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Indacenodithiophene-co-benzothiadiazole (IDTBT) has emerged as one of the most exciting semiconducting polymers
in recent years because of its high electronic mobility and charge transport along the polymer backbone. By using the
recently developed ion gel gating technique we studied the charge transport of IDTBT at carrier densities up to 102! cm™3.
While the conductivity in IDTBT was found to be enhanced by nearly six orders of magnitude by ionic gating, the charge
transport in IDTBT was found to remain 3D Mott variable range hopping even down to the lowest temperature of our
measurements, 12 K. The maximum mobility was found to be around 0.2 cm?-V~!.s~!  lower than that of Cytop gated
field effect transistors reported previously. We attribute the lower mobility to the additional disorder induced by the ionic

gating.
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1. Introduction

Semiconducting polymers have generated great interest
in recent years due to their potential applications in flexible
electronics that can be processed from solution. An impor-
tant goal for semiconductor polymer research is to improve the
mobility of these polymers. The mobility in semiconducting
polymers tends to be low because of the structural disorder. In
the past decade, a lot of efforts have been devoted to design
of polymers of high crytallinity. In crystalline and semicrys-
talline polymers such as reioregular poly-3-hexylthiophene
(P3HT)! and poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-
b]thiophene) (PBTTT),?! high mobility is achieved because
lamellar structure of m—x stacking backbone along the sub-
strate normal (edge on) provides efficient charge transport
pathways. Very recently, it has been found that several donor—
acceptor co-polymers exhibit surprisingly high mobilities,!
despite that they are much less structurally ordered than
P3HT and PBTTT. Among them, indacenodithiophene-co-
benzothiadiazole!*! (IDTBT) shows one of the highest mobil-
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ities, exceeding 1 cm?-V~!.s71. Recent spectroscopic mea-
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surements and molecular dynamics calculations suggest a

[3-6] leading to low ener-

near-torsion-free IDTBT backbone,
getic disorder in IDTBT films. It is suggested that the charge
transport in IDTBT is dominated by conduction along the
“disorder-free” rigid backbone, where the disorder-induced
carrier localization is very weak.

The mobility of the semiconducting polymer can be fur-
ther enhanced by chemical doping. At low carrier concen-
tration, the charge transport in semiconducting polymers is
mainly thermally assisted hopping between localized elec-
tronic states, with very low mobility. Increasing carrier con-
centration by chemical doping leads to carrier delocaliza-
tion and diffusive transport. In some bulk semiconducting
polymers, for example, polyaniline!”-8! and polypyrrole,!
even metallic state has been achieved. More recently, ul-
tra high carrier densities have been induced controllably
over a wide range by electrochemical doping using ionic

10,11

liquid/gel. "% This reversible process resembles the chem-

ical doping. In ion gel gated P3HT transistors, the mobility
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reaches ~ 1 cm?-V—l.g~1 compared to 0.1 em?-V-ls ! in
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Si0O, gated field-effect transistors (FET). Moreover, Hall effect
was observed in P3HT, indicating diffusive transport at high
carrier densities.!"?! In ionic liquid gated PBTTT transistors,
mobility approaching 3 cm?-V~!.s~! was also reported.'3!

In this paper we apply the ion gel gating technique to in-
duce ultra-high carrier density in IDTBT. We successfully fab-
ricated ion gel gated IDTBT thin film transistors, with on/off
ratio approaching 10% in vacuum. The carrier mobility at car-

—3 was found to be on the order of

rier densities up to 102! cm
0.1 cm?-V~1.s~!. To further understand the charge transport
mechanism in IDTBT, we measured and analyzed the temper-
ature dependence of resistivity at different carrier concentra-

tions.

2. Methods and experiments

To fabricate the device, Cr (3 nm)/Au (25 nm) bottom
electrodes were first patterned on SiO,/Si substrates using
photolithography. IDTBT film was then spin-coated from a
chlorobenzene solutions (5 mg-ml~!) to a thickness of 27 nm,
measured by an profilometer. The film was then manu-
ally patterned with a cotton swap under a microscope. Ion
gel was spin coated on a glass substrate, cut with a razor
blade and then laminated onto the SiO,/Si substrate. The ion
gel solution was prepared by dissolving P(VDF-HFP) (pur-

chased from Sigma—Aldrich) and [EMI][TFSI] (purchase from
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Sigma—Aldrich) in acetone. The weight ratio was P(VDF-
HFP):[EMI][TFSI]:Acetone = 1:4:7. The details of the prepa-
ration of the ion gel can be found in Ref. [14]. Then the device
was baked for 24 h at 70°C in N, glove box.

