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This study demonstrates an ambient air operated organic complementary inverter com-
posed of a pentacene p-channel and a N,N'-ditridecylperylene-3,4,9,10-tetracarboxylic
diimide n-channel organic thin-film transistor (TFT) fabricating at room temperature.
The gate dielectric is an ultrathin polystyrene-co-methyl methacrylate (PS-r-PMMA)-mod-
ified hafnium oxide hybrid layer. Grafting the PS-r-PMMA passivates the surface defects.
The transistors exhibit balanced performance, including threshold voltage, on/off current
ratio, and field effect mobility. Similar channel dimensions for both types of TFT can be
designed for the inverter construction. The inverter operates well below 6 V. The switching
voltage is approximately Vgq/2 with a high noise margin (87% of theoretical value), which is

suitable for flexible logic applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Organic thin-film transistors (OTFTs) have attracted
attention because of properties such as flexibility, low-
temperature processing, and low cost. Most OTFT research
has examined large area sensors [1,2], display backplanes
[3,4], and logic circuits [5-7]. An inverter is a fundamental
element when building an electrical function block for lo-
gic circuit and sensor applications. Fig. 1(a) shows a com-
plementary inverter that consists of a p-channel OTFT
and an n-channel OTFT with a logic symbol, where the gate
between the two OTFTs connects the signal input. The
p-channel OTFT source is connected to the supply voltage,
the drain contacts of the p-channel and n-channel OTFT are
connected to the output, and the n-channel OTFT source is
connected to the ground. An inverter with a complemen-
tary structure consumes less power with less propagation
time delay during operation, which is suitable for
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low-power electronics. To enhance the advantages of com-
plementary inverters, balanced performance, such as
mobility and threshold voltages for n and p-channel OTFTs,
is preferred. The organic material for a p-channel OTFT is
generally pentacene or a derivative because they exhibit
high mobility (u ~ 1 cm?/Vs) and air stability. The mate-
rial for an n-channel OTFT is usually either C60 [6] or hexa-
decafluorocopperphthalocyanine (F;6CuPc) [7]. However,
these materials either exhibit relatively low mobility or
are unstable in air. The low mobility makes the area for
the n-channel OTFTs quite larger than the p-channel
OTFTs. The unstable device must be further encapsulated
or operated in a N,-filled environment. Recently, a
N,N'-ditridecylperylene-3,4,9,10-tetracarboxylic diimide
(PTCDI-C13) n-channel OTFT has been shown to exhibit
high mobility comparable to the mobility of pentacene [8].
However, the field-effect mobility depends on the growth
temperature. With a higher substrate temperature, using
Al or Au as source and drain electrodes, PTCDI-C13 based
OTFTs exhibit higher mobility. Mobility also depends on
the choice of gate dielectric and on whether OTFTs are
operated in air or in an inert ambient environment. Sur-
face-modified dielectrics and post-annealing recently im-
proved air stability [9,10].
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Fig. 1. (a) Circuit symbol of the complementary inverter. (b) OCTFT structure with PS-r-PMMA/HfO, dielectrics. (c) Optical microscope image of OCTFT.

Tatemichi et al. [9] reported that PTCDI-C13 OTFTs with
silicon dioxide as the gate dielectric exhibit an electron
mobility of 2.1 cm?/V s in a vacuum after 140 °C annealing.
Without post-annealing, mobility is low at approximately
1073 cm?/V s. There is also no TFT behavior when operating
in air. Jang et al. [10] reported that PTCDI-C13 OTFTs can
have electron mobilities as large as 0.83 cm?/V s in air by
post-annealing at 120-140 °C and protecting the hydro-
philic SiO, surface with a high T, polymer. This research
suggests that proper dielectric/semiconductor interfaces
can improve the stability of PTCDI-C13. Post-annealing
can increase field-effect mobility. Tanidaa et al. [11]
showed that shallow level interface traps affect the field-
effect mobility of PTCDI-C13 OTFTs. Applying a PMMA
layer on SiO, suppresses these shallow level interface
traps.

This study examines an organic complementary TFT
(OCTFT) inverter consisting of room temperature-depos-
ited PTCDI-C13 and pentacene for n- and p-channel OTFTs,
respectively, with balanced performance and a high noise
margin operating in the ambient air environment. For an
OTFT, a low leakage, smooth, high capacitance, surface
passivated dielectric is essential to maintain operation
stability [12]. The hafnium oxide (HfO,) with polysty-
rene-co-methyl methacrylate (PS-r-PMMA) modification
layer was used as the gate dielectric. The high dielectric
constant of HfO, (k ~ 15) [13] kept the OTFT operating at
low voltage with low leakage current. The ultrathin PS-r-
PMMA smoothed the HfO, surface and suppressed the
channel carrier scattered by the hydroxyl group (OH) in-
duced traps in the HfO, [13]. Such a structure provides stable
organic semiconductor/dielectric interfaces, leading to bal-
anced electrical performances for PTCDI-C13 and pentacene
OTFTs.
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Fig. 2. Symmetry transfer curves of pentacene and PTCDI-C13 OTFTs.

