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We report on the magnetoresistance (MR) effect in a unipolar p-channel field-effect transistor based on
amorphous thin film of low molecular weight 2,2',7,7 -tetrakis(diphenylamino)-9,9’-spirobifluorene
(Spiro-TAD). To scrutinize the origin of this effect two themes have been studied: (i) the influence of
gate dielectric SiO, surface treatment and (i) the importance of organic molecular p-dopant 1,3,4,5,7,8-
hexafluorotetracyanonaphthoquinodimethane (F6-TNAP) thin films sandwiched between SiO, and Spiro-
TAD. A device fabricated on bare SiO, shows larger MR than one fabricated on hexamethyldisilazane-
treated SiO,, suggesting the bipolaron species as the origin of this effect. This could be understood
through two aspects. (i) The stabilization of bipolaron, i.e. trapped charge-stabilized bipolaron. Due to
large energy cost for bipolaron formation, the stabilization of bipolaron by a trap with opposite sign is
favored. Additionally, interface doping of Spiro-TAD with F6-TNAP reveals a significant enhancement in

MR caused by an increase in trap density and charge carriers, boosting the effectiveness of bipolaron
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Accepted 25th August 2014 stabilization. (i) Larger energetic disorder that might compensate the energy cost for bipolaron

formation is expected to be obtained for a device fabricated on bare SiO, caused by dipolar disorder at

DOI: 10.1039/c4tc00702f the corresponding interface. Adding a thin layer of F6-TNAP is expected to increase the energetic

www.rsc.org/MaterialsC disorder as well.

1. Introduction

Organic semiconductors have attracted much interest in the
scientific community since the first report on high conductivity
in the conjugated polymer cis-polyacetylene doped with AsFs."
This research field has been extensively studied over more than
three decades, leading to a new research area called “organic
electronics”. The applications of organic 7-conjugated mole-
cules or polymers can already be found in light-emitting
devices,? solar cells,® and field-effect transistors.*

Along with optoelectronic devices, the field of spin-transport
electronics, so-called spintronics, is a blossoming research field
as well. Research in spintronics has been carried out for many
material systems such as metals, ferromagnets and semi-
conductors.” Thus, one may think to utilize thin films of organic
m-conjugated molecules and polymers as spacers or tunnel
barriers in spintronic devices due to the abundance of physical
aspects and potential practical applications. Interest has rapidly
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increased, triggered by the first observation of giant magneto-
resistance (MR; MR = AR/R, where AR is the resistance of the
sample in an external magnetic field minus the resistance of the
sample in the absence of external magnetic field, R) in an
organic spin-valve measured at low temperatures.®

Generally, two types of devices have been reported. Firstly is
a device consisting of an organic semiconductor as a spacer in a
so-called organic spin-valve embedded between two ferromag-
netic electrodes with different coercive fields: 1°* ferromagnet/
organic spacer/2™® ferromagnet. In this case MR is caused by a
change in the resistance due to a change in the mutual orien-
tation of the magnetizations of the two ferromagnetic elec-
trodes, demonstrating a possibility for injecting, transporting
and detecting a non-equilibrium spin current.”® Secondly, MR
effect has also been observed and obtained in an organic light-
emitting diode (OLED) with a structure of non-magnetic anode/
organic spacer/non-magnetic cathode, which has been dubbed
an organic magnetoresistance (OMAR) device.'® Generally, the
effect occurs at room temperature and is significantly large at
low external magnetic field.'® Ease of and simple fabrication of
this device as for conventional OLEDs or organic solar cells have
motivated intensive research activity in the scientific commu-
nity. Both magnetoconductance of >25% and magneto-electro-
luminescence of over 50% have been reported and measured at
room temperature and at low external magnetic field."* Also,
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several efforts have been recently devoted to investigating MR in
conductive polymers and their nanocomposites.">*’

