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ABSTRACT:
Elucidating hole and electron states in organic semiconductor materials is one of the important
issues for both their fundamental science and device applications.

However, the detailed

charge states, in particular, their spin states, have not yet been fully elucidated from a
microscopic viewpoint.

Here we show electrically controllable spin states of holes and

electrons in typical organic semiconductor materials, a polymer regioregular poly(3hexylthiophene) (RR-P3HT) and a small molecule pentacene, using electron spin resonance
(ESR) spectroscopy. Using their ambipolar organic semiconductor devices, these states were
revealed as a function of accumulated charge density.

The spin states of the electrically

accumulated electrons in RR-P3HT and pentacene are clarified for the first time.

Moreover,

the formation of spinless states of electrons in RR-P3HT and holes in pentacene are
demonstrated under high charge density, showing a contrast to the spin states under low charge
density.

This result would be important for further understating hole and electron states in

organic semiconductor materials and for improving the performance of organic semiconductor
devices from a microscopic viewpoint.

KEYWORDS: spin states, holes and electrons, organic semiconductors, ambipolar devices,
electron spin resonance spectroscopy
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1. INTRODUCTION
Organic semiconductor materials and their devices have been attracting much attention
because they have advantages such as low cost, large area printability, low environmental
impact, and flexibility1-5. Among them, ambipolar organic materials can transport both hole
and electron carriers in their single devices6-8. Thus, if their device structures are optimized,
both carriers can be accumulated in a single layer, which can realize a quasi p-n junction without
chemical doping6,8,9.

Using ambipolar organic transistor structures, the useful devices such as

light-emitting organic transistors and complementary metal-oxide semiconductor (CMOS)-like
logic circuits have been developed; the CMOS is useful due to the low static power dissipation
and the simple circuit design6,8-10.

Elucidating the hole and electron states in organic semiconductor materials is one of
important issues for understanding the operation mechanism and for improving the performance
of ambipolar organic semiconductor devices, which may lead to other applications with new
functions. To this day, their transport characteristics such as mobility, conductivity, activation
energy, etc. have been studied to understand the charge states of ambipolar organic materials,
where many important issues such as the difference in charge-carrier balance between holes
and electrons and the existence of trapping states depending on materials have been discussed613

.

However, the detailed spin states of holes and electrons in organic materials and the
3

correlation between the spin states and the accumulation characteristics in their devices have
not yet been fully investigated from a microscopic viewpoint, which would be important for
further understanding and improving ambipolar organic materials and their devices.

Electron spin resonance (ESR) spectroscopy is one of the most effective methods for
investigating the spin states of charges in electronic materials and their devices14-23. The ESR
method measures microwave absorption of unpaired electrons under external magnetic field.
The ESR method has an advantage of directly observing charges with spins (unpaired electrons)
in the materials and devices nondestructively, and has revealed microscopic properties such as
spin and charge states, charge-carrier dynamics, and molecular orientation in the materials and
the devices14-23.

In particular, the spin state of charges is one of the essential natures for

characterizing the electronic states of organic semiconductor materials24,25.

In lightly

chemically doped conducting polymers, nonlinear excitations such as solitons and polarons are
typical spin/charge carriers reflecting their quasi-one-dimensional structural backbone with
strong electron-phonon interactions24,25.

At higher doping levels, doubly charged spinless

bipolarons or a metallic state have been discussed from viewpoints of experimental and
theoretical studies24–27.

The ESR study on a typical high-mobility conducting polymer

regioregular poly(3-hexylthiophene) (RR-P3HT) using a device structure has demonstrated that
the spin state of electrically accumulated hole carriers clearly changes from a singly positively
4

charged spin-accompanied state (a positive polaron) under low hole density to a doubly
positively charged spinless state (a positive bipolaron or a pair of positive polarons) under high
hole density when electrically accumulated hole density increses17.

However, the spin state

of electrically accumulated electrons and its change in RR-P3HT have not yet been investigated.
Moreover, for conducting small molecules, not only the spin states of electrically accumulated
electrons but also the change of the spin state of electrically accumulated holes and electrons
have not yet been studied.

Here we report an ESR study on electrically controllable spin states of holes and
electrons in RR-P3HT and a typical high-mobility conducting small molecule pentacene.

The

RR-P3HT and pentacene are bench mark materials for organic semiconductor transistors
because they show high carrier mobilities1.

This study was carried out using ambipolar

organic semiconductor device structures with asymmetric contact electrodes, which revealed
the accumulation processes of both holes and electrons and the difference in these spin states
in their organic semiconductor materials.

