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This work reports on the integration of organic and inorganic semiconductors as heterojunction active layers for high-
performance ambipolar transistors and complementary metal-oxide-semiconductor (CMOS)-like inverters. Pentacene is
employed as a p-type organic semiconductor for its stable electrical performance, while the solution-processed scandium
(Sc) substituted indium oxide (ScInO) is employed as an n-type inorganic semiconductor. It is observed that by regulating
the doping concentration of Sc, the electrical performance of the n-type semiconductor could be well controlled to obtain
a balance with the electrical performance of the p-type semiconductor, which is vital for achieving high-performance
inverters. When the doping concentration of Sc is 10 at.%, the CMOS-like logic inverters exhibit a voltage gain larger
than 80 and a wide noise margin (53% of the theoretical value). The inverters also respond well to the input signal with

frequency up to 500 Hz.

Keywords: solution-processed ScInO, ambipolar, transistor, inverter

PACS: 85.30.Pq, 61.82.Fk, 73.40.Lq

1. Introduction

Thin-film transistors (TFTs) based on organic and oxide
semiconductors have drawn much attention for their poten-
tial applications in electronic circuits and displays.!!™! Af-
ter years of in-depth studies, the performance of TFTs based
on organic and oxide semiconductors has achieved impres-
sive progress, and several groups have demonstrated invert-
ers based on unipolar (p-type or n-type) TFTs.[0-191 To this
date, the most studied inverters based on oxide semiconduc-
tors consist of two n-type TFTs as a result of lacking high-
performance p-type oxide TFTs. These inverters generally
have a low voltage gain as they display a weak ability of logic
pull-up, and the power consumption of the devices is also
significant.
based on TFTs generally can be fabricated through two dif-
ferent routes. In the first route, the hybrid inverter is obtained
through the integration of p-type and n-type TFTs, whereas

The high-performance complementary inverter

the other one is the ambipolar inverter based on ambipolar
TFTs. Ambipolar TFTs can be constructed based on differ-
ent structures of the active layer, such as bilayer containing

(1L12] blend of p-type and

p-type and n-type semiconductors,
n-type semiconductors,'3! and bipolar semiconductor.!!*13]
Nakanotani et al. reported the ambipolar TFTs based on an
organic-inorganic hybrid structure containing indium zinc ox-
ide and pentacene bilayer with unbalanced hole and elec-
tron mobilities of 0.14 cm>-V~'s~! and 13.8 cm?>-V~1.s71,
respectively.['!] Zhou ef al. reported flexible ambipolar TFTs

based on a solution-processed organic/inorganic heterojunc-
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tion active layer, but the hole and electron mobilities were in-
ferior (1.2 x 1072ecm?2 Vs tand5.1x 102 cm?V-lsl,
respectively).['®) Luo e al. reported high performance invert-
ers base on ambipolar SnO TFTs with passivation of the back-
channel surface.l'”! Even though ambipolar TFTs based on
organic and metal oxide semiconductors have been demon-
strated in earlier studies, the performance of such devices is
poor, and the switching voltage of the devices cannot be tuned
to improve the electrical performance.

Herein, we report a highly stable ambipolar TFT based
on organic-inorganic bilayer channel. Pentacene and scan-
dium (Sc) substituted indium oxide (ScInO) were employed
as p- and n-type semiconductors, respectively. The electrical
performance of ScInO could be easily tuned by adjusting the
doping concentration of Sc and thereby accomplishing a bal-
ance with the electrical performance of pentacene. Based on
the optimized ambipolar TFTs, complementary metal-oxide-
semiconductor (CMOS)-like logic inverters were fabricated
and they demonstrated excellent switching performance with
a high voltage gain larger than 80, a wide noise margin, and an
excellent dynamic response.

2. Device fabrication and characterization
2.1. Precursor solutions

ScInO precursors (0.2 M) with different Sc doping con-
centrations of 2 at.%, 5 at.%, 10 at.%, and 20 at.% were pre-
pared by adding indium nitrate hydrate [In(NO3)3 - xH,O] and
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scandium nitrate hydrate [Sc(NO3); - xH,O] into deionized
(DI) water. The ScInO precursor solutions with the Sc concen-
trations of 2 at.%, 5 at.%, 10 at.%, and 20 at.% were labeled
as ScInO-2, ScInO-5, ScInO-10, and ScInO-20, respectively.

2.2. Devices fabrication

Solution-processed ScInO TFTs were prepared with a
bottom-gate, top-contact structure. Firstly, a 300-nm-thick
AL:Nd (3 wt.% of Nd) film was deposited on glass substrate
via DC sputtering and patterned by the conventional pho-
tolithography processes. Then, the Al:Nd film was anodized
forming a 200-nm-thick AlO,:Nd (41 nF-cm~2) layer on the
surface. The details of the anodizing processes were re-
ported elsewhere.!'8! After 5 min oxygen plasma treatment,
the ScInO precursor film was deposited on the AlO,:Nd film
by spin-coating, following which the ScInO precursor film was
soft-baked at 50 °C for 20 min and then hard-baked at 300 °C
for 1 h in air. The thickness of the ScInO film was ~ 5 nm.
After that, a 220 nm-thick aluminum film was deposited on
the ScInO film by thermal evaporation, and passed through
the shadow mask as a source electrode and a drain electrode.

