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Spin injection and transport in single-crystalline
organic spin valves based on TIPS-pentacene
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ABSTRACT Single crystals of organic semiconductors with
perfect crystal structure and minimal density of defects can
exhibit high mobility and low spin scattering compared with
their amorphous or polycrystalline counterparts. Therefore,
these materials are promising candidates as the spin transport
media to obtain long spin relaxation times and spin diffusion
lengths in spintronic devices. However, the investigation of
spin injection and transport properties in organic single
crystals is hindered by the inability to construct devices such as
single-crystalline organic spin valves (OSVs). Herein, thin and
large organic single crystals of 6,13-bis(triisopropylsilylethy-
nyl)pentacene (TIPS-pentacene) were grown on a liquid sub-
strate and transferred to a target substrate carrying
ferromagnetic electrodes to construct single-crystalline OSVs.
The magnetoresistance (MR) responses of the single crystals
were investigated to study their spin injection and transport
properties. MR value as high as 17% was probed with an in-
termediate layer thickness of 269 nm. More importantly, spin
transport was still observed in a single crystal of a thickness up
to 457 nm, which was much larger than that of polycrystalline
thin film. Our research provides a general methodology for
constructing single-crystalline OSVs and paves the way to
probe the intrinsic spin transport properties of organic

semiconductors based on single crystals.

Keywords: organic single crystal, organic semiconductor, mag-
netoresistance, organic spin valve, spintronics

INTRODUCTION
Spintronics considers not only the charge of electrons but
also their spin degree of freedom in electronic devices
[1-4]. Spintronics shows great potential in applications
such as information storage and processing [2]. In par-
ticular, organic semiconductors have aroused consider-
able research attention because they are a promising
medium for spin transport due to their long spin re-
laxation time [3,5-8]. Organic semiconductors are mainly
composed of light elements such as carbon and hydrogen
with weak spin-orbit coupling (SOC) interactions
[3,9-11], which is the primary reason for spin-flipping in
most materials [12-14]. Another source of spin-flipping
is hyperfine interaction (HFI), which is mainly caused by
hydrogen atoms and is only strong in localized carriers
[15]. As a result, delocalized carriers in organic semi-
conductors are expected to have long spin relaxation
times [9,10,12]. In addition, organic materials have de-
sirable properties, such as solution processability, me-
chanical flexibility, and chemical tunability, making them
promising alternatives in spintronic applications com-
pared with conventional inorganic materials [16,17].
Vertical organic spin valves (OSVs), which are com-
posed of two different ferromagnetic (FM) electrodes
separated by organic semiconductors, are a type of pri-
mitive spintronic device to investigate spin-polarized
charge injection and transport in organic semiconductors
[1,3,10,18-20]. In 2004, Xiong et al. [21] reported the first
vertical OSV using tris(8-hydroxyquinoline)aluminum
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(Alqgs) as the organic intermediate layer and observed a
negative magnetoresistance (MR) of 40% at T = 11 K with
an intermediate layer thickness of 130 nm. Subsequently,
a variety of organic semiconductors including small
molecules (e.g., fullerene [5,6,22,23] and pentacene [24])
and m-conjugated polymers (e.g., poly(dioctyloxy)pheny-
lenevinylene (DOOPPV) [2526], and poly(3-hex-
ylthiophene-2,5-diyl)regioregular (RR-P3HT) [27,28])
were studied extensively and MR effect was observed.
However, all of the above organic intermediate layers in
the OSVs are either amorphous or polycrystalline struc-
tures, in which the high density of defects and grain
boundaries act as spin-flipping centers and reduce their
spin diffusion length, greatly limiting their practical ap-
plication in organic spintronic devices [3,5,29].