Using the ambipolar organic devices, the spin states

of electrically accumulated electrons in RR-P3HT and pentacene are firstly observed by ESR.
Moreover, the drastic changes of the spin state of electrically accumulated holes and electrons
from spin-accompanied to spinless are demonstrated when the charge density in the devices
increases.
5

2. MATERIALS AND DEVICE FABRICATION
A schematic structure of a fabricated device is shown in Figure 1a.

To attain high

signal-to-noise (S/N) ratio of the ESR signal by increasing the active area of the device, we
utilized a rectangular device structure (3 × 30 mm2) in an ESR sample tube with an inner
diameter of 3.5 mm.

Chemical structures of employed organic semiconductor materials RR-

P3HT and pentacene are shown in Figure 1b. Thin films of RR-P3HT and pentacene were
deposited by a spin-coating method and a vapor-deposition method, respectively. Ion gels
were used as an insulator in the present device structure because high charge-density states in
the semiconductors with low-voltage device operation can be achieved owing to the formation
of electric double layers at the interfaces between the semiconductors and the
insulator10,13,17,18,20,21,23,28-32.

The ion-gel gate insulators can induce very large charge density,

which is typically two orders of magnitude larger than that with conventional solid gate
insulators10,13,17,18,20,21,23,28-32.

This is because the distance between ions in ion gels and

charges in semiconductors is very short, typically nanometer order, which is typically two
orders of magnitude shorter than that with conventional solid gate insulators10,13,17,18,20,21,23,28-32.
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) was used as
ionic liquid and poly(styrene-b-methylmethacrylate-b-styrene) (PS-PMMA-PS) was used as a
gelator ABA-type triblock copolymer, and the combination of [EMIM][TFSI] and PS-PMMA6

PS formed ion gels.

EMIM and TFSI are cations and anions in the ion gels, respectively.

The ion gels are nonmagnetic, which is useful for avoiding back-ground ESR signals17,18,21,23.
Asymmetric contact electrodes of Au and LiF/Al were utilized to reduce the injection barriers
for hole and electron accumulation using the same thin films, respectively9,13,33.

Contact

electrodes of Au (47 nm) and LiF/Al (0.5 nm/46.5 nm) and a gate electrode of Ni/Au (3 nm/47
nm) were deposited by a vapor-deposition method.

The fabricated device was sealed into the

ESR sample tube in a nitrogen-filled glove box after the device was connected to wires by Ag
paste.

The ESR measurements were performed at room temperature.

Other details

concerning the fabrication and evaluation methods are described in Experimental Section.

3. RESULTS AND DISCUSSION
3.1. Operando ESR Spectra of Ambipolar Organic Devices.
Spin states of holes and electrons in the organic semiconductor materials are clearly
reflected in the ESR signals.

Here we present the ESR signals due to electrically accumulated

holes and electrons in the organic semiconductor materials using the devises in positive and
negative gate-voltage (VG) regions, respectively; holes and electrons can be observed separately
at different voltages. Figure 2a,b shows the dependence of the ESR spectra of the RR-P3HT
and pentacene devices on positive and negative VG, respectively.

Here the asymmetric contact

electrodes (Au and Al) were short-circuited with no applied voltage, and the VG was applied to
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these electrodes. In order to carry out stable ESR measurements, we applied the VG in the
range of |VG| < 2 V.

First, we discuss the ESR spectra of the RR-P3HT device at negative VG in Figure 2a.
An ESR signal was already observed at VG = 0 V in this device.

A previous ESR study has

reported that the signal is ascribed to holes in RR-P3HT molecules due to oxygen doping34.

In

the negative VG region, the peak-to-peak ESR intensity (Ipp) increased with decreasing VG and
showed a maximum at VG = −1.0 V.

As discussed later, the number of spins evaluated from

the ESR spectra also showed a maximum at VG = −1.0 V.

The ESR linewidth increased with

decreasing the VG from VG = 0 V, which is likely caused by the effect of magnetic dipolar
interactions among electrically induced holes under high charge density17.

The ESR

parameters at VG = −1.0 V were obtained as the g factor of g = 2.0025±0.0001 and the peak-topeak ESR linewidth (ΔHpp) of ΔHpp = 504±30 μT.

