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ABSTRACT: We fabricate spin-valve devices with an Fe;O,/AlO/rubrene/Co stacking structure. Their magnetoresistance
(MR) effects at room temperature and low temperatures are systemically investigated based on the measurement of MR curves,
current—voltage response, etc. A large MR ratio of approximately 6% is achieved at room temperature, which is one of the
highest MR ratios reported to date in organic spin valves. With decreasing measurement temperatures, we observe that the MR
ratios increase because of decrease in spin scattering, and the width of the MR curves becomes larger owing to increase in the
coercivity of the electrodes at low temperature. A nonlinear current—voltage dependence is clearly observed in these organic spin
valves. From the measurement of MR curve for the spin valves with different rubrene layer thickness, we observe that the MR
ratios monotonously decrease with increasing rubrene-layer thickness. We discuss the spin-dependent transport mechanisms in
these devices based on our experimental results and the present theoretical analysis. Moreover, we note that the devices exhibit
smaller MR ratios after annealing compared to their counterparts without annealing. On the basis of atomic force microscopy
analysis of the organic films and device resistances, we deduce that the increase of interface spin scattering induced by large
surface roughness after annealing most probably leads to reduction in the MR ratios.
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B INTRODUCTION

Organic spintronics devices have attracted extensive research

organic spintronics. Typically, OSVs can be classified as lateral
structure devices' and vertical structure devices” based on the

interest because they combine the advantages of spintronics
and organic semiconductors.'~'* These devices can be used to
manipulate the properties of spin and charge inherent in
electrons, and the organic nature of such microelectronic
devices could provide high structural flexibility, low production
cost, and large area processing. Importantly, the strength of the
spin—orbit interaction in organic semiconductors is consid-
erably weaker when compared with that in inorganic materials
as most organic semiconductors comprise elements with low
atomic numbers.">'* This makes the spin relaxation time in an
organic semiconductors longer than that in an inorganic
counterparts. Hereby, organic device is ideal to fully modulate
and utilize the spin of the electron to construct novel organic
functional devices for next-generation applications. Organic
spin valves (OSVs) is one of the most popular devices in
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device structure. Both types of structures are composed of two
ferromagnetic (FM) electrodes separated by an organic
semiconductors spacer layer. The magnetoresistance (MR)
effect in the spin valve device is the phenomenon of change in
the electrical resistance depending on the magnetization
alignment of the two FM electrodes that are modified by an
external magnetic field. A larger (smaller) resistance is usually
observed when the magnetization directions are antiparallel
(parallel). This phenomenon can be utilized to investigate spin
transport properties in OSV devices.
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Dediu et al. reported the fabrication of the first lateral spin
valve using a 6T molecule as the spacer and Lay4;Sro33MnO;
(LSMO) as the electrodes." Xiong et al. fabricated a vertical
OSV device with 8-hydroxyquinoline aluminum (Alg;) as the
spacer layer between LSMO and Co electrodes, and they
observed a negative MR ratio of 40% at 11 K.> Subsequently,
large numbers of studies about OSVs have been performed by
utilizing the FM electrode with high spin polarization and high
Curie temperature, or introducing an insert layer to improve
interface properties for efficient spin transport. Among of these
investigations, achieving a high MR ratio at room temperature
is a primary objective for potential applications.">™'® One of the
important issues to address in realizing high MR ratio in OSVs
is the conductivity mismatch between the organic layer and the
FM electrode, which increases the electron scattering at the
interface and significantly reduces electron injection/detection
at the organic/electrode interfaces. FM electrodes, such as Fe
and Co, exhibit excellent conductivity. In contrast, organic
semiconductors usually exhibit low carrier mobility. Therefore,
organic semiconductors with high carrier mobility can be
expected to achieve high MR ratios in OSVs.

