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Magnetic interactions and magnetism of high-density charges in a polymer transistor were
investigated by electron spin resonance (ESR). The anisotropy of the ESR spectra indicated an
edge-on molecular orientation and the existence of two-dimensional magnetic interactions between
the spins of the charges, reflecting high charge density. The voltage dependences revealed that the
magnetism of charge carriers changed from paramagnetic to nonmagnetic as charge density increased.
These results provide insight to the charge transport mechanism of polymer semiconductors with high
charge densities. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4800550]

Controlling charge density is key to tuning the physical
properties of materials. Inducing high charge densities in
materials by using electrolyte-gated transistor structures
achieves several interesting phenomena, such as electric field-
induced superconductivity'*? and electrically induced ferro-
magnetism at room temperature.” Moreover, electrolyte-gate
technique also achieves transistor operations with high current
amplification in low voltage.*'® These phenomena are due to
a large amount of charge accumulation that is achieved by an
electrolyte-gate dielectric in devices. The capacitances are
generally very large (~10-100 uF cm™?), which is 100-1000
times larger than that of conventional solid-gated transistors.
Interactions between charges are strong under high charge
density conditions, and the electronic states differ from those
at low charge densities. However, the influence of the effects
cannot be sufficiently evaluated using only macroscopic char-
acteristics, such as current-voltage characteristics. The investi-
gation of the electronic states at a microscopic level would be
extremely important not only for fundamental understanding
of materials at high-charge density but also for improving the
performance of electrolyte-gated transistors.

For such microscopic characterization, we have utilized
electron spin resonance (ESR) as one of the microscopic
characterization techniques to investigate the charge states in
organic field-effect devices''™” and solar cells.'® In ESR
studies using field-effect devices, charges are injected into
semiconductors by applying gate voltage (V) that can be
detected spectroscopically if the charges have magnetic
moments (spins). This technique allows us to obtain micro-
scopic properties and correlate them with macroscopic char-
acteristics. We and other groups have investigated the
various microscopic properties of organic field-effect transis-
tors (FETs) gated by solid insulators using ESR.'*!>"'7-19
However, electrolyte-gated transistors have not yet been
studied by this ESR technique and the electronic states under
high charge density were unclear.
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In this letter, we report microscopic properties of poly-
mer thin-film transistors (TFTs) such as magnetic interac-
tions and magnetism of high-density charges using ESR; the
transistors are gated by a special class of solid polymer elec-
trolytes known as ion gels. The anisotropy of the ESR spec-
tra indicated an edge-on molecular orientation in transistor
channel and the existence of two-dimensional (2D) magnetic
interactions between charges, reflecting high charge density.
The voltage dependences of simultaneously evaluated ESR
and FET characteristics revealed that the magnetism of the
major part of charges drastically changed from paramagnetic
to nonmagnetic as charge density increased. These results
provide insight to the charge transport mechanism of poly-
mer semiconductors with high charge densities.

Electrolyte-gated transistors are known to have two ba-
sic charge-induction mechanisms: electrostatic doping and
electrochemical doping.*'® The two mechanisms are
different from each other, but both of them can operate
electrolyte-gated transistors in the low voltage region with
high on/off current ratios.* ' The charge-induction mecha-
nism of our devices is electrochemical doping. Ion gels,
which consist of ionic liquids and network ABA-type tri-
block copolymers, are currently attracting much attention as
dielectric layers because electrolyte-gated transistors based
on ion gels have much better dynamic behavior than
electrolyte-gated transistors based on normal solid polymer
electrolytes; in addition, ion gels have more mechanical
strength than ionic liquids.”*° The details of ion gels includ-
ing their morphological structure are described in
literatures.”*>*~2* This technology can potentially be applied
in solution-processable high performance flexible electronics
and in the investigation of physical properties of various
materials under high charge density.

