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  1. Introduction 

 Realizing metallic states over a wide temperature range in con-
jugated polymers has been a long time challenge in the study 
of polymer based conductors. [  1  ]  By chemical doping, polymers 
can reach relatively high conducting states at room temperature 
and exhibit a great variety of transport properties. [  2–7  ]  At lower 
temperature, the majority of doped polymers exhibit semicon-
ducting transport characterized by thermally assisted hopping 
over random localized states. [  2–4  ]  However, in chemically doped 
polypyrrole [  5  ]  and polyaniline, [  6,7  ]  metallic transport has been 
reported even at cryogenic temperatures. 

 To access the metallic transport in polymers, it has been sug-
gested that the high carrier density introduced via chemical 
doping and improved molecular structure with enhanced  π – π  
interchain stacking plays a key role. [  6  ]  Recently, in addition to 

chemical doping, ultra high density of 
carriers introduced by electrostatic or 
electrochemical doping has been studied. 
The carrier accumulation is mediated by 
ionic movement in ionic conductors such 
as polymer electrolytes, [  8–13  ]  ion gels, [  14–16  ]  
or ionic liquids (IL) [  17–21  ]  forming nar-
rowly separated (≈1 nm) layers of car-
riers, called the electric double layer 
(EDL). Using these narrow dielectrics, an 
EDL transistor (EDLT) exhibits a unique 
ability to accumulate high density carriers 
(>10 15  charges cm −2 ) even with low bias 
voltages. [  8,19  ]  Benefi ted by the high car-
rier density in EDLTs, a highly conducting 
or even “metallic” state in the polymers 
was reported at room temperature. [  11–13  ]  
Furthermore, a signifi cant advantage for 
EDLT in contrast to conventional chemical 
doping [  1  ]  is that the doping can be con-
trolled reversibly without causing chem-

ical modifi cation of the polymer structures. Additionally, it is 
well known that besides the structural improvement by newly 
developed processing methods, [  6  ]  application of high pressure 
may enhance the  π – π  interchain coupling and induce a transi-
tion from insulator to metal in polymers. [  5,22  ]  As a result, pres-
sure modulation is usually implemented on chemically modi-
fi ed compounds to further develop metallic states. It is thus 
anticipated that taking advantage of electrostatic doping com-
bined with pressure could be used to further enhance conduc-
tivity. However, such combined control of carrier doping and 
high pressure was diffi cult to be implement until the success 
of EDL gating with IL. Now, the liquid properties of IL could be 
further exploited as a medium for reaching a metallic state at 
high pressure along with high-effi ciency EDL gating. 

 In this work, we present a newly developed gating-while-pres-
surizing process to merge the merit of both fi eld effect doping 
and high pressure. Namely the ionic liquid used for charge 
accumulation also acted as the pressure media. Using this com-
bination, we studied the transport properties of poly(2,5-bis(3-
tetradecyl-thiophene-2-yl)thieno[3,2-b]thiophene) (pBTTT-C14) 
thin polymer fi lm with two well controlled physical parameters: 
gate voltage ( V  G ) and pressures ( P ). At  V  G  = −3 V and a  P  = 
2 GPa, the polymer reached a high conducting state with a 300 K 
dc-conductivity of 180 S cm −1  in a transistor confi guration. A 
crossover from Mott variable range hopping (VRH) [  23  ]  to Efros-
Shklovskii variable range hopping (ES-VRH) [  24  ]  was observed 
when cooling the device down to low temperatures (≈9.4 K at 
a  P  = 2 GPa) showing a clear sign of entering the regime adja-
cent to the metal–insulator (M–I) transition. [  3,5  ]  The crossover 
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measured the drain current  I  D  and the gate leakage current  I  G  
as a function of gate voltage  V  G  as plotted in Figure  1 e. We note 
that  I  G  = −0.1  μ A at  V  G  = −2.5 V, which is three orders mag-
nitude smaller than the drain current  I  D . The device displayed 
a typical  p -type fi eld effect transistor (FET) characteristic. The 
typical ON-OFF ratio was  ∼ 10 4 , and in some devices reached 
 ∼ 10 5  with turn-on voltages of less than one volt in all devices. 
These parameters indicated a high device performance with 
EDL gating. A relatively large hysteresis caused by the slow 
ionic motion in the IL and the process of fi lling the trapping 
states was found similar to previous reports. [  15,16  ]  In Figure  1 f, 

is shifted to low temperatures by increasing 
pressure indicating enhanced inter-chain 
coupling, which is similar to behavior 
observed in chemically doped polypyrrole 
under high pressure preceding the even-
tual M–I transition. [  5,22  ]  These results clearly 
demonstrate an effective and reversible way 
to tune the transport of polymer semicon-
ductors via a combined voltage and pressure 
control.  