So far OMAR has been observed in two-terminal devices like
OLEDs or organic solar cells. The corresponding microscopic
mechanism can be attributed to the interaction between spin-
carrying particles. The hyperfine interaction is generally
accepted as the source that affects the spin dynamic in organic
semiconductors and is, therefore, responsible for the MR effect
at low external magnetic fields. However, no consensus can be
reached at the moment as to which pairs of quasi particles
influence the resistance or the current in organic devices. The
specific interaction between spin-carrying particles in OMAR is
still a big scientific puzzle and is debated among scientists,
resulting in several existing theories such as excitonic
model,’®** triplet-polaron interaction (TPI) model*® or bipo-
laron model.** The excitonic model is based on the spin-
dependent formation of electrostatically bound polaron pairs
formed from oppositely injected current (two-carrier process),
whereas the bipolaron model describes the spin-dependent
formation of two equally charged polarons (one-carrier
process). The TPI model describes the capturing of a polaron by
long-lived triplet excitons for which an applied magnetic field
influences the number of triplet excitons. Recently, the impor-
tance of traps and trion species as origins of OMAR has been
proposed and considered.” Also, a call for more specific
investigation of organic spin-valves and OMAR has been
debated among scientists, including a comprehensive theme
such as device physics, modelling, spectroscopy study and
design and synthesis of new materials.”

We realize that this field is quite complex especially for two-
terminal devices and, therefore, there is an urgent need to
extend the study of OMAR in three-terminal devices like field-
effect transistors. In this device geometry the sign of charge
carriers is defined by the gate voltage and the mobility and
charge carrier density can be determined independently, which
are the unique characteristics in comparison to a diode.
Furthermore, a field-effect transistor also allows for much
control of the charge carrier density through the third electrode.
However, there is not much information to be found in the
literature about magnetic field effects in organic field-effect
transistors (OFETs) without ferromagnetic electrodes.** Our
group has intensively studied the OMAR effects in OFETs
measured at room temperature and at low external magnetic
field.>?*° MR in OFETs has been observed in two different
material systems and experimental conditions: (i) photoin-
duced MR in p-channel OFETs based on acene compounds**>’
and (ii) MR in bipolar material systems such as in a binary
mixture composed of electron donor and acceptor and bipolar
molecular glass.*®*®

Here, we scrutinize the OMAR effects by isolating a certain
mechanism and report MR effects in a unipolar (p-channel)
field-effect transistor based on low molecular weight 2,2/,7,7'-
tetrakis(diphenylamino)-9,9’-spirobifluorene  (Spiro-TAD).>**
We also found that the MR effect is strongly influenced by
surface treatment of the corresponding SiO, gate dielectric.
Finally, the influence of an additional thin layer of the
organic molecular p-dopant 1,3,4,5,7,8-hexafluorotetracyanon-
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aphthoquinodimethane (F6-TNAP) deposited between SiO, and
Spiro-TAD on the MR effects is presented and discussed in
detail. Spiro-TAD and F6-TNAP have been chosen for this study
for the following reasons: (i) vacuum-evaporated thin films of
Spiro-TAD showed smooth surface and the corresponding tran-
sistor characteristics did not change when the samples were placed
in ambient atmosphere for nine months® and (ii) F6-TNAP has
been used as p-dopant in a hole transport layer in OLEDs.****

2. Results and discussion

2.1. The influence of surface-treated gate dielectric

A schematic view of our bottom-contact field-effect transistor
and the chemical structures of Spiro-TAD and F6-TNAP,
including their energy levels, are displayed in Fig. 1.

Firstly, we investigated the influence of surface-treated gate
dielectric on the MR in a unipolar field-effect transistor partic-
ularly for the commonly used gate dielectric silicon dioxide
(SiO,). For this purpose we employed SiO, with two different
surface treatments, namely bare SiO, and hexamethyldisilazane
(HMDS)-treated SiO, substrates (see Experimental section for
details). In organic electronics HMDS is one of the most
frequently used monolayers on the SiO, gate dielectric for
OFETs and is a silane with short chain length and high vapor
pressure so that we can deposit it on hydroxylated surfaces of
SiO, from the vapor phase by heating under vacuum.