Figure 1(a) shows the chemical structure and schematic
illustration of the “face-on” orientations of the IDTBT back-
bone. To check the quality of our IDTBT film, we have fab-
ricated the Cytop gated bottom contact IDTBT FET devices
using the same method reported by Zhang et al.'> The char-
acteristics of transfer curves of the FET devices are similar to
those reported in the literature and the room temperature mo-
bility of the Cytop gated devices are ~ 1.5 cm?>-V~!.s~! con-
sistent with the previous reported values.® Figure 1(b) shows
the schematic illustration of the ion gel gated IDTBT transis-
tors. The electrodes were patterned into a Hall-bar geometry to
carry out 4 terminal resistance and Hall effect measurements.
In our devices, the contact area between the gate electrode and
ion gel is comparable to or smaller than the area of the poly-
mer, which leads to a difference between the voltage drop at
the liquid/polymer and the applied voltage. The reason we
have small size of the ion gel is that it is good for the mechani-
cal stability of the device at low temperatures. We have carried
out extensive experiments to prove that the small contact area
between the gate electrode and ion gel is a not limiting factor
for introducing ultra-high carrier density.

IDT-BT
(semiconductor) gate
/ drain
source
ion gel
SiO,
(substrate)
(b)

Fig. 1. (color online) (a) Molecular structure of IDTBT (top), and schematic illustration of the “face-on” orientations with red rectangular shapes denoting
the conjugated backbone of the IDTBT thin film on the substrate. (b) top view of the ion gel gated device structure (with channel size of 500 pmx 1300 pum).

3. Results and discussion

The two terminal Ip—Vg transfer curves of a typical ion
gel gated IDTBT transistor measured in ambient condition
area are plotted in Fig. 2(a). The device shows the character-
istics of a p-type ion gel gated thin film transistor, with a large
hysteresis, probably due to the slow motion of the ions and the
side gating geometry. The small contact area of the gate elec-
trode and the ion gel is also responsible for the hysteresis. It
has been shown that reducing the thickness of the ion gel and
employing top gate geometry could decrease the hysteresis.[!5]
The device is turned on at Vg = 1.5 V, with an on/off ratio of

nearly 10*. The current at Vg = —2.0 V is ~ 10 pA. Sweep-
ing Vg beyond Vg = —2 V may cause degradation of the de-
vice. The color of the IDTBT film changes reversibly from
blue at off state to transparent at on state, indicating that the
bulk of the film is electrochemically doped. In vacuum, the
turn-on voltage shifted to —2.4 V, with an higher on/off ratio
approaching 10° due to significant decrease in the off current.
The shift in the turn-on voltage and a lower off current may
both be explained by the removal of oxygen gas, which was
known to serve as a p-type dopant in organic devices. The
maximum [p is about the same as that in ambient.
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Fig. 2. (color online) (a) and (b) typical transfer characteristics at 300 K in vacuum and in ambient conditions while Vps was kept at —0.5 V. Chemical

structure of ionic liquid [EMI][TFSI] is shown between (a) and (b).

