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Abstract: By comparing the changes in w—x* absorption with the transconductance in PEO—LICIO,4
electrolyte-gated FETSs, we have demonstrated that the high channel currents obtained at low gate voltages
result from reversible electrochemical doping of the semiconducting polymer film. At low temperatures, the
conductivity of the electrochemically doped poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene),
PBTTT-C14, is nonlinear with a crossover from do(T)/dT > 0 to do(T)/dT ~ 0 as a function of the source-
drain voltage. High current densities, up to 108 A/cm? at 4.2 K, can be sustained in the electrochemically
doped PBTTT-C14 films.

Introduction obtained from electrolyte-gated FETs using semiconducting
polymers as the active material in the channel showed excellent
performance at low gate voltages and low source-drain
voltages’—°

Field effect transistors (FETSs) fabricated from semiconducting
polymers continue to be of interest as components of printable
“plastic” electronic circuits. Recent success in demonstrating

light-emitting field effect transistors (LEFETS) has expanded The mechanism of t.ransconducta.nce in ellectroly'Fe-gated
the range of phenomena to enable gate-controlled light emis_polymer FETs has previously been discussed in the literature

sion23 Moreover, within the ambipolar regime of the LEFET within the context of electrochemical FETs. In such devices,
operation, there is population inversion in the semiconducting 1€ carier density was assu_meolll to be controlled through
polymer? Thus, the LEFET provides a possible route toward '€Versible electrochemical dopig.™ It has been suggested,
the fabrication of injection lasers from semiconducting polymers. lhowever, tr_lat.ft.)ecaus%g |(()jf t;}e high capacitance of the dloub:ce-
In addition, the ability of FETSs to laterally confine high densities '2Y€f. @ significant field-effect can occur as a result o

of gate-induced (field-induced) mobile charge carriers enables electrostatically induced carrier injection in the se;niconducting
i i i 1
experimental studies of the insulator-to-metal transition in pure POlYmer when abias is applied to the electrofyt:? Because

conjugated polymers without the additional disorder and scat- of the inherent difficulty in distinguishing between carriers

tering that result from the insertion of charged impurity ions generated by electrochemical doping throughout the bulk of the
into interchain sites within the polymé#. semiconducting polymer film and field-induced carriers confined

The concept of FETs fabricated with semiconducting poly- to a few monolayers adjacent to the surface of the semiconduct-

mers and gated with polymer electrolytes is of special interest ing polymer, the reality of the proposed mechanism in which

because of the high capacitance of the double-layer near thethe double-layer near the interface between the electrolyte and

. . L . the semiconductor controls the carrier density has yet to be
electrolyte-semiconductor interface and the implied high clearly established
density of field-induced carriers at low gate voltaged (?1— y '

1022 cm3, dependent on the applied voltadé)lnitial results A schematic diagram of an electrochemical doping experi-
ment with a semiconducting polymer is shown in Figure la.
t University of California. The electrolyte (e.g., tiand CIQ~ ions in solution or dissolved
* University of London. in polyethylene oxide, PEO) is in contact with the surface of a
3Imperial College London. semiconducting polymer film which, in turn, is in contact with
(1) Dodabalapur, AMater. Today2006 9, 24. . ! - 3 .
(2) Swensen, J. S.; Soci, C.; Heeger, AAfpl. Phys. Lett2005 87, 253511. an electrode at the opposite surface (e.g., indium/tin oxide, ITO,
(3) Zaumseil, J.; Donley, C. L.; Kim, J.-S.; Friend, R. H.; SirringhausA#t..
Mater. 2006 18, 2708.
(4) Swensen, J. S.; Heeger, A.JJ.Appl. Phys2007 102, 013103. (9) Said, E.; Crispin, X.; Herlogsson, L.; Elhag, S.; Robinson, N. D.; Berggren,
(5) Dhoot, A. S.; Wang, G. M.; Moses, D.; Heeger, A.Rhys. Re. Lett. M. Appl. Phys. Lett2006 89, 143507.
2006 96, 246403. (10) Ofer, D.; Crooks, R. M.; Wrighton, M. S.. Am. Chem. Sod.99Q 112
(6) Dhoot, A. S.; Yuen, J. D.; Heeney, M.; McCulloch, I.; Moses, D.; Heeger, 7869.
A. J. Proc. Nat. Acad. Sci. U.S.£006 103 11834. (11) Kaneto, K.; Asano, T.; Takashima, \lpn. J. Appl. Phys1991, 30, L215.
(7) Panzer, M. J.; Frisbie, C. DAdv. Funct. Mater.2006 16, 1051. (12) Kaake, L. G.; Zou, Y.; Panzer, M. J.; Frisbie, C. D.; Zhu, X.3¥ Am.