Here the g factor was extracted from the

resonance magnetic field (H0), where the ESR spectrum with a first derivative form has a value
of zero, and the magnetic resonance condition of hν = gμBH0, where h is the Planck constant, ν
is the frequency of the microwave used in this study, and μB is the Bohr magneton. When the
VG further decreased from VG = −1.0 V, the Ipp decreased. As discussed later in detail, the
decrease is ascribed to the formation of spinless states of electrically accumulated holes under
high charge density17.
8

In the positive VG region, the Ipp decreased with increasing the VG and showed a
minimum at VG = +0.3 V as shown in Figure 2a. This result means the de-doping of oxygendoped holes by electrically accumulated electrons.

By further increasing the VG, the Ipp

increased and showed a maximum at VG = +1.5 V.

As discussed later, the number of spins

evaluated from the ESR spectra showed a maximum at VG = +1.5 V.

It is worth noting that

the ESR signal of electrically accumulated electrons has been observed for the first time for
ion-gel-gated devices with organic semiconductor materials.

This observation may be

ascribed to two effects by the high charge-density state due to the ion-gel insulator and by the
reduction of electron-injection barriers due to the LiF/Al contact electrode.

The ESR

parameters at VG = +1.5 V were obtained as g = 2.0025±0.0001 and ΔHpp = 200±10 μT.

Note

that the Ipp slightly decreased when the VG further increased from VG = +1.5 V, which shows the
first observation of the formation of spinless state of electrically accumulated electrons in the
RR-P3HT device, as discussed later.

Next, we discuss the ESR spectra of the pentacene device at negative VG in Figure 2b.
For the pentacene device, no ESR signal was observed at VG = 0 V, which shows that the
pentacene molecules are not doped with oxygen14.

In the negative VG region, the ESR signal

due to holes was observed when the VG decreased below VG = −0.7 V.
9

The Ipp increased by

further decreasing the VG and showed a maximum at VG = −1.0 V.

The ESR parameters at VG

= −1.0 V were obtained as g = 2.0031±0.0001 and ΔHpp = 51±3 μT.
consistent with those of holes reported for a pentacene transistor14.
further decreased from VG = −1.0 V, the Ipp decreased.

These parameters are
Note that when the VG

This behavior has been observed for

small molecule ion-gel-gated devices for the first time, which is ascribed to the formation of
spinless state of electrically accumulated holes in the pentacene device, as discussed later. In
the positive VG region, the ESR signal due to electrically accumulated electrons was observed
above VG = +1.8 V. The Ipp monotonically increased with increasing the VG until VG = +2.0 V.
It is worth noting that the ESR signal due to electrically accumulated electrons in pentacene
devices has been observed for the first time. As mentioned for the RR-P3HT device, this
observation may be ascribed to two effects by the high charge-density state and by the reduction
of the injection barrier at the LiF/Al contact electrode.

The ESR parameters at VG = +1.9 V

were obtained as g = 2.0031±0.0001 and ΔHpp = 55±3 μT.

3.2. Spin States of Electrically Accumulated Charges
To discuss the spin states of electrically accumulated charges in the organic devices in
detail, we evaluated the VG dependence of the number of spins (Nspin) and the number of charge
(Ncharge).

The Nspin value was evaluated by integrating the ESR spectrum twice and by

comparing with the standard Mn2+ marker sample.
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That is, the Nspin value was calculated by

the comparison between the double integral values of the ESR spectrum of the device and that
of the maker sample with a known Nspin value. In this case, the Nspin value is proportional to
Ipp×(ΔHpp)2. Thus, the Nspin includes the effect of the broaden ESR linewidth due to magnetic
dipolar interactions among electrically accumulated charges.

This broaden ESR linewidth

was observed for the RR-P3HT device in negative VG region as shown in Figure 2a.

This

observation is due to the larger Nspin value compared to other cases as shown in Figure 3, which
causes magnetic dipolar interactions among electrically accumulated charges owing to its high
spin concentration. In this case, although the Ipp is small, the Nspin can be large due to the
broad ESR linewidth because Nspin ∝ Ipp×(ΔHpp)2. The Ncharge value was measured from quasistatic capacitance-voltage (QSCV) characteristics using semiconductor device parameter
analyzer, where the voltage between the asymmetric contact electrodes was not applied. Here,
the amount of the Ncharge obtained from the QSCV characteristics means the variation of the
number of charges from that at VG = 0 V, and the state of Ncharge = 0 at VG = 0 V may not
necessary to be that at the flat-band potential. The Ncharge for the reverse VG sweep was not
measured because of the experimental difficulty with the QSCV method.

If electrically

accumulated charges become spinless under high charge density, the Nspin is expected to
decrease even when the Ncharge increases.

Figure 3a,b shows the VG dependence of the Nspin

and Ncharge of the RR-P3HT and pentacene devices, respectively.