2. Experiment

Fig. 1(b) shows the organic inverter with PS-r-PMMA/
HfO, dielectrics used in this study. An 80-nm-thick alumi-
num gate electrode was grown by thermal evaporation on
the glass substrate. The 80-nm-thick HfO, dielectric was
deposited by RF sputtering at room temperature and then
treated with oxygen plasma. The PS-r-PMMA (Aldrich,
M,, = 100,000-150,000) dissolved in toluene (20 mg/ml)
was spin-coated on the HfO, and annealed on a hotplate
at 170 °C for 12 h in a nitrogen atmosphere. This process
enabled copolymer chains to diffuse and attach to the HfO,.
The unattached PS-r-PMMA chains were rinsed in toluene
for 30 s to obtain an ultrathin PS-r-PMMA (approximately
10 nm). [14] The capacitance of 80-nm-thick HfO, and sur-
face PS-r-PMMA is approximately 166 nF/cm?. [13] The
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Table 1
Summary of OTFT performance.

Channel WI/L (um) Ven (V) u (cm?/V's) S.S (V/Dec.) Ton/lor (A)

Pentacene 500/100 -2.8 0.2 0.99 10-5/10~°

PTCDI-C13 1000/100 3 0.07 2.31 10%/10°°
2.0 2.0 gold electrodes were thermally evaporated to complete
transistor source/drain contacts connecting the pentacene
and PTCDI-C13 OTFTs. The patterning of the gate, semicon-
ductors, and source/drain electrodes was accomplished by
-1.51 T vg=tov [ 15 the evaporation of materials through corresponding metal
QZE shadow masks. Fig. 1(c) shows that the channel length (L)
= for both OTFTs was 100 pm. The channel widths (W) for
= -1.0- + Vg=9v 1.0 the PTCDI-C13 and pentacene OTFTs were 1000 pm and
2 500 pm, respectively. The OTFT output and transfer curves
3 Vg=8V and the inverter voltage transfer characteristic (VTC) were
£ 05 1 05 performed by an HP 4145A semiconductor analyzer. All

o Vo= -6V Vg=7V electrical measurements were conducted in ambient air.

g: -
Vg=6V
0.0 . ————— 00 3. Results and discussion
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Fig. 3. Output curves of both type OTFTs with PS-r-PMMA/HfO,.
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Fig. 4. Voltage transfer characteristic and corresponding gain of the
organic inverter.

pentacene (Aldrich, 99%) and PTCDI-C13 (Aldrich, 95%) or-
ganic semiconductors (used as received) were evaporated
in 40-nm-thick without substrate heating at a base pres-
sure of 2 x 107° torr. The deposition rates for pentacene
and PTCDI-C13 were 1 A/s and 0.3 A/s, respectively. Finally,

channel pentacene OTFT with PS-r-PMMA/HfO, dielectrics.
The threshold voltage (Vinp), on/off current ratio (Ion/lof),
and subthreshold swing (S.S) are —2.8 V, 10%, and, 0.99 V/
dec, respectively. The field effect mobility extracted from
the saturation region is approximately 0.2 cm?/Vs. The
transfer curve of the n-channel PTCDI-C13 OTFT, as shown
in Fig. 2(b), is symmetric to the pentacene OTFT. The field
effect mobility in the saturation region and threshold volt-
age (Vyun) are approximately 0.07 cm?/V s and 3V, respec-
tively, which is comparable to the pentacene OTFT results.
The balanced performance of p- and n-channel OTFTs sim-
plifies the circuit design. Table 1 lists the electrical param-
eters of both n and p-channel OTFTs. In addition to the
balanced performance, both transistors operated in the
enhancement mode, indicating that PS-r-PMMA provides
suitable semiconductor/insulator interfaces for n- and
p-channel organic semiconductors. The PS-r-PMMA layer
screens the shallow level electron traps in the HfO,. The
charges attracted by gate voltage accumulate at the dielec-
tric/semiconductor with little influence from these traps.
However, because the HfO, was grown at room tempera-
ture, the high density of pin-holes may not be fully passiv-
ated by the thin polymer modification layers [12]. The
carriers might scatter at the pinholes. Therefore, mobility
is not as high as the PTCDI-C13 OTFTs fabricated at an ele-
vated temperature [8-11].

Fig. 3 shows the output curves of p-channel pentacene
and n-channel PTCDI-C13 OTFTs with PS-r-PMMA/HfO,
dielectrics. Both output curves exhibit suitable transistor
output behaviors. Applying a voltage of 0 to approximately
10V shows the clear linear and saturation regions. With
the increased drain voltage, the output current at satura-
tion region almost unchanged for both types of transistor,
indicates an high output impedance.