  2. Results and Discussion 

  2.1. Ionic Liquid Gated Transistor of Polymer 
Thin Film 

 In order to realize a metallic state, we chose 
the conjugated polymer pBTTT-C14, as it 
showed a high mobility by a well estab-
lished solution process for high device per-
formance. [  25,26  ]  As discussed in detail in the 
experimental section, a careful tuning of 
the spin-coating process enabled prepara-
tion of a high quality thin fi lm of pBTTT-C14 
on a SiO 2 /Si wafer with a smooth surface 
profi le as shown in  Figure    1  a. The tapping 
mode atomic force microscopy (AFM) image 
showed a root-mean square of roughness of 
approximately 0.9 nm (for a total thickness 
of 36 nm measured from the height profi le 
shown in Figure  1 b). To confi rm the micro-
structure of the thin fi lm, we measured the 
out-of-plane X-ray (Cu K α , 8 keV) diffrac-
tion. As plotted in Figure  1 c, the peaks at the 
angle of 3.8° and 7.5° refl ect the  d -spacing 
of a characteristic lamellar structure with 
planes oriented parallel to the substrate. [  25  ]  
From the observed peak position indexed as 
( h00 ), we estimated that the  d -spacing along 
alkyl stacking direction is approximately 
23 Å, which is consistent with previous 
reports. [  27  ]  After spin-coating and annealing, 
the microcrystalline pBTTT-C14 domains 
tend to orient in the lamellar structure with 
respect to the substrate as illustrated sche-
matically in Figure  1 d.  

 Owing to high effi ciency of IL as a gate 
dielectric, high-density carrier accumulation can be achieved by 
the formation of the EDL on the channel of EDL transistors. 
With the prepared thin fi lms, we fi rst confi rmed such high tran-
sistor performance with EDL gating in several devices. Figure  1 e 
and  1 f show the transfer and output characteristics of a typical 
pBTTT-C14 TFT device measured at 300 K. The gate voltage 
was applied through the ionic liquid: N,N-Diethyl-N-methyl-
N-(2-methoxyethyl) ammonium bis(trifl uoromethanesulfonyl) 
imide (DEME-TFSI), which has been widely used in EDLT 
studies. [  19–21  ]  Under application of a small source-drain voltage 
 V  DS  = −0.2 V and sweeping  V  G  at a rate of 20 mVs −1 , we 

      Figure 1.  Structural characterization of pBTTT-C14 thin fi lm and its transistor performance 
with ionic liquid gating. a) AFM image of a pBTTT-C14 thin fi lm (brown region in the left) 
spin coated on a SiO 2 /Si substrate after annealing at 180 °C. b) Height profi le along the white 
horizontal line in (a). The thickness of the fi lm is 36 nm and the RMS roughness is 0.9 nm. 
c) Out of plane X-ray diffraction of the pBTTT-C14 thin fi lm on SiO 2 /Si substrate showing ( h 00) 
scattering. d) Schematic illustration of the lamellar structure of the polymer thin fi lm on the 
substrate. The molecular structure of pBTTT-C14 ( R  = C 14 H 29 ) is shown at top of the panel. 
e) The gate voltage  V  G  dependence of the source-drain current  I  D  (red) and leakage current 
 I  G  (yellow) of a typical pBTTT-C14 thin fi lm transistor device measured with drain voltage of 
−0.2 V at 300 K. The  V  G  was swept at a rate of 20 mVs −1 . f) The output characteristics ( I  D  versus 
 V  D ) of the same device measured with  V G   from 0 V to −1.6 V. 
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spectroscopy (EIS). The capacitance of polymer fi lm/ion liquid/
Au structure was measured as a function of voltage at the 
frequency of 1 Hz. Since the surface of gold gate electrode is 
more than ten times larger than that of the polymer fi lm, the 
total capacitance at the low frequency limit was approximately 
equal to the capacitance  C  of the polymer fi lm/ion liquid inter-
face. [  28  ]  Taking the measured capacitance shown in Figure  2 a, 
the total charges accumulated in the polymer fi lm at a given 

