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Abstract

Recent improvement in the performance of the n-type organic semiconductors as

well as thin gate dielectrics based on cross-linked polymers offers new opportunities

to develop high-performance low-voltage n-type OFETs suitable for organic com-

plementary circuits. Using TIPS-tetracyanotriphenodioxazine (TIPS-TPDO-tetraCN)

and cross-linked poly(methyl methacrylate) (c-PMMA), respectively as n-type organic

semiconductor and gate dielectric, linear regime field-effect mobility (1.8±0.2)×10−2

cm2V−1s−1, small spatial standard deviation of threshold voltage (∼ 0.1 V), and oper-

ating voltage less than 3 V are attainable with the same device structure and contact
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materials used commonly for p-type OFETs. Through comparative static and dy-

namic characterizations of c-PMMA and PMMA gate dielectrics, it is shown that both

smaller thickness and larger relative permittivity of c-PMMA contributes to reduced

operating voltage. Furthermore, negligible hysteresis brings evidence to small trap

states in the semiconductor near gate dielectric of the n-type OFETs with c-PMMA.

The use of TIPS-TPDO-tetraCN and c-PMMA is fully compatible with polyethylene

terephthalate substrate, giving promise to various flexible applications.

Keywords

n-type organic field-effect transistors (OFETs), triphenodioxazines (TPDOs), cross-linked

polymer gate dielectrics, poly(methyl methacrylate) (PMMA), flexible electronics

1 Introduction

Organic field-effect transistors (OFETs) were firstly demonstrated in 1986 using electrochem-

ically polymerized polythiophene as a p-type (hole-transporting) organic semiconductor.1

Later in the early 1990's, with the discovery of n-type (electron-transporting) behavior in

organic semiconductors, such as lutetium diphthalocyanine,2 C60
3,4 or those bearing electron

withdrawing groups such as cyanide5 or imide,6,7 research on n-type OFETs has attracted

much attention8–10 leading to the rationalization of their operating mechanism which asserts

on the minimum difference between the electron affinity of organic semiconductor and work

function of source and drain contact metal as well as low reactivity between both materials.11

The n-type OFETs are especially useful for organic complementary circuits (OCCs).

Indeed, compared to the unipolar circuits based only on p-type OFETs, the use of both n-

and p-type OFETs enables larger noise margin and lower power consumption.12,13 However,

the early n-type organic semiconductors were highly sensitive to ambient air, humidity and

light. In this respect, over the past two decades, developing a n-type organic semiconductor
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with good stability and electron-transporting behavior has been one of the first priorities for

the improvement of the n-type OFETs.14,15

So far, a modest number of n-type organic semiconductors have been reported to exhibit

good stability with improved electron mobility reaching occasionally 0.1 ∼ 1 cm2V−1s−1

(measured from n-type OFET mostly with a self-assembled monolayer (SAM)), which is

close to the hole mobility of evaporated p-type OFETs based on pentacene.16 Among them,

the perylene and naphthalene carboxydiimide derivatives are two famous families of n-type

organic semiconductors.17–21

At the same time, electron-transporting triphenodioxazine (TPDO) derivatives, which

can be produced at the industrial scale, have gain significant attention.22,23 A recent work

showed that air stability, solubility and electron-transporting behavior of TPDO derivatives

can be improved through substitution of TPDO core by nitrile and triisopropylsilylethynyl

(TIPS) groups.24

On the other hand, a reliable gate dielectric, the easy processing of which is still actively

investigated, constitutes a key element for achieving low-voltage operation of the n-type

OFETs. The operating voltage is concerned with the thickness di and relative permittivity

(dielectric constant) εr of the gate dielectric because the drain current is proportional to

gate dielectric capacitance density Ci = εrε0/di.
25 The state-of-the-art technologies on the

gate dielectrics at process temperature below 150◦C comprise the use of high permittivity

metal oxides,26 nanometer-thick SAMs (2∼3 nm when used alone27 or around 6 nm with

AlOx
20,28), organic-inorganic hybrid multilayer in few nanometer thickness29 and thin cross-

linked polymers.30–33

It should bear in mind that the gate dielectric layer is critical not only for low-voltage

operation but also for other transistor parameters such as mobility and threshold voltage.