In contrast to amorphous or polycrystalline organic
solids, organic single crystals show long-range order with
minimal density of defects, which enables the investiga-
tion of the intrinsic spin-polarized carrier transport
properties of organic materials [30-32]. Moreover, they
might be a class of promising candidates for obtaining
long spin relaxation times and spin diffusion lengths
[3,30]. In recent years, many attempts have been made to
fabricate spintronic devices based on organic single
crystals. For example, in 2010, Naber et al. [33] reported
the construction of horizontal spin-valve field-effect
transistors (FETs) based on rubrene single crystals with
Co-FM electrodes. By taking advantage of the high carrier
mobility and low density of charge and spin scattering
centers in rubrene single crystals, they expected the ob-
servation of a long spin diffusion length and the realiza-
tion of OSV effect. Unfortunately, the expected OSV
effect was not observed, possibly due to the very long
(60 um) channel length in the spin-valve FETSs. Ding et al.
[34] reported the organic MR (OMAR) of organic single
crystals with high magnetic-field sensitivity. In 2017,
Tsurumi et al. [14] estimated that the spin diffusion
length could be as long as 840 nm at 300 K and surpris-
ingly 1.6 um at 50K in a single crystal of 3,11-dide-
cyldinaphtho[2,3-d:2",3'-d']benzo[1,2-b:4,5-b']dithio-
phene (C,;-DNBDT-NW) according to the Einstein
relationship, indicating the great potential of organic
single crystals as intermediate materials for spintronic
applications. However, due to the challenge of growing
thin and large-area organic single crystals and the in-
ability to transfer such crystals to FM electrodes for de-
vice fabrication, working vertical OSVs based on organic
single crystals have not yet been reported.

Recently, we have developed a strategy to grow thin and
large-area organic single crystals with different thick-
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nesses on glycerol surface [35]. These semi-freestanding
crystals on liquid surfaces can be transferred to arbitrary
substrates to construct various devices. Herein, OSVs
based on organic single crystals of 6,13-bis(triisopro-
pylsilylethynyl)pentacene (TIPS-pentacene) were con-
structed and their spin injection and transport properties
were investigated in comparison with those based on
polycrystalline thin films. TIPS-pentacene was used as the
architype organic semiconductor not only because of its
good solubility in common organic solvents, but also its
high mobility, especially in arrays of aligned single crys-
tals [36-40]. In the single-crystalline OSVs, MR up to
17% was recorded at a low temperature. In particular, the
MR signal was detectable with an intermediate layer as
thick as 457 nm, which was much longer than that of
polycrystalline thin films. As far as we know, this is the
first working vertical OSV based on organic single crys-
tals. Our study provides a reliable method to construct
OSVs based on organic single crystals to explore their
intrinsic spin transport properties and provides a fra-
mework for achieving long spin diffusion lengths for
practical applications of organic spintronic devices.

EXPERIMENTAL SECTION

Materials

TIPS-pentacene powders were purchased from Aiwang
Chemical Technology Co., Ltd. and used without pur-
ification. La,;Sr; sMnO; (LSMO) films with a thickness of
70 nm were deposited onto SrTiO; (STO) substrates at
700°C with radio frequency magnetron sputtering tech-
nique. The ratio of Ar and O, flux was 1:1, and the
sputtering pressure was 0.5 Pa. The films were subse-
quently annealed at 700°C for 1h in a muffle furnace
under pure O, at 260 Pa, followed by slow cooling to
room temperature at 5K min . Then, the as-prepared
LSMO films were cleaned with acetone and isopropanol
before use. The LSMO substrates were reused multiple
times without noticeable degradation.

Sample preparation

TIPS-pentacene powders were dissolved in toluene and
sonicated for 10 min to obtain solutions with con-
centrations ranging from 1 to 2.5mgmL . Glycerol
(35 mL) was added into a weighing bottle (a cylinder
container with a diameter of 70 mm and a height of
40 mm) as a liquid substrate for crystal growth. A fixed
volume of 100 pL of the as-prepared solution was added
dropwise onto the surface of the glycerol and dried at a
low temperature (10°C) for 24 h to grow single crystals.
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The as-grown single crystals floating on the surface of the
liquid substrate were then transferred to the LSMO/STO
substrate. Polycrystalline thin films were thermally eva-
porated on top of the LSMO/STO substrate at a rate of
0.1 As ' and a base pressure of 1 x 10 ° Torr (1 Torr =
1.33322 x 10" Pa). Top Au/Co electrodes were fabricated
by vacuum thermal evaporation. Co electrodes (10 nm)
were thermally evaporated onto the TIPS-pentacene
crystals at a rate of 0.07 A s ' through a shadow mask at a
base pressure of 1 X 10 ° Torr. Au films (60 nm) were
deposited on top of the Co electrodes at a rate of around
0.1 A's ' as a capping layer to prevent the oxidation of Co
films. The junction area was 200 pm X 200 ym.