For the RR-P3HT device,

the Ncharge monotonically increased as the absolute value of VG increased in both negative and
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positive VG regions, which indicated that holes and electrons were electrically accumulated in
the device monotonically, respectively (see Figure 3a).
monotonic increase.

However, the Nspin did not show a

The Nspin increased when the absolute value of VG increased in both

negative and positive VG regions, showing two maxima at VG = −1.0 and +1.5 V, and then started
to decrease in higher negative and positive VG regions, respectively.

The decrease in the Nspin

for VG < −1.0 V can be attributed to the formation of spinless hole states, which is consistent
with that of the previous report17. It is worth noting that the decrease in the Nspin for VG > +1.5
V shows the formation of spinless electron states in RR-P3HT.

Thus, these results directly

demonstrate that spinless hole and electron states are electrically formed in RR-P3HT under
high charge-density conditions separately at different voltages. The doping concentration per
a thiophene ring of RR-P3HT for electrically accumulated holes and electrons is evaluated to
be ~4.9% and ~0.79% from the Nspin of 2.2×1014 at VG = −1.0 V and 3.6×1013 at VG = +1.5
V using lattice constants35, respectively, under the assumption of the uniform distribution of
spins in the RR-P3HT film under the active area.

For the pentacene device, the Ncharge showed monotonic increases in both negative and
positive VG regions, as in the case of the RR-P3HT device (see Figure 3b). However, the Nspin
did not showed a monotonic increase in the negative VG region.

The Nspin showed a maximum

at VG = −1.0 V, and started to decrease when the VG further increased for VG < −1.0 V.
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It is

worth noting that the decrease in the Nspin for VG < −1.0 V clearly shows the formation of
spinless electrically accumulated holes in pentacene for the first time.

Similar formation of

spinless holes has been observed for the RR-P3HT device, as mentioned above.

Thus, the

results of the RR-P3HT and pentacene devices may indicate the formation of spinless holes
under high charge-density conditions regardless of molecular structures such as polymers and
small molecules.

The doping concentration per a pentacene monomer for electrically

accumulated holes and electrons is evaluated to be ~1.3% and ~0.64% from the Nspin of 4.4×
1013 at VG = −1.0 V and 2.1×1013 at VG = +2.0 V using lattice constants36, respectively, under
the assumption of the uniform distribution of spins in the pentacene film under the active area.
The formation of spinless electrically accumulated electrons was not observed in the positive
VG region.

This result may be ascribed to low charge density of electrically accumulated

electrons owing to the large threshold voltage for the electron accumulation.

Figure 1c show

the energy diagrams of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of RR-P3HT and pentacene with different charge-accumulation
process under different applied VG. As shown in Figure 1c, the energy difference between the
LUMO level and the work function of Al is larger for pentacene than that for RR-P3HT37,38.
This large energy difference causes the large threshold voltage for the electron accumulation in
pentacene, which gives rise to small number of electrically accumulated electrons, and week or
negligible interactions among the electrons in pentacene.
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We here discuss hysteresis behavior for the VG dependence of the Nspin in Figure 3a,b.
That is, while the VG dependence of the Nspin showed a maximum for the forward VG sweep
from 0 to −1.5 V, it did not show a maximum for the reverse VG sweep from −1.5 to 0 V without
forming spin states (polarons or radical cations).

We have performed several VG scanning for

the same device with RR-P3HT or pentacene thin film.

As a result, we have observed

reproducible behavior for the Nspin of the RR-P3HT and pentacene devices, which denies the
degradation of these devices. One of the reasons for this hysteresis behavior may be due to a
direct release of spinless charges from the devices.

That is, charges are released without

separating doubly charged spinless states into singly charged spin states. There are different
hysteresis features as shown in Figure 3.

That is, the hysteresis for the RR-P3HT device for

VG < 0 is larger than that for VG > 0, and the hysteresis trend for the pentacene device for VG >
0 is opposite to those for VG < 0 in the RR-P3HT and pentacene devices. The reason for this
difference is not clear at present.

One possible reason may be due to strong interactions

between holes or electrons in semiconductors and anions or cations in ion gels, respectively.
Also, the strength of the interactions may depend on semiconductor molecular structures such
as polymers (RR-P3HT, etc.) and oligomers (pentacene, etc.).

Another possibility for the

hysteresis might be due to the participation of ions from ion gels in ESR.

Further investigation

into the interactions seems an interesting issue, which is beyond the scope of the present study
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and will be reported in a separate paper.