For example, the effect of the choice of polymer gate dielectric material on the growth

mechanisms has been recognized.30,31 A recent demonstration on the optimum combination

of organic semiconductors and nanometer-thick SAM gate dielectrics34 emphasizes again the
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importance of the right choice of a gate dielectric material.

In this paper, we report on n-type OFETs based on the TIPS-tetracyanotriphenodioxazine

(TIPS-TPDO-tetraCN) with the highest saturation mobility μsat = 0.1 cm2V−1s−1 on a

SAM ever reported for TPDO derivatives.24 The benefits of using a cross-linked poly(methyl

methacrylate) (c-PMMA) compared with a neat poly(methyl methacrylate) (PMMA) as a

gate dielectric material are thoroughly shown by electrical characterization of Al/gate dielec-

tric/Al capacitors and n-type OFETs as well as surface characterization of gate dielectric and

semiconductor layers. The Fourier transform infra-red spectroscopic Mueller ellipsometry is

employed to confirm the successful cross-linking. In addition to the mobility and operating

voltage, the performance of such n-type OFETs are analyzed in terms of other specifications

required for circuit applications such as minimum hysteresis and small spatial distribution of

threshold voltage, etc. In part, this study examines the TIPS-TPDO-tetraCN-based n-type

OFETs with c-PMMA on a polyethylene terephthalate (PET) substrate for flexible circuit

applications.

2 Experimental

2.1 Device structure

Figure 1a shows the devices architecture of a n-type OFET with bottom-gate/top-contact

(BG/TC) configuration. For gate and contact electrodes, aluminium (Al) and gold (Au)

were used, respectively, as commonly chosen for p-type OFETs. The channel length and

width were L = 30, 40, 50, 60 and 80 μm and W = 1 mm. Figures 1b-d show the chemical

structures of TIPS-tetracyanotriphenodioxazine (TIPS-TPDO-tetraCN), PMMA and 1,6-

bis(trichlorosilyl)hexane (C6-Si) used respectively as a n-type organic semiconductor, base

polymer for gate dielectrics and cross-linking agent for thin gate dielectric (c-PMMA). TIPS-

TPDO-tetraCN was synthesized according to a previously reported procedure.24 PMMA

(MW = 120,000) and C6-Si were purchased from Sigma-Aldrich R© and used without any
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Figure 1: (a) Schematic diagram of the n-type organic field-effect transistors
(OFETs) in bottom-gate/top-contact configuration. Chemical structures of (b)
TIPS-tetracyanotriphenodioxazine (TIPS-TPDO-tetraCN), (c) poly(methyl methacrylate)
(PMMA) and (d) 1,6-bis(trichlorosilyl)hexane (C6-Si) used respectively as a n-type organic
semiconductor, base polymer for gate dielectrics and cross-linking agent for thin gate dielec-
tric.

further purification. According to the combination of gate dielectrics, PMMA and c-PMMA,

and substrates, glass and PET (175 μm), four types of OFETs were systematically compared.

2.2 Device fabrication and characterization

Fabrication and characterization of OFETs The glass or PET substrates were cleaned

successively with acetone, isopropanol and, finally, by a UV-ozone post-treatment. Then,

the PET substrate was attached on a supporting glass substrate. Subsequent fabrication

processes and characterizations of OFETs were carried out in a glove box under nitrogen

atmosphere. The Al (gate electrode, 100 nm), TIPS-TPDO-tetraCN (organic semiconductor,

60 nm) and Au (contact electrodes, 30 nm) were thermally evaporated through a specific

shadow mask. All evaporation processes were done under 1.9×10−7 mbar and fixed substrate

temperature of 25◦C. The evaporation rate of TIPS-TPDO-tetraCN was maintained at 0.01

nm/sec in average. Between the evaporation processes of Al and TIPS-TPDO-tetraCN, the
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polymer gate dielectrics were spin-coated.