Characterizations

The morphologies and thicknesses of the TIPS-pentacene
single crystals and polycrystalline thin films were cha-
racterized by tapping-mode atomic force microscopy
(AFM, Bruker Dimension Icon). Typical optical micro-
scopy (OM) and polarized OM (POM) images were
carried out on a Nikon ECLIPSE Ci-POL. Bright-field
transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) measurements were
performed using an FEI Talos F200X G2. X-ray diffrac-
tion (XRD) measurements were performed using a Ri-
gaku Smartlab diffractometer with monochromatic Cu
Ka (A = 1.541 A) radiation. The charge transport prop-
erties of the TIPS-pentacene single crystals and poly-
crystalline thin films were characterized using a Keithley
4200 SCS connected to a Micromanipulator 6150 probe
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Figure 1

Single crystal
& /

station in ambient air at room temperature. The electrical
and magnetic properties were measured using a Quantum
Design physical property measurement system (PPMS
DynaCool). The MR curves were measured using a
standard four-probe technique between 30 and 100 K
under an external in-plane magnetic field. The hysteresis
loop measurements of the two FM electrodes were per-
formed using the vibrating sample magnetometer of the
PPMS. The current (I)-voltage (V) measurements of
devices were performed using a Keithley 2636B source-
measure unit.

RESULTS AND DISCUSSION

Crystal growth and characterization

Glycerol was chosen as a liquid substrate. The high sur-
face tension together with the high viscosity of glycerol
can promote the spreading and fix the position of the
solution during evaporation, which was favorable for the
production of thin and large-area single crystals [35].
TIPS-pentacene, a high-mobility material for organic
FETs (OFETs), was chosen as the architype organic
semiconductor. The as-prepared solution (100 puL) was
dropped onto the surface of the glycerol. After the com-
plete evaporation of the solvent, large-area and thin
crystals were grown on the liquid surface. The as-grown
crystals were transferred to the target substrates by pla-
cing the substrates on the surface of the crystals upside
down and pulling out of the liquid surface (Fig. la—c).
TIPS-pentacene crystals transferred to the target sub-

electrodes

Single crystal LSMO

electrodes

The procedures to fabricate the single-crystalline OSVs. (a, b) Growth of single crystals on a liquid surface. (c, d) Transfer of the single

crystal to the STO substrate with patterned LSMO bottom electrodes. (e) Thermal evaporation of Au/Co top electrodes.

November 2021 | Vol.64 No.11

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

2797



ARTICLES

SCIENCE CHINA Materials

strates were gently washed by deionized water and dried
overnight.

It was observed that as the concentration of the solution
increased from 1 to 2.5 mg mL ', the color of the grown
crystals changed from bright to dark green (at a fixed
100 pL volume on a 300 nm-SiO,/Si substrate, Fig. 2a-d),
corresponding to an increase of the thicknesses of the
crystals from 35 to 475 nm (Fig. S1). POM images of the
crystal on the 300 nm SiO,/Si substrate are shown in
Fig. 2e, f and Fig. S2. The color of the whole crystal
changed homogeneously from bright to dark when the
substrate was rotated by 45°, indicating the single-crys-
talline nature of the checked film. A typical TEM image of
a randomly selected crystal on a copper grid is shown in
Fig. 2g and the corresponding SAED pattern is shown in
Fig. 2h. The SAED patterns could be indexed with pre-
viously reported lattice parameters (a = 7.565 A, b =
7.750 A, ¢ = 16.835 A, a = 89.15%, B = 92.713°, and y =
83.63°) [41]. Fig. 2i, j depict the AFM images of TIPS-
pentacene crystals (35 and 105 nm in thickness) trans-
ferred onto SiO,/Si substrates, which exhibit atomically
flat surfaces with low roughness of 0.49 and 0.62 nm,
respectively. Such atomical flat surface also indicates the
single-crystalline nature of the film and is favorable for
device fabrication. Fig. 2k shows the XRD of the TIPS-

100 pm

pentacene single crystal. The sharp diffraction peaks in-
dicate the high-crystalline nature of the crystal. The dif-
fraction pattern consistently exhibits (00]) reflections,
which is in accord with previous reports [42]. The pri-
mary diffraction peak (001) at 20 = 5.31° is attributed to a
d-spacing of 16.62 A and is equal to the ¢ axis of the
TIPS-pentacene single crystal. Only (00/) diffraction
peaks appear, indicating that the (001) plane of the single
crystal is parallel to the substrate plane.

