results prove that the P3HT layer was
effectively doped by F,TCNQ through the SqP strategy.

Then we investigated the influence of doping on the inter-
facial magnetic properties. We characterized the coercivity
change in the magnetization curves of the thermally evaporated
Co electrode on three different surfaces, i.e., on silicon oxide
wafer, pristine P3HT thin film, and F,TCNQ-doped P3HT thin
film (Fig. 5). Their corresponding average coercivity values were
110 Oe, 540 Oe, and 890 Oe at T = 2 K, respectively. It is noted
that the one with F,TCNQ-doped P3HT shows a much larger
coercivity than that with a single Co electrode and the undoped
sample. We have two possible deductions regarding this: on
one hand, the coercivity of the Co electrode seems to increase
as the interfacial roughness of the substrate increases, proved
by the atomically-flat surface of silicon oxide wafer and the AFM
images of the P3HT layer before and after doping. So, we
doubted that the coercivity might be greatly affected by the
surface roughness, especially by the uneven F,TCNQ particles.
The surface roughness affects the domain wall movement and
causes the increase of coercivity.”® On the other hand, we
suspect that the change of coercivity is more influenced by its
spin-dependent hybrid interfacial state. In 2011, Pang et al
found that the electrons on the d orbitals of Co atoms will
transfer to Alq; molecules through the doping effect, leading to
a local magnetic moment.>* Another example is that Co atoms
can interact with the O atoms in the Co-doped Alq; thin film,
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Fig. 5 MR curves of the (a) Co electrode alone, (b) Co electrode with a spin-coated P3HT layer, and (c) Co electrode with a F4,TCNQ-doped P3HT layer.

forming a new state that can act as an electron trap site to
localize electrons.”® Furthermore, as a p-type dopant, F,TCNQ
can accept electrons well, interact with the Co atoms and
generate a new hybrid interfacial state to change the coercive
force.”®

3.3. Electrical transport properties

The intrinsic electrical transport analysis of the F,TCNQ-doped
P3HT thin film is beneficial to reveal the interfacial energy
barrier and charge transport mechanism. Therefore, the
temperature-dependent current-voltage (I-V) tests were carried
out. Since the resistance value of the LSMO electrode itself is
relatively large which might interfere the evaluation of the
natural conductivity of the P3HT thin film, we replaced the
previous LSMO electrode with an ITO electrode with similar
work function during the measurement. It can be seen from
Fig. 6a and b that the IV curves of the devices containing only
one FM electrode are non-linear before and after doping, and
both curves show a strong temperature dependence, which
proves that there is little short circuit caused by the formation
of Co metal filaments due to the thermal evaporation process.>°
Meanwhile, when the temperature was reduced from 300 K to
2 K, the resistance value for non-doped and doped P3HT layers
increased about 3 times and 90 times, and hence the incom-
plete Co-penetration induced impurity band and the hopping
transport mechanism for charge and spin carriers were
deduced, respectively. Besides, the conductivity was signifi-
cantly enhanced by doping at least one order of magnitude. It
is also worth noting that F,TCNQ doping can effectively modify
the interfacial energy barrier, which can be inferred from the
opposite rectifying direction in Fig. 6a and b.

The current-temperature (I-T) curves were replotted for the
convenience of charge transport mechanism determination. As
shown in Fig. 6¢ and d, both of the curves for non-doped and
doped devices exhibited a transition stage for the entire voltage
range, except that the doped one showed a significant tempera-
ture delay, indicating a change from temperature-dependent
thermally activated hopping to a temperature-independent
region.”” As for the thermally activated hopping region, the
classical Arrhenius relation was applied to fit the charge trans-
port activation energy E,,>® and we obtained average E, values
of 60 meV and 45 meV for the above two thin films. In principle,

2612 | J Mater. Chem. C, 2022, 10, 2608-2615
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Fig. 6 The temperature-dependent /-V curves of the (a) undoped
ITO/P3HT/Co/Au device and (b) doped ITO/P3HT/F4,TCNQ/Co/Au device.
The temperature-dependent [-T curves at different voltages of the
(c) undoped ITO/P3HT/Co/Au device and (d) doped ITO/P3HT/F,TCNQ/
Co/Au device.

a smaller E, represents a comparable density of states in P3HT
with minor reacted states at the Co/F,TCNQ interface, leading
to a higher conductance. Therefore, it means that the doped-
F,TCNQ could not only effectively modulate the charge injec-
tion barrier, but also reversely fill the existing interfacial defects
in the P3HT thin film. All the results manifest that interfacial
doping of F,TCNQ is a successful way to optimize electrical
transport performance.