Rubrene (5,6,11,12-tetraphenylnaphthacene) has a high
carrier mobility'” that is larger by 1 order of magnitude than
that of 6T and by $ orders of magnitude than that of Alg;.'*"®
Moreover, the admixture parameter for spin—orbit coupling in
rubrene is approximately 1 order of magnitude smaller than
those of 6T and Alq; and a relatively large spin diffusion length
has been predicted in rubrene.'” Rubrene spin valves have been
previously investigated in several studies. Yoo and co-workers
fabricated a device with an LSMO/LAQ/rubrene/V(TCNE)
stacking structure, and they obtained an MR ratio of 4.7% at
100 K for a device with a 5 nm-thick rubrene layer.”® By
replacing the V(TCNE) electrode with an Fe electrode, the
authors obtained a high MR ratio of over 12% at 10 K*' and
studied the effects of bias voltage and measurement temper-
ature on giant MR response.22 Moreover, Li et al. reported the
fabrication of an Fe/rubrene/V(TCNE) spin valve with an MR
ratio of 0.1% at 100 K using a 10 nm-thick rubrene layer.”® Li et
al. were also the first to successfully fabricate an all-organic
based spin valve with a V(TCNE)/rubrene/V(TCNE)
structure. The MR ratio of the device was 0.05% at 120 K
with a 10 nm-thick rubrene layer.** In a spin valve with a EuS/
rubrene/Fe structure, Raman et al. observed that the MR ratios
increased with increasing bias voltage, and a high MR ratio of
6% was observed at 1 K.** In rubrene nanowire spin valves,
Alam et al. reported the significant suppression of spin
relaxation.”® While the above works show obvious progress
for understanding the spin transport behaviors in rubrene-based
spin valves, achieving an MR response at room temperature are
relatively rare.””?® Shim et al. directly measured a large spin
diffusion length of 13.3 nm at 0.45 K in amorphous rubrene
layer by spin polarized tunneling and obtained an MR ratio of
6% at 300 K in a Co/Al—O/rubrene/Fe stacking structure.””
Lin et al. proposed an experimental method to analyze
tunnelling and injection for spin transport mechanism and
got an MR ratio around 3.5% at 300 K in a Co/AlO,/rubrene/
Fe stacking structure.”®

In this Research Article, we report on a novel OSV device
with an MgO-substrate/Fe;0,/Al—O/rubrene/Co/Al stacking
structure. The utilization of Fe;O, as electrode because of its
high Curie temperature and high spin polarization,”** which
could enhance the spin transport efliciency at room temper-
ature.*"*> The MR response of the device were systemically
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investigated, and an MR ratio of ~6% was obtained at room
temperature, which value is one of the highest MR ratios
reported to date in organic spintronics.>”!! 162072833740 yye
studied the MR ratio dependence on the rubrene layer
thickness and examined the spin-dependent transport mecha-
nisms by characterizing the devices at different temperatures. In
addition, we also explored the effect of annealing on the MR
response in rubrene spin valves and discussed the strategy to
further enhance device performance. The results of our study
can provide deep understanding of the spin-dependent electron
transport in organic spin devices.

B EXPERIMENTAL SECTION

The Fe;0, (100 nm) electrode was grown on a MgO (001) single-
crystal substrate via RF magnetron sputtering with a shadow mask
aligned to form a strip. The substrate temperature was maintained at
673 K during Fe;0, deposition. An Al (2 nm) film was then deposited
by RF magnetron sputtering on top of the Fe;O, layer, which
subsequently formed an Al—O layer via plasma oxidation. The above
film sample was annealed in situ for 1 h at 623 K. After the samples
were cooled to room temperature, they were taken out of the vacuum
chamber. The rubrene layer was grown by thermal evaporation with a
circular shadow mask in a different chamber. The film thicknesses were
measured with a quartz crystal resonator. Without breaking the
vacuum, the sample was transferred to a connected chamber to deposit
a Co layer (10 nm) by DC sputtering. A new shadow mask was
inserted to form a Co strip to pattern a cross configuration. Finally, Al
(5 nm) was deposited to prevent Co oxidation. The circular shadow
mask was left in place to protect the surface of the rubrene layer when
the Co and Al mask was inserted. A small electric power of 10 W for
up Co and Al deposition were used to reduce the kinetic energy of
sputtered atoms. The area of device was 1.5 X 1.5 mm” The
magnetization curves were measured using a vibrating-sample
magnetometer with an applied field parallel to the film plane. The
MR curves were measured via the standard four-probe method using a
physical property measurement system (Quantum Design). The
current—voltage curves were measured using a nanovoltmeter (model
2182A, KEITHLEY Inst. Inc.) and an AC and DC current source
(model 6221, KEITHLEY Inst. Inc.). X-ray diffraction (XRD:
Smartlab, Rigaku Co.) measurement using Cu K, radiation was
performed to characterize the structures of rubrene films. Atomic force
microscopy (SII Seiko Instruments, SPA 400) was used to measure the
surface images of the organic films.