For the ambipolar TFTs based on organic-inorganic bi-
layer channel, after the formation of ScInO layer on AlO,:Nd
film, a 30-nm-thick pentacene film was thermally evaporated
onto the ScInO film under a vacuum pressure of ~ 3 x 107 Pa
with a deposition rate of 0.1 A-s~!. Then, a 45-nm-thick Au
film was thermally evaporated onto the pentacene film through
a shadow mask, defining a channel width/length (W/L) of
500 um/70 pm (as shown in Fig. 1(a)). The fabrication pro-
cess of the ambipolar inverters and ambipolar TFTs was iden-
tical, while the shadow mask for defining the patterns of the
Au film for the ambipolar inverters was different (as shown in
Fig. 1(b)).

(b)

ambipolar TFT ambipolar inverter

Fig. 1. (a) Schematic diagram of the ambipolar TFTs based on the bi-
layer structure of pentacene/ScInO. (b) Schematic shows the top-view
of the ambipolar TFTs and ambipolar inverters.

2.3. Characterization

The surface morphologies of the ScInO films were mea-
sured by an atomic force microscope (AFM, Dimension 3100,
Veeco). The electrical properties of the TFTs and inverters
were characterized with a semiconductor parameter analyzer
(Agilent 4155 C) and a probe station at room temperature (RT)
in vacuum environment. To characterize the dynamic response
of the fabricated ambipolar inverter, a testing system was con-
structed, containing a semiconductor analyzer, a function gen-
erator, a voltage amplifier, and an oscilloscope. The carrier
mobility (i) of the devices was calculated by the following
equation:

uGw
T 2L
where C; is the areal capacitance of the gate insulator, Vg is the

Ip (Vo —Vin)?, (1)

gate voltage, and Vj, is the threshold voltage, which is deter-
mined from the conventional linear square root fitting of drain

current Ip. !9

3. Results and discussion

As has been demonstrated in our early work,?’ when
the Sc concentration increases, the turn-on voltage (Vo) of
ScInO TFTs moves in the positive direction, and the off-
current decreases, indicating that the free carrier density of
the oxide films decreases. Meanwhile, the saturation mobil-
ity of the InScO TFTs decreases from 18.4 cm?>-V~!s7! to
6.4 cm?-V~!.s7! with an increase in the Sc doping concen-
tration from 2 at.% to 10 at.%. The observed results coin-
cide with the speculation that Sc suppresses the generation of
the free carrier.[21-22] The solution-processed In, O3 and ScInO
thin films based on environmentally-friendly water-induced
precursor are quite smooth and uniform. For the ambipolar
TFTs based on organic-oxide bilayer channel, the smooth sur-
face of the oxide films offers highly-ordered organic molecule
stacking, which is beneficial for the hole transport.[>’!

Figure 2 shows the transfer characteristics of the am-
bipolar TFTs based on pentacene/ScInO bilayer channel. The
ambipolar TFTs exhibit an n-channel mode at high positive
VG and a p-channel mode at negative and low positive Vg.
As the doping concentration of Sc increases from 0 at.% to
20 at.%, the electron mobility decreases from 4.7 cm?-V~1.s~!
to 0.34 cm?-V~!.s7! and simultaneously the hole mobility in-
creases from 0.15 cm?®- V1571 t0 0.34 cm?-V~'s~!. The Vj,
shows a positive shift with an increase in the doping concentra-
tion of Sc. The details of the electrical parameters have been
summarized in Table 1. The change in mobility and thresh-
old voltage could be ascribed to a decrease in the carrier con-
centration in the ScInO films with an increase in the doping
concentration of Sc.
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Fig. 2. The transfer characteristics of ambipolar TFTs with various doping concentrations of Sc: (a) 0 at.%, (b) 5 at.%, (c) 10 at.%, (d) 20 at.%.

Table 1. The electrical parameters of the ambipolar TFTs and inverters.

Vsw of the inverters at

Scfat%  plem? VL5~ ViV third quadrant/V
N-type  P-type N-type  P-type Calculated  Experimental
4.7 0.15 5 —27 —26.0 —22.5
5 2.7 0.31 15 —10 —13.4 —15.5
10 1.9 0.43 17 —12 —12.3 —14.5
20 0.34 0.34 22 -7 -17.5 —5.6

