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Carbon nanotubes (CNTs) and indium-gallium-zinc oxide (IGZO) have emerged as important materials
for p-type and n-type thin-ﬁlm transistors (TFTs), respectively, due to their high mobility, ﬂexibility, and
low fabrication temperature. However, fabricating sophisticated macroelectronic circuits operating in
complementary mode is challenging using only a single material, because implementing n-type CNT TFTs
and p-type IGZO TFTs is difﬁcult. Therefore, hybrid complementary circuits integrated with p-type CNT
TFTs and n-type IGZO TFTs have been demonstrated to combine the strength of each TFT. However,
limited efforts have been devoted to optimizing the circuit performance by tuning the process conditions
under which the percolated CNT network channel and IGZO channel are formed. In particular, the
densities of CNTs in the network channel and the amount of oxygen vacancies in the IGZO channel can be
simply adjusted, which are important in determining the electrical properties of each TFT. In this work,
we systematically investigated the device and circuit performance by varying such conditions; hence, we
conﬁrmed the design features of each TFT that can be optimized to enhance the hybrid complementary
circuits.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
During the development of macroelectronics over the past few
decades, various thin-ﬁlm materials have been widely studied as
channel materials for thin-ﬁlm transistors (TFTs), such as organic
semiconductors, oxide semiconductors, and carbon nanotubes
(CNTs), during the past few decades [1e5]. Organic semiconductor
TFTs, such as poly(3-hexylthiophene) (P3HT) and triisopropylsilylethynyl (TIPS) based TFTs, have attracted widespread attention due to their low cost, high ﬂexibility, and easy fabrication;
however, the environmental and operational stabilities of organic
TFTs remain important issues for their application in practical devices [3,6e10]. Moreover, oxide-semiconductor-based TFTs, such as
those based on indium-gallium-zinc oxide (IGZO), i.e., IGZO TFTs,
have been actively developed due to its high mobility and
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transparency and the high uniformity of the properties over large
areas [11e13]. Thus, the IGZO TFTs have been applied in pixel driver
circuitry, such as active-matrix (AM) liquid crystal displays (LCDs)
and organic light emitting diodes (OLEDs) [14]. Despite the development of oxide-semiconductor TFT technologies, research on ptype oxide semiconductor materials remains lacking; hence, stable
p-type oxide TFTs with high mobility should be developed for circuits operating in complementary mode [15,16]. Meanwhile, CNT
network thin ﬁlms have emerged as potential building blocks for
macroelectronics [17,18]. TFTs based on CNT networks have been
reported with excellent electrical properties, together with high
transparency, low processing cost and temperature, and scalability
[19e22]. However, CNT-based TFTs, i.e., CNT TFTs, typically
exhibited only p-type characteristics under ambient conditions
because of the adsorption of oxygen and water vapor [23e25].
Therefore, converting the initial p-type operation of CNT TFTs to ntype operation is required. Although this conversion have been
attempted in the past, it must be further developed for long-term
stability [26e34].
Recently, with increasing interest in macroelectronic circuits
with low power dissipation, hybrid combinations of
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complementary materials, such as IGZO and CNT, have been
extensively researched for various complementary circuits
[35e38]. This hybrid integration enables combining the strengths
of CNT TFTs and IGZO TFTs, which circumvents the difﬁculty of
producing complementary TFTs [36,37]. However, their applications suffer from practical limitations due to insufﬁcient studies
regarding the enhancement of circuit performance by optimizing
the characteristics of each TFT. During the formation of such
channels, i.e., percolated CNT networks and IGZO, the device performance of the TFTs can be signiﬁcantly altered by changing the
process conditions, such as controlling the CNT deposition times