3.4. Radical induced spinterface

To further confirm the doping effect of F,TCNQ at the top
interface, we replaced the bottom FM electrode with non-FM
ITO for the MR characterization. It can be seen from the MR
curves in Fig. 7a that the resistance of the undoped device does
not respond to an external magnetic field, while that of the

This journal is © The Royal Society of Chemistry 2022
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doped one shows a regular rectangular shape (Fig. 7b). The
triangular background in the ITO/P3HT/Co device is not
obvious, which may be caused by the OMAR effect of the P3HT
film.***° Fig. S5 and S6 (ESI}) show the MR curves as a function
of input current and temperature, respectively, which verifies
the repeatability and authenticity of the rectangular lineshape.
More importantly, we found that these switching fields were
sensitive to the measurement conditions, for instance, the
offset in Fig. S5c¢ (ESIf) and the shrinking hysteretic window
in Fig. Séc and d (ESI}).

Previous research by Karthik V. Raman et al. reported an
organic radical induced spinterface, in which the organic layer
zinc methyl phenalenyl (ZMP) changed from a neutral to an
anionic radical through the charge transfer process and
d-orbital hybridization with the interfacial FM electrode.®!
Coincidentally, a rectangular lineshape resembling that in
Fig. 7b was observed in the vertical structure of Co/ZMP/Cu
with only one FM electrode. Therefore, we speculate that a
similar interface magnetoresistance (IMR) effect should be
responsible for the MR effect in our case: in the “half” spin
valve structure, the resistance value changes with the external
magnetic field. The high and low resistance states form a loop,
which comes from the combination of F,TCNQ with P3HT in
the form of free radicals after doping. Due to the molecular
charge transfer, F,TCNQ is doped into the interface between
P3HT and the Co electrode in the form of free radicals, forming
a new hybrid interface state. It may produce a resistive spin
filter interface, greatly affect the spinterface and induce the
related IMR effect.

Unlike traditional OSVs with two FM interfaces that exhibit a
standard GMR effect, our F,TCNQ-doped device not only has a
traditional sandwich structure with two FM electrodes, but also
includes a spinterface with free radicals after doping. These two
mechanisms operate competitively in different devices. Since
the hopping transport mechanism of conventional organic spin
valves plays a major role in our device, the MR curves are
basically well in line with the ‘“standard” GMR effect. When the
interface states reign, the shape of the curve will change
dramatically.®* Specifically, the absolute value of resistance
change in classic OSVs and half OSVs (~20000 Q for LSMO/
P3HT/F,TCNQ/Co/Au devices in Fig. 1c and ~100 Q for

This journal is © The Royal Society of Chemistry 2022
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ITO/P3HT/F,TCNQ/Co/Au devices in Fig. 7b) determines the
GMR-like dominated lineshape, while the relatively high resis-
tance states or peaks (two repeatable resistance terraces in
Fig. 2 and jump points in Fig. 3b and c) in classic OSVs
correspond well with the switching field (Fig. S5 and S6, ESI¥)
of half OSVs, proving the MR enhancement of the radical-
induced spinterface.

4. Conclusions

In conclusion, the F,TCNQ-doped spinterface plays a key role in
improving the spin-dependent signal and conductivity. After
doping, the MR ratio of the P3HT-based OSV device increased
significantly, and the resistance value declined significantly.
The coercivity window of the Co electrode broadened obviously
with the existence of a spin-dependent hybrid interfacial state
by doping. Through spectral analysis, it was proved that the
doping form of F,TCNQ was a free radical. According to the
study of half OSVs, the dopant F,TCNQ combines with P3HT
and Co electrodes formed a spin hybrid state interface,
exhibiting a special rectangular MR lineshape. In addition, it
is found that when a spinterface is present, the MR response of
the F,TCNQ-doped OSV is influenced by two competitive
mechanisms of standard GMR and radical-induced IMR. These
results are beneficial for future OSV devices with excellent
performance and multistate storage applications.
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