For PMMA gate dielectric, the PMMA solution (200 mg of PMMA dissolved in 3 ml of

toluene for 24 hours) was spin-coated at 3000RPM/5s/60s (Rotation Per Minutes/acceleration

time to reach the target RPM/spin-coating time). For cross-linked PMMA gate dielectric

(c-PMMA), 10 μl of C6-Si was introduced to the PMMA solution (25 mg of PMMA dissolved

for 40 min at 80◦C in 1 ml of n-Butyl acetate and cooled down to 50◦C) 2 min before spin-

coating at 5000RPM/5s/60s. After annealing at 100◦C for 60 min, PMMA and c-PMMA

gate dielectrics have thickness of 510±10 and 100±16 nm (measured using a Dektak 150

surface profiler, Veeco).

Note that, in the work of Noh et al. on a cross-linked PMMA,32 the solution consisting

of the base polymer and cross-linking agent was prepared under nitrogen environment and

then spin-coated and post-annealed in air for a spontaneous cross-linking due to ambient

moisture. In this study, the whole spin-coating process was conducted in a glove box, which

is similar to the study of Yang et al.35

All transfer and output characteristics of the n-type OFETs were measured with Keithley

4200 in the dark under nitrogen atmosphere directly after device fabrication without exposure

to air except for the air stability test. In particular, bending tests were performed with a

custom-built apparatus which consists of a hemicylindrical objects with different radii. The

transfer characteristics were measured while the devices were being bent. For the air stability

test, transistors were stored and measured in the dark under ambient atmosphere without

encapsulation.

Fabrication of characterization of MIM capacitors Vertical gate dielectric capaci-

tors (Al/gate dielectric/Al) in metal/insulator/metal (MIM) configuration were fabricated

through the same fabrication processes used for the OFETs. The static and dynamic char-

acterizations of the MIM capacitors were performed using a Keithley 4200 and a HP 4192A

LF impedance analyser in the dark under ambient air.
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Surface characterization The surface properties of polymer gate dielectric and organic

semiconductor layers were analyzed by tapping mode atomic force microscope (AFM) using

Veeco Dimension 5000.

Fourier transform infra-red (FTIR) spectroscopic Mueller ellipsometry The pres-

ence of polysilsequioxane in c-PMMA polymer composite was studied by FTIR spectroscopic

Mueller ellipsometry. A customized equipment that combines FTIR spectroscope (Nicolet

6700) and a Mueller ellipsometer, sample preparation, raw data and extraction method of

optical constants are presented in the Supporting Information.

3 Results and discussion

3.1 Electrical characteristics of gate dielectrics

Static characterizations In order to evaluate the insulating properties of PMMA and

c-PMMA gate dielectrics, the current-voltage characteristics of gate dielectric capacitors

with PMMA or c-PMMA were measured (see Figure 2a). The inset of Figure 2 represents

the device structure of the vertical gate dielectric capacitors (Al/gate dielectric/Al) in MIM

configuration. The thickness of PMMA and c-PMMA insulator layers di is 510±10 and

100±16 nm. For a fair comparison of electrical rigidity, the applied voltage is normalized

by the thickness of each capacitor. It is observed that, for a practical range of electric

field (< 0.8 MV/cm) required for the sufficient charge carrier accumulation to create the

conducting channel, the leakage current density of c-PMMA capacitor is comparable to that

of PMMA capacitor despite of 5 times smaller thickness. The smooth surface characteristics

with no significant pinholes observed in AFM images of PMMA and c-PMMA layers (Figures

2c-d) explain their good electrical rigidity. The root mean square (RMS) values of PMMA

and c-PMMA layers are 0.4 and 1.3 nm. The depth of few pinholes observed in c-PMMA

layer (less than 5 nm) is negligible compared to the thickness of the c-PMMA (100 nm).
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Figure 2: (a) Current density-electric field characteristics of vertical MIM capacitors (The
inset represents the device structure. S and di denote the surface area of capacitor and
the thickness of insulator layer.); (b) Relative permittivity εr measured by impedance spec-
troscopy; tapping mode AFM images of (c) PMMA and (d) c-PMMA gate dielectric layers
on Al; (e) absorption coefficient k and (f) refractive index n of the gate dielectrics obtained
by the FTIR spectroscopic Mueller ellipsometry.