Device fabrication

The procedure to fabricate the OSVs based on organic
single crystals is sketched in Fig. 1c—e. The organic single
crystals of TIPS-pentacene grown on the liquid substrate
were semi-freestanding (Fig. la, b) and could be trans-
ferred to any solid substrates. In this study, these crystals
were transferred to STO substrates with patterned LSMO
bottom electrodes (Fig. 1c, d). Since the relative positions
of the crystals were anchored under the assistance of the
viscous glycerol substrate, it was convenient to achieve
accurate transfer while maintaining crystal integrity. Top
Au/Co electrodes were prepared by thermal evaporation
(Fig. le). It is noted that most of the reported inter-
mediate layer materials in OSVs are either amorphous or
polycrystalline thin films prepared by thermal evapora-
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Figure 2 (a-d) OM images showing the changes of color of TIPS-pentacene single crystals as the thickness varied. (e, f) POM images of a TIPS-
pentacene crystal (35 nm) on a SiO,/Si substrate. (g, h) TEM image and the corresponding SAED pattern of a TIPS-pentacene single crystal. (i, j) AFM
images of the TIPS-pentacene single crystals. (k) XRD patterns of the single crystal.
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tion or spin-coating. The use of glycerol as a liquid
substrate to grow single crystals provides a reliable
method for fabricating single-crystalline OSVs.

The structure of the as-prepared OSV is shown in
Fig. 3a. The Fermi levels (Eg) of both the FM metals are
between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) level of TIPS-pentacene (Fig. 3b) [43], which is
beneficial for the injection and detection of spin-polar-
ized charge carriers. The surface morphology of the
LSMO electrode after patterning with dimensions of
60 nm (thickness) x 200 pm (width) x 5 mm (length) was
investigated by AFM, and a low surface roughness of R, =
0.70 nm over an area of 10 um X 10 um was observed
(Fig. S3). The flat surface of the LSMO is beneficial for
intimate topographical contacts between the electrodes
and the crystals in the OSVs. Fig. 3¢ shows an OM image
of a typical single-crystalline OSV device. The dimension
of the single crystal is millimeter scale, which is large
enough to cover the junction area (200 um x 200 pm)
without causing current leakage. Fig. 3d shows the mag-
netic hysteresis loops (M-H) of the Co and the LSMO

, b -1
N E ., ; % .
A et 1500 0

Magnetic field (Oe)

film measured at 30 K. The coercive fields (H.) of the Co
layer and LSMO film are 180 and 58 Oe, respectively.
With such a large difference of H,, it is possible to switch
the relative magnetization direction of the two FM elec-
trodes between parallel and antiparallel configurations by
sweeping the external magnetic field [5].

Polycrystalline thin films of TIPS-pentacene were also
prepared by vacuum thermal evaporation for comparison
(Fig. S4a, b). The thicknesses are varied from 97 to
227 nm. Compared with single crystals, polycrystalline
thin films show greater roughness, R; = 3.34 nm, ac-
cording to AFM measurements (Fig. S4c). XRD of the
polycrystalline thin film exhibits weaker and broader
(00) diffraction peaks (Fig. S4d). OFETs with a top-
contact (Au source and drain electrodes) bottom-gate
configuration were constructed, and the typical transfer
and output characteristics of the OFETs are shown in
Fig. S5. The hole mobilities are 0.98 and 0.08 cm’ V 's ™’
for single crystals and polycrystalline films, respectively.