(8) Panzer, M. J.; Frisbie, C. D. Am. Chem. So2007, 129, 6599. Chem. Soc2007, 129, 7824-7830.
10.1021/ja0749845 CCC: $37.00 © 2007 American Chemical Society J. AM. CHEM. SOC. 2007, 129, 14367—14371 m 14367
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a sketched in Figure 1c, a uniform density of holes exists
throughout the bulk of the semiconducting polymer. Each hole
is associated with, and weakly bound to, a negative counterion
in direct analogy with the donor states in a conventional
inorganic semiconductor. Note that the doped semiconducting
polymer is everywhere neutral; the charge associated with each
hole is compensated by the charge on a negative counterion.
At finite temperature, as determined by the Boltzmann factor,
a fraction of these donor states will be ionized giving rise to
mobile carriers. At sufficiently high carrier densities, however,
the screening of the Coulomb attraction between the holes and
the negative ions and the energy gained through delocalization
can cause a transition to a metallic state (the Mott transition).
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@.@ Electrolyte polymer is electrochemically balanced by reduction at the

counter-electrode; in the configuration shown in Figure 1a with

Figure 1. (a) Schematic diagram of an electrochemical doping experiment | i metal as the counter-electrode;Hibns are reduced to neutral
with a semiconducting polymer. (b) and (c) schematically show the Li and plat t th n f the electrod
electrolyte-gated transistor structure. (b) For gate voltages below the onset I'and plate out on the surtace of the electroae.

of oxidation, holes are field-induced near the surface. (c) Holes are generated The p-type doping process is described in detail above; the

throughout the l:_)ulk of the film by electrochemical doping (oxidation). Corresponding n-type dopmg process is identical except that the

OCfotr;]ceurergéttlr{;(Ij_Qons are reduced to neutral Li and plate out on the surface charges in the double-layer regime and in the doped polymer
are reversed, and the Fermi level must be shifted intorthe

shown in the diagram as split into two equivalent ITO Pand to enable injection of electrons. _ _
electrodes). As indicated, a counter-electrode is inserted into ThU51 In any experiment with the general configuration shown
the electrolyte; in Figure 1a, the counter-electrode is a strip of N Figure 1a, there will be two regimes: .

Li metal. Electrochemical p-type doping and the generation of _ (1) the double-layer regime with gate-induced carriers near
hole polarons (*holes”) occurs when the semiconducting the surface of the semiconductor; _ _
polymer is oxidized (an electron is removed from the polymer 2 th(_a elet_:trochemlcally doped regime with both carriers and
through the back electrode), and simultaneously a negative ioncounterions in the bulk of the polymer. .

moves from the electrolyte into the bulk of the polymer into an _ The double-layer regime can be extended to higher voltages
interchain site. The electrochemistry of conjugated polymers is if: for example, the negative ions in the electrolyte are immobile
typically reversible; i.e. intrachain chemical bonds are not (&S Was suggested for the perchlorate ions in HEGe
disrupted during electrochemical doping. To initiate oxidation Sémiconductor is crystalline and has sufficiently high-density
and p-type doping, the voltage applied to the back electrode that ion diffusion into the bulk qf the semiconQuctor is inhibited
must be sufficiently large to shift the Fermi level (the electro- (&S would be expected for an inorganic semiconductor such as

chemical potential) of the semiconducting polymer into the Si). or if there is an overpotential in the electrochemistry arising
z-band. from, for example, using a high dielectric constant solvent for