In order to determine the density and mobility of the car-
riers, the total injected charge Q was measured by integrating
the gate current over a long time at room temperature. As
an example, figure 3(a) shows the Q versus time with gate
voltage Vi changing from —2.0 V to —3.0 V for one de-
vice (Device 1). The carrier density was then estimated by
p = Q/V, where V is the total volume of the IDTBT film,
as shown in Fig. 3(b). If the film is uniformly doped, the
charge carrier density can be estimated using the film thick-
ness of 27 nm. The maximum carrier density achieved is
9 x 10%° cm™3. The four-terminal conductivity ¢ as a func-
tion of Vg is shown in Fig. 3(c). The maximum conductiv-
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ity is about 8 S/cm at room temperature, lower than other
ionic liquid/gel gated polymer transistors. The contact resis-
tance in our devices was found to be 60 Q-cm. The mobility
changes from ~ 6.0 x 107% cm?-V~l.s7l at Vg = —2.2 V to
~0.1 em?>-V~1.s7! at Vg = —3 V, as shown in Fig. 3(d). The
data from two other devices (Devices 2 and 3) are also shown
in Figs. 3(b)- 3(d), exhibiting similar carrier density, conduc-
tivity and mobility. The inset of Fig. 3(d) summarizes the max-
imum mobility of 32 devices. The maximum mobility in the
ion gel gated IDTBT transistors are significantly lower than
the mobility ~ 1.5 cm?>-V~!-s~! in the Cytop gated devices.
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Fig. 3. (color online) (a) Accumulated charge (Q, integrated from the gate current) versus time at different gate voltages from —2 V to —3 V. (b) Calculated
gate voltage dependence of hole density of 3 devices. (c) Electrochemical doping dependence of four terminal conductivity. Data from 3 devices were
shown. (d) Electrochemical doping dependence of mobilities of carriers of the three devices. Inset is mobility distribution histogram of 32 devices.
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To gain more insight into the charge transport mecha-
nism of ion gel gated IDTBT, we measured the temperature
dependence of conductivity at different gate voltages down
to 12 K for the three devices. Two types of variable-range
hopping (VRH) conduction, Mott and Efros—Shklovskii VRH
conductions are often observed in heavily doped polymers.
In Mott VRH conduction, resistivity p = po exp(To/T)**!,
where d is the dimensionality of the system.!'® The Efros—
Shklovskii VRH is characterized by the exp(Ty/T)? behavior
of the resistivity in all dimensions due to a soft-gapped den-
sity of states caused by Coulomb interaction.!!”! Our data are
plotted as p versus 7'/2 and 7'/4 in Fig. 4. The blue and
red curves are from device 1 and 2 respectively. Our results
clearly demonstrate 3D Mott VRH conduction at all measured
gate voltages. As shown in Fig. 4, log (p) is linear in T'1/4
but not in 7/2, ruling out the Efros—Shklovskii and 1D Mott
VRH. 1D transport was suggested by many groups working
on Cytop gated IDTBT transistors based on the picture that
the charge transport in this polymer is dominated by hopping
along the backbone.l>®! The Hall effect measurements was
also attempted at high carrier densities. However, no Hall ef-
fect was observed, which is consistent with the fact that the
mobility of electrochemical doped IDTBT is low.
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Fig. 4. (color online) Inp versus (a) T2 and (b) T~/ for distinct
carrier densities induced by 5 distinct gate voltages. Three different col-
ors represents three devices. The solid straight lines are linear fits for
different temperature ranges. The vertical arrow indicates the departure
from the VRH behaviour.

The lower mobility observed in ion gel gated IDTBT
compared to Cytop gated FET is rather surprising. For P3HT
and PBTTT, the carrier mobility are significantly higher in
the ionic liquid/gel gated transistors than that in the conven-
tional FET, where the carrier is usually an order of magnitude
lower.['213] In Cytop gated IDTBT, the high mobility relies
on the low degree of backbone disorder due to resilience of
the backbone conformation to side chain disorder.[®! The ob-
servation of 3D Mott VRH conduction at high carrier densities
in our devices suggests that the charge transport mechanism is
different from the Cytop gated FET. This is probably due to
higher disorder induced by the penetration of ions. During the
electrochemical doping process, the penetration of ions brings
extra disorder into the polymer, which destroys the low disor-
der along the backbone, hindering the hopping along the back-
bone. Thus the carriers have to choose a less efficient pathway,
i.e., the 3D hopping VRH transport, resulting in a lower mo-
bility. It is also worthwhile to mention that, in organic sin-
gle crystal such as rubrene and pentance where the disorder
is low, it has been observed that gate dielectrics with higher
polarizability reduces the mobility. The reason for such mo-
bility decrease in single crystals is attributed to coupling of the
charges in the channel with the polarizable dielectric.!'® The
lower mobility we observed in IDTBT gated by ion gel com-
pared to gated by Cytop could also be related to the fact that
the disorder in IDTBT is indeed very low, which is consistent
with the previous experiments and theories about IDTBT.

