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The spin transport in thermally-evaporated tetracene films and 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) films
by using the spin-pumping-induced spin injection method was challenged at room temperature. The spin transport in the TIPS-
pentacene films was demonstrated, while the spin transport in tetracene films was not succeeded. For tetracene films, reconstruction of
the prepared films was occurred due to the low vapor pressure and it might be caused the deformation of ferromagnetic material as the

spin injector.

Index Terms—Organic, spin-pumping, Spintronics, transport

I. INTRODUCTION

S pin transport experiments of various organic molecular
materials have been conducted in recent years[1-6].

Previously, our group achieved spin transport in thermally
evaporated pentacene films[1]. Carbon based organic
semiconductors(OSs) such as pentacene and fullerene have
small spin orbit interaction, so it is excellent as a transport
material for pure spin current[1,2,4]. Therefore, we focused on
tetracene and TIPS-pentacene which are similar properties to
pentacene. Since the structures are similar, we investigate the
transmission principle of pure spin current in OSs by comparing
the transport properties and crystallinity of these. Both tetracene
and TIPS-pentacene are p-type semiconductors and are known
to be organic molecular materials showing high conductivity
and high crystallinity[7,8]. The carrier mobility for the TIPS-
pentacene films is reported to be 6 cm*V-!s! due to the good
crystallinity[ 7], and there is sufficient amount of active carriers
to propagate the spin current. Although TIPS-pentacene films
are often formed using a solution process[7-9], the spin coating
method which is generally used is unsuitable for use in device
fabrications. So in this study, all OSs are formed by vacuum
thermal deposition. In addition, since pentacene, tetracene, and
TIPS-pentacene all have photoconductivity such that electrical
conductivity is increased by light irradiation with visible
light[10-12], there is an advantage that development of a spin-
photonic device is expected. In this study, we aim to achieve

Table. 1. Organic semiconductor and structure.
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spin transport of TIPS-pentacene and tetracene films. We
investigate the transport principle of the spin current in OSs
from the characteristics of spin transport.

II. EXPERIMENTAL METHOD

Pure spin current is generated by the spin-pumping[13]. Spin
transport in OSs by an electrical method is done[8], but there is
a problem of conductance mismatch, which is related to the
efficiency of spin injection, at the interface between
ferromagnetic electrode and OS[14,15]. This problem is greatly
suppressed by using the spin-pumping. Fig. 1 shows the sample
structure in this study. NigoFey is used as a ferromagnetic metal
(FM) which becomes a spin current injection source by
ferromagnetic resonance(FMR)[16,17], and a pure spin current
is transported in OSs and absorbed into Pd which is a non-
magnetic metal (NM). The inverse spin-Hall effect(ISHE) is
generated by the spin orbit interaction of Pd, the pure spin
current is converted into a charge current, and it is detected as
an electromotive force[18]. If we can prove that the
electromotive force detected at Pd is due to the ISHE, it can be
said that the spin transport in OSs have been achieved. When
depositing NM / OSs / FM samples, the molecular structure
may collapse in an electron beam evaporation method, so
deposition of OSs is performed by resistance heating method[1].
All metals are deposited by an electron beam vapor deposition.

Microwave

47 Z 0-=180
p i fgoF €20
0=0% Y
0s
Pd
+ @ /

Fig. 1. Bird’s-eye-view of the sample. / is applied static magnetic field.



All OSs were deposited at arate of 1.0 A /. Since the molecular
structure may be destroyed due to the high energy of the metal
when depositing the metal on the OS film, the substrate is
cooled with cooling medium at -2 ° C and the vapor deposition
is carried out at a low speed of 0.2 A / s. We used a microwave
TEo11-mode cavity in an electron spin resonance (ESR) system
(JEOL, JES-TE300) to excite FMR in FM. The electromotive
force is measured by using a nanovoltmeter (Keithley, 2182A),
and the sample and the conductive wires are directly connected
with a silver paste. In order to investigate the crystallinity of
molecular material, the structure and surface analyses of the
films were performed by an X-ray diffractometer (XRD) and an
atomic force microscopy (AFM), respectively. All of the
measurements were performed at room temperature.

III. RESULT AND DISCUSSION

FIG. 2(a) shows the FMR spectrum of a Pd / TIPS-pentacene /
NigoFeo sample at the thickness of TIPS-pentacene film d =100
nmat §=0° The FMR field(Hrmr) when FMR was excited
was 1090 Oe at the frequency of the microwave of 9.45 GHz
and the microwave power set to be 200 mW. FIG. 2 (b) shows
the electromotive force detected by Pd under the FMR. The
circle is the measured value, and the curve is the fitting curve
by the following equation[18-20]
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where I is the damping constant. The first and the second terms
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Fig. 2. (a) FMR spectrum of the sample using TIPS-pentacene. NM layer is
Pd. Film thickness of TIPS-pentacene d is 100 nm. (b)Output voltage at
Pd(6 =0, 180). (c) FMR spectrum of the sample with Cu and d = 100 nm.
(d) Output voltage at Cu(d =0, 180).

of the Eq. (1) represent the symmetric and the asymmetric
components of the detected electromotive force to the Hrwmr,
respectively. The asymmetric component is due to an effect
such as anomalous Hall effect(AHE)[18-20]. The electromotive
force was observed at the Hrmr, and when the applied magnetic
field was inverted, the output voltage was reversed. This is a
characteristic of the electromotive force caused by the
ISHE[18]. Figs. 2(c) and (d) are results of a control experiment
in which Pd was changed to Cu which is known to have a small
spin orbit interaction[21]. Other conditions are the same as in
the case of Pd. Fig. 2 (d) shows that a small electromotive force
is detected. This is understood to be the ISHE in the layer of
copper oxide[22]. Therefore, it can be considered that the
electromotive force detected by Pd as shown in Fig. 2(b) is due
to the ISHE at Pd.

