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We studied spin transport in four organic semiconductors �OSCs� with different electronic
properties. Magnetoresistance �MR� effects were observed up to room temperature in junctions
based on an electron-carrying OSC, tris�8-hyroxyquinoline� aluminum �Alq3� and a hole-carrying
OSC, copper phthalocyanine �CuPc�. The MR shows similar temperature dependence for these two
OSCs. We also investigated junctions based on two high lateral mobility electron-carrying
OSCs, 3,4,9,10-perylenetetracarboxylic dianhydride �PTCDA� and N ,N�-bis�4-
trifluoromethylbenzyl�-1,4,5,8-naphthalenetetracarboxylic diimide �CF3-NTCDI�. However, these
junctions showed much weaker spin transport effects. Morphological studies suggest that these high
mobility OSC films have much rougher surfaces than either Alq3 or CuPc, therefore the degradation
of spin transport may originate from enhanced scattering due to the rougher FM/OSC interfaces.
Our study shows that FM/OSC interfaces play an important role for spin transport in organic devices
and need further exploration. © 2009 American Institute of Physics. �DOI: 10.1063/1.3068468�

Spin-dependent electronic transport in organic semicon-
ductors �OSCs� attracted significant interest recently. The
weak spin-orbit coupling in OSCs may lead to long spin
relaxation times and diffusion lengths, which is desirable for
magnetoelectronic devices. Large magnetoresistance �MR�
effects were originally reported in La0.67Sr0.33MnO3

�LSMO�/OSC/Co trilayers, where the OSC was tris�8-
hydroxyquinoline� aluminum �Alq3�.1 Such effects have
since been observed in LSMO/OSC/Co systems for a range
of OSCs,2,3 and in structures in which both ferromagnetic
�FM� layers are transition metals.4–6 However, the observed
spin diffusion lengths �s in the OSCs in such systems are
only of the order of 50 nm or less at T�10 K.1,6 Therefore
it is of interest to identify new OSCs with potentially en-
hanced spin transport. One potential reason for the observed
short �s is the low mobility associated with the amorphous
OSCs used in previous transport studies. However, the mo-
bility of OSCs spans many orders of magnitude, depending
on both chemical structure and morphology, and longer spin
diffusion lengths may be expected in OSCs with higher mo-
bility. In addition, it is worth studying spin transport in hole-
carrying OSCs, as implementation of spin transport for both
hole and electron carriers will allow more freedom to tailor
device performance.

To explore these issues, we measured the magnetotrans-
port properties of Fe/OSC/Co multilayer junctions using four
OSC interlayers with different electronic properties. These
included three electron-carrying OSCs: Alq3, 3,4,9,10-
perylenetetracarboxylic dianhydride �PTCDA� and N ,N�-
bis�4-trifluoromethylbenzyl�-1,4,5,8-naphthalenetetracarbox-

ylic diimide �CF3-NTCDI�, and one hole-carrying OSC, cop-
per phthalocyanine �CuPc�. The room temperature mobilities
are of the order of 10−6, 10−4, 10−1, and 10−3 cm2 /V s,
respectively.7–10 Co and Fe were used as the top and bottom
FM layers, respectively. MR effects were observed in junc-
tions based on all four OSCs. For junctions based on Alq3

and CuPc, large MRs were observed at T=80 K and these
effects persisted to room temperature with similar tempera-
ture dependence. This similarity suggests that the origin of
the temperature dependence is more likely related to the FM
leads rather than the OSCs.2 In contrast, we found that the
junctions based on PTCDA and CF3-NTCDI showed much
smaller MR. While the large lateral mobilities in these ma-
terials may not be indicative of large mobilities in vertical
devices, AFM studies show that both of these OSCs have
much rougher surfaces than Alq3 and CuPc. The degradation
of spin transport may therefore be due to increased scattering
for charge carriers of both spin orientations at the rougher
FM/OSC interfaces.11