and oxygen ﬂow rate while sputtering IGZO; hence, the performance of the hybrid circuit can further be improved.
Here, we report the hybrid integration of p-type CNT TFTs and ntype IGZO TFTs to optimize circuit performance. We evaluated the
device and circuit performance by tuning the CNT deposition time
and the oxygen ﬂow rate during IGZO sputtering, which determine
important device metrics. We believe that our study would be
fruitful for predicting the performance of hybrid complementary
circuits based on p-type CNT TFTs and n-type IGZO TFTs, particularly for the development of device layouts and fabrication
processes.
2. Experimental procedure
Fig. 1a shows a schematic image of a hybrid complementary
inverter based on the CNT TFT and the IGZO TFT. We employed a
global back-gate design and shadow masks for the circuit. The
devices were fabricated on 2 cm  2 cm pieces of silicon wafer,
which is highly p-doped as a global back-gate, with a thermally
grown 50-nm-thick SiO2 layer. The substrate was ﬁrst functionalized with a poly-L-lysine solution for 5 min to form an amineterminated adhesion layer for the effective deposition of CNT
[20]. Next, the substrate was immersed in a highly puriﬁed 99%
semiconductor-enriched CNT solution (purchased from Nanointegris, Inc.) for various deposition times ranging from 5 min to
25 min to create uniform CNT networks with controlled densities of
semiconducting CNTs on the substrate. Subsequently each sample
was rinsed with DI water and isopropanol and then dried with a N2
gun. For the semiconducting CNT solution, only semiconducting
CNTs were separated and extracted, with a yield as high as 99%
using a density gradient ultracentrifugation approach. Pd source/
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drain electrodes with a thickness of 40 nm were deposited with an
e-beam evaporator. Next, to deﬁne the percolated CNT network
channel, SiOx with a thickness of 300 nm was deposited with an ebeam evaporator, followed by a subsequent oxygen plasma etching
step to remove unwanted current paths, thus completing the
fabrication of the p-type CNT TFTs. To form the n-type IGZO TFTs for
the hybrid complementary inverter, a layer of IGZO
(In:Ga:Zn ¼ 1:1:1 at%) with a thickness of 35 nm was ﬁrst deposited
by radio frequency magnetron (RF) sputtering with power of 150 W
under a pressure of 4 mTorr at room temperature. During sputtering, the oxygen gas ﬂow rate was varied from 0.1 sccm to 0.7
sccm with a ﬁxed Ar ﬂow rate of 3 sccm, which could adjust the
amount of oxygen vacancies in the IGZO channel. Finally, Ti source/
drain electrodes with a thickness of 100 nm were also formed using
an e-beam evaporator; hence, the complementary circuit was
fabricated based on p-type CNT TFTs and n-type IGZO TFTs. In
addition to the deposition time, the oxygen ﬂow rate could be a
signiﬁcant factor in tuning the electrical characteristics of n-type
IGZO TFTs. Therefore, by adjusting these factors, we can optimize
the performance of the hybrid complementary circuit. Fig. 1c shows
the scanning electron microscopic (SEM, FEI Co., model Nova Nano
SEM 200) images illustrating the percolated CNT network covered
with the SiOx layer and the IGZO thin ﬁlm in the channel of p-type
and n-type TFTs, respectively.
The microscopic morphology of CNT was determined using
atomic force microscopic equipment (AFM, Park Systems, model
XE-100). A change of chemical composition in IGZO TFTs with oxygen ﬂow rate during indium-gallium-zinc oxide sputtering was
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Fisher,
model K-Alpha). The subgap density-of-states of IGZO TFTs were
characterized using an Agilent 4284A LCR meter. Also, the CNT TFTs,
IGZO TFTs, and hybrid CMOS-based inverters were characterized
using an Agilent 4156C semiconducting parameter analyzer.
3. Results and discussion
Fig. 2a and b presents the electrical performance of an individual
p-type CNT TFT: transfer (drain current IDS versus gate voltage VGS)
and output (IDS versus drain voltage VDS) curves, respectively. CNT
TFTs appear to operate as p-type transistors, as shown in the
transfer curves, showing the typical on/off current ratio (Log(ION/
IOFF)) and mobility (m) of 4.85 ± 0.21 and 11.7 ± 1.1 cm2/V$sec,