chemical potential  V  G  are obtained by integration of  C ( V ): 
Q (VG) =

VG∫
0

C (V ) dV . If  C ( V ) is in the unit per area,  Q ( V  G ) actu-

ally corresponds to the sheet carrier density  n  s  stored in the 
polymer fi lm. Taking the fi lm thickness of  t  = 36 nm, the bulk 
carrier density  n  =  n  s  / t , shown in Figure  2 b. At  V  G  = −2.5 V, 
the estimated hole density was around 1.8 × 10 20  cm −3 . As we 
know the conductivity   σ   =  ne μ  , where  e  is the electron charge, 
then we can deduce the mobility   μ   at a given chemical poten-
tial. Figure  2 c shows the channel conductivity as a function of 
gate voltages at room temperature for the same pBTTT-C14 
device measured in Figure  1 e. The conductivity reaches a max-
imum value of  ∼ 10 2  S cm –1  at  V  G  = −2.5 V. Here the conduc-
tivity is calculated assuming that the whole fi lm is uniformly 
conducting. Noted that in some other reports, the conductivity 
is calculated by dividing the thickness of charge accumulation 
layer, which is only 1–2 nanometers for the EDL charges. [  11,12  ]  
(If calculated in that way, the maximum conductivity of our 
pBTTT-C14 fi lm reaches the order of 10 4  S/cm, which is compa-
rable to their results.) Using the conductivity value in Figure  2 c, 
the calculated mobility   μ   versus gate dependence  V  G  is plotted 
in Figure  2 d. It is seen that   μ   increased from 0.003 cm 2  V −1  s −1  
to 0.52 cm 2  V −1  s −1  as | V  G | increases from −0.5 V to −1.0 V, 
which correlates well with the rapid increase of capacitance and 
conductivity initiating from the threshold voltage  V  th  = −0.5 V 
as indicated by the dashed vertical line in Figure  2 . At  V  G  = 
−2.5 V, the mobility reached 2.7 cm 2  V −1  s −1 , which is signifi -
cantly higher than that from conventional SiO 2 -gated devices [  25  ]  
but comparable with the carrier mobility measured in polymer 
electrolyte gated organic fi eld effect transistors (OFETs). [  12  ]   

  2.3. Pressure Effect 

  Figure    3  a schematically illustrates the conception of the gating-
while-pressurizing technique utilizing the IL as both a gate and 
pressure media. Figure  3 b–e shows optical images of the exper-
imental setup for gating and pressurizing a pBTTT-C14 EDLT 
device. We used a hydrostatic pressure cell (see Figure  3 b) 
with a Tefl on cup (see Figure  3 c) fi lled with IL. The polymer 
pBTTT-C14 transistor device (see Figure  3 d,e) was sealed inside 
the Tefl on cup and thus subject to the pressure applied via the 
liquid. Here, the typical inert liquid (Daphne oil) was replaced 
by IL as the pressure transmitting media. The front side of 
the wafer (Figure  3 d) supported a typical 4-terminal polymer 
transistor with a bottom-contact confi guration, whereas the 
back side of the wafer (Figure  3 e) was attached to a large iso-
lated platinum foil acting as the gate electrode. The pressure 
inside the cell at low temperature was calibrated by measuring 
the four-terminal resistance of a thin stripe of high purity lead 
through its superconducting transition temperature as shown 

the output curves showed linear and saturation behaviors by 
applying less than −1 V for  V  D  and −1.6 V for  V  G . A large output 
current  I  D  up to 150  μ A was observed even at  V  G  = −1.6 V, indi-
cating that the whole thin fi lm is doped by the ionic liquid rather 
than the initial EDL interface. This is likely due to the spaghetti-
like polymer structure that introduces a high density of voids 
allowing small ionic liquid molecules to pass in the whole body 
of the thin fi lm. However, the infi ltration of IL into the polymer 
fi lm, like a process of “bulk doping”, did not disrupt the ordered 
structure in the polymer supported by the reversible behavior 
(as shown in Figure  1 e) and the smooth increase of conductivity 
with gate (see  Figure    2  c). In our case, the entire fi lm serves as 
the active channel, which is in stark contrast to the EDLTs using 
organic and inorganic single crystals.   