FTIR spectroscopic Mueller ellipsometry The cross-linking chemical reaction of c-

PMMA can be rationalized according to sol-gel polymerization of bridged trichlorosilane.36

First, hydrolysis of C6-Si yields bis-(hydroxysilyl)hexane species with the concomitant release

of hydrochloride acid. Then further nucleophilic substitution of chlorine atoms in C6-Si by

silanol functions or condensation of silanol groups through oxolation reactions leads to 3-

dimensional bridged polysilsesquioxane network. The latter then captures 1D-PMMA chains

and densifies the final c-PMMA polymer composite which endows it with a higher electrical

rigidity at smaller thickness than PMMA. The formation of the polysilsequioxane in c-PMMA

polymer composite was established by FTIR spectroscopic Mueller ellipsometry (Figures 2e-

f). The typical features of PMMA (1734 (vesterC=O), 1484-1435 (δCH2), 1395 (δCH3), 1242 (vesterC−O)
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and 1145 (vC−O−C) cm−1) were observed in the spectrum of c-PMMA as well as in that of

PMMA. Moreover, the presence of polysilsesquiaxane species in c-PMMA was assessed by

the presence of additional broad vibrational bands at 1056 (v[RSiO1.5]x
) and 903 (δSi−OH) cm

−1

which clearly show the formation of the organic-inorganic hybrid layer.37,38 A more detailed

view of the cross-linking chemical reaction is given in the Supporting Information.

Dynamic characterizations Figure 2b shows the relative permittivity (relative dielectric

constant) of PMMA and c-PMMA gate dielectrics measured by impedance spectroscopy

while sweeping the ac frequency fac. The raw data and detailed extraction method are

provided in the Supporting Information.

Firstly, the relative permittivity of c-PMMA (3.9 at 10 kHz) is greater than PMMA (2.8),

which are close to the literature values 3.5 for c-PMMA32 and 2.5∼2.9 for PMMA.39 Based on

the Clausius-Mossotti equation40 and effective medium theory,41 it was demonstrated that

the contribution of the free volume (εr ≈ 1) is strong and dominant in lowering the relative

permittivity of polymer dielectrics.42 Under this framework, the larger relative permittivity

of c-PMMA compared to PMMA is attributed to the significantly reduced free volume in

c-PMMA due to cross-linking. Together with the decreased thickness by one-fifth, the larger

relative permittivity of c-PMMA helps reducing the operating voltage.

In the meantime, noting that the dipolar polarization of the polar groups of the repeat-

ing units in the polymer composite is dominant in electronic applications (fac < GHz), it

can be inferred that the effect of the SiO1.5 polar groups of polysilsesquioxane on relative

permittivity of c-PMMA is hardly discernible. This is because the molar and mass ratios of

the COOC polar pendant groups of PMMA chains are greater than these groups (SiO1.5) as

3.4:1 and 3.9:1.

Secondly, similar dependence of relative permittivity on the ac frequency is observed

for both PMMA and c-PMMA gate dielectrics. At higher ac frequency, the direction of

the external electric field changes before the complete alignment of polar groups (for fac <

9
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Figure 3: Linear and saturation regime transfer and output characteristics of n-type OFETs
with PMMA fabricated on glass substrates (a) and (b) and on poly(ethylene terephthalate)
(PET) substrates (c) and (d).

GHz) so that relative permittivity becomes smaller (i.e. less polarizable). In PMMA, the

COOC polar pendant groups were reported to be responsible for the frequency dependence

of relative permittivity.43 A similar dependence of c-PMMA could be explained by (i) the

minor contribution of the SiO1.5 polar groups present in smaller molar and mass ratios to

COOC polar pendant groups of PMMA chains in the c-PMMA composite and (ii) the difficult

rearrangement of SiO1.5 polar groups that are fixed in bridged polysilsesquioxane network.