First, we explain transistor fabrication. Regioregular
poly(3-hexylthiophene) (RR-P3HT) (Sigma-Aldrich) (see
Fig. 1(a)) was used as the polymer semiconductor, 1-ethyl-3-
methylimidazolium  bis  (trifluoromethylsulfonyl)imide
([EMIM][TFSI]) (Ionic Liquids Technologies) was used as
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FIG. 1. (a) Schematics of the edge-on lamella structure of a film of the poly-
mer semiconductor RR-P3HT (R=C¢H;3) and 2D magnetic interactions
between charges in the RR-P3HT film at high Vg regions. (b) Schematics of
the TFT structure used in this study. The two drain electrodes are made to
short-circuit with each other.

the ionic liquid, and poly(styrene-b-methylmethacylate-b-
styrene) (PS-PMMA-PS) (Polymer Source) was used as the
ABA-type triblock copolymer. RR-P3HT is known as a high
performance conducting polymer, and the combination of
[EMIM][TFSI] and PS-PMMA-PS forms ion gels that
shows large capacitance and high ionic conductivity.>*°
Figure 1(b) depicts the TFT structure used in this study. Two
nonmagnetic substrates of a polyethylene terephthalate
(PET) film (30mm x 3mm x 100 ym, substrate-1) and a
quartz substrate (30mm X 3mm X 1 mm, substrate-2) were
used to fabricate TFTs.*?* Ni (3 nm)/Au (47 nm) electrodes
were vapor-deposited. Ion-gel layers consisted of
[EMIM][TFSI] and PS-PMMA-PS were fabricated by drop-
casting on the gate electrode. The source and drain electro-
des have a channel length (L) of 0.5 mm and a total channel
width (W) of approximately 50 mm. The polymer semicon-
ductor layers were fabricated by spin coating on the source
and drain electrodes. The thickness of the films was approxi-
mately 350 nm. Finally, substrate-1 was placed on substrate-
2 to complete the TFT fabrication.®”** All measurements
were performed at room temperature in the dark and under
vacuum conditions.

Next, we confirm standard transistor operation. The
transfer characteristics (drain current, I, versus Vg) were
measured with a semiconductor device analyzer (B1500A,
Agilent Technology) at a V5 sweep rate of 50mV per 30s
and a drain voltage (Vp) of —1.0 V. The data showed typical
p-type transistor operation with a threshold voltage (Vi) of
0.2V, a subthreshold swing of 0.12 V/decade, an on/off cur-
rent ratio larger than 10, and a field-effect mobility (u) of
0.09 cm?/Vs. These values except for p are approximately
equivalent to those in previous reports.*®° The u was
calculated from ID:(W/ZL),uC,~(VGthh).2 Here, the

Appl. Phys. Lett. 102, 133301 (2013)

gate-insulator capacitance per unit area C; was estimated
from Q;=C;Vg and Vp=0V. The Q, is the accumulated
charge per unit area and is calculated from the number of
spins (Ngpin) measured with ESR. Note that the charge mo-
bility was somewhat overestimated in this case because
Ngpin obtained from ESR measurements is lower than the
number of charges owing to nonmagnetic carrier formation
described below. We here comment the reason for the lower
mobility of our devices compared to those in previous
reports.4_6’9 One possibility is due to the use of a large
active area (L=0.5mm, W=50mm) and a thick film
thickness (350nm) compared to typically used area
(L=0.02mm, W=0.1—0.4mm) and thickness (20 nm).>°
The reason for using such large area and thick film is to
improve the signal-to-noise (SN) ratio of ESR signal,
because the ESR intensity is proportional to the number of
charges, which is expected to increase as the area and thick-
ness increase owing to electrochemical transistors. The diffi-
culty in fabricating large active area probably causes
inhomogeneity of film quality, which may decrease the mo-
bility of our devices.