Fig. 2a-c show the output and transfer curves of unipolar
Spiro-TAD field-effect transistors utilizing bare SiO, and HMDS-
treated SiO,. As expected, higher drain current I, is obtained for
the device fabricated on HMDS-treated SiO, with respect to that
on bare SiO,, which is commonly observed in organic elec-
tronics. In this case, HMDS molecules replace a fraction of the
surface silanol (SiOH) groups with —-O-Si-CH; groups, which
provide a barrier to prevent carrier trapping of negative charges
on the residual silanol groups. On the contrary, the MR

@) © EXY
Spiro-TAD- F6-TNAP
-5.1 eV
557 eV oV,
Source $40 nm
) - 15 nm
-7.48 eV
Gold F6-TNAP Spiro-TAD

(b)

Spiro-TAD

Fig.1 (a) Schematic view of a bottom-contact OFET with a bilayer thin
film of F6-TNAP and Spiro-TAD. The thickness of Spiro-TAD was kept
constant at 40 nm, whereas the thickness of F6-TNAP was varied
between 0 and 15 nm. In this study two types of SiO, were used: bare
SiO, and hexamethyldisilazane (HMDS)-treated SiO, gate dielectric. (b)
The chemical structures of Spiro-TAD and F6-TNAP. (c) Energy level
diagrams of Spiro-TAD,** F6-TNAP** and gold.*
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Fig. 2 Output curves of Spiro-TAD field-effect transistors fabricated
on (a) bare SiO, and (b) HMDS-treated SiO,. (c) The corresponding
transfer curves were recorded at Vy = —30 V. (d) The MR effects of
both devices were measured at Vy = Vy = —40 V (for bare SiO;) and
Vg = Vg = —50V (for HMDS-treated SiO5).

experiments show that the MR values achieved for a device
fabricated on bare SiO, are much higher (~0.023%) than that
on HMDS-treated SiO, (a negligible MR of <0.01%), as depicted
in Fig. 2d. Furthermore, MR effects and values for devices
fabricated on bare SiO, and HMDS-treated SiO, have been
checked for several devices and at different voltages (Fig. S1 and
S21). Based on our experiment and observation we conclude
that significant MR is obtained for devices employing bare SiO,
and, in contrast, a negligible effect is achieved for devices
fabricated on HMDS-treated SiO,. The absence of the MR effect
was also reported for other spiro-linked compound field-effect
transistors fabricated on HMDS-treated SiO,.>®

2.2. The role of interface doping with organic molecular p-
dopant

To further study the reliability of our findings we deposited an
additional thin film of 5 nm thick organic molecular p-dopant
F6-TNAP directly on bare SiO, and on HMDS-treated SiO,. We
found that the I of the device fabricated on HMDS-treated SiO,
is higher than that of the device on bare SiO,, as displayed in
Fig. 3a. Here, we mention that no transistor action could be
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Fig. 3 (a) Transfer characteristics of bilayer F6-TNAP (5 nm)/Spiro-

TAD (40 nm) field-effect transistors fabricated on bare SiO, and
HMDS-treated SiO, measured at V4 = —30 V. (b) MR effect of both
devices recorded at Vg = Vg = =30 V.
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observed in devices fabricated with pristine F6-TNAP in the
measurement range of our set-up (—100 V = Vy and Vg4 = +100 V),
which is probably due to the energy level mismatch between the
work function of gold and the lowest unoccupied molecular
orbital of F6-TNAP. However, interesting results were observed in
MR experiments. In the case of F6-TNAP deposited between SiO,
and Spiro-TAD, the MR values obtained for devices fabricated on
bare SiO, are higher than those fabricated on HMDS-treated SiO,
(see Fig. 3b). Also, MR in the device fabricated on HMDS-treated
SiO, with an additional thin layer of F6-TNAP is higher than that
without F6-TNAP (compare Fig. 2d and 3b). In this case, a MR of
0.01-0.02% is obtained for devices fabricated on HMDS-treated
Si0,, whereas a MR of ~0.05% is achieved for devices fabricated
on bare SiO,, as displayed in Fig. 3b.

We conclude that the interlayer thin film of p-dopant F6-
TNAP sandwiched between SiO, and Spiro-TAD increases
significantly the MR in the corresponding devices compared to
the devices fabricated without F6-TNAP. These results point to
the crucial role of organic molecular p-dopant F6-TNAP on the
MR effect in unipolar OFETs. For that reason we further studied
the effect of thickness of F6-TNAP in devices fabricated on bare
SiO,. The transistor characteristics at different gate voltage V,
sweep rates and bias stress effects were measured (see Fig. S3
and S4t). Our results show that V, sweep rate dependence of Iy
is negligible in all fabricated devices, which indicates the
transport parameters of these devices are very stable on the time
scale of the measurements. Moreover, the I; was also monitored
as a function of time as the device was biased at fixed drain
voltage V4 and V; in the accumulation regime. The devices show
negligible bias stress effects as well, which indicates a very high
stability of our devices. Therefore, MR effects reported in this
work could not be correlated to bias stress effects or degrada-
tion effects.