A logic circuit requires reliable complementary invert-
ers with a sufficient static gain (dVoyr/dVin) and noise mar-
gin (NM). Switching voltage (Vj) and the transition region
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Table 2
Summary on inverter performance.

Wh/W, Vbp (V) Maximum dVoyr/dVin NMy (V) NM, (V) AVin (V) Vum (measured) (V) Vm (estimated) (V)
1000/500 6 -27.7 2.05 1.25 3.16 3.11
8 -36.7 3.05 3.45 1.5 4.04 4.20
10 —45.4 44 4.35 1.15 4.87 5.29
Table 3
Comparison of inverter performance to other all organic complementary inverter.
Ref. Dielectric Channel Ven (V) u(cm?/V's) Vbp (V) Vm (V) Gain (V/V) NM (%)
[5] SAM/AIO, N: F;6CuPC <0.6 0.02 3 1.1 ~100 -
P: pentacene <1.2 0.6
[15] Si0, N: F16CuPC 2.5 0.005 2 0.9 15 33
P: pentacene -0.7 0.5
[6] Polystyrene/Al,03 N: Ceo 2.1 217 5 2.4 180 >80
P: pentacene 2.7 0.33
[16] HMDS/Si0,/TiSi0,/Si0, N:Ceo 0.8 0.68 3 1.56 ~120 -
P: pentacene -0.84 0.59
[17] Polyimide/SiO, N: PTCDI-C8 5.87 0.34 50 26 14 92.4
P: pentacene -12.9 0.92
[18] COC/SiO 2 N: PTCDI-C13 - 0.83 30 ~20 45 -
P: pentacene - 1.56
This work PS-r-PMMA/HfO, N: PTCDI-C13 3 0.07 10 4.87 454 87
P: pentacene -2.8 0.2

SAM: Self-assembled layer; HMDS: hexamethyldisilazane; PS-R-PMMA: poly (styrene-co-methyl methacrylate); COC: ethylene-norbornene cyclic olefin

copolymers.

(AVin) between logic “0” and “1” dominate the NM. The
Vm = Vpp/2 design is essential for an ideal inverter that pro-
duces high and balanced values noise margin values. By
assuming the mobility and threshold voltages are con-
stants, the switch voltage and current gain factor () are
defined as the following equations:

GwW
p=t= ()

_ .Bn/ﬁpvthn + (VDD - Vthp)

Y N

in which u is mobility, G is gate capacitance, §, and g, are
n- and p-channel TFT current gain factors, and Vip, and Vi
are the n- and p-channel TFT threshold voltages. Because
Vinn and Vi, are similar, to achieve V= Vpp/2 is easily
by taking f./pp=1 with appropriate channel dimension
(WJL) in device.

Accounting for the mobility of both TFTs, channel
widths of W, =1000 pm and W, = 500 pm were designed
for the organic inverter. Fig. 4 shows organic inverter per-
formance including the voltage transfers characteristics
and corresponding static gains. The maximal gains of
—36.7 V/V and —45.4 V|V were obtained at Vpp=8V and
Vbp =10V, respectively. The measured switch voltages
are approximately half of Vpp. Table 2 lists the inverter per-
formance. From Vpp =6V to Vpp =10V, the difference be-
tween high noise margin (NMy) and low noise margin
(NMy) is close. At Vpp =10V, a balanced noise margin is
obtained, where the inverter shows an NMy of 4.4V and
NM, of 4.35 V. Additionally, the sharp transition region of
approximately 1.15V leads to the inverter with minimal

@)

power consumption. Such a high and equalized organic in-
verter NM exhibits 87% of the theoretical limitations. For
switching voltage, the predicted Vy, from (2) are only
slightly different from the measurements. A Vy; of approx-
imately Vpp/2 is obtained.

Table 3 lists the comparison of the inverter performance
with different dielectric and organic semiconductors
[5,6,15-18]. In particular, compared to the organic comple-
mentary inverter with either F;gCuPc [5] or C60 [6] for N-
type OTFTs, the inverter in this work exhibits all enhance-
ment mode operated OTFTs, balanced threshold voltage
and mobility, and a higher noise margin. Compared to
the organic complementary inverter with the same
PTCDI-based material [17,18] as the N-type OTFT, the pro-
posed inverter operates at decreased voltage with higher
gains without post-annealing.

4. Conclusions

This study demonstrates that polymer modified metal
oxide is suitable as a gate dielectric for an air-stable organ-
ic complementary inverter. The PTCDI-C13 and pentacene
were deposited at room temperature for n- and p-channel
OTFFs, respectively. For the PS-r-PMMA/HfO, bilayer
dielectrics, the surface and bulk hydroxyl groups and de-
fects were passivated leading to a balanced threshold
voltage and mobility for n- and p-channel OTFTs. The
switching voltage is designed to be approximately Vpp/2.
The inverter based on this structure produces a high and
balanced NMy of 4.4V and a NM; of 4.35V, which is 87%
of the theoretical value. Additionally, there is an inverter
gain of —45.4V/V at 10 V.
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