The decreases in the Nspin for the RR-P3HT and pentacene devices under both high
positive and negative VG regions indicate the formation of the spinless charge states. That is,
the spin states of electrically accumulated charges dramatically change from spin-accompanied
to spinless when the |VG| value increases.

At lower doping level, spin-accompanied

excitations such as polarons are typical spin/charge carriers in organic semiconductor
materials24,25, which have been demonstrated by the ESR studies using organic semiconductor
devices with conventional solid gate insulator14-16,34.

However, at higher doping level,

spinless excitations such as bipolarons and pairs of polarons are typical doubly-charged carriers
in organic semiconductor materials24,25,39,40.

A bipolaron or a pair of polarons are stabilized

by stronger electron-phonon interactions than Coulomb interactions as discussed in theoretical
studies39,40. The formation of a pair of same charged polarons has been theoretically discussed
and demonstrated, where the crossover between a polaron and a bipolaron via the formation of
a pair of polarons has been pointed out when doping concentration is increased39,40. For the
pair of polarons, a spin singlet state is stabilized compared to a spin triplet state owing to an
antiferromagnetic exchange interaction between the polarons39,40.

For the bipolaron, a spin

singlet state is stabilized due to an occupation of antiparallel spins at the same energy level39,40.
In the cases of solution samples under high doping levels, the formation of a bipolaron (a
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dication) in oligomers such as oligo-thiophene has been experimentally reported using optical
and ESR methods41,42. Also, the formation of spinless charges has been shown by the ESR
study for holes in the RR-P3HT device with the ion-gel gate insulator17. In the present study,
electrically controllable spin states of holes and electrons in the RR-P3HT and pentacene
devices have been demonstrated, which shows the formation of spinless charge states under
high charge-density conditions.

3.3. DFT Analysis of Electrically Accumulated Charges and Molecular Orientation
The spin states of electrically accumulated holes and electrons can be further
investigated from a theoretical viewpoint, which is useful for analyzing the experimental results.
The density functional theory (DFT) calculation was performed to study the g factors and the
spin density distribution of the present organic semiconductor meterials43. Figure 4a,b shows
the chemical structures of a thiophene heptamer (7T) and a pentacene monomer for the DFT
calculations, respectively, where the 7T is used as a model molecule of RR-P3HT.

The DFT

calculations were performed for radical cationic and anionic states of the isolated 7T and
pentacene monomers using the Gaussian 09 software package with the UB3LYP functional and
the basis sets of 6-31G(d,p) for calculations of cations and 6-31+G(d,p) for calculations of
anions, respectively, where these monomer structures have been optimized for the charged
states43.

The g factors of holes in thin films of RR-P3HT and pentacene have been
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theoretically and experimentally studied using the DFT method44,45.

The DFT calculations of

the isolated monomers have reproduced the experimentally observed g factors of the organic
thin films, which may indicate that the g factors of the organic thin films are primarily
determined by molecular orbitals of the isolated monomers due to relatively weak van der
Waals-type molecule-molecule interactions44,45. Figure 4c-f show the calculated spin density
distribution of 7T and pentacene for cationic and anionic states, respectively.

We defines the

coordinate axes in Figure 1b and 4a,b as the x-axis is parallel to the short axis of the molecules,
the y-axis is parallel to the long axis of the molecules, and the z-axis is perpendicular to the
molecular planes, respectively.
tensors.

Table 1 summarizes the principal values of the calculated g

The orthorhombic anisotropy of the g tensors has been obtained for both 7T and

pentacene.

It is interesting to compare the experimental results with the theoretical calculations.
For the RR-P3HT device, the g factors of the ESR signals of electrically accumulated holes in
RR-P3HT were measured as g = 2.0023-2.0026 depending on the VG.

It is well known that

RR-P3HT has an edge-on orientation due to the formation of a lamellar structure1,17. In this
case, the direction of the x-axis is perpendicular to the substrate plane, which is parallel to the
H direction in the present ESR measurement, where the corresponding g factor is calculated as
gx = 2.0029 from the DFT calculation (see Table 1).
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The observed g factors of electrically

accumulated holes can be basically explained by the edge-on orientation of the lamellar
structure; a small decrease in the g factors of 0.0003-0.0006 from the theoretical value may be
explained by the orientation distribution of molecules in RR-P3HT films34.

Also, there are

large differences between the calculated g factors and spin density distribution of the cationic
and anionic states of 7T, which are clearly shown by an average of the principal values gavg in
Table 1 and Figure 4c,e, respectively. These differences can be explained by the violation of
charge-conjugation symmetry (CCS) due to the existence of sulfur hetero atoms (see Figure 1b
and 4a)46-48. For the case of electrically accumulated electrons, the observed g factor varied
in the range of g = 2.0023-2.0025 depending on the VG.