Fig. 4 shows the hole mobility x and the fitted threshold
voltage V; of pristine Spiro-TAD and bilayer films of F6-TNAP/
Spiro-TAD for devices fabricated on bare SiO, and HMDS-
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Fig. 4 (a) The fitted threshold voltage V; and (b) hole mobility u of F6-

TNAP/Spiro-TAD field-effect transistors fabricated on bare SiO, and
HMDS-treated SiO,. (c) V; and (d) u of F6-TNAP/Spiro-TAD devices
fabricated on bare SiO, with different thicknesses of F6-TNAP.
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treated SiO,. The corresponding output and transfer curves can
be found in the ESI (Fig. S5 and S6t). Here, Fig. 4a shows a small
difference in threshold voltage (AV, = 0.1 V) and also a slight
change in the switch-on voltage Vg, (AVs, = 2.0 V) for the
devices fabricated on bare SiO, and on HMDS-treated SiO,.
Fig. 2c shows that the ON state starts at lower voltage for the
device fabricated on HMDS-treated SiO, with respect to the
device fabricated on bare SiO,.

There is also a difference in V; of 0.4 V for devices without
and with a 5 nm thick F6-TNAP interlayer. Therefore, the gate
dielectric treatment and additional layer of F6-TNAP slightly
influence the fitted threshold voltage or the switch-on voltage of
the corresponding devices. Also, the hole mobility in devices
utilizing bare SiO, is lower by a factor of 7 than that in devices
utilizing HMDS-treated SiO,, as displayed in Fig. 4b. An addi-
tional layer of 5 nm thick F6-TNAP sandwiched between SiO,
and Spiro-TAD results in higher hole mobility for both
devices, but the difference in the fitted threshold voltages is less
than 1 V.

Due to higher MR obtained for devices fabricated on bare
SiO,, we subsequently investigated the influence of F6-TNAP
thickness on the threshold voltage and hole mobility in the
saturation region (Fig. 4c and d). In this case the mobility of
holes slightly increases with increasing thickness of F6-TNAP
and the fitted threshold voltage increases as well toward posi-
tive values. The corresponding MR values for devices fabricated
with different thicknesses of F6-TNAP interlayer (1 nm, 5 nm, 10
nm and 15 nm) while the thickness of Spiro-TAD was kept
constant at 40 nm are depicted in Fig. 5, showing high repro-
ducibility of the results. We achieved MR values of ~0.1% for all
devices with F6-TNAP thicknesses of 1 nm and 10 nm. On the
other hand, MR values of ~0.05% were obtained for devices
with F6-TNAP thicknesses of 5 nm and 15 nm. In this case we
cannot see a direct correlation between the thickness of F6-
TNAP and MR values.

MR values were also measured and calculated at different V4
and Vg, including the details of magnetic field dependency
behaviors. Fig. 6a shows the dependency of MR values on both
Va and V,. In this case, only positive MR values are obtained and
no sign change of MR is observed in the range of our applied
voltages. However, the MR values depend on the V4 and V, and
the highest MR value is achieved at high |V,| and low |Vq4|.
Fig. 6b shows the magnetic field dependency measurements at
a constant V4 of —20 V and at V,; of —10 V, —40 Vand —80 V. A
significant increase in MR with increasing |Vg| is obtained at
constant |Vq4|. In contrast, at constant |V,| a decrease in MR is
observed with increasing |Vy4|, as displayed in Fig. 6¢c. The data
shown in Fig. 6b and c are consistent with the results shown in
Fig. 6a. Furthermore, the magnetic field dependency curves
were fitted by using empirical laws: non-Lorentzian MR ~ B?/
(B + By)* and Lorentzian MR ~ B*/(B*> + B,>), where B, is a
constant. Both functions fitted our data very well with coeffi-
cient of correlation higher than 0.98. The fitting with non-Lor-
entzian line shape gave relatively small values of B, between 3.9
4 0.2 mT and 5.2 £ 0.3 mT, which are comparable to those
obtained for other organic semiconductors.” In contrast, the
fitting with Lorentzian function gave values of the constant B, of
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between 8.1 & 0.4 mT and 10.2 & 0.5 mT, which are much larger
than those obtained with non-Lorentzian line shape.