Fe/OSC/Co junctions were prepared in thermal evapora-
tion chambers with a base pressure of 2 �Torr. The samples
were deposited on Si wafers with 300 nm SiO2 top layers
and had the structure 25 nm Fe / �100 nm OSC/5 nm Co
/40 nm Al, using either cross junction1 or overlap
geometries.12 The Al cap layer served to prevent oxidation of
the Co layer. In order to stabilize the OSC films during
evaporation and to reduce the potential penetration of Co
atoms into the OSC, chilled water was used to keep the sub-
strate holder at 20 °C during the Co and Al depositions. The
transport measurements for the Alq3 and CuPc junctions
were carried out in a continuous flow cryostat in the tem-
perature range of 40 K�T�290 K. An electromagnet was
used to provide an in-plane magnetic field parallel to the top
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Co electrode. The PTCDA and CF3-NTCDI devices were
measured at 4 K in a cryostat equipped with a superconduct-
ing magnet. The surface morphology of OSC films on top of
Fe layers was studied via atomic force microscopy �AFM�
using tapping mode.

Figure 1�a� shows the chemical structure of Alq3. Figure
1�b� shows current-voltage �I-V� curves taken at T=80, 120,
and 290 K for an Alq3-based junction. These are distinctly
nonlinear at low temperatures, but become more linear as the
temperature increases. The I-V curves show very weak
asymmetry for positive bias and negative bias, which is due
to the similar barriers that are created at Fe/OSC and Co/
OSC interfaces when fabricated at base pressures of
�1 �Torr.13 Both the nonlinear I-V curves and the tempera-
ture dependence of the junction resistance exclude the pos-
sibility of a metallic short between the two FM layers. A
magnetotransport curve taken at T=80 K is shown in Fig.
1�c�, where 6.6% MR is observed. The bias dependence of
the MR at T=80 and 120 K are shown in Fig. 1�d�. The
maximum observed MR was 9.5% at T=80 K with Ibias

=10 nA. The MR decreased with increasing bias at both
temperatures. This tendency has been generally observed in
previous studies and has been attributed to the bias-
dependent polarization of the FM leads or the excitation of
magnons or phonons at higher voltages.1,2,5 In our case, the
bias dependence became weaker at higher temperature,
which suggests that bias-dependent polarization of the FM
leads is not the only mechanism here.

We also studied the spin transport in the hole-carrying
OSC CuPc. The chemical structure of CuPc is shown in Fig.
2�a�. Figure 2�b� shows I-V curves taken at T=80 and 290 K,
which show a weaker temperature dependence than those of
the Alq3-based device, but are also nearly symmetric for
positive and negative bias. Figures 2�c� and 2�d� show the
magnetotransport results. Strong bias dependence was also
observed in these CuPc-based devices, with weaker depen-
dence at higher temperatures.

For junctions based on both Alq3 and CuPc, the MR
persists to room temperature, although with decreased ampli-
tude. Insight into the origin of the temperature dependence
may be obtained from a comparison of the results for Alq3-
and CuPc-based junctions, as shown in Fig. 3. When the
maximum MRs are normalized to their values at T=80 K,
the two sets of data nearly overlap. This similarity suggests
that the temperature dependence is less likely governed by
the OSCs.2 Wang et al.2 observed the same similarity in dif-
ferent OSCs and attributed the temperature dependence to
decreasing surface spin polarization of LSMO with increas-
ing temperature. Although we used high Curie temperature
FM leads, the MR in our samples still shows strong tempera-
ture dependence below room temperature, which suggests
that the spin polarization may have a stronger temperature
dependence at the FM surface than that of the bulk FM
materials.2,14,15 It has been observed that the surface magne-
tization of Fe films has a much stronger temperature depen-
dence than the bulk magnetization and that this dependence
is also related to the material adjacent to the Fe film.14,15

