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Thin films of poly(2,5-bis(3-dodecyl-2-yl)-thieno[3,2-b]thiophene) (C12-PBTTT) polymer under
electrolyte gating and doping are investigated as model systems for organic thin films devices
approaching the metallic side of a metal-insulator (M-I) transition. For the most doped samples,
with an estimated density reaching 8 x 10°°cm ™~ holes and a conductivity exceeding 1000 S cm ™',
a positive high-field magnetoconductance is found in a limited temperature range window and only
when the field is perpendicular to the sample plane. This signature of weak localization, combined
with indications of finite zero-temperature conductivity, allows us to identify delocalized metallic-

like transport in these thin films, even though the conductivity decreases when cooling down the

samples. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4908526]

Metallicity in polymers dates from the discovery of
high-conductivity in chemical-doped polymeric materials.'
Its experimental evidence has however remained elusive, as
a hopping conduction mechanism prevails at low tempera-
tures. The lack of a long range crystalline order gives rise to
localisation of the electron wave functions and makes the
thermally assisted hopping between localized states domi-
nate over the diffusive motion through delocalized states
expected in a band-like transport regime.® Very few counter-
examples have been reported in chemically highly doped
polyaniline'* or polypyrrole bulk materials.>”

Electrolyte gating is a powerful and straightforward
approach to apply large transverse electric fields, and possi-
bly dope polymer films. This technique is directly applicable
to organic field effect transistor devices, makes possible
voltage-tuned filling of the localized tail states, and provides
opportunity for metal-like properties to emerge. Claims of
metallicity have been reported in electrolyte-gated PBTTT-
type thin films through their temperature dependence of the
resistivity signature® and electron spin resonance properties,’
while a Hall effect indication of delocalized transport has
been found in electrolyte-gated P3HT polymer thin film.®
However, as recalled by Wang et al.:* “the sample disorder
(possibly enhanced by the extreme doping conditions) can
lead to additional Anderson localization, and impede a
clear signature of metallicity, like a finite conductivity when
T — 0 and the possible occurrence of weak localization.” In
this letter, we detail our findings on these two experimental
signatures.

High-mobility and high-conductivity samples with mini-
mal occurrence of hopping transport are ideally attractive for
improving the performance of organic semiconductor thin
films, and also highly desired for organic spintronics
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applications, where the expected long spin lifetimes are
motivating scientists to use organic materials for spin manip-
ulation. Solution-processed semiconducting polymers are
very attractive from a processing and handling point-of-
view, but the significant disorder of thin films favours the
insulating side of the M-I transition, and therefore severely
limits the distance over which spin coherence persists.’
While it would be naive to settle here a long-lasting debate
in the solid-state physics community on the definition and
signature of metallicity in organic disordered systems, we
propose to show in the present work that thin polymer films,
relevant for technological electronics applications, can
indeed approach the metallic side of the insulator to metal
transition, with related expectations of dominant delocalized
transport.

Investigations are performed on edge-on oriented C12-
PBTTT thin films (molecular weight 27 kDa, polydispersity
of 1.7) obtained by spin coating from ortho-dichlorobenzene
solution.'® Thin films of 25-30 nm thickness are spin coated
in inert atmosphere on Si/SiO, substrates with patterned
30nm thick Au electrodes (Fig. 1(a)). The sample geometry
allows 4 probes resistance measurements (with two extra
side probes for Hall measurements) on a channel length L of
400 yum and a width W of 100-300 um. The picture of the de-
vice in Fig. 1(b) also shows the opening window of a SiO,
top coverage (50 nm thick) limiting the gate parasitic capaci-
tance and leakage current. Rubber-like ion gel mix of poly(-
vinylidene fluoride-co-hexafluoropropylene), P(VDF-HFP),
and ionic liquid 1-butyl-3-methylimidazolium hexafluoro-
phosphate, [BMIM][PF¢], is used as electrolyte gating me-
dium. This choice of ion gel is motivated by the handling
convenience and temperature stability.'" Polymer processing
and ion gel positioning are performed in a glove box enclo-
sure. On/off gating of 10* ratio is found between —2.5V
and —3.5V bias versus the gate Au electrode, Fig. 1(c).
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FIG. 1. (a) Side-view of the iongel-gated device, with the chemical structure
of C12-PBTTT polymer; (b) optical micrograph of 4-probes (with two sup-
plementary side probes for Hall measurements) device before PBTTT spin-
coating, where a voltage AV, measures the voltage drop of a current
imposed between source and drain electrodes. (c¢) Transfer curve of an
electrolyte-gated C12-PBTTT film, with the arrow indicating the sweeping
direction. Dots indicate the gating level of the samples numbered with
increasing doping levels.

The significant threshold voltage (for electrolyte-gating
standards) is related to a voltage drop due to the limited gate
electrode area and its distance from the active channel
(5mm). The hysteresis of the transfer curve (not shown
here), combined with time analysis of the gate current, indi-
cates that polarizing the electrolyte results in significant elec-
trochemical doping of the polymer film, estimated to reach 8
x 10*® cm™ holes at V,=—3.5V. Samples are cooled-
down under constant gate voltage; ions in the iongel are
immobile below its freezing temperature of ~240K. We
observed that sample cooling stability is critical, with a pos-
sible observed resistance discontinuity, typically occurring at
220 K, which makes our room-temperature doping estimates
possibly biased at low temperatures. Avoiding cooling under
vacuum helps in diminishing this problem, likely related to
the adhesion of the ion gel. Such pressure sensitivity has also
been reported on ionic liquid gating.'?