2.3. Discussion about the origin of MR

Now we attempt to explain the general underlying physical
mechanism of the MR effect observed in our unipolar p-channel
Spiro-TAD field-effect transistor measured at low fields of <100
mT and room temperature, including the role of F6-TNAP
sandwiched between SiO, and Spiro-TAD. Firstly, we compare
the performance of pristine Spiro-TAD devices fabricated on
bare SiO, and HMDS-treated SiO,. Spiro-TAD itself is a p-type
organic semiconductor that does not transport electrons in a
field-effect transistor.>®*> A bare SiO, surface contains high
concentrations of natural defects, free radicals, OH groups,
peroxide bridges and non-bridging oxygen centers.*® These
defects are expected to lead to dipole moments of the order of a
few debyes that give rise to transport traps for carriers in the
nearby channel of the field-effect transistor.’”** Therefore, in
the conducting channel we have mobile positive charges (holes)
originated from the hole injection into the Spiro-TAD and fixed
immobile electron or acceptor-like traps, indicated by positive
fitted threshold voltage.** In contrast, a HMDS-treated SiO,
surface contains qualitatively lower density of traps with respect
to a pristine SiO, surface. This implies that quasi particles
participating in the transport process and MR effect are holes
and immobile electron or acceptor-like traps. For this reason
the excitonic and triplet exciton-polaron interaction models
can be excluded for explaining MR effects in Spiro-TAD tran-
sistors. One possible model for explaining our result is the
bipolaron model, which is also the most suitable model for
unipolar devices."*

The main differences between transistors fabricated on bare
SiO, and on HMDS-treated SiO, are in terms of density of traps,
current density of the corresponding transistors and interface
characteristics between SiO, and Spiro-TAD. The device fabri-
cated on bare SiO, has lower current density, but higher density
of traps. In contrast, the device fabricated on HMDS-treated
SiO, has higher current density, but lower density of traps.
Despite its high current density a negligible MR is obtained for
the device utilizing HMDS-treated SiO,, which is in contrast to
the device fabricated on bare SiO,. For explaining our results we
propose two possible mechanisms, which are relevant to each
other: (i) trapped charge-stabilized bipolaron intermediate
states and (ii) broadening density of states and its correlation to
bipolaron formation.

Firstly, there is a hint obtained from the experiments that the
MR effect is strongly affected by electron traps. Therefore, we
suggest the stabilization of bipolaron species by electron traps
as a possible occurrence. In Spiro-TAD transistors holes are
injected and transported via a hopping process through a
limited number of percolation paths. Thus, one hole may block
the transport of other holes. During the transport process a
bipolaron consisting of two identical charge carriers can be
formed as an intermediate state for which the spin configura-
tion of bipolaron species is influenced by an external magnetic
field, especially for fields larger than the random hyperfine

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 The experimental data of MR effects obtained by switching a constant magnetic field on and off six times in a row, showing the
reproducibility of MR in field-effect transistors based on F6-TNAP (x nm)/Spiro-TAD (40 nm) bilayer. Here, x is 1, 5, 10 and 15 nm. For each
thickness of F6-TNAP the data for four identical devices are shown, which are labeled as #1, #2, #3 and #4. All devices have channel length and
width of 20 um and 10 mm, respectively. All MR values displayed here are recorded at Vg = V4 = —40 V.

fields. At zero fields a large current is obtained caused by the
spin mixing between singlet and triplet states. In contrast, a
lower current is achieved at fields larger than the random
hyperfine fields because the spin mixing between singlet and
triplet is lifted up. As a result, positive MR is expected to be
obtained in the bipolaron model. However, due to its high on
site exchange energy the bipolaron species is not stable and is
only available as an intermediate state. One possible way to
stabilize the bipolaron species is via an interaction with oppo-
site trapped charge. Therefore, higher MR values are obtained
for devices fabricated on bare SiO, due to higher density of traps
compared to the devices fabricated on HMDS-treated SiO,. The
trapped charge-stabilized bipolaron species proposed in this
work is quite similar to trion species.”***