3.2 n-Type OFETs with PMMA gate dielectric

Figure 3 shows the transfer and output characteristics of n-type OFETs with PMMA gate

dielectric on glass (upper panels) and PET substrates (lower panels), where the data for

10
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channel length L = 60 μm are representatively shown.

In general, the materials (especially, the PMMA gate dielectric and n-type semiconduc-

tor), fabrication process and device structure are compatible with a flexible PET substrate.

For n-type OFETs with PMMA on both substrates, the on-off drain current ratio (Ion/Ioff)

is large in the order of 105 with low gate leakage current IGS = 10−12 A. In spite of good

transfer characteristics, however, a high operating voltage (∼ 20 V) is needed.

On the other hand, focusing on the use of PMMA gate dielectric, it would be worth to

mention a moderate lower back sweep current (BSC) hysteresis observed in n-type OFETs

with PMMA on both substrates. The lower BSC hysteresis is very often attributed to charge

carrier trapping close to the channel.44 Thus, this gives evidence to the non-negligible amount

of trap states for electrons in the organic semiconductor layer near gate dielectric rather than

the trap sites in the gate dielectric layer (Recall the small RMS value of PMMA gate dielectric

layer from Figure 2c).

Considering that the lower BSC is observed in OFETs with PMMA on both substrates

(Figure 3) and that it is not observed in OFETs with c-PMMA gate on both substrates

(Figure 4), it can be inferred that the density of trap states in the organic semiconductor

layer close to the channel is more strongly related with the choice of gate dielectric rather than

the choice of substrate. This indicates that the surface property of TIPS-TPDO-tetraCN is

different on each gate dielectric (See Figures 5e-f for the comparison of TIPS-TPDO-tetraCN

film morphology on different gate dielectric layers).

3.3 n-Type OFETs with c-PMMA gate dielectric

Figure 4 shows the transfer and output characteristics of n-type OFETs with c-PMMA gate

dielectric on glass (upper panels) and PET substrates (lower panels), where the data for

channel length L = 60 μm are representatively shown.

A high on-off drain current ratio (Ion/Ioff) in the order of 105 and low gate leakage

current no greater than IGS = 10−10 A are maintained in n-type OFETs with c-PMMA gate

11
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Figure 4: Linear and saturation regime transfer and output characteristics of n-type OFETs
with c-PMMA fabricated on glass substrates (a) and (b) and on poly(ethylene terephthalate)
(PET) substrates (c) and (d).

dielectric. Moreover, operating voltage is lowered down to few volts (∼ 3 V, lower than one-

fifth of 20 V) with a possibility for further improvements at the expense of the gate leakage

current. This is due to higher relative permittivity and smaller thickness in the c-PMMA

gate dielectric compared to PMMA gate dielectric.

Remarkably, in contrast to the n-type OFETs with PMMA gate dielectric, no hysteresis

is observed on both substrates. This demonstrates a better semiconductor surface property

on the c-PMMA gate dielectric than PMMA gate dielectric. This is co-evidenced by the

larger electron mobility μ of n-type OFETs with c-PMMA gate dielectric (Figure 5). A

more detailed comparison is made in the following sub-section.
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Figure 5: Histogram plots for linear regime field-effect mobility μlin and threshold voltage
VT.lin of n-type OFETs: (a) and (b) with PMMA and (c) and (d) with c-PMMA (For each
panel, glass and PET substrates are compared.) with tapping mode AFM images of TIPS-
TPDO-tetraCN layer on (e) PMMA and (f) c-PMMA gate dielectric layer.