To explore the feasibility of the ambipolar TFTs applying
in inverters, CMOS-like inverters are fabricated by integrating
two ambipolar TFTs. Figure 3(a) shows the voltage transfer
curves (VTCs) of the inverters based on ambipolar TFTs with
different doping concentrations of Sc. As the supply voltage
(Vpp) of —30 V is biased to the inverters, the output voltage
(Vour) varies from low to high in response to the input voltage
(VIn) sweeping from high to low. In the low/high ViN regions,
Vour is lower/higher than 0 V/—30 V, owing to incomplete oft-
state of the ambipolar transistors. Figures 3(a) and 3(b) show
that the switching voltage (Vsw) and voltage gain vary for the
ambipolar inverters with different doping concentrations of Sc.
According to the quadratic model of the metal-oxide semicon-
ductor transistors, the Vgw at the first quadrant is given by

ambi VDD + VIp 4 VINy/Hy / Up
sz = 9 (2)
1+ \/HN/ Hp
while Vsw at the third quadrant is given by
ambi VDD + VIN + Vpy/Hp /LN
Vsw = ) 3)
1+ \/.Hp/ HUN

where Vrp and Vry are the threshold voltages of p-channel and
n-channel of the ambipolar TFTs, respectively; up and uy are

the hole mobility and electron mobility of the ambipolar TFTs,
respectively.[2#23! The above equations reveal that the Vgy of
the CMOS-like inverters can be tuned by adjusting Vrp, VN,
Up, and iy of the ambipolar TFTs.
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Fig. 3. (a) The voltage transfer curve and (b) the corresponding volt-
age gain of CMOS-like inverters based on ambipolar TFTs with various
doping concentrations of Sc under Vpp = —30 V.
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Generally, to obtain high voltage gain and wide noise
margin (NM) for the CMOS-like inverters, the Vsw should be
tuned close to the midpoint of Vpp (Vpp/2). As shown in Ta-
ble 1, the CMOS-like inverters employing ScInO-10 films as
n-channel exhibit an experimental Vsw (—14.5 V) near Vpp /2,
and the device also presents a maximum voltage gain of 81.6
(see Fig. 3(b)), indicating the balanced transfer characteristics
of the n-channel and p-channel modes in the ambipolar TFTs.
The extracted electrical properties are summarized in Table 2.
The input-low voltage (Vi) and the input-high voltage (Vi)
are the input voltages at the point of dVouyr/dVin = —1,
while the output-high voltage (Vo) and the output-low volt-
age (VoL ) are the output voltages for Viy = Vi, and Vi, respec-
tively. The high noise margin (NMpy = Vou — Vi) is calculated
as 8.0 V, which is 53.3% of Vpp/2, and the low noise margin
(NMp, = Vi — Vo) is 9.1 V, which is about 60.7% of Vpp /2.
Large noise margin provides strong immunity to interference
and avoids logic errors. This is essential for the reliable op-
eration of large scale integrated circuits. Generally, a noise
margin above 30% is necessary for the inverter. The inverter
in this study shows a good noise margin, which is superior to
the already reported unipolar inverters. The transition width
(AVin = Vigp — Vi) is 0.73 'V, indicating that the CMOS-like
inverter can be rapidly switched between Vo and Vog. The
excellent performance of the fabricated inverter could be at-
tributed to its excellent and balanced ambipolar electrical char-
acteristics.

Table 2. Electrical properties of CMOS-like inverter operating at Vpp =
—-30V.

Vsw/V. Vou/V' Viu/V. ViL/V. Vo/V. NMu/V. NML/V  AUN/V
—-145 -59 —-139 -—-157 -26.8 8.0 9.1 0.73

Figure 4 shows that the CMOS-like inverters can oper-
ate at the third quadrant too. The device presents a maximum
voltage gain of 75, the NMy and NMp, are estimated to be
12.8 V and 12.6 V. It is the unique feature of the inverter based
on ambipolar TFTs among all kinds of inverters because the
ambipolar TFTs can work at positive and negative biases.

The dynamic characteristics of the inverter refer to its re-
sponse to the pulse input signal, which is as important as the
static characteristics. To test the dynamic characteristics of the

CMOS-like inverters, a dynamic response testing system was
built. Figure 5 shows the dynamic response of the CMOS-like
inverters at various input signal frequencies. It can be seen
clearly that the devices respond well for the input signal fre-
quency lower than 100 Hz. When the input signal frequency
goes up to 500 Hz, the output signal has a little delay because
the effect of parasitic capacity becomes more obvious. The
transit frequency (fr) is a figure of merit to characterize the
operation speed of TFT, which is defined as

P %.U(VG_Vth) Cen
' 4712 Can+GCp

“

where L is the channel length, C, is the channel capacitance,
and C,, is the parasitic overlap capacitance. ! It is expected
that shortening the L to submicron scale and reducing the G,
can greatly improve the dynamic response of the CMOS-like
inverters.

30
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Fig. 4. (a) The voltage transfer curve and (b) the corresponding voltage
gain under Vpp =30 V.
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Fig. 5. The dynamic response of the CMOS-like inverters at the input signal frequencies of (a) 50 Hz, (b) 100 Hz, (c) 500 Hz.
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4. Conclusion

In summary, ambipolar TFTs and CMOS-like inverters
are fabricated based on pentacene/ScInO heterojunction active
layers. The performance of the devices can be tuned by adjust-
ing the doping concentrations of Sc in the ScInO films. With
the optimized Sc doping concentration of 10 at.%, the con-
structed CMOS-like inverters exhibit a voltage gain of 81.6 at
Vop of —30V, a large noise margin, and an excellent dynamic
response to the input signal with frequency up to 500 Hz.
Overall, this study paves the way for further research, whereby
it can be expected that ambipolar inverters with superior per-
formance can be found in the near future.
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