dissolving the ions in the electrolyte.
We report here the results of an investigation of thex*
interface between the electrolyte and the semiconductor with absorption and the carrier transport properties in electrolyte-
gated FETs made with poly(2,5-bis(3-tetradecylthiophen-2-yl)-

the buildup of a high density of negative ions in the electrolyte % . .
: L : . thieno[3,2b]thiophene}® (PBTTT-C14) as the semiconductor
t dist thin the Deb length of the interf
(at distances within the Debye screening length of the interface) in the channel; the molecular structure of PBTTT-C14 is shown

and an associated buildup of a high density of holes near the,

surface of the polymer, as shown schematically in Figure 1b. mf Ftlhgure 2a.|UV—t\r/]|s atlbzpf;ptlont was Imzasu::ad asa fP“C“t%”
In this “electrolytic capacitor”, the gate voltage appears across ' h€ wavelengin at ditterent applied voltages using the

the double-layers. Figure 1b is the configuration that describes polymer-electrolyte/semiconductor/ITO structure shown in Fig-

gate-induced (field-induced) carrier generation. If the holes in ure 2b6 W_e find tha_t eIectrqch(_amlcaI qu'ng’ raised as a
the semiconductor are mobile, one can generate an electronicoOSSIbIIIty in an earlier publicatioh,dominates the device
current in the channel of the FET by applying a voltage between performance.

the split ITO electrodes (source and drain). Although one might |n Situ Measurements of the Absorption and the

expect the holes to be mobile, very little is known about the Electrical Conductivity

density of traps in a semiconducting polymer near the interface PBTTT-C14 in chlorobenzene (Sigma-Aldrich) was first

n the (_joyble-layer regime. Beca_use Of. the large local electric heated to 120C and then spin-cast onto an ITO/glass substrate
field within the electrolytic capacitor (Figure 1a), any surface : .
inhomogeneity can lead to the formation of traps that localize at 3000 rpm i a nitrogen atmosphere and subsequently annealed
the holes at 150°C, resulting films with thickness of 30 nm. The PEO:
) o . LiT(ClO4)~ electrolyte was prepared by dissolving a 1:1.36
When the voltage is increased to a value sufficiently large to
shift the Fermi level into ther-band of the semiconducting  (13) McCulloch, I.; Heeney, M.: Bailey, C.; Genevicius, K.; Macdonald, 1.;

When the voltage applied between the two electrodes is too
small to oxidize the polymer, a double-layer is formed at the

; H ; H A ; ; Shkunov, M.; Sparrowe, D.; Tierney, S.; Wagner, R.; Zhang, W.; Chabinyc,
polymer, oxidation occurs with associated |nj§ct|on of_r)egatlve M. L Kiine, R. J.: McGehee. M. D Toney M. fat. Mater.2006 5,
ions from the electrolyte. At electrochemical equilibrium, 328.
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Figure 2. (&) Molecular structure of PBTTT-C14 (R C14H29), (b) schematic illustration of the polymer-electrolyte/semiconductor/ITO device configuration
used for spectroscopic measurements, and (c) schematic illustration of the device structure used for measurement of the temperature ddpetr@hce of e
conductivity.
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Figure 3. (a) Absorption spectra of the device biased at various gate voltages. The inset shows the absorption at 555 nm versus time in response to step
changes in the gate voltage. (b) Transfer characteristics of the polymer electrolyte-gated transistor.

weight ratio of LiCIQ; (Fluka) and poly(ethylene oxide) (Sigma-  positive bias Va2 = +1 and +2 V) overlap with the 0-V
Aldrich) in acetonitrile (Sigma-Aldrich) at 30 mg/mL. After  spectrum, indicating that the semiconductor is structurally and
filtering, the solution was drop-cast directly onto the device and electronically unperturbed. At biases starting/at= —0.8 V,

left overnight to dry under vacuum at room temperature. however, the spectrum changes: the-z* absorption of
Samples were then connected to a Keithley 2400 SourcemetefPBTTT-C14 steadily decreases in magnitude with increasing
in the polarity shown via gold-tipped clips and placed in a negative bias, while the oscillator strength shifts to a long
Beckman Coulter DU800 UV/vis spectrophotometer. After the wavelength absorption with peak in the near IR centered at
bias was set at a specific applied voltage and 3 min was allowedapproximately 800 nm. On the basis of these spectroscopic data,
for the system to come to electrochemical equilibrium, the the double-layer regime is limited t60.8 < Vg < 0 V; for
absorbance of the PBTTT-C14 film was recorded over the larger negative gate voltages, the changes in the absorption

wavelength range from 400 to 1000 nm at a scan rate of spectrum are characteristic of electrochemical p-type dofjing.
approximately 500 nm/min.