The observed g factor is considerably

smaller than the calculated gx = 2.0039 for the x-axis direction with a difference of 0.00140.0016, and is relatively close to the calculated gz = 2.0019 for the z-axis direction with a
difference of 0.0004-0.0006.

Thus, this result may point out a possibility that electrically

accumulated electrons exist at the sites where molecules tend to have a face-on orientation with
the z-axis is perpendicular to the substrate plane.

The different molecular sites for the hole

and electron accumulation may be explained by the variation in the energy levels of HOMO
and LUMO of RR-P3HT on the molecular orientation38,49. The electron accumulation on the
molecules with the face-on orientation may be related to lower mobility of electrons than that
of holes in RR-P3HT1.
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Previous works of RR-P3HT molecular orientation have showed that the orientation
of lamellar structure is highly dependent on the formation of thin film, and in spin-coated films
with low regioregularity of P3HT the lamellae are mostly parallel to the substrate50,51.

To

obtain the information of the molecular orientation further, we have performed X-ray diffraction
(XRD) measurements of our spin-coated thin films.

As a result, we have observed the XRD

data with a peak at 5.4°, which corresponds to the formation of edge-on lamellar structure with
an interlayer spacing of 16.4 Å (see the inset of Figure 3a). This result is consistent with the
previous studies for RR-P3HT with high regioregularity50,51,52; we used the RR-P3HT with high
regioregularity in the present study.

We have also confirmed the formation of the edge-on

lamellar structure with a similar fabrication method used in the present work 17.
did not observe XRD data corresponding to the formation of face-on orientation.

However, we
This result

may indicate that there are no large crystal grains with the face-on orientation in our thin films.
While XRD structure analysis may be unsuitable for detecting a very small number of
molecules with face-on orientation, the ESR method may be able to indicate the existence of
the face-on oriented molecules using anisotropic g factors.

For the pentacene device, the g factors of the ESR signals of electrically accumulated
holes and electrons in pentacene were measured as g = 2.0031, which hardly depended on the
VG.

It has been reported that pentacene molecules have an edge-on orientation in thin films,
19

where the y-axis is perpendicular to the substrate plane1,14,36.

For the y-axis direction, the g

factor of the cationic state is calculated as gy = 2.0030 from the DFT calculation (see Table 1).
This result is fully consistent with the observed g factor of g = 2.0031 for electrically
accumulated holes within the experimental error of 0.0001, which indicates that electrically
accumulated holes exist at the sites with the edge-on molecular orientation.

For the case of

electrically accumulated electrons, the g factor of g = 2.0031 was observed.

This value is

slightly larger than the calculated g factor of gy = 2.0028 for the y-axis direction, and is rather
consistent with the calculated g factor of gx = 2.0031 for the x-axis direction.

Thus, this result

may point out a possibility that electrically accumulated electrons exist at the sites where
molecules tend to have an edge-on orientation with the x-axis direction perpendicular to the
substrate plane.

The different molecular sites for the hole and electron accumulation may be

explained by the variation in the energy levels of HOMO and LUMO of pentacene on the
molecular orientation, as discussed above38,49. The electron accumulation on the molecules
with the different edge-on orientation may be related to lower mobility of electrons than that of
holes in pentacene8.

The difference between the calculated g factors of the cationic and

anionic states of pentacene is relatively small (see Table 1), which is reasonably explained by
the CCS without no hetero atom in the pentacene molecule46-48.

For the RR-P3HT and

pentacene devices, further experiments by measuring a rotation pattern of the g factor are
needed to fully analyze the molecular orientation, which are currently in progress and will be
20

reported in a separate paper.

We comment on the transistor characteristics of the present devices. Stable p-type
transistor operation has been observed for the RR-P3HT polymer devices, as reported in the
previous study17.

However, stable n-type transistor operation could not be observed with the

present devices using the ion gel and organic semiconductors.

Also, stable p-type transistor

operation could not be observed for the pentacene oligomer devices.

The possible reason for

unstable n-type operation may be due to strong interactions between cations (EMIM) in the ion
gel and electron carriers, which may prevent stable electron transport.

Also, strong

interactions between anions (TFSI) in the ion gel and hole carriers in oligomer pentacene may
prevent stable p-type transistor operation. In our study, even if electrons or holes cannot be
transported owing to the strong interactions between cations (EMIM) or anions (TFSI) and
electrons or holes, respectively, the ESR method can observe the spin states of the electrons or
holes.