Bl RESULTS AND DISCUSSION

Figure la shows a schematic diagram of rubrene-based spin
valve device structure. The rigid energy band diagram is drawn
in Figure 1b. It is found that the energy levels of Fe;O,, rubrene
and Co are well matched. Thereby, spin-dependent transport
could be realized in our OSVs. Figure 2a is the magnetization
curves for individual electrodes of MgO-substrate/Fe;0,/Al—O
(red curve) and Si/SiO,/rubrene/Co (black curve), which were
measured at 300 K. It is observed that the coercivities for Fe;O,
and Co were near 145 and 15 Oe, respectively. The different
coercivities could induce magnetization alignments with
antiparallel and parallel alignments in the spin-valve devices.
The saturation magnetization intensities were 380 emu/cc and
1450 emu/cc for Fe;O, and Co, respectively. The value of
intensities was closer to their bulk counterparts, indicating good
film qualities. MR effect was evaluated by applying magnetic
field along the direction of Fe;O, strip. The MR curves for the
rubrene-based spin valves were measured at different temper-
atures (300, 250, 200, and 150 K). Figures 2b and 2c show the
MR curves for the devices with 2 nm-and 6 nm-thick rubrene
layers, respectively. We observed that the MR steps appeared at
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Figure 1. (a) Schematic diagram of rubrene spin valve device
structure. The right inset shows a planar structure of rubrene molecule.
(b) The rigid energy band diagram for the device showing the Fermi
levels (Eg) and the work functions of Fe;O, and Co, respectively, and
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels of rubrene. The short
lines between HOMO and LOMO levels depict possible defect states
within rubrene layer.

around +110 Oe owing to the antiparallel magnetization
alignments of the Fe;O,4 and Co electrodes, which is consistent
with the result in Figure 2a. We calculated the MR ratio
according to the following equation: AR/R, = (Rap/RP -1) x
100%, where R,, and R, denote the resistances for the
antiparallel and parallel states in the magnetization direction,
respectively. The value for R, was obtained with a magnetic
field of 3000 Oe. The MR ratio was approximately 6% for the
devices with a rubrene-layer thickness of 2 nm, as shown in
Figure 2b. This is one of the highest MR ratios at room
temperature in rubrene-based spin valves reported to date.””*®
Upon reducing the measurement temperature, we observed
that the width of the MR curves increased mainly because of
increase in the coercivity of the Fe;O, electrode. Meanwhile,
the MR ratios were also enhanced with decreasing measure-
ment temperatures. The MR ratios reached values of up to
7.2%, 8%, and 11% for temperatures of 250, 200, and 150 K,
respectively. The increase in the MR ratio basically originates
from the decrease of spin scattering at lower temperatures.