Secondly, the interface between bare SiO, or HMDS-treated
SiO, and Spiro-TAD may play an important role as well. It has
been suggested that the gate dielectric may induce broadening
of the density of states (DOS) of an organic semiconductor by
dipolar disorder at the interface.*»** Therefore, low density of
trapped charges at the SiO, interface, which is more
pronounced for devices fabricated on bare SiO,, slightly
broadens the DOS.** As a result, a slightly larger energetic

This journal is © The Royal Society of Chemistry 2014

disorder can be expected for devices fabricated on bare SiO,,
which is beneficial for compensating the energy cost for bipo-
laron formation. This in turn gives rise to relatively higher
bipolaron formation rate and, hence, it gives higher MR values
for Spiro-TAD transistors fabricated on bare SiO,. We also
conjecture the synergy between the first and the second mech-
anism as an origin of the MR effect in unipolar Spiro-TAD field-
effect transistors.

The second important result obtained in our experiment is
the influence of organic molecular p-dopant F6-TNAP on the
MR effects. A significant increase in MR values was obtained
when an additional thin layer of F6-TNAP was deposited
between SiO, and Spiro-TAD. For specifying the origin of this
effect we measured the absorption spectra of the corresponding
films, as shown in Fig. 7. In this case the UV-Vis-NIR absorption
spectra were recorded for pristine Spiro-TAD and bilayer films
of Spiro-TAD with different thicknesses of F6-TNAP. For bilayer
films two new absorption bands were obtained at 450 nm and
825 nm, respectively. The absorption maximum at 450 nm can
be assigned to the fingerprint of radical cation Spiro-TAD"",
which is in agreement with the absorption of radical cation
Spiro-TAD'" measured in dichloromethane by means of a
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Fig. 6 (a) A "landscape” of MR values measured at different V4 and Vg
for bilayer thin films of F6-TNAP (5 nm)/Spiro-TAD (40 nm) field-effect
transistor fabricated on bare SiO,. Magnetic field dependence of MR
measured at (b) constant V for different Vy and at (c) constant V, for
different V4. The corresponding data were plotted by using non
empirical laws of non-Lorentzian and Lorentzian line shapes.

spectroelectrochemical method (see Fig. S71). The NIR absorp-
tion occurring at 825 nm can be attributed to the radical anion
F6-TNAP'~ (see Fig. S8t).>* These results imply an interfacial
doping of Spiro-TAD with F6-TNAP.*** As a result, the hole
density in the transistor channel is expected to increase upon
doping with F6-TNAP as indicated by higher drain current, as
displayed in Fig. 3a. The mechanism for charge transfer could
originate via two different ways that could not be distinguished
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Fig. 7 UV-Vis-NIR absorption spectra of pristine Spiro-TAD and F6-
TNAP and Spiro-TAD bilayer thin films deposited on a glass substrate.

in our case, namely integer charge transfer and hybrid charge
transfer.*®*” Recently, the use of F6-TNAP as p-dopant has been
demonstrated for doping N,N,N',N'-tetrakis(4-methoxyphenyl)
benzidine (MeO-TPD)* or N,N'-di-1-naphthyl-N,N’-diphenyl-1,
1’-biphenyl-4,4’-diamine (a-NPD)* and pentacene.*

Based on our experiment we conclude that an increase in MR
in devices containing F6-TNAP strongly corresponds to the
interfacial doping of Spiro-TAD with that compound. On the
one hand, the doping process increases the net of charge
carriers and, therefore, leads to a better conductivity. On the
other hand, the doping process creates more traps, which
reduce the charge carrier hopping rate.”® Thus, the overall
number of electron traps is higher for devices fabricated with
F6-TNAP, making the stabilization of bipolaron intermediate
state more effective and resulting in higher MR values with
respect to pristine Spiro-TAD. Also, broader density of states is
also assumed to be obtained upon doping F6-TNAP into Spiro-
TAD, enlarging the energetic disorder compared to pristine
Spiro-TAD. As a consequence, the bipolaron formation rate is
increased for doping systems due to higher energetic
disorder of those systems. This argument is supported by an
experiment which reported the density of states in undoped and
doped amorphous organic films of o-NPD with tetra-
fluorocyanoquinodimethane (F4-TCNQ).”*