MR response
I-V measurements of the devices based on TIPS-penta-

EF

LSMO
d
1t - Co
——LSMO

Em

s 0
T=30K
1500

Figure 3 (a) Schematic diagram of the device with a sandwich structure of LSMO/TIPS-pentacene/Co/Au. (b) Schematic energy level diagram of the
OSV device. (c) OM image of a device with a large-area TIPS-pentacene single crystal. (d) Magnetization hysteresis loops for individual electrodes of

Co (black square) and LSMO (red triangle) at T = 30 K, respectively.
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cene single crystal (260 nm) at different temperatures
were carried out to exclude the possibility of short circuits
(Fig. S6). At low V, a clear nonlinear I-V curve can be
observed. With decreasing temperature, the nonlinearity
became stronger owing to the increase of device re-
sistance at low temperatures (Fig. S6b). The resistance
increased more than 778% when lowering the tempera-
ture from 300 to 5 K at 0.5 V (Fig. S6¢). Judging from the
I-V curves, short circuit could be ruled out [44,45].

Fig. 4a shows the typical MR curves based on a crystal
with a thickness of 269 nm at 30 K. A negative MR value
as high as 17% was calculated according to the following
equation [21]:

MR = [R(AP)fR(P)]/R(AP), (1)

where R,p and R, denote the resistances of the anti-
parallel and parallel magnetization configurations, re-
spectively. The square shape and rapid response at both
the parallel and antiparallel states indicated that the de-
vice was well stabilized and reliable [2,46]. In addition,
the resistance of the device was much greater than that of
the LSMO itself (Fig. S7a), indicating that the resistance
of the intermediate layer dominated the resistance of the
device. Surprisingly, substantial MR (>1.5%) could still be
observed in single-crystalline OSVs with TIPS-pentacene
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thickness as large as 457 nm at 30 K (Fig. 4b).

To investigate the origin of the MR effect in the single-
crystalline OSVs, the anisotropic MR (AMR) and tun-
neling anisotropic MR (TAMR) effects were evaluated.
The MR effect for the full length of the LSMO electrode
was measured at 30 K (Fig. S7a). The MR value was cal-
culated to be approximately +0.51%. Compared with the
negative and large MR signals observed in the OSV de-
vices, the MR of the LSMO electrode was small and po-
sitive; therefore, the observed MR was not due to the
AMR effect of the LSMO electrode (the AMR of Co
electrode could be neglected due to the much smaller
resistance compared with that of the crystal [5]). In ad-
dition, the TAMR effect, which can also cause MR signals
[5,47], was examined by fabricating devices with a
structure  of =~ LSMO/TIPS-pentacene  crystal/Au
(Fig. S7b, ¢). No TAMR effects in the devices were
identified. Judging from the above results, the MR of the
OSV devices was attributed to the spin-dependent
transport in the TIPS-pentacene single crystal. Inverse
MR signals were observed in the crystals, which were due
to the hybridization-induced filtering effects [7,48,49],
i.e., the “spinterface” [50]. When Co was deposited on the
organic semiconductor, new hybrid electronic states
formed at the interface, which collectively acted as a spin-

b
1 i | ]
1
a4 _:'\.hl! . 11140
0 II /. - II‘
- e Al | o
°\\.°/ ‘-.l\'/ L-I [] / l/ L] —11305
x \Aa L = g
= - T 5
T am ] 2
) 1120 ‘@
- [0)
o
o g | 2K
Single crystal - nm | 1110
-1000 0 1000
Magnetic field (Oe)
d
68|
)
=
o 66r
o
[~
S
R
é 64t
Polycrystallineg = 30 K
film 227 nm
62 . . L
-1000 0 1000

Magnetic field (Oe)

Figure 4 (a, b) MR responses of the single-crystalline OSVs at 30 K with TIPS-pentacene single crystals of thicknesses of 269 and 457 nm,
respectively. (c, d) MR responses of the polycrystalline thin-film OSVs at 30 K with thin film thicknesses of 97 and 227 nm, respectively.
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Figure 5 (a, b) MR responses of the single-crystalline OSVs with 269-nm-thick TIPS-pentacene single crystals at T = 50 and 100 K, respectively.
(c, d) MR responses of the polycrystalline thin-film-based OSVs with a 97-nm-thick TIPS-pentacene layer at T = 50 and 100 K, respectively. (e) The
dependence of MR ratios on the measurement temperature for single-crystalline and polycrystalline thin-film-based OSVs.

filter, leading to the inversion of the sign of the spin-
polarization of the current from that of the Co electrodes
and the inverse MR signals of the OSVs [50].