  2.2. Estimation of Carrier Density and Mobility 

 In order to estimate the carrier density and mobility of the 
ionic liquid-gated polymer thin fi lm transistor, we carried out 
the capacitance measurement by electrochemical impedance 

      Figure 2.    Gate voltage dependence of carrier density and mobility in 
a polymer EDLT device. a) The capacitance–voltage characteristics of a 
pBTTT-C14 thin fi lm/ion liquid/Au structure at 1 Hz. b) Carrier density 
estimated by integration of capacitance versus gate voltage. c) Channel 
conductivity of the same pBTTT-C14 thin fi lm device as shown in 
Figure  1 e. d) The mobility versus gate voltage dependence calculated for 
the same device in (c). The arrows represent the sweeping directions of 
the curves. The dashed vertical line indicates the threshold voltage  V  th  of 
about −0.5 V for the charge transfer at room temperature. 
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      Figure 3.  High pressure measurement setup and effect on polymer EDLT. a) A schematic of the 4-terminal IL-gated transistor device with external 
pressure applied through liquid medium of IL. b) A high pressure cell (model: HPC-33) for PPMS. c) A Tefl on cup used inside the pressure cell serves 
as the container for IL: DEME-TFSI. d) Front side of a 4-terminal pBTTT-C14 EDLT device. The channel dimension was 1.2 mm (width) and 0.05 mm 
(length). e) Back side of the same device. A platinum foil was used as the gate electrode. The lead strip was used for calibration of the actual pressure 
at low temperatures by measuring its superconducting transition temperature. f) Conductivity   σ   at 300 K and fi xed  V  G  = 3 V as a function of external 
pressure applied to the pBTTT-C14 thin fi lm through the pressure cell using IL as the pressure medium. g) The leak current  I  G  as a function of external 
pressure. The dramatic decrease of  I  G  of one order of magnitude down to less than 20 nA under 0.59 GPa is an indication of phase change from liquid 
to solid of the DEME-TFSI. 
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  2.4. Transport properties 

 With applied  V  G  and  P , we measured the temperature depend-
ence of conductivity down to 2 K, which is plotted as log   σ   
versus  T  −1/2  and  T  −1/4  in  Figure    4  a,b. (The original data is 
plotted in log scale in Supporting Information, Figure S5.) The 
red curves were measured by increasing the gate voltage  V  G  
from −0.5 V to −2.0 V at  P  = 0 GPa. The blue curves correspond 
to   σ   ( T ) measured by applying the pressure from 0.09 GPa to 
2.01 GPa at a fi xed  V  G  = −3 V. Compared to the conductivity 
in previous reports using ion gel gated polymer measured at 
300 K, [  40  ]  a doubled value of 180 S cm −1  was achieved with  V  G  = 
−3 V and  P  = 2.01 GPa. 

 The conduction mechanism at this highly doped state is 
characterized by variable range hopping (VRH). As shown in 

in the Supporting Information, Figure S1. The relation between 
calibrated inner pressure and external load is provided in the 
Supporting Information, Figure S2a. The pressurization pro-
cess is reversible despite some hysteresis caused by permanent 
deformation of the Telfon cup after the initial compression.  