Next, we show the results of ESR measurements for the
TFTs. Figure 2(a) displays the ESR spectra of the TFT at
0=96° and 6° at Vg=—-0.6V, and 0=6° at V5=02V
where Vp=0V. Here, the abscissa 0 denotes the angle
between the external magnetic field (H) and the normal of
the substrate, as shown in the inset of Figure 2(b). The ESR
signal was almost absent at VG=0.2'V because of charge
depletion. The ESR signals at Vg =—0.6V are attributed to
holes with electron spins, which have been injected into the
polymer semiconductor. In other words, the origin of the
ESR signal is due to positive polarons, P*s, which have
S =1/2 spins in the polymer.'""'>~'*> The ESR measurements
were performed with a JEOL JES-FA200 X-band ESR
spectrometer and Keithley 2612 A source meter. The peak-
to-peak ESR intensity (/gsr), Nepin, and g-values were cali-
brated by using a standard sample of a Mn”" marker. The
ESR linewidth (AHy/,) was evaluated from the full width at
half maximum of the first integrated ESR spectrum.

The angular dependence of the g-value is shown in
Fig. 2(b). The anisotropy of the g-value reflects molecular
orientation through anisotropic spin-orbital coupling of
n-electrons in molecules. The anisotropy of the g-value of
the RR-P3HT chains has been reported to follow the order
gx > gz > gy, where the Y-axis is parallel to the polymer
chain direction, the Z-axis is perpendicular to the thiophene-
ring plane, and the X-axis is perpendicular to the Y- and
Z-axis (see Fig. 1(a))."® The observed monotonic variation of
g-value with a maximum at 0 = 0° and a minimum at 0 = 90°
is consistent with previous ESR studies on solid insulators at
low charge density.'"'>'> We have also confirmed such
monotonic variation of g-value at low charge density
(Vg=-0.3V) using a similar TFT device (see Fig. 2(c)).
This monotonic behavior reflects an edge-on molecular ori-
entation of RR-P3HT due to the formation of a lamellar
structure that is reported by X-ray studies as schematically
shown in Fig. 1(a)."""'*'>?* Note that the schematic repre-
sents the molecular orientation in a grain of RR-P3HT and
also disregards the fluctuation in molecular orientation in the
layer on the substrate for the sake of simplicity. In actual
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FIG. 2. (a) The ESR spectra of the TFT at 0 =96° (solid line) and 0 = 6°
(dashed line) at Vg = —0.6 V, and 0 =6° at V5=0.2V (dotted line) where
Vp=0V. Because the ESR signal at V5 =0.2V is almost absent, the angu-
lar dependence can be neglected. (b) Main panel: Angular dependence of the
g-value (circles) and ESR linewidth AH/, (squares) of the ESR signal due
to polarons in the RR-P3HT at Vg =—0.6 V and Vp=0V. The solid line is
a fitted curve of AH,,, and the expression can be derived from the theory of
exchange-narrowed ESR linewidth based on 2D magnetic dipolar interac-
tions. Inset: Definition of the angle 0 between the external magnetic field H
and the substrate. In the case of H perpendicular to the substrate, 0 is defined
as 0°. (c) Angular dependence of the g-value (circles) and the AH,;
(squares) at Vg =—0.3V and Vp =0 V. The solid line is a guide to eyes.

films, the directions of the polymer chains in each grain are
random due to spin coating.

In contrast to the case of the g-value, the angular depend-
ence of the AH, at Vg=—0.6V is completely different
from the monotonic variation reported in previous ESR stud-
ies. The dependence shows two maximums at 0 =0° and 90°
and a minimum at 0 = 55° (see Fig. 2(b)). In previous reports,
AH,», monotonically increases as 0 increases from 0° to 90°,
where the origin of AH;,, was ascribed to hyperfine interac-
tions between the electron spins of P*s on carbons and the
nuclear spins of hydrogen bonded to the carbons.'""'*!> We
have confirmed such monotonic increase in AHi, at low
charge density (Vg = —0.3V) (see Fig. 2(c)); large error bars
are due to low SN ratio of the ESR signal. The unexpected
angular dependence at Vg = —0.6 V can be approximated by
the expression AH,=A (3cos’0 — 1)> + B, where A and B
are constants and the AH;, shows a minimum at 0 =155°
(magic angle). This expression can be derived from the
theory of exchange-narrowed ESR linewidth based on 2D
magnetic dipolar interactions.”>° In Fig. 2(b), the solid line