Fig. 4c shows a typical MR loop of an OSV device based
on the polycrystalline thin film with a thickness of 97 nm
at 30 K. Triangular background curves were observed,
indicating that either the antiparallel or parallel state was
not well stabilized [46,51]. This could be caused by the
rough interface between the FM electrodes and the TIPS-
pentacene layer, which induced inhomogeneous magne-
tostatic fields and thus resulted in the random precession
of spin carriers [52]. It was found that the MR ratio of the
polycrystalline thin film with a thickness of 97 nm at 30 K
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was approximately 6%, which was smaller than the value
of 17% for the single-crystalline OSVs with a crystal
thickness of 269 nm. According to a modified Julliére
equation [21,53], MR decreases with the thickness.
Therefore, the MR value of OSV based on single crystal
would be much higher than that of polycrystalline film if
single crystal and polycrystalline film of the same thick-
ness were used. MR signal was undetectable when the
polycrystalline thin film was of 227 nm thickness
(Fig. 4d). In comparison, MR signal was still detectable
when the thickness of the single crystal was as large as
457 nm.

Figs 4a, ¢ and 5 show the temperature dependence of
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MR curves for the OSV devices based on single crystals
and polycrystalline films, respectively. Between 30 and
100 K, square MR response curves and steep changes at
both the parallel and antiparallel states were observed in
single-crystalline OSVs. In contrast, the MR curves
showed triangular background for polycrystalline thin-
film OSVs. It was observed that the MR value mono-
tonically decreased with increasing temperature in both
devices (Fig. 5e), which could be attributed to the de-
crease of surface spin polarization of the LSMO electrode
or the reduction of the spin diffusion length in the or-
ganic layer with increasing temperature [2,17,44,54-57].

The better spin transport properties of the single
crystals were attributed to their higher mobility. Due to
the absence of grain boundaries and minimal defect
density, the mobility of the single crystals
(098 cm’V's ") was over one order of magnitude
higher than that of polycrystalline thin films
(0.08 cm® V' s!). As a result, less spin-flip scattering was
suffered during the charge and spin transport processes in
single crystals [3,30]. In addition, compared with the
larger roughness (R, = 3.34 nm) of the polycrystalline
thin film, an atomically flat surface of single crystals (R, =
0.62 nm) will further decrease scattering at the interface
[58]. Therefore, long spin diffusion lengths can be ex-
pected in single-crystalline OSVs.

CONCLUSIONS

In conclusion, the first working single-crystalline vertical
OSV based on TIPS-pentacene was constructed, and the
MR responses were investigated. Thin and large-area
organic single crystals were grown on a liquid substrate
and transferred onto target substrates to fabricate single-
crystalline OSVs. An MR value as large as 17% was
probed. More importantly, spin transport was still ob-
served in a single crystal with a thickness up to 457 nm,
which was much larger than that of polycrystalline thin
films. The results indicate that organic single crystals are
good medium for spin transport.
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TIPS-pentacene 5. ji A AL H e 1% 4 H g i\ 5 1%
LR R

A, BER Tk BT, M, ZHA B,
kA, MR, 24, 29, FRe", A

THE SR L, AP SR B e R S AL A
BUDREEAEEEE, INITE A RIER R AT E RS, fHa2RAR
i HL R A RARIC A BESh IR AL ARy IO . AT, F T
Bz M S AL A BER (OSVS) Y Jr ik, BIS 1 H h AHLE TR
FT R TE AR ISP A ST, XX — Bk, AT T S
R KRBT AL, JFRERS 2 A R E AR A
JrE LA SR A LR FRE R S0, FRATR DI E] T TIPS-penta-
cene AL L S TE AR R BRI A 2RI RE PR, 245 T &
IB17% R, BEE AR, AEJRIE457 nmf g 5 S8 LML
FH eI, 2 ol B A e K RS 2. Ja A1 A, AT
GRS O TAER T B AN S AR, AT A AL
OSVHRMUET —Fudl A TT 1%, 5T B A L SR ARAE B E
HIBFHE RIS E T 2R AL
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