 By sweeping  V  G  to −3 V, the dc-conductivity of pBTTT-C14 
thin fi lm transistor (TFT) at the ON-state reached a relatively 
high level of  ∼ 10 2  S cm −1  at 300 K after a saturation of  I  DS  at 
a  V  G  beyond −2.5 V as shown in Figure  1 e. In order to fur-
ther enhance the conductivity, we subsequently applied pres-
sure onto the device with  V  G  fi xed at −3 V using the pressure 
cell (Figure  3 b). We plotted the 4-terminal dc-conductivity of 
a pBTTT-C14 TFT device as a function of external pressure 
applied at 300 K (Figure  3 f), which clearly shows that the con-
ductivity gradually increases further as the pressure increases. 
Quantitatively, we observed a 74% increase in conductivity 
achieved by increasing the external pressure  P  from 0 to 
1 GPa. This pressure effect suggests that IL (DEME-TFSI) can 
be used as a pressure medium. Simultaneously, we recorded 
the leak current while applying  P  as shown in Figure  3 g. The 
leak current showed a dramatic decrease by one order of mag-
nitude when the external pressure was increased to critical 
value of  P  c  = 0.59 GPa (also see Supporting Information, Figure 
S2b). Above  P  c , the  I  G  remained almost constant with further 
increase of  P.  If we keep  P  >  P  c , the high conductivity states 
remained unchanged even after the removal of  V  G . The obser-
vations above indicate that DEME-TFSI underwent a liquid-
solid transition at  P  c . On the other hand, as shown in Figure  3 f, 
the conductivity of the polymer fi lm continued to increase for 
 P  >  P  c  without any appreciable anomaly at  P  c . After freezing 
of ion movement at  P  c , the carrier doping effect by  V  G  is main-
tained. Here, the continuous increase of conductivity is origi-
nated from a pure pressure effect. It is most likely to be attrib-
uted to reduction of the intermolecular distance of the polymer 
under pressure, creating greater  π -orbital overlaps and thus 
enhancing carrier transport. [  5,22,29,30  ]  In other reports, optical 
studies on polymer and crystalline organic materials under 
pressure also revealed that the pressure indeed enhanced inter-
molecular coupling. [  31–33  ]  X-ray diffraction studies of polythio-
phenes have demonstrated that pressure of 8 GPa induced a 
5–15% reduction in intermolecular distance. [  34  ]  To confi rm 
whether this assumption applies to our system, we need future 
experimental studies by optical or X-ray characterization. [  31–38  ]  
The application of ultra high pressure could cause irreversible 
changes to the polymer, [  39  ]  however it is suggested that the con-
jugated polymer chain can keep stable up to about 5 GPa, [  34,39  ]  
a pressure signifi cantly higher than the maximum used in our 
experiment (~2 GPa). Moreover, we observed a recovery of con-
ductivity to the highly insulating state after pressure release 
(see Supporting Information, Figures S3, S4), suggesting that 
destructive effects of pressure on polymer structures are negli-
gible in our case. It is worth noting that the pressure response 
of IL was no longer hydrostatic after its solidifi cation. However, 
smooth change of the conductivity with  P  even after solidifi ca-
tion indicate that a rubber like state of DEME-TFSI remained 
even at higher pressure region > P  c . On the other hand, the 
rubber state of IL at high pressure quenched the possibility of 
chemical reactions between IL and polymers regardless of the 
duration of applying high  V  G  at room temperature.  

      Figure 4.  Transport characteristics of pBTTT-C14 thin fi lm EDLT. a) The 
logarithm of conductivity plotted as a function of  T  −1/2 , appropriate for 
1D-VRH conduction. b) The logarithm of conductivity plotted as a func-
tion of  T  −1/4 , appropriate for 3D-VRH conduction. The red curves were 
measured with  V  G  increasing from −0.5 V to −2.0 V, without applying 
pressure. The blue curves were measured with pressure increasing from 
0.09 GPa to 2.01 GPa, with a fi xed  V  G  = −3.0 V. The vertical dashed arrows 
indicate the crossover temperature from 3D to 1D-VRH for the high and 
low temperature regions, respectively. The solid straight lines are fi ts for 
different temperature ranges. 
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 P  increases from 0.09 GPa to 2.01 GPa. The red open circles rep-
resenting the predicted crossover temperatures calculated from 
the formulation  T  cross  = 16 T  ES  2 / T  Mott  [  3  ]  are in good agreement 
with the experimental data, which strongly supports the inter-
pretation of the crossover between Mott and ES VRH conduc-
tion. The color background in Figure  5 b shows log   σ   in the 2D 
plane as a function of both  T  and  P  at a fi xed  V  G  = −3.0 V. The 
crossover (both theoretical and experimental curves) appeared 
at the color region where the conducting states showed clear 
changes following the general trend of decrease of  T  cross  with 
increase  P . This is consistent with the enhanced conductivity 
approaching metallic behavior (where the  T  cross  would approach 
zero). At  P  = 2.01 GPa, the conductivity ratio  σ (300 K)/ σ (2 K) = 
140. We expect that further increase of  P  using other tech-
niques capable of generating higher pressures (e.g., diamond 