The temperature dependences of the MR ratios and MR curves
for device with the 6 nm-thick rubrene layer were similar to
those for the device with the 2 nm-thick rubrene Ilayer.
However, the MR ratio of the device with the 6 nm rubrene
layer was smaller than that of 2 nm rubrene-layer device. The
former exhibits MR ratios of 3.3%, 4.1%, 7%, and 9%
corresponding to the temperature at 300, 250, 200, and 150
K, respectively. Without rubrene layer, MR effect does not
appear in the spin valve of Fe;O,/Al-0O/Co/Al with the same
size as rubrene-based spin valve device. This can be understood
by considering the low conductivity of Fe;O, compared to
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Figure 2. Magnetization curves for individual electrodes of MgO/
Fe;0,/Al-0O (red curve) and Si/SiO,/rubrene/Co (black curve),
which were measured at 300 K (a). Magnetoresistance curves for
organic spin valve devices composed of (b) 2 and (c) 6 nm thick
rubrene layers. The devices were measured at 300, 250, 200, and 150
K, respectively. The arrows illustrate the magnetization alignments in
the antiparallel and parallel directions. The bias voltage for the
measurement was fixed at S mV.

metal. According to our previous investigation®' and the
Iiterature,42 the device resistance for metal/Al—O/metal with
the size of 1.5 X 1.5 mm? should be below 20 Q. The voltage is
shared most by the Fe;O, electrode in Fe;0,/Al—0/Co/Al
junctions, rather than the device. Thus, MR effect cannot
appear in the inorganic junction, and only one negative and
weak anisotropic MR effect from Fe;O, electrode was
observed."” By a combination of ultraviolet optical lithography
and Ar-ion dry etching techniques, we fabricated the Fe;O,/
Al—0/Co/Al junctions with sizes ranging from 10 X 10 to 30
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X 30 um?. This fabrication process cannot be used to prepare
OSVs because it easily destroys molecular layer. The inorganic
junctions show the MR ratios around 12%—15%. This is the
maximum for the MR response in our present Fe;O, electrode
spin valves. Introducing buffer layers or further optimizing the
fabrication could enhance MR ratios for inorganic Al—O
junctions.42

The current—voltage curves for the devices with rubrene
layer (6 and 20 nm) were measured at 300 and 150 K.
Nonlinear current—voltage dependences were observed, as
shown in Figure 3a and 3b. A similar nonlinear dependence for
the device with 2 nm-thick rubrene layer was plotted in
Supporting Information Figure S1. Moreover, with increasing
rubrene-layer thickness, the nonlinear response of current—
voltage dependences became stronger because of increase in
the device resistance. Figure 3¢ depicts the clear bias-voltage
dependence of MR ratios measured at 300 K (black circles) and
150 K (red squares) for a device with a 6 nm-thick rubrene
layer. Figure 3d shows the conductance versus bias curves for a
device with a 20 nm-thick rubrene layer measured at 300 (black
curve) and 150 K (red curve). A primary difference was the
downshift of the curve at 150 K because of the increase of the
resistance. Our observation was similar to the results reported
previously using a 15 nm-thick rubrene layer.”®

To investigate the spin-dependent electron transfer behav-
iors, a series of rubrene-based devices with different rubrene-
layer thicknesses (2, S, 10, and 20 nm) was fabricated, and the
MR effects of these devices were measured at 300, 250, 200,
and 150 K, as depicted in Figure 4. The MR ratio decreased
monotonously with increasing rubrene-layer thickness, as
shown in Figure 4a. The largest MR ratio was approximately
6% for a rubrene-layer-thickness of 2 nm at room temperature,
and the MR ratio decreased to 0.6% for devices with a 20 nm-
thick rubrene layer. The MR ratio dependence on the
measurement temperature is plotted in Figure 4b. The MR
ratio for devices with 2 and 6 nm thick rubrene layers exhibited
a sharper increase with decreasing measurement temperature in
comparison with those of devices with thicker rubrene layers of
12 and 20 nm. The devices with rubrene layer thickness below
2 nm usually failed. This may be due to a discontinuous film of
thinner rubrene layer or a thin “ill-defined layer”*? for rubrene/
Co interface. In the following two paragraphs, we will try to
discuss the possible spin transport mechanism in these OSVs.