Appl. Phys. Lett. 102, 133301 (2013)

shows a least-squares fit of the AH ), with fitting parameters
of A=34 uT and B =223 uT. At higher V5 (—1.4 V), we also
observed the behavior AH,,, =A (3cos’0 — 1)* + B, with fit-
ting parameters of A =34 uT and B =681 uT. These features
of AHy, provide the evidence of magnetic interactions
between P's. Such magnetic interactions had never been
observed in previous ESR studies because previous devices
had accumulated low-density charges. Therefore, we have
discovered 2D magnetic interactions between Ps in the RR-
P3HT TFT under high charge density. These observations are
schematically depicted in Fig. 1(a). The absence of interac-
tions between layers might be due to the large distances
(approximately 1.6 nm) between layers,27 2D charge transport
and electronic excitations in polymer materials have been
reported;***® however, 2D magnetic interactions in polymer
materials have not yet been reported.

We here discuss the reason for the change of the anisot-
ropy in the g-value when Vg varies. At Vg below —0.6 V, the
anisotropy in the g-value is observed, which means that the
electrolyte does not disrupt the molecular packing and
change the orientation of the polymer chains. Possible expla-
nation for observing the anisotropy is that ions of the ionic
liquid penetrate into only grain boundaries in RR-P3HT
films, not into grains of RR-P3HT at such low V. In this
case, the molecular orientation of RR-P3HT is expected to
be not disordered largely. On the other hand, at a high Vg
(—1.4V), the anisotropy in the g-value was found to
decrease considerably, which indicates the disordered molec-
ular orientation of RR-P3HT. The reason for this disorder is
probably related to the penetration of ions of the ionic liquid
into RR-P3HT grains in RR-P3HT films. These penetrations
will be also discussed later.

Next, we discuss the Vg and Vp, dependencies of the ESR
spectra. Figure 3(a) shows the dependence of Igsg, AH, 5, and
Ngpin 0n V. In the low |V regime below ~0.8 V, Igsg and
Ngpin monotonically increased, whereas AH;, was almost
constant with increasing |V|. This behavior can be explained
by the increasing number of P*s. Here, we explain the charge
induction process for this case. If the injected charges are
only accumulated at the interface between the ion gel and the
polymer semiconductor (electrostatic doping), approximately
18% of the thiophene rings of RR-P3HT are estimated
to have been doped at a maximum N, of 9.5 X 10" at Vgl
= 0.9 V using lattice constants.”” However, this spin concen-
tration cannot be realized from the following reasons. First,
the spatial extent of P's has been reported to be approxi-
mately 10 thiophene rings for regioregular poly(3-alkylthio-
phene).”’ Thus, separated P's cannot be formed at the
estimated high spin concentration (18%), because the maxi-
mum spin concentration for the formation of separated P's is
expected 10%. Second, in a highly doped nondegenerate con-
ducting polymer RR-P3HT, the stable charge state has been
reported to be changed from magnetic (S = 1/2) polarons to
nonmagnetic (S=0) polaron-pairs (PP"s) or bipolarons
(BP*s) with increasing doping concentration or with decreas-
ing the Coulomb interaction by theoretical and experimental
studies.>>*! That is, when the electron-lattice interaction or
the electron-lattice coupling overcomes the electron-electron
interaction, PP"s or BP™s is energetically stable than sepa-
rated P"s.> Thus, the estimated high spin concentration
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FIG. 3. (a) The dependence of the ESR intensity, /gsr (up triangle), AH,,
(square), and number of spins, Nypi, (down triangle) on Vg, where Vp=0V.
The H is perpendicular to the substrate. (b) The dependence of Igsg (trian-
¢gle) and Ip (rhombus) on Vg at Vp=—1.0V using a Vg sweep rate of
100mV per 1440s. The solid and open symbols represent the data for for-
ward and reverse sweeps, respectively.