3.4 Device statistics

Figures 5a-d summarize two primary transistor parameters, electron mobility and threshold

voltage extracted from linear regime transfer characteristics of TIPS-TPDO-tetraCN-based

OFETs with the PMMA (upper panels) or c-PMMA (lower panels) gate dielectrics on the

glass or PET substrates (divided into sub-panels). Each sub-panel contains data from OFETs

on the same substrate. In total, there are 20 transistors on a substrate. The detailed

extraction method can be found in the Supporting Information.

In terms of linear regime electron mobility μlin, the average values are larger in TIPS-

TPDO-tetraCN-based OFETs with c-PMMA gate dielectrics μlin = (1.8±0.2)×10−2 cm2V−1s−1

compared to those with PMMA gate dielectric μlin = (1.2±0.2)×10−2 cm2V−1s−1. As briefly

mentioned in Sec. 3.3, this indicates a better thin-film characteristics of organic semiconduc-

tor layer on c-PMMA gate dielectric. As shown in Figures 5e-f, both TIPS-TPDO-tetraCN
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films on PMMA and c-PMMA exhibit small and uniform polycrystalline grains rather than

pyramidal or dendritic grains. On PMMA, the film has grains in oval-shape with a long-axis

length around 400 nm. On c-PMMA, the long-axis length is around 100 nm. In this island-

mode growth,45 a film with smaller grain size could have better inter-connected domains,

which reduces inter-domain voids. Thus, the smaller grain size of TIPS-TPDO-tetraCN film

on c-PMMA can explain its superior electron transporting behavior. On the other hand,

standard deviation is comparable in both type of devices, which originates from the thermal

evaporation process of organic semiconductor compatible to large area application.

For a rigorous analysis of linear regime threshold voltage VT.lin, the effect of drain source

voltage VDS must be excluded by subtracting VDS/2 from the threshold voltage extracted by

linear-extrapolation method V eff
T.lin based on the following equation: V eff

T.lin = VT.lin + VDS/2.
46

This becomes more important (i) for low-voltage OFETs, where drain source voltage VDS

is not negligibly smaller than gate source voltage VGS and (ii) when comparing the linear

regime threshold voltages of two OFETs applied with different VDS.

While the average values is slightly larger in n-type OFETs with the PMMA gate di-

electric compared to those with c-PMMA gate dielectric VT.lin = -1.6±2.0 and -1.0±0.13 V,

the standard deviation of VT.lin is significantly reduced upon using c-PMMA gate dielectric

approximately from 100% to 10% to the respective average values of VT.lin. This highlights

again a feasibility of the c-PMMA gate dielectric for large area applications. A higher yield

of n-type OFETs with c-PMMA gate dielectric is also related to the homogeneity of the gate

dielectric as previously mentioned in the literature.32

3.5 Bending and air stability test

In order to asses the applicability of the TIPS-TPDO-tetraCN-based n-type OFETs on c-

PMMA/PET for flexible electronics, the device stability was tested upon concave down

bending with various radii from r = ∞ (after detach), 7 and 5 mm. The statistical analysis

was conducted for four transistors on the same gate line. The transfer characteristics in linear
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Figure 6: (a) Linear regime transfer characteristics of an OFET after detach, bending radius
r = 7 and 5 mm. (VDS = 1 V) (b) The changes in the normalized drain current ID at VGS =
5 V, linear mobility μlin and threshold voltage VT.lin upon bending (inset: top view optical
image of an OFET bent at r = 5 mm showing a crack at the source metal contact). (c)
Linear regime transfer characteristics of an OFET after storage in air and (d) consequent
changes in device characteristics.

regime VDS = 1 V were measured for all four transistors at certain bending radius before

further bending. Figure 6a shows a representative transfer characteristic. As bending radius

decreases, the device operates down to r = 7 mm with moderate degradation of transfer

characteristics. From r = 5 mm, the transfer characteristics is not observed while the gate

current remains unchanged, i.e. lower than 10−11 A.