Figure  4 , in a system dominated by VRH transport, the conduc-
tivity  σ ( T ) is described as:

F (T ) = F0 exp

[
−

(
T0

T

) 1
n +1

]
 
 (1)

        
 Here,  n  denotes the dimension of the system and  T  0  is the 
VRH characteristic temperature. 

 From Figure  4 a, we can see log   σ   follows linear with change 
of  T  −1/2  over the entire temperature range for low gate bias  V  G  = 
−0.5 V. With the increase of  V  G  and  P , the log   σ   versus  T  −1/2  
( n  = 1) remains linear only at low temperature range (<9.4 K 
for the case under 2.01 GPa). Here, the system appears to cross 
into 1D hopping behavior described by Efros-Shklovskii (ES) 
VRH, where   σ   =   σ   ES  exp[–( T  ES /T) 1/2 ], with T  ES = 2.8e 2 / ε k B L c and 
 ε  is the dielectric constant. [  24  ]  For the high temperature range, 
instead, the log   σ   showed a linear relationship versus  T  −1/4  
( n  = 3) as shown in Figure  4 b. The 3D hopping behavior is 
identifi ed as Mott VRH, where   σ   =  σ  Mott  exp[–( T  Mott /T) 1/4 ], 
with  T  Mott = 18/ k  B  L  c  3  N (E F ). Here, L c  is the localization length 
and N(E F ) is the density of states at the Fermi level, E F . [  23  ]  As 
compared in Figure  4 a,b, a clear crossover from 3D-VRH to 
1D-VRH conduction was observed in our device for high and 
low temperature region, respectively, as observed in chemically 
doped polypyrrole [  3,5  ]  and recently in ion-gel gated P3HT poly-
mers. [  40  ]  And the crossover from Mott to ES type VRH is a clear 
signature that the polymer is in the regime close to the M–I 
transition. [  3,5  ]   

  2.5. Hopping Analysis 

 For further characterizing the effect of  V  G  and  P  on the 3D-1D 
crossover in VRH, we analyzed the data by using a logarithmic 
derivative method (Zabrodskii plot), [  41  ]  in which logarithm 
of d(ln  σ  )/d(ln T ) is plotted as a function of ln T  for linearizing 
  σ   =   σ   0  exp[–( T  0 / T ) x ], where the slope obtained gives the value of 
 x  corresponding to 1/( n  + 1). As shown in  Figure    5  a, the solid 
lines represent three different regimes with slopes  x  = 0, 1/4, 
and 1/2, which coincide well with the data curves. Note that 
the exact linear fi ts to the three regimes gave the consistent 
parameters (see details in Supporting Information, Figure S6a). 
The zero slope ( x  = 0) observed at high temperature range cor-
responds to the critical regime which follows the power law 
dependence,   σ   ∝  T  β   , where   β   = d(ln  σ  )/d(ln T ). As the system 
approaches the M-I transition,   β   decreases from 1 to 1/3 in 
chemically doped polymers. [  3,5  ]  Here,   β   decreases from 0.83 to 
0.56 as the  P  increased from 0.09 GPa to 2.01 GPa. With the 
increase of  P , the temperature range covered by of this critical 
regime ( x  = 0) became wider. The power law dependence is also 
verifi ed by a linear fi t of log   σ   versus log  T  in the high tempera-
ture regimes (see Supporting Information, Figure S6b). From 
the blue curves with  V  G  = −3.0 V in Figure  5 a, we can clearly see 
the slope change from  x  = 1/4 to 1/2, which again confi rmed 
the crossover from Mott to ES VRH. The crossover temperature 
 T  cross  can be determined from the intersections of slopes with  x  
= 1/4 and 1/2, which is marked by the vertical dashed lines. We 
plot  T  cross  as a function of  P  in Figure  5 b, denoted by the black 
solid squares. At  V  G  = −3.0 V,  T  cross  shifted from 35 K to 9.4 K as 