This is the difference between the charge observations with the transport and ESR

methods.

We have performed the ESR studies of organic devices with conventional solid gate
insulators without ion gels14,15,16,34,53.

However, we could not observe a high charge-density

state showing a maximum peak in the VG dependence of the Nspin as shown in Figure 3.
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The

reason has been ascribed to low charge density in the devices with conventional solid gate
insulators. As demonstrated in Figure 3 of the present study, the use of ion gels can achieve
high charge-density states showing a maximum peak in the VG dependence of the Nspin.

The

uses of different concentration of ionic liquid in ion gels and/or different ionic liquid in ion gels
are interesting topics, which are currently in progress and will be reported in a separate paper.

4. CONCLUSIONS
Our results present the spin states of electrically accumulated holes and electrons and
their molecular states in the devices with the typical organic semiconductor materials RR-P3HT
and pentacene using the ESR technique and the DFT calculations.

The formation of spinless

holes and electrons in RR-P3HT and holes in pentacene is demonstrated under high charge
densities regardless of the molecular structures; the spinless charge formation is one of the
interesting physical properties under high charge densities24. This information is also useful
for precisely evaluating the charge mobility in organic semiconductor devices under high
charge density because the mobility cannot be precisely evaluated without determining the
amount of electric charge for a charge carrier. The spinless charge formation may contribute
to high charge mobility due to the decrease in spin scatterings between charges, as discussed in
the ESR studies of carbon materials such as carbon nanotubes and graphene21,23.

The

electrically controllable spin states may be applied to produce novel spintronics because the
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magnetic degree of freedom of a charge carrier plays a crucial role in spintronics.

Our results

would be important for further understating charge states in ambipolar organic semiconductor
materials and may be useful for improving the performance of ambipolar organic
semiconductor devices from a microscopic viewpoint.

Our method is general and can be

applicable to the elucidation of charge states in other organic semiconductor materials.

5. EXPERIMENTAL SECTION
5.1. Fabrication of ambipolar organic devices. The devices were fabricated using two types
of nonmagnetic substrates; one was a polyethylene terephthalate (PET) film with dimensions
of 30 mm × 3 mm × 100 μm (Mitsubishi Polyester Film, Inc.), and the other was a quartz glass
with dimensions of 30 mm × 3 mm × 1 mm (IIYAMA PRECISION GLASS Co, Ltd.).

Gate

electrodes of Ni/Au (3/47 nm) were vapor-deposited on the PET substrate using an ULVAC
VPC-260F vacuum evaporation system.

Ion-gel solutions consisted of an ionic liquid, 1-

ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide ([EMIM][TFSI]) (52.2 wt%)
(Ionic Liquids Technologies, Inc.), a gelator ABA-type triblock copolymer poly(styrene-bmethylmethacrylate-b-styrene) (PS-PMMA-PS) (4.3 wt%) (Polymer Source, Inc.), and a
solvent ethyl acetate (43.5 wt%) (Wako Pure Chemical Industries, Ltd.); the mixture was stirred
for over one and half day, drop-casted on the gate electrode and then thermally annealed at
70 °C under vacuum for over one and half day. The polymer layers were fabricated by spin23

coating a RR-P3HT (Sigma-Aldrich Co. LLC., regioregularity > 95% head-to-tail) solution
with chlorobenzene as the solvent (Nacalai Tesque, Inc.) on the quartz substrate.

After spin-

coating the RR-P3HT solution, the RR-P3HT thin films were thermally annealed at 70 °C under
vacuum for 30 min. The film thickness was approximately 90 nm.

The pentacene layers

with a film thickness of 100 nm were vapor-deposited on the quartz substrate using an ULVAC
VPC-260F vacuum evaporation system under 5×10−4 Pa.

The asymmetric contact electrodes

of Au (47 nm) and LiF/Al (0.5/46.5 nm) were fabricated with a vapor-deposition method on the
organic thin films, which had a channel length of 0.5 mm and a channel width of approximately
23 mm.

Finally, the PET substrate with the gate electrode was placed on the quartz substrate

with the organic layer and the contact electrodes, completing the device fabrication.

The

fabricated device was sealed into an ESR sample tube after the device was connected to wires
by Ag paste in a nitrogen-filled glove box (O2 < 0.4 ppm, H2O < 0.5 ppm).