Therefore further study is warranted on the surface magneti-
zation of these transition metallic films when they are adja-
cent to OSCs to elucidate the temperature dependence of the
MR.
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FIG. 1. �Color online� �a� Chemical structure of Alq3. �b� I-V curves taken
at T=80, 120, and 290 K for a Fe /Alq3 /Co junction. �c� Magnetotransport
data at T=80 K with Ibias=1 �A. �d� Bias dependence of MR taken at T
=80 and 120 K. The maximum observed MR is 9.5% at T=80 K and 5.7%
at T=120 K.
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FIG. 2. �Color online� �a� Chemical structure of CuPc. �b� I-V curves at T
=80 and 290 K for a CuPc-based device. �c� Magnetotransport data taken at
T=80 K with Vbias=1 mV. �d� Bias dependence of MR at T=40, 80, and
120 K. Maximum MRs are 6.4%, 3.2%, and 1.8% at these three tempera-
tures, respectively.
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FIG. 3. �Color online� Temperature dependence of maximum observed MR
for two junctions based on Alq3 and CuPc, respectively. The MRs for each
sample are normalized to their values at T=80 K.
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Figure 4 shows magnetotransport data for two junctions
based on the high mobility OSCs PTCDA and CF3-NTCDI.
The transport data were acquired at T=4.2 K. Less than 1%
MR was observed for each OSC, which is much smaller than
that in Alq3-based junctions. This observation is contrary to
the expectation that enhanced spin transport happens in
higher mobility OSCs due to longer spin diffusion length. It
is worth noting, however, that the mobility values for these
materials were determined from measurement in lateral
geometries9,10 and may not reflect the mobilities perpendicu-
lar to the film plane, which are relevant for our measure-
ments. This may be true in particular for CF3-NTCDI, which
has insulating side chains. However, in order to achieve ef-
fective spin transport, spin polarized current must first be
injected into the OSC; the FM/OSC interfaces are critical for
this process. We compared the surface structure of these
OSCs via AFM. Figure 5 shows the surface morphology for
Alq3, CuPc, and PTCDA films on top of 25 nm Fe layers. It
is clear that PTCDA forms a film with a significantly rougher
surface than either Alq3 or CuPc. Therefore the degradation
of spin transport is associated with rougher OSC films. This
is likely because enhanced scattering at the rough interface
can cause strong spin depolarization.11 Our observation that
larger MR is associated with smoother OSC surfaces is con-
trary to the results reported by Xu et al.16 While they attrib-
uted the observed MR to tunneling through hotspots caused
by rough OSC films, our results suggest that a smooth inter-
face is very important for effective spin injection.

Charge injection barriers also play a very important role
in achieving effective spin injection from FM metals into
OSCs,17,18 and barriers larger than 0.6 eV are typically
required.13,17 Previous photoemission spectroscopies have
shown the breakdown of the vacuum level alignment rule at
interfaces between OSCs and metals.19–24 Experimental evi-
dence shows that Alq3 and CuPc form larger charge injection
barriers �about 1 eV� when adjacent to metals with work
functions close to that of Co and Fe.19,20,24 However charge
injection barriers from metals to PTCDA are almost indepen-
dent of the metals and are only about 0.3 eV.19 These barrier
values seem consistent with our observation of larger MR in
Alq3 and CuPc-based junctions. However this picture of
large charge injection barriers does not explain the observa-
tion of MR at very low bias, which suggests other mecha-
nisms may govern the spin injection in this regime.24

Our work demonstrates that it is possible to inject spin
polarized current into both electron- and hole-carrying OSCs
at room temperature from high Curie temperature transition
metals. The similar temperature dependence of the MR for
Alq3- and CuPc-based junctions suggests that the degrada-
tion of spin transport with increasing temperature may origi-
nate from decreased surface spin polarization of the FM
leads at the OSC/FM interfaces. Although the variation in
charge barriers may also play a role, the high mobility OSCs
we have studied, PTCDA and CF3-NTCDI, form films with
very rough surfaces, which gives a possible explanation for
the observation of much smaller MR. Our work suggests that
FM/OSC interfaces play an important role for spin transport.
A sharper FM/OSC interface with weak temperature-
dependent surface polarization appears necessary to improve
spin transport in OSCs at room temperature. Further studies
are still needed to elucidate the role of interfaces in these
systems.
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FIG. 4. �Color online� ��a� and �c�� Chemical structures of PTCDA and
CF3-NTCDI. ��b� and �d�� Magnetotransport data taken at T=4.2 K for
junctions based on PTCDA and CF3-NTCDI, respectively.
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FIG. 5. �Color online� ��a�–�c�� AFM images of Alq3, CuPc, and PTCDA
films on top of 25 nm Fe layers, respectively. The images were scanned over
2�2 �m2 areas via tapping mode. The PTCDA film has a much rougher
surface than the Alq3 and CuPc films.
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