Several theoretical methods have been proposed to analyze
the related factors affecting on the spin-dependent transport
mechanisms, tunneling or diffusion, in disordered 08s. ¥ 1t
has been demonstrated that the site-energy disorder or
positional disorder, spin mixing, and the exchange coupling
between localized polarons contribute to the spin-dependent
transport. These theories have promoted an understanding of
the spin transport behavior in organic spintronics. In contrast,
there is still no generally accepted experimental method to
clearly clarify the spin-dependent transport mechanism in
OSVs. Therefore, it is very difficult to illustrate the exact spin
electron transport mechanism in the present rubrene-based
devices. Here, we speculate on the possible spin transport
mechanism. In general, the thickness of the spacer layer in spin
valves, around several nanometers, is in the tunneling transport
range. With increasing spacer-layer thickness, the transport
behaviors become complicated, and the tunneling mechanism
changes from single-step tunneling to multiple-step tunneling.
For spacer-layer thickness over several tens of nanometers,
diffusion mechanisms play a dominant role. In this regard,
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Figure 3. Nonlinear current—voltage curves for spin valves with (a) 6
nm-thick and (b) 20 nm-thick rubrene layers, which were measured at
300 and 150 K, respectively. (c) Bias-voltage dependence of MR ratios
at 300 K (black circles) and 150 K (red squares) for a device with of a
6 nm-thick rubrene layer. (d) Conductance versus bias curves for a
device with a 20 nm-thick rubrene layer measured at 300 (black curve)
and 150 K (red curve).

Schoonus and coauthors have reported a decrease in the MR
ratio with increasing Alq; layer thicknesses ranging from 1 to 4
nm.*® They hypothesized that this decrease was caused by a
transition in the spin-dependent transport from single-step
tunneling to multiple-step tunneling with increasing Alq; layer
thickness. This explanation agrees well with the reports in Alqg,
based spin valves from Moodera’s group® and Coey’s group.”

DOI: 10.1021/am508173;]
ACS Appl. Mater. Interfaces 2015, 7, 4685—4692


http://dx.doi.org/10.1021/am508173j

ACS Applied Materials & Interfaces

Research Article

P T T T T T T T T ™

(a)
10} .
—e—300K
Sl —=— 150K |
o
® 6l i
x
=
4tk 1
2L J
0 1 1 1 1 1 1 1

8 10 12 14 16
Rubrene thickness(nm)

S
S
©
x
s
4l J
2 5\,\*\*
0 1 1 1 1
150 200 250 300

Measurement temperature (K)

Figure 4. (a) Dependence of the magnetoresistance ratios on the
rubrene-layer thickness measured at 300 (red circles) and 150 K (black
squares). (b) Measurement temperature dependence of the magneto-
resistance ratios for devices with different rubrene-layer thicknesses.
The lines serve as a visual guide.

In Cgy-based spin valve, multiple-step tunneling mechanism
occurs when the organic layer thickness is over ~4 nm.**** In
the present rubrene-based devices, single-step tunneling is most
probably dominant in the devices with a 2 nm-thick rubrene
layer. Upon increasing the rubrene thickness, the multiple-step
tunneling processes become stronger, thereby resulting in a
decrease in the MR ratios. The XRD measurements indicates
the rubrene layers in this report were of amorphous structure,
agreeing with our previous result.*®

The defects appear in the amorphous rubrene-layer, which
will also affect the spin-dependent transport behaviors,*>>%*547
This effect could occurs in our OSVs and may be stronger with
increasing rubrene layer thickness. The observed temperature
dependence of the MR ratios for the spin valves with 2 and 6
nm thick rubrene layers differs from those for spin valves with
the 12 and 20 nm thick rubrene layers, as shown in Figure 4b.
This is probably due to change in the spin-dependent transport
mechanism based on the competition of above factors.