The temperature dependence of the conductivity is the
main experimental fingerprint of the dominating charge
transport mechanism. Figure 2(a) presents the reduced acti-
vation energy W, defined as the logarithmic derivative of the
conductivity W =d(Ing)/d(InT), for different samples num-
bered 1 — 6 with increasing doping (see Fig. 1(c)). This log-
arithmic derivative W is an unbiased experimental data
presentation differentiating between insulating and metallic-
type behavior.'?> We observe that the most insulating samples
1 and 2 exhibit the expected increased W values when cool-
ing down, with a slope of InW versus InT of approximately
0.35. This slope is reduced for samples 3 and 4 (except a tail
stroke of sample 4 at T <50K). A temperature independent
behavior becomes dominant for the highest doping samples,
with W constant in the whole measured temperature range
(1.5-200K) for samples 5 and 6. A true metallic behavior,
with related decreasing W signature under cooling, is not
observed here.

In the insulating side of a M-I transition, the conductiv-
ity of the system is governed by thermally activated hopping
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FIG. 2. (a) Reduced activation energy W =d (Ing)/d(InT) for samples 1-6.
(b) Log-Log plot of normalized conductivity (at 250K) vs temperature for
samples 1-6; samples 5 and 6 follow a power law function with exponent f3
0.424 and 0.366, respectively. (c) Normalized conductivity of samples 1-6
as a function of temperature. Data at highest T for samples 3, 4, and 6 are
affected by conductance discontinuity, thus omitted for clarity. (d) Low tem-
peratures conductivity properties. The horizontal axis scale and zero—tem-
perature extrapolation (in red) follow the power law described in Eq. (3).

between localized states, and the system follows an exponen-
tial law, with an exponent that depends on the dimensionality
d of the system'*

Tyton\ ™
o(T) = apexp —( Aj{") ) (1)

For samples 1 and 2, we find T, temperatures of several
thousands Kelvin and an exponent approaching 1/3 that cor-
responds to d =2. This illustrates that our system is quasi
two-dimensional (quasi-2D), as expected from the reduced
thickness of our polymer thin film (25-30 nm), which is of
the order of estimated coherence length in the 10 nm range
for highly doped polymers.®

Figure 2(b) shows that samples 5 and 6 follow a power
law dependence of the conductivity, as expected for a con-
ductor in the so-called critical regime,’ i.e., approaching the
metallic side of a M-I transition

o(T) = (pr/1?) (kpT /E)"" oc TP, (2)

where pf is the Fermi momentum, and 1 <5 < 3.'5 The latter
is consistent with the fitted values for 5: f=0.366 for sam-
ple 6 and ff=0.424 for sample 5. It is quite remarkable to
observe a simple power law with such a small exponent in
the whole range of measured temperatures spanning more
than two decades. This strongly suggests that these two sam-
ples are at the onset of metallic state, with metallicity fully
established when f§ < 0.33."'¢

The normalized plot in Figure 2(c) emphasizes the tran-
sition from convex conductivity versus temperature curves
for insulating-type samples, to concave curves found for
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highly conductive samples. This relates to the change of the
second derivative ¢”(T) sign when moving from the insulator
towards the transition to the metallic side, as deduced from
Egs. (1) and (2) (if < 1). Interestingly, we found that this
presentation of the data is illustrating at best the contrast
between the two types of samples. Note that the noise in the
data significantly exceeds the measurement setup noise at
the intermediate case 3 (Fig. 2(c)).

The samples behavior when T — 0 is studied in more
details in Fig. 2(d), revealing that the highest conductivity
samples 5 and 6 are characterized by a positive value of the
extrapolated T=0K value on the y-axis, indicative of a fi-
nite zero temperature conductivity. The conductivity temper-
ature dependence for a disordered metal is described by the
relationship®

o(T) = 6o + aT'* + bT7/?, (3)

where the second term is the lowest order correction to the
conductivity arising from electron-electron interaction and the
third term is determined by the correction to g, due to the
weak-localization effects. At low temperatures, phonon scat-
tering is strongly reduced and the main dephasing mechanism
is electron—electron interactions. Moreover, theoretical calcu-
lations show that the exponent p reaches 1 when approaching
the metallic side of the transition,'” justifying the ¢ — T'?
approximation in Fig. 2(d). The intercept with the T=0K
axis becomes larger (respectively, o ~ 40 S cm ™" for sample
5and 150 S cm™! for sample 6) for increasingly conductive
samples, while the zero temperature conductivity is negligible
for samples on the insulating side of the transition. The finite
zero-temperature conductivity is considered to be the key ex-
perimental signature of metallicity. Such indication in Fig.
2(d) is quite remarkable for samples having a non-decreasing
resistivity under cooling. Note that finite 0 K conductivity and
a temperature power law of the conductivity are also predicted
for a nuclear-mediated polaron hopping model."® We find
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however that our exponent values are smaller by a factor of
3-20 than those reported in Ref. 18. Our high conductivity
would also result in unusually long hopping lengths under the
hypothesis of Ref. 18. In the following, we show how magne-
toconductance (MC) studies confirm the expectation (common
to both models) that significantly large phase coherence length
can occur in our samples.