      Figure 5.  Hopping conduction analysis of transport as a function of gate 
voltage and pressure. a) Plot of ln(d(ln  σ  )/d(ln T )) as a function of ln T  for 
the curves shown in Figure  4 . The solid lines represent three different 
regimes with slopes of  x  = 0 (orange), 1/4 (cyan), and 1/2 (green). The 
dashed vertical lines indicate the crossover temperatures at the intersec-
tions. b) The crossover temperature  T  cross  from Mott to ES VRH as a func-
tion of pressure. A good agreement was found between the black solid 
squares (experiment) and red open squares (theory,  T  cross  = 16 T  ES  2 / T  Mott ). 
The color background is the 2D interpolated plot of log   σ   as a function of 
temperature and pressure with a fi xed gate voltage  V  G  = −3.0 V. 
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anvil cell) will further reduce the conductivity ratio, which could 
eventually drive the polymer through the M–I transition.    

  3. Conclusions 

 In summary, we have demonstrated that ionic liquid DEME-
TFSI can be used as a pressure medium as well as a gate die-
lectric. By using the newly developed gating-while-pressurizing 
technique, we investigated the transport properties of the con-
jugated polymer semiconductor pBTTT-C14 under a combined 
control of gate voltage and high pressure. The crossover from 
Mott to ES VRH transition was observed and shifted to low 
temperatures with the increase of gate voltage and pressure as a 
clear indication that the polymer has accessed the regime adja-
cent to the M–I transition and is approaching the metallic state. 
This combined technique, which enables a fi ne and reversible 
tuning of both high carrier densities and high pressure, may 
be a powerful tool for investigating a broad range of materials.  

  4. Experimental Section 
  Device Fabrication : The bottom contacted electrical leads of the 

polymer thin fi lm transistor (TFT) device was prepared by evaporating 
a multilayer of metal of Ti/Au (5/60 nm) on a piece of SiO 2 /Si wafer 
(0.3 cm × 0.4 cm). The polymer was spin coated on the prepared 
substrates at 1000 rpm in a nitrogen gas fi lled glove box from a warm 
solution (80  ° C) of pBTTT-C14 dissolved in 1,2-dichlorobenzene 
(10 mg mL –1 ). The polymer fi lms were annealed at 180  ° C for 30 min 
inside the glovebox before being mounted in the pressure cell and 
electrically connneted with feedthrough wires (Figure  3 d). A platinum 
foil and a lead strip were then fi xed and electrically wired at the backside 
of the substrate (Figure  3 e). Ionic liquid: N,N-Diethyl-N-methyl-N-(2-
methoxyethyl) ammonium bis(trifl uoromethanesulfonyl) imide (DEME-
TFSI) was fi lled in a Tefl on cup (Figure  3 c). The polymer transistor was 
immerged in the ionic liquid and sealed by the Tefl on cup before being 
assembled into a pressure cell (Figure  3 b) between a pair of pistons. 

  Pressure Calibration : An external force from an oil hydraulic 
cylinder was applied to the piston cylinder-type high pressure cell 
(Figure  3 b) at room temperature. After cooling down the pressure cell 
to low temperatures, we measured the resistivity of a thin stripe of lead 
to determine its superconducting transition temperature  T  c . The exact 
value of pressure can be determined from an established pressure 
dependent of  T  c  of lead. 

  Capacitance Measurement : The capacitance was measured by 
electrochemical impedance spectroscopy (EIS) on a polymer fi lm/ion 
liquid/Au structure with polymer surface area much smaller than the Au 
surface area. An Electrochemical Workstation IM6eX (ZAHNER-Elektrik 
Gmbh & CoKG) was used to obtain the DC voltage dependence of 
capacitance at 1 Hz with the application of an ac voltage amplitude of 
10 mV. 

  Transport Measurement : All electrical transport measurements were 
performed in a physical property measurement system (Quantum 
Design) using a Keithley 2182A nanovoltmeter and a 2612A sourcemeter. 
A small DC source-drain voltage (| V  SD | = 0.1 V) was used to avoid 
possible Joule heating and non-linear response in the device at low 
temperatures.  
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