Before device breakdown, upon bending at r ≤ 7 mm, the average value of the normalized

drain current read at VGS = 5 V decreased 35% from 1 to 0.65 compared to r = ∞. Similarly,

the average value of the linear regime mobility μlin decreased 37% from 2.2× 10−2 to 1.4×
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10−2 cm2V−1s−1. For the linear regime threshold voltage VT.lin, the standard deviation

increased from 0.11 to 0.35 V although the average value was not changed. The degradation

of mobility upon tensile strain similar to this study was reported in pentacene-based OFETs

with polymer gate dielectrics, which was elucidated by less easier charge carrier hopping due

to increased inter-molecular spacing.47,48 In addition, a concomitant morphological change

at grain boundaries could be another possible origin.

The optical image (Figure 6b inset) of the device bent by r = 5 mm explains the device

breakdown mechanism. A crack (red arrow) is observed at the neck of the drain contact.

This is the origin of nearly constant drain current at 10−12 A which is the low limit of the

current meter, while gate leakage current is still measurable around 10−11 A. This behavior

is observed for all four transistors where the statistics is shown in Figure 6b.

A rough comparison (detailed in the Supporting Information) of the bending stability is

possible between TIPS-TPDO-tetraCN-based n-type OFETs with c-PMMA gate dielectric

on a PET (175 μm) substrate and pentacene-based p-type OFETs with a SAM/AlOx hybrid

gate dielectric on a polyimide (75 μm) substrate (reported in the Supporting Information

of a reference49). For the pentacene-based OFET, the drain current decreases by 35% at

r = 2.2 mm (corresponds to the strain S = 1.71%) in pentacene layer. On the other hand,

for the TIPS-TPDO-tetraCN-based OFET, the same degradation occurs at r = 7 mm (S

= 1.25%). Comparing the strain for a certain drain current degradation, it can be inferred

that two devices have a comparable bending stability.

Finally, the air stability was tested from eight transistors. The device characteristics

are maintained in air as shown in Figure 6c-d. The initial average values of linear mobility

and threshold voltage in air are similar to those in nitrogen atmosphere: μlin = 1.7 × 10−2

cm2V−1s−1 and VT.lin = -0.85 V. After 10 days of storage in air, mobility remained high at

0.9 × 10−2 cm2V−1s−1 whereas threshold voltage showed a negative shift less than 0.4 V,

which is strikingly stable for an evaporated thin-film.50
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4 Conclusion

We have demonstrated n-type OFETs based on a newly synthesized organic semiconduc-

tor (TIPS-TPDO-tetraCN) and a thin cross-linked polymer gate dielectric (c-PMMA). This

approach enables linear regime electron mobility (1.8±0.2)×10−2 cm2V−1s−1 and low oper-

ating voltage below 3V, while maintaining low gate leakage current no larger than 10−10 A.

In addition, the linear regime threshold voltage VT.lin = -1.0±0.13 V has remarkably small

spatial standard deviation. The device structure and fabrication process are compatible

with a flexible PET substrate. In particular, efficient electron injection is possible from Au

contact electrodes used commonly for hole injection in p-type semiconductor (pentacene).

In addition, no hysteresis effect is observed in both transfer and output characteristics. All

of aforementioned characteristics make the n-type OFET with TIPS-TPDO-tetraCN and

c-PMMA a promising element for high-performance low-voltage organic complementary cir-

cuits.
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(34) Kraft, U.; Sejfić, M.; Kang, M. J.; Takimiya, K.; Zaki, T.; Letzkus, F.; Burghartz, J. N.;

Weber, E.; Klauk, H. Flexible Low-Voltage Organic Complementary Circuits: Finding

the Optimum Combination of Semiconductors and Monolayer Gate Dielectrics. Adv.

Mater. 2014, 27, 207–214.

(35) Yang, Y. S.; You, I. K.; Koo, J. B.; Lee, S. S.; Lim, S. C.; Kang, S. Y. Characteristics of

Via-Hole Interconnections Fabricated by Using an Inkjet Printing Method. J. Korean

Phys. Soc. 2010, 57, 1699–1701.

(36) Shea, K. J.; Moreau, J.; Loy, D. A.; Corriu, R. J. P.; Boury, B. In Functional Hybrid
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