The effect of doping on the DOS has been analytically
studied, showing an increase in the DOS and broadening the
deep tail of the DOS distribution due to the interaction between
dopant ions and localized carriers.® In our argument we
consider a slow-hopping process in which the spin mixing
should be completed before a specific pair is formed or disso-
ciated. In other words, the average hopping rate is much smaller
than the precession frequency of spins at specific molecular
sites.*"** However, the hole mobility extracted from the transfer
curves was found to be constant or not affected significantly by
external magnetic fields (see Fig. S97), which is in contrast to
the bipolaron model that suggests a change in mobility is
expected under the influence of external magnetic fields. In our
study, such a change in mobility has not been observed and
obtained and this is probably due to only a small number of
charge carriers participating in bipolaron formation (due to

This journal is © The Royal Society of Chemistry 2014
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three-dimensional hopping transports) with respect to the total
drain current. Therefore, a change in current caused by external
magnetic fields is too small to be detected and measured.

Now we have to consider the influence of electric fields
(mainly lateral field due to Vy). If sufficient electric field is
available to dissociate the CT state, we will have extra positive
charges (secondary charges) that participate in the conducting
channel, and extra negative charges, acting as traps. The CT
state itself can have larger binding energies, but the lateral
electric field V4 can (partially) overcome the corresponding
binding energies. Hence, the dissociation probability of the 'CT
state increases with increasing lateral electric field.”> The
dependency of MR on V; and V4 is shown in Fig. 6a for which the
gate field E, (E; = |V,|/d, where d is the thickness of SiO,) is
much larger than the drain field Eq (Eq = |V4|/L, where L is the
channel length). In this case, the gate-induced charge in the
conducting channel increases by increasing |V,| at a given |Vg].
On the other hand, at a given |V,|, increasing |Vy4| will increase
the number of charge carriers flowing between source and drain
electrodes.

For the sake of simplicity, at constant | V4| we have a constant
dissociation rate and, therefore, MR increases with increasing
|Vg| due to more induced charge carriers being available in the
channel that participate in bipolaron formation, as displayed in
Fig. 6b. The situation changes significantly when |V, is kept
constant, which means the number of gate-induced charges is
constant. Then, increasing |V4| will decrease MR values, as
shown in Fig. 6¢c. This can be explained by using electric
field enhanced dissociation rate. At low |V4| (and at high
constant |V,|) the dissociation rate of 'CT is low and, thus, the
subtracted secondary charges and traps are low as well.
However, the overall density of charges and traps is higher than
devices without F6-TNAP. Therefore, higher MR values are
obtained due to higher density of trapped charge-stabilized
bipolaron species. High |V4| value increases the dissociation
rate of 'CT and, therefore, the numbers of secondary charges
and traps increase as well. However, we conjecture that at high
|V4| the charge carrier has relatively high drift velocity. As a
consequence, the hopping rate is probably higher, shortening
the interaction time between quasi particles and hampering the
formation of bipolaron species. As a result, at high |V4| fewer
bipolaron species are available in the conducting channel,
decreasing the density of trapped charge-stabilized bipolaron
species and decreasing the overall MR at high |V4| as well.
This argument is supported by Fig. 6, which shows that at a
given |V,| the MR values decrease with increasing |Vq]|.

It is also worth noting that the competition between elec-
trical drifting force and local Coulomb interaction determines
the formation and dissociation probabilities of electron-hole
pairs in the CT states.*® Also, the donor and acceptor interaction
is determined by the intermolecular distance and the electro-
negativity difference between the donor and acceptor mole-
cules.” The overall MR values reported in this work are quite
low, but significant. Such low MR values can be attributed to the
three-dimensional hopping conduction in thin films of amor-
phous Spiro-TAD field-effect transistors because only a small
number of bipolaron species participates in MR effects.