For inorganic spin valves, the MR ratio can usually be
increased by postannealing. The resulting increase is mainly
due to decrease in spin scattering by increasing the interface
quality after annealing. Consequently, we annealed the rubrene-
based spin valves in vacuum for 6 min at 363 K to enhance the
MR ratios. After the sample device was cooled to room
temperature, its MR curve was measured again. Figure 5a shows
the results measured at 300 K for the device with a 6 nm-thick
rubrene layer before and after annealing. We note that the
shape of the MR curve after annealing is same as that before
annealing. However, it is also noteworthy that the MR ratio
reduces from 3.3% to 1.9% after annealing. We also measured
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Figure 5. (a) Magnetoresistance curves measured at 300 K for spin
valves with a 6 nm-thick rubrene layer before annealing (black lines)
and after annealing (red lines). Measurement temperature dependence
of (b) magnetoresistance ratios and (c) resistances for the device
before and after annealing. Resistances for parallel and antiparallel
states are denoted as R, and R, respectively. The lines serve as a
visual guide.

the MR curves at low temperatures, and their MR ratios are
plotted in Figure 5b. We find that the MR ratios decrease after
annealing. Further, it is noted that the device resistances for
both parallel and antiparallel states increase after annealing
compared to the corresponding values before annealing, as
summarized in Figure Sc. This indicates that the spin scattering
becomes stronger after annealing compared with that before
annealing. The rubrene layers annealed with the same condition
were still of amorphous structure checked by the XRD
measurement (see Supporting Information Figure S2), which
is owing to the low annealing temperature. It should also be
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noted that this temperature is hard to change the interface
quality for Fe;0,/Al—O layers because the bilayer film were
directly annealed at 623 K after deposition.

To further explore the possible reasons for the increase in
spin scattering, atomic force microscopy was utilized to inspect
the rubrene films. Figures 6a and 6b show the morphology of

D]

Crwnl

Figure 6. Atomic force microscopy images of rubrene layer (100 nm)
deposited on MgO/Fe;0,/Al-0 (a) before and (b) after annealing.

the rubrene films before and after annealing. We note that the
surface of the film is very flat and uniformly smooth before
annealing. But it becomes very rough after annealing. We
observed that the roughness of the film increased from 0.25 to
041 nm, and the maximum height between peak and valley
increased from 3 to 5 nm after annealing. Consequently, we
deduced that the increased roughness after annealing increases
the electron scattering at the interface, which probably leads to
the observed decrease in the MR ratios. The increase of spin
scattering reduces the electron number through the devices,
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agreeing with the increase of device resistances, as shown in
Figure Sc. It should be noted that the increased roughness is
mainly attributed to the inhomogeneous growth of rubrene in
the film during annealing. A theoretical calculation made by Yu
predicted that the spin diffusion length could be over 430 nm in
rubrene film.*’ For actual rubrene devices, small spin transport
(diffusion and tunneling) lengths were generally observed.”*~>*
In this report, MR response disappears for the device with
rubrene layer thickness over 20 nm, agreeing with the these
experimental results. The device performance is related to the
microstructure of film, such as molecular arrangement17 and the
impurity band in the organic layer.”>*****” In this regard, the
fabrication technique should be further explored to obtain high-
quality films for OSVs. If a rubrene film with single-crystal
structure was fabricated and used for spin devices, the spin
transport length and MR response could be significantly
enhanced.

B CONCLUSIONS

We fabricated a vertical spin-valve device with a Fe;O,/Al-0/
rubrene/Co stacking structure, and achieved a large MR ratio of
approximately 6% at room temperature. The dependence of the
MR ratios on the rubrene-layer thickness was studied. It was
found that the MR ratios monotonously decrease with
increasing rubrene-layer thickness. The decrease of MR ratio
is mainly due to the change of the spin-dependent transport
mechanism from single-step tunneling to multiple-step
tunneling with increasing rubrene-layer thickness. In addition,
we noticed the MR ratios in the OSVs after annealing were
smaller than those of their counterparts before annealing. This
is most probably due to the increase of interface spin scattering
induced by large surface roughness after annealing. Our results
will deepen the understanding of spin-dependent electron
transport in organic spin devices
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