(18%) cannot be realized because of nonmagnetic charge for-
mation mentioned above. Therefore, the charge induction pro-
cess is confirmed to be electrochemical doping. Note that we
obtained another evidence for electrochemical doping by
measuring Vp dependence of ESR signal. The result showed
that Vp-induced ESR signals were observed by applying neg-
ative Vp without Vg, whose origin is the same as that of V-
induced ESR. The phenomena cannot be explained by the
interface charge accumulation (electrostatic doping). On the
other hand, if the entire polymer-semiconductor film with a
thickness of ~350nm is assumed to be uniformly electro-
chemically doped, approximately 0.08% of the thiophene
rings would have electron spins. However, this density is too
small to observe the maximum Ny, because there is no maxi-
mum behavior of Ny, up to 0.4% doping level in the previ-
ously reported ESR studies.' L4 This assumption also
contradicts the existence of magnetic interactions between
charges. Therefore, this result indicates a charge-density dis-
tribution in the polymer-semiconductor layer in the TFT.

To study the above charge-density distribution, we have
fabricated additional devices with different RR-P3HT film
thickness (approximately 90 nm) and with different device
structure where source and drain electrodes were evaporated
on RR-P3HT films and thus are adjacent to an ion gel. As a
result, the mobility improved from 0.09 to 0.19 cm?/Vs. This
result is probably explained by a gradient in charge density
normal to the transistor channel, with higher charge density

Appl. Phys. Lett. 102, 133301 (2013)

near the RR-P3HT/ion-gel interface, because bulk resistance
of RR-P3HT films normal to the channel in the device shown
in Fig. 1(b) is larger owing to the thick film thickness
(approximately 350 nm) than that of the above-mentioned
additionally fabricated device.

Finally, we discuss the high-density charge region. In the
high |Vg| regime above 0.9V, a decrease in Igsg, an increase
in AH, ), and a slight decrease in Ny, were observed. The fea-
ture of the AH,,, increase is qualitatively consistent with that
by the electrochemical oxidation of RR-P3HT.*! The behavior
of Ny, can be explained by the formation of nonmagnetic
charges (PPZJr or BP”), as discussed above. Figure 3(b) shows
the results of the simultaneous measurements of the transfer
characteristics and ESR of the TFTs. While the value of |Ip
monotonically increased with increasing |Vg|, the value of
Ixsr peaked at Vg near —0.2 V and decreased for larger |V].
The results clearly indicate that the decrease in /gsg shown in
Fig. 3(a) does not indicate a decrease in accumulated charges
but the formation of mobile nonmagnetic charges. The mono-
tonic |/p| increase implies a continuous increase in the number
of hole carriers and denies the non-accumulation of hole
charges. This result directly demonstrates that nonmagnetic
charge transport is realized in regions with high charge density.
Such nonmagnetic charge transport has not yet been reported,
which is one of the physical properties caused by high-density
charges. This finding indicates that the spin, which determines
the paramagnetic or nonmagnetic nature of the system, can be
controlled by Vg, which may be applied to produce spin tran-
sistors. Finally, we comment that organic transistors gated by
electrolytes are known to have I, maxima in transfer character-
istics.*® The relationship between the nonmagnetic charge
states clarified from this study and the /;, maxima is an interre-
lated problem and is open for future studies.

In summary, we have fabricated ion gel-gated polymer
TFTs with RR-P3HT as the polymer semiconductor,
[EMIM][TFSI] as the ionic liquid, and PS-PMMA-PS as a tri-
block copolymer; we then studied them by ESR. From the
anisotropy of the g-value, the molecular orientation of the RR-
P3HT layer was confirmed to be edge-on. Moreover, from the
anisotropy of AH{),, we discovered 2D magnetic interactions
between holes caused by high charge densities. The simultane-
ous measurements of the ESR and transfer characteristics clari-
fied that nonmagnetic hole transport (PP*" or BP*") occurs at
high charge densities. From this study, we propose that mag-
netic interactions between charges and magnetism need to be
considered to understand the charge transport mechanism at
high charge densities; these interactions also need to be consid-
ered when studying the potential of spin engineering or field-
induced superconductivity in conducting polymers.
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fruitful discussions. This work was partly supported by
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Grant-in-Aid for Scientific Research (21224009), “Funding
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Strategic International Collaborative Research Program
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