Fig. 1. (a) Three-dimensional schematic diagram of the hybrid complementary inverter integrated with p-type CNT and n-type IGZO TFTs. (b) Optical microscope image of the
hybrid complementary circuit. (c) SEM images of the CNT network channel covered with evaporated SiOx layer and sputtered IGZO channel.
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Fig. 2. (a) Transfer characteristic (IDS-VGS) and (b) output characteristics (IDS-VDS) of the p-type CNT TFT with L ¼ 300 mm and W ¼ 400 mm, produced with 5 min of deposition time
for the formation of the CNT network channel. (c) Transfer characteristics (IDS-VGS) and (d) output characteristics (IDS-VDS) of the n-type IGZO TFT with L ¼ 300 mm and W ¼ 400 mm,
produced with an oxygen ﬂow rate of 0.1 sccm to form the IGZO channel.

respectively. ION and IOFF were deﬁned by the currents at VGS
of 20 V and 3 V, respectively, and the mobility was extracted using
the typical current-voltage equation for the transistor. In addition,
the CNT TFT can be fully saturated, as shown in the output curves.
The curves appear to be linear in small-VDS regimes, indicating that
ohmic contacts were formed between the Pd source/drain and the
semiconducting CNTs. In addition, the performance of an individual
n-type IGZO TFT is exhibited in Fig. 2c and d. The typical Log(ION/
IOFF) and mobility of the device were determined to be 5.65 ± 0.23
and 12.9 ± 3.4 cm2/V$sec, respectively, from the transfer curve.
Moreover, excellent saturation behavior was also obtained, with
ohmic contacts between the Ti source/drain and the IGZO. The
measurements indicated that the electrical characteristics of the ptype and n-type TFTs were not symmetrical; hence, to optimize the
complementary circuit performance, the effect of various factors on
the electrical characteristics of the TFTs must be evaluated and
predicted to optimize the individual TFT performance, as discussed
below.
First, we measured the IDS-VGS curves of the p-type CNT TFTs at
VDS ¼ 0.5 V, as shown in Fig. 3a, in which the density of the
percolated CNT network was varied. Important device performance
metrics were extracted and are summarized in Fig. 3b. In addition,
AFM images for each CNT density are presented in Fig. 3c. The
densities were clearly shown to increase with the deposition time,
showing densities of 49.8 ± 4, 60.5 ± 3, 65.8 ± 2.5, and 73.8 ± 2.5
tubes/mm2 at deposition times of 5, 10, 15, and 25 min, respectively.
The density of the percolated CNT network produced by the
random deposition method using the amine-terminated surface
tends to saturate as the deposition time increases. We selected a
relatively high CNT density to form the reliable CNT network
channel in the p-type CNT TFTs, because the electrical properties of
the p-type CNT TFTs were notably non-uniform at a lower density

of CNTs. All CNT TFTs exhibited p-type behavior, regardless of the
CNT density. As the CNT density increased, ION increased (corresponding transconductance gm was also increased); however, IOFF
degraded (i.e., increased undesirably), leading to a gradual decrease
in Log(ION/IOFF). This tendency always occurred with the increasing
CNT density, as explained by the numerical simulation in Fig. 3d
(for details of the Monte-Carlo-based simulation, see the Supplementary Information, Fig. S1). The number of CNTs involved in the
current path increased with the CNT density, but the probability of
a metallic interconnection between the source/drain electrodes
also increased at a higher CNT density. The current path only
connected by the metallic CNTs was not effectively turned off by the
bias in the gate, resulting in an increase in IOFF and the subthreshold
swing and a positive shift in the threshold voltage (VT). This trend is
consistent with prior reports and suggests that CNT TFTs entail an
inherent trade-off between ION and IOFF; therefore, to alleviate this
trade-off, a CNT solution with higher semiconducting purity is
necessary for p-type CNT TFTs [39,40].
Next, we measured the IDS-VGS curves of the n-type IGZO TFTs at
VDS ¼ 0.5 V, in which the oxygen ﬂow rates were varied during IGZO
sputtering, as described in Fig. 4a. The device metrics extracted
from the transfer curves are exhibited in Fig. 4b. The IGZO TFTs
clearly showed n-type behavior for all oxygen ﬂow rates during
sputtering. As the oxygen ﬂow rate increased, the electrical properties, such as ION, Log(ION/IOFF), and gm, degraded. Moreover, VT
changed positively with the oxygen ﬂow rates. To investigate the
change in the electrical properties under various oxygen ﬂow rates
in further detail, we performed XPS of O 1s peaks of the IGZO ﬁlm,
as shown in Fig. 4c. The O 1s peaks of the measured XPS were
extracted at energy levels of 529.96 eV (metal-oxygen bonding),
531.55 eV (oxygen vacancy), and 532.7 eV (hydroxyl group) [41].
Notably, the oxygen vacancy peak at 531.55 eV decreased with
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Fig. 3. (a) IDS-VGS of the p-type CNT TFTs produced for different deposition times to form the CNT network channel. (b) Summarized device performance metrics of the p-type CNT
TFTs, such as ION, Log(ION/IOFF), gm, and VT. (c) AFM images (2.5 mm  2.5 mm, z-scale is 10 nm) of the CNT network channel constructed from a 99% semiconducting CNT solution with
deposition times of 5, 10, 15, and 25 min (d) (Left) Randomly generated percolated CNT network for low and high CNT densities. Total numbers of CNTs in the low and high density
networks were 100 and 500, respectively. (Right) Calculated ﬂowing currents for the networks at on- and off-states. The current values were indicated by linear scale bar.