The time required to reach electrochemical equilibrium was
The absorption spectra of PBTTT-C14 at a series of gate determined by monitoring the absorption at the spectral peak
voltages are shown in Figure 3a. Xt = 0, the spectrum is

(555 nm) following a change in the applied gate bias; the results
typical of a pure semiconducting polymer. For PBTTT-C14, are shown in the inset in Figure 3. Electrochemical doping and
the onset of absorption is B = 660 nm (implying an energy ~ dedoping are observed to be relatively rapid processes at all
gap of approximatelfg, ~ 1.9 eV) and the maximum absorption

bias levels. Electrochemical doping of the PBTTT-C14 in
is approximately at 555 nif. The spectra obtained under contact with a liquid electrolyte, i and CIQ~ ions in
acetonitrile, occurs in a few seconds (data not shown), similar
(14) DeLongchamp, D. M.; Kline, R. J.; Lin, E. K.; Fischer, D. A.; Richter, L.

J.; Lucas, L. A.; Heeney, M.; McCulloch, I.; Northrup. J. &dv. Mater.
2007 19, 833.

(15) Hotta, S.; Rughooputh, S. D. D. V.; Heeger, A. J.; WudMBcromolecules
1987, 20, 212.
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T (K) and B were obtained from the same devices used to obtain the temperature

- dependence shown in Figure 4.
Figure 4. Temperature dependence of the conductivity for two polymer P 9

electrolyte-gated PBTTT-C14 devices (A and B) at variMsp values. . _
For device A Vsp increases fromVsp = —0.5 V 10 Vsp = —5.5 V in [Ve| > 0.8 V. Note that the source-drain currentvat= —0.8

steps 0f—0.5 V, and for device BYsp increases fronvVsp = —0.05 V to V is only 1077 A. Thus, in the double-layer regime, the
Vsp = —9.05 V in steps 0f-1.125 V. Both devices were first cooled to  conductivity in the first few monolayers is less than 1 S/cm.
42 ﬁ‘("/h"e holding the gate voltage constandat= —3 V and withVsp Since the surface charge density is estimated to b&! cm3

' in the first few monolayers, it appears that the mobility of these

to other thiophene-based materi#isThe doping process for ~ double-layer-induced charges is quite small, possibly because
the PEO/electrolyte in contact with a PBTTT-C14 film requires ©f @ high density of traps in the conducting polymer near the
approx|mate|y 16-20 s and therefore appears to be limited by interface with the e|ectr0|yte At the onset of electrochemical
the diffusion of ions in the gating PEO solid electrolyte. doping (forVg between—0.8 and—2.0 V), the current increases
For electrical transport measurements, top-gate, bottom- by more than 5 orders of magnitude from 1@ 2.5x 10°2A.
contact, electrolyte-gated FETs with channel lengths and widths ~ Figure 4 shows the temperature dependence of the doping-
of 16 and 100Qum, respectively, were used (see Figure 2c). induced conductivity in the channel versus temperature for two
The channel resistance was measured using the four-probeominally identical devices, A and B. Assuming the PBTTT-
method, with two |Ong para"el electrodes’ﬂm wide and 4 Cl4 |ayel’ is Un|f0rm|y doped, the conductivities at 300 K are
um apart, placed inside the transistor channel for voltage 200 S/cm (device A) and 450 S/cm (device BMat= —3 V
measurements. A tungsten probe tip provided the external@ndVsp = —1V. The variation in the measured conductivity
contact to the electrolyte. The four-probe devices were litho- Obtained from different devices presumably arises from minor
graphically defined on heavily n-type doped SiZ(Si) differences in the quality of the spin-cast PBTTT-C14 films.
substrates covered with 200-nm-thick giThe source and drain ~ These conductivity values are typical of doped semiconducting
electrodes (5 nm Ti followed by 50 nm Au) were deposited by Polymers at relatively high carrier densitiesi(?* cm™° close
e-beam evaporation. The substrates were sonicated with acetont® the insulatormetal transition.
followed by 2-propanol, dried at 12 for 5 min, exposed 10 Temperature Dependence of the Electrical Conductivity
ogygen-p.lasma for§5 min, an.d t.hen.soaked in an octadecyl- of Electrochemically Doped PBTTT-C14
trichlorosilane solution (1% dilution in toluene) at 8C for
10 min before the PBTTT-C14 was spin-cast as described above. For measurements of th? temperature dependence of _the
The PEO:LICIQ electrolyte layer was then deposited as channel resistance, the devices were first cooled to 4.2 K with