As another control experiment, the dependence of the
electromotive force on the microwave power was investigated.
Fig. 3 shows that the electromotive force depends on the
microwave power. When the microwave power was varied
from 0 to 200 mW, the value of the electromotive force detected
was proportional. This is also a significant result seen in the
electromotive force caused by the spin-pumping and the
ISHE[23]. From the above it can be said that spin transport in
TIPS-pentacene film has been achieved. As discussed below,
there is a possibility that the TIPS-pentacene film quality may
be problematic.

Fig. 4 shows thickness dependence of Visug of TIPS-pentacene.
The black line is curve fits under the assumption of exponential
decay. The spin diffusion length is calculated from the relation

d
of V(d) « e *s[5], where ) is the spin diffusion length of the
thermally-evaporated TIPS-pentacene film. A was estimated to
be 35 nm + 1 nm. Compared with the spin diffusion length of
pentacene, 42 nm[ 1], A is close value.
Fig. 5 shows the result of using tetracene as the second layer.
The detected FMR intensity was weak and no clear
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Fig. 3. (a)Microwave power dependence of electromotive force.
Microwave power(P) is changed 200mW to 0~200mW. (b)Analysis results
obtained with Eq. (1). ¥ correspond to the coefficients of the first term in
Eq. (1).
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Fig. 4. Thickness dependence of Visue of TIPS-pentacene(d = 0, 50, 100
nm). Open circles are the experimental data. The black line is curve fits
under the assumption of exponential decay. Error bars are shown at each
data point.
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electromotive force was detected. It was considered that the
NigoFeso could not be a continuous film, and a sufficient amount
of spin current was not generated.

In order to investigate the film quality problem, we investigated
the crystallinity of OS films using XRD as shown in Fig. 6 with
a previously obtained data for a pentacene film[1]. In respective = L 1

sa?mples, O}és were formed by \Iljacuum thermal evaporalt)ion on -400 -200 H - HO (Oe) 200 400
a p-type Si substrate with an oxide film, and the wavelength of FMR

the X ray was Cu-Ka radiation (wavelength A = 0.154 nm) was Fig. 5. (a) FMR spectrum of the sample using tetracene. Film thickness
used in the XRD experiments. Pentacene and tetracene have d is 50 nm. (b)Output voltage of sample with a Pd layer.
diffraction peaks detected at respective certain angles[8, 24],

whereas they are not detected with TIPS-pentacene. Therefore, (a)

the crystallinity of TIPS-pentacene films is not good. In the T T
tetracene sample, a diffraction peak was detected, and ’ (00 1 ) p—
consistent with the previous study[24]. But diffraction peak of ‘1{
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tetracene film is smaller than that of pentacene. Therefore, it
was concluded that the reason why the electromotive force was
not detected is not the poor crystallinity of tetracene but the ‘ ‘
roughness of the interface. The surface roughness of a film for ’
tetracene and for TIPS-pentacene are 70 nm and 13 nm by AFM
measurements, where as the film thickness is 50 nm for both
films. Compared to pentacene, it is known that the saturated
vapor pressure of tetracene is higher than the vapor pressure for
pentacene and weaker intermolecular interaction of tetracene,
so that it can easily re-evaporate from the substrate in vacuum
at room temperature[25]. Therefore, it is presumed that the
surface of tetracene has become rough.

We thought that spin transport in tetracene film can be verified
by reducing the film roughness. In addition, since the
crystallinity may be related to the spin diffusion length, it can
be said that the improvement of the crystallinity of TIPS-
pentacene is important in elucidating the mechanism of spin MM-MMM‘,
transport in OSs. In this study, measurement of electric
conductivity of tetracene and TIPS pentacene is not carried out.
Since further discussion is considered possible by comparing
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these values, measurements will be made in the future. 5 10 15 20
26(°)
IV. SUMMARY Fig. 6. XRD spectrum of OS films. All of film thickness of OS films are
In summary, spin transport in TIPS-pentacene films by thermal 100 nm. (a)The XRD spectrum of pentacene and tetracene films. (b) XRD

evaporation was achieved at room temperature. Compared to spectrum of a TIPS-pentacene films.



the result of pentacle samples, there was a difference in
electromotive force. Due to the roughness of the films,
sufficient spin current was not generated for tetracene films,
and no clear electromotive force was detected. A; was estimated
to be 35 nm + 1 nm. As a result of examining the crystallinity
of the OS, TIPS-pentacene are not uniform in crystalline state,
and can be improved.
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