For conducting polymer thin films approaching the me-
tallic side of the M-I transition, both electron-electron inter-
actions and weak localization effects are expected to
coexist in the MC response, providing contributions of op-
posite signs: a magnetic field suppresses the quantum inter-
ference processes related to weak localization of charge
carriers, leading therefore to positive MC; electron-electron
interactions lead to negative MC, and are expected to
become dominant when decreasing the temperature.®'® If
the carriers trajectories are mostly planar, as expected in
our anisotropic thin film, disruption of weak localization
should only occur when the applied field is normal to the
plane, in contrast to the isotropic electron-electron interac-
tions contribution. Temperature studies of the anisotropy of
MC properties of the highly conductive samples are there-
fore performed (Fig. 3).

The occurrence of positive MC of a few percent (Fig.
3(a)) suggests that the most conductive samples have
accessed a metallic-like type of transport in which the coher-
ence length is long enough to give rise to quantum interfer-
ence effects. This effect disappears at high temperatures, as
expected when phase-breaking scattering events become
dominant. In the lowest temperature range, the positive MC
disappears and a significant negative MC dominates (Fig.
3(c)). This crossover is expected as electron-electron interac-
tions start taking place at the lowest temperatures. For sam-
ple 5 the crossover temperature is around 4.5K, with a
slightly lower transition temperature for sample 6, still
exhibiting positive MC signature at 3K (not shown here).
Note that the noise of the MR properties in Fig. 3 also
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appears anisotropic. Such peculiarity, possibly related to the
quoted intrinsic sample noise mentioned in Fig. 2, deserves
more systematic studies, beyond the scope of this letter.
Positive MC has been reported for thick bulk-like chemically
doped poly(acetylene),”® poly(p-phenylenevinylene),>' and
PANI-AMPSA,** all suggesting the occurrence of weak
localization. Such a clear temperature transition between the
two regimes has not been reported for organic systems. Our
thin quasi-2D samples also provide a unique opportunity to
study anisotropy properties of MC.

Figs. 3(b) and 3(d) represent MC in the case of magnetic
field parallel to the sample plane, more specifically parallel
to the source-drain current direction. At low temperatures,
the MC is essentially isotropic, as expected from isotropic
e-e interactions. The complete absence of positive MC up to
60K (Fig. 3(b)) illustrates the anisotropy of MC properties.
This is in agreement with the strongly anisotropic nature of
the sample, for which a normal magnetic field orientation is
much more efficient for breaking the constructive interfer-
ence of self-closing paths. We therefore consider that the an-
isotropy of the positive MC, as well as its limited
temperature range occurrence (limited by electron-electron
interactions at lowest temperatures and phonon-electron cou-
pling at higher temperatures) strongly point towards the
occurrence of weak localization effects.

For disordered electronic systems, the electron-electron
interaction decreases the conductivity when applying the
magnetic field due to the Zeeman splitting of bands, with a
related change of conductivity>'®

Ac(H,T) = —0.041(gup/kg)oayF ;T3> H?,
forgugH < kpT, (4a)

AG(H,T) = 0g9F,T"> — 0.7704(gup /ks) "/ *yF ,H'?,
forgugH > kgT. (4b)

We illustrate in Fig. 4 that the low (respectively, high) field
conductivity indeed follows a H* (respectively, H'"?) power
law, confirming the hypothesis of dominant electron-electron
interactions below 4.5 K.

In conclusion, highly conductive CI12-PBTTT results
from electrolyte gating, with values between 1200 = 200 S/
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FIG. 4. Magnetoconductivity as a function of H'? at several temperatures,
with linear dependence expected at high field (underlined by the red lines)
for e-e interactions model. Inset: Conductivity as a function of H? at several
temperatures with linear dependence expected at low field. The magnetic
field is normal to the sample plane. Data are the same as Figs. 3(a) and 3(c).
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cm and 1600 =200S/cm for the most doped samples
(respectively, 5 and 6). They exhibit the finite low-
temperature conductivity and weak localization experimental
fingerprints of a quasi-2D disordered metallic thin film.
While our findings do not exclude a nuclear-mediated hop-
ping mechanism with very long (several tens of nm) hopping
distance, they call for more calculations and studies of mag-
netoresistance properties in such model. One should empha-
size that our findings are of particular importance when
considering the type of materials, with processing and thin
film geometry directly relevant for applications, such as tran-
sistor devices. A strategy of electrolyte doping of thin poly-
mer films can be of high interest for organic spin valve
devices as well. Increasing scattering or hopping lengths,
and providing a better resistance match between active chan-
nel and electrodes could make significant electrical spin
injection and detection with metallic magnetic electrodes
possible.
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