4. Conclusions

To summarize, we were able to tune the conductivity in
IDTBT films by nearly six order of magnitude by ion gel gat-
ing. The maximum mobility of 0.2 cm?-V~!.s~! is lower than
that of the Cytop gated transistors. At high carrier densities,
the charge transport mechanism is identified as 3D Mott VRH
conduction. The suppression of mobility at high carrier den-
sity may be related to the doping induced disorder.

References

[1] Sirringhaus H, Brown P J, Friend R H, et al. 1999 Nature 401 685

[2] McCulloch I, Heeney M, Bailey C, et al. 2006 Nat. Mater. 5 328

[3] Nielsen C B, Turbiez M and McCulloch I 2013 Adv. Mater. 25 1859
[4] Zhang W, Smith J, Watkins S E, ef al. 2010 J. Am. Chem. Soc. 132

11437

[5] Zhang X, Bronstein H, Kronemeijer A J, et al. 2013 Nat. Commun. 4
2238

[6] Venkateshvaran D, Nikolka M, Sadhanala A, et al. 2014 Nature 515
384

[7]1 LeeK, Cho S, Park S H, Heeger A J, Lee C W and Lee S H 2006 Nature
441 65

[8] Menon R, Yoon C O, Moses D, Heeger A J and Cao Y 1993 Phys. Rev.
B 48 17685

[9]1 Yoon C O, Reghu M, Moses D and Heeger A J 1994 Phys. Rev. B 49
10851

[10] LeeJ, Panzer M J, He Y, Lodge T P and Frisbie C D 2007 J. Am. Chem.
Soc. 129 4532

[11] ChoJH,Leel, XiaY, KimB S, He Y, Renn M J, Lodge T P and Frisbie
C D 2008 Nat. Mater. 7 900

098103-4


http://dx.doi.org/10.1038/44359
http://dx.doi.org/10.1038/nmat1612
http://dx.doi.org/10.1002/adma.v25.13
http://dx.doi.org/10.1021/ja1049324
http://dx.doi.org/10.1021/ja1049324
http://dx.doi.org/10.1038/nature13854
http://dx.doi.org/10.1038/nature13854
http://dx.doi.org/10.1038/nature04705
http://dx.doi.org/10.1038/nature04705
http://dx.doi.org/10.1103/PhysRevB.48.17685
http://dx.doi.org/10.1103/PhysRevB.48.17685
http://dx.doi.org/10.1103/PhysRevB.49.10851
http://dx.doi.org/10.1103/PhysRevB.49.10851
http://www.ncbi.nlm.nih.gov/pubmed/17381097
http://www.ncbi.nlm.nih.gov/pubmed/17381097
http://dx.doi.org/10.1038/nmat2291

Chin. Phys. B Vol. 24, No. 9 (2015) 098103

[12]
[13]
[14]

[15]

Wang S, Ha M, Manno M, Frisbie C D and Leighton C 2012 Nat. Com- [16] Mott N F 1990 Metal Insulator Transitions, 2nd edn. (London: Taylor

mun. 31210
Shi W, Ye J, Checkelsky J G, Terakura C and Iwasa Y 2014 Adv. Funct.

and Francis)

Mater. 24 2005 [17] Shklovskii B I and Efros A L 1984 Electronic Properties of Doped

Lee K H, Kang M S, Zhang S, Gu Y, Lodge T P and Frisbie C D 2012
Adv. Mater. 24 4457

Semiconductors (Berlin Heidelberg: Springer)

Ha M, Seo J W T, Prabhumirashi P L, Zhang W, Geier M L, Renn M J, [18] XiaY, ChoJH, Lee J, Ruden P P and Frisbie C D 2009 Adv. Mater. 21

Kim C H, Hersam M C and Frisbie C D 2013 Nano Lett. 13 954

098103-5

2174


http://dx.doi.org/10.1038/ncomms2213
http://dx.doi.org/10.1038/ncomms2213
http://dx.doi.org/10.1002/adfm.201302954
http://dx.doi.org/10.1002/adfm.201302954
http://dx.doi.org/10.1002/adma.201200950
http://dx.doi.org/10.1002/adma.201200950
http://dx.doi.org/10.1021/nl3038773
http://dx.doi.org/10.1002/adma.v21:21
http://dx.doi.org/10.1002/adma.v21:21

	1. Introduction
	2. Methods and experiments
	3. Results and discussion
	4. Conclusions
	References