decribed previously. Completed devices were characterizedtNe gate voltage held fixédat Ve -~ —3 V and withVsp = —1
using three Keithley 2400 Sourcemeters, with internal imped- V. Although the conductivities decrease with decreasing tem-

ance >101° Q. For the measurements of the temperature perature, the conductivity remains high even at 4.2 K; for device

dependence of the conductivity in the channel, devices were B 9(4.2 K)/o(300 K)~ 0.5. The weak temperature dependence

inserted directly into a dewar containing liquid helium. The and the high conductivity at low temperature are consistent with
device temperature was monitored using a Lake Shore Cry- the assertion that electrochemically doped PBTTT-C14 is close

otronics sensor soldered to the copper sample holder (see ref 80 the insulatormetal transition; see Figure 4. Note that the
for details). measured conductivity values andl) are field dependent at

Figure 3b shows the transconductanieg, vs V. The two low temperatures. As shown in Figuredf4.2 K) increases as

regimes discussed above and observed through the spectroscopl€ Source-drain voltage is increased. At hig, the conduc-
changes in Figure 3a are evident in the data: the double-layert“{'t'es are temperature |ndependent (device B) or even increase
regime at negative gate voltages between 0 a6cB V and slightly as the temperature is lowered (device A). While

the electrochemical doping regime at negative gate voltages fornonlinearity at low electric fields in FETs has been attributed
to injection barriers, the 4-probe measurementsy@) are

(16) Berridge, R.; Wright, S. P.; Skabara, P. J.; Dyer, A.; Steckler, T.; Argun,
A. A.; Reynolds, J. R.; Harrington, R. W.; Clegg, W. Mater. Chem. (17) Ve was not varied at low temperatures € 260 K) due to ion immobility
2007, 17, 225. in the electrolyte.
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insensitive to the contact resistance. Moreover, in the high carrierFETs, we have demonstrated that the high channel currents
density regime characteristic of the data in Figure 4, the contactobtained at low gate voltages result from reversible electro-
resistance is much smaller than the channel resistaite chemical doping of the polymer film. In the double-layer regime
apparent crossover from “insulator” witha(T)/dT > 0 to below the onset of electrochemical doping, the associated
“metal” is reminiscent of the electric-field-induced insulator to conductivity is small (1 S/cm). At low temperatures, the
metal transition observed in metal-gated FETs fabricated from conductivity of electrochemically doped PBTTT-C14 is non-
semiconducting polymefsFor the metal-gated (conventional) linear with a crossover fromadT)/dT > 0 to do(T)/dT ~ 0 as
FETs, where electrochemical doping is completely eliminated, a function of the source-drain voltage. High current densities,
it has been suggested that the nonlinearity is the result of field- up to 1¢ A/cm? at 4.2 K, can be sustained in heavily doped
induced delocalization in two dimensiohs. films of PBTTT-C14.

Figure 5 shows$—V characteristics for devices A and B and
a third device, C, all obtained at 4.2 K. All three devices showed
high conductivity at low temperatures. The straight lines in
Figure 3 indicate power law behavidgp proportional to Ysp)",
wheren = 1.1-1.2. All three devices were capable of carrying
high current densities at low temperatures. For devick&s
—0.3 A atVsp = —20 V, which corresponds to a conductivity
of 350 S/cm at 4.2 K and a current density of Zdcm?.
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