This journal is © The Royal Society of Chemistry 2014
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Recently, a giant MR effect has been reported for molecular
wires for which the spin blockade is dominated in one-dimen-
sional hopping transport.*

3. Conclusions

In conclusion, we show the MR effect in a unipolar p-channel
field-effect transistor based on amorphous thin films of Spiro-
TAD. MR values obtained for pristine Spiro-TAD devices fabri-
cated on bare SiO, gate dielectric are higher than those for
devices fabricated on HMDS-treated SiO,. An additional thin
layer of organic molecular p-dopant F6-TNAP sandwiched
between SiO, and Spiro-TAD further increases the overall MR
values with respect to devices fabricated without F6-TNAP.

We propose two possible explanations for MR effects in
Spiro-TAD field-effect transistors. Firstly, a trapped charge-
stabilized bipolaron species is suggested. In this case, higher
MR is obtained for devices containing larger amounts of elec-
tron traps. Secondly, the interface between bare SiO, or HMDS-
treated SiO, and Spiro-TAD modifies the density of states due to
the different dipolar disorder at the corresponding interface. As
a consequence, a different energetic disorder is achieved, which
is larger for devices fabricated on bare SiO, caused by higher
density of traps. This physical characteristic is beneficial for
compensating the energy cost for bipolaron formation. Thus,
more bipolaron species are formed during the transport process
and participate in magnetic field effects, increasing the overall
MR values. The MR values increase for devices with an addi-
tional layer of organic molecular p-dopant F6-TNAP due to an
increase in charge carriers and traps.

4. Experimental section

Bottom-contact field-effect transistor substrates were purchased
from Fraunhofer IPMS (Dresden, Germany). We used a channel
length (L) of 20 um and a channel width (W) of 10 mm. The gate
dielectric consisted of 230 + 10 nm thick SiO, and the source
and drain electrodes were 30 nm Au with 10 nm ITO as adhesion
layer. Prior to the deposition of organic materials the pre-
defined substrates were cleaned with acetone and 2-propanol,
followed by oxygen-plasma treatment. This gate dielectric is
denoted as “bare SiO,”. Then, the gate dielectric SiO, was
exposed to HMDS (under vacuum, 130 °C, for 20 minutes),
which is called “HMDS-treated SiO,”. Finally, Spiro-TAD and F6-
TNAP were deposited by thermal evaporation process at a base
pressure of 1 x 1077 Torr (Tsupstrate = 298 K) with a thickness
between 0 and 15 nm for F6-TNAP and a thickness of 40 nm for
Spiro-TAD. Spiro-TAD was synthesized and purified in our
laboratory. F6-TNAP (LT-N223) was purchased from Lumtec
(Taiwan) and was used as received. From the vacuum chamber
the samples were directly transferred to a glove box (O,, H,O <
0.1 ppm) and placed in a homebuilt sample holder. This sample
holder was placed between the poles of an (unshielded) elec-
tromagnet. The magnetic field was varied between —100 mT
and +100 mT. The data acquisition process and the calculation
of MR values have been described in detail elsewhere.”®*® The
hole mobility and the threshold voltage have been calculated at
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the saturation regime.** Current-voltage measurements were
performed using a Keithley 4200 semiconductor characteriza-
tion system equipped with preamplifiers for improving low-
current measurements. All measurements were performed at
room temperature. All magnetic field-effect experiments were
carried out at a magnetic field of 96 mT, except for magnetic
field dependence measurements.

The UV-Vis-NIR spectra of thin films were recorded with a
Perkin-Elmer Lambda 900 UV-Vis-NIR spectrophotometer. The
cyclic voltammetry (CV) measurements were carried out with an
EG & G Princeton Applied Research model 273 A potentiostat/
galvanostat in a three-electrode, single-compartment -cell
equipped with a platinum disc working electrode, a glassy
carbon counter electrode and an Ag/AgCl reference electrode.
The CV measurements were carried out in dichloromethane
containing 0.1 M tetrabutylammonium hexafluorophosphate
(TBAHFP) as a supporting electrolyte. Solutions were purged
with nitrogen prior to conducting the experiments. All
measurements were performed under nitrogen atmosphere at
room temperature with a scan rate of 50 mV s~ and were
referenced against ferrocene/ferrocenium (Fc/Fc') as internal
standard reference. In situ UV-Vis-NIR spectroelectrochemical
measurement of Spiro-TAD was carried out in MeCN/0.1 M
TBAHFP at room temperature. The spectroelectrochemical
experiment was carried out with the same equipment as for the
CV experiment and is described in detail elsewhere.>>*”
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