5.2. Device characterization.

The ESR measurements were performed with a JEOL

RESONANCE JES-FA200 X-band ESR spectrometer and a Keithley 2612A source meter.
The ESR signals were measured as a function of VG by averaging the ESR spectrum over
typically 10–30 min. The g factor and the linewidth of the ESR signals were calibrated using
a standard Mn2+ marker sample. The peak-to-peak ESR linewidth (ΔHpp) was evaluated as
the difference between the two magnetic fields at a peak and valley in the ESR spectrum.
24

The

number of spins (Nspin) was evaluated by integrating the ESR spectrum twice and by comparing
it with that of the Mn2+ marker sample. The absolute value of the Nspin of the Mn2+ marker
sample was calculated using a solution (220 μL) of 4-hydroxy-2,2,6,6-tetramethylpiperidin-1oxyl (TEMPOL) as a standard. The calibration of the g factor was performed using a software
program from the JEOL RESONANCE ESR system considering high second-order correction
to the effective resonance field.

Its correctness was also confirmed using 2,2-diphenyl-1-

picrylhydrazyl (DPPH) as another standard sample.
The quasi-static capacitance-voltage (QSCV) measurements were performed with an
Agilent B1500A semiconductor device parameter analyzer. The number of charges (Ncharge)
were evaluated by integrating a steady-state current in the devices for time, which were
measured as a function of VG.
The X-ray diffraction (XRD) measurements were performed with a PANalytical X'Pert
Pro MPD powder diffractometer equipped with a rapid counting system (X’Celerator).

The

X-ray beam was nickel-filtered Cu Kα (λ = 1.5418 Å) radiation from a sealed tube with a
horizontal line focus operated at 45 kV and 40 mA.
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Figure 1. Schematic of an organic device and the organic materials, and their energy diagrams.
(a) Schematic structure of an organic semiconductor device used in this study. (b) Chemical
structures of the organic semiconductor material RR-P3HT and pentacene.

The definitions of

the coordinate axes of RR-P3HT and pentacene molecules are shown. (c) Energy diagrams of
the HOMO and LUMO of RR-P3HT and pentacene with different charge-accumulation process
under different applied gate voltage (VG).
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Figure 2. Dependence of the ESR spectra of the organic devices on the gate voltage. (a) The
ESR spectra of the RR-P3HT device at positive and negative gate voltage (VG) at the external
magnetic field H perpendicular to the substrate (H⊥ ) at room temperature (RT), where the
voltage between the asymmetric contact electrodes was not applied. (b) The ESR spectra of the
pentacene device at positive and negative VG at the H⊥ at RT, where the voltage between the
asymmetric contact electrodes was not applied.
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Figure 3. The number of spins (Nspin) and the number of charges (Ncharge) of the organic devices.
(a) The VG dependence of the Nspin and Ncharge of the RR-P3HT device at H⊥ at RT, where the
voltage between the asymmetric contact electrodes was not applied.
of X-ray diffraction for a RR-P3HT thin film.

The inset shows the data

(b) The VG dependence of the Nspin and Ncharge

of the pentacene device at the H⊥ at RT, where the voltage between the asymmetric contact
electrodes was not applied. In (a) and (b), solid and open symbols denote the data for forward
and reverse VG sweeps, respectively.
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Figure 4. Chemical structures and the DFT calculations of a model molecule of RR-P3HT and
pentacene. (a,b) Chemical structures of a thiophene heptamer (7T) (a) and a pentacene
monomer (b) used for the DFT calculations.
pentacene molecules are shown.

The definitions of the coordinate axes of 7T and

c-e, The spin density distribution of 7T (c,e) and pentacene

(d,f) for cationic states (c,d) and anionic states (e,f) obtained from the DFT calculations.
directions of the principal axes of the calculated g tensors are shown.
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The

Table 1. Principal values of calculated g tensors gi (i = x, y, z) and the averaged g factor gavg for
7T and pentacene. Principal values of the calculated g tensor gi (i = x, y, z) were obtained from
the DFT calculations for 7T and pentacene.

An average of the principal values gavg was

calculated as gavg = �gx 2 〈l2 〉+gy 2 〈m2 〉+ gz 2 〈n2 〉 using l = sin θ cos φ , m = sin θ sin φ , and
n = cos θ, where < > represents spatial average.

Here random orientation of molecules was

assumed to calculate the gave.

molecule

charge state

gx

gy

gz

gavg

7T

cation

2.0029

2.0008

2.0021

2.0019

7T

anion

2.0040

2.0087

2.0019

2.0049

Pentacene

cation

2.0026

2.0030

2.0024

2.0027

Pentacene

anion

2.0031

2.0028

2.0016

2.0025
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