increasing oxygen ﬂow rates, revealing that fewer oxygen-vacancyrelated defects were formed with higher oxygen ﬂow rates. This
was conﬁrmed by extracting the subgap density-of-states near the
conduction band minimum (Ec), as shown in Fig. 4d (for details on
the method for extracting the subgap density-of-states, see the
Supplementary Information, Fig. S2). Therefore, fewer oxygen vacancies lead to low donor doping, which causes VT to change in the
positive direction. However, the decreases in ION and gm cannot be
fully explained by the change in VT; further decreases are most
likely due to percolation theory in IGZO TFTs [42].
Based on the results presented above, we actualized a hybrid
inverter operating in complementary mode with TFTs exhibiting
desirable p-type and n-type behaviors. Fig. 5 describes the operations of hybrid complementary inverters integrated with p-type
CNT TFTs and n-type IGZO TFTs with the various important factors
discussed above. The inset image in Fig. 5a illustrates an equivalent
logic circuit of a hybrid complementary inverter. The supply voltage

(VDD) and ground (GND) of the inverter were connected to 20 V and
0 V during characterization, respectively. The voltage gain, inverter
current (IINV), and logic VT are the most important factors for estimating the inverter performance; speciﬁcally, a high voltage gain,
low IINV, and logic VT of approximately VDD/2 are required for the
high performance of the inverter. Therefore, we extracted these
three parameters to evaluate the inverter performance based on
different CNT densities in the CNT network channel for the p-type
CNT TFTs and the amount of oxygen vacancies in the IGZO ﬁlm for
the n-type IGZO TFTs.
First, we evaluated the effect of the CNT density of the p-type
CNT TFTs on the inverter performance, as shown in Fig. 5a. The
inverter performance was clearly affected by varying the CNT
deposition time and, thus, the CNT density, while the oxygen ﬂow
rate while sputtering the IGZO ﬁlm was maintained constant. The
IOFF of the p-type CNT TFTs was observed to increase with CNT
density, preventing the output voltage from decreasing to 0 V.
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Fig. 4. (a) IDS-VGS of the n-type IGZO TFTs produced with different oxygen ﬂow rates during the formation of the IGZO channel. (b) Summarized device performance metrics of the
n-type IGZO TFTs, such as ION, Log(ION/IOFF), gm, and VT. (c) XPS of the sputtered IGZO channel with oxygen ﬂow rates of 0.1, 0.3, 0.5, and 0.7 sccm. (d) Extracted subgap density-ofstates from the n-type IGZO TFTs.

Therefore, the voltage gain decreased, and the IINV increased, i.e.,
the power consumption deteriorated. The inverter exhibited a
voltage gain of 108.3 when the CNT density was lowest. However,
the VT of the p-type CNT TFTs with a low density of CNTs shifted
negatively; hence, the logic VT was not half of the VDD, indicating
the necessity of engineering VT in p-type CNT TFTs using appropriate methods, such as engineering the work function in the gate
materials and doping the CNTs. Furthermore, if the CNT density was
too low, the CNT network density was possibly too low to enable
the ﬂow of current. Therefore, to obtain a high voltage gain and a
low IINV, using CNTs with a semiconducting purity above 99% is
essential.
In addition, we evaluated the effect of the amount of oxygen
vacancies in IGZO ﬁlms of the n-type IGZO TFTs on the inverter
performance by increasing the oxygen ﬂow rates during the IGZO
ﬁlm sputtering, as shown in Fig. 5b. In this case, the CNT density
was maintained at the lowest value. Regardless of the different
oxygen ﬂow rates, the inverter exhibited an ideal rail-to-rail output
voltage behavior; however, the voltage transfer curve of the
inverter positively shifted because VT of the n-type IGZO TFTs
changed with the amount of oxygen vacancies with the varying
oxygen ﬂow rate. At the highest oxygen ﬂow rate of 0.5 sccm, the
inverter VT was 8.64 V, which was nearly half of the VDD due to the
symmetric VT of the two TFTs. Nevertheless, the inverter gain

degraded with the increasing oxygen ﬂow rates, caused by the
deteriorated electrical properties of the n-type IGZO TFTs, as shown
previously; hence, to further improve the inverter performance, VT
in n-type IGZO TFTs must also be engineered using the proper
method while the oxygen ﬂow rates is kept low.
4. Conclusions
In this work, we demonstrated that a hybrid complementary
inverter, integrated with p-type CNT TFTs and IGZO n-type TFTs, can
be optimized by adjusting important factors affecting the electrical
properties of each TFT, such as the density of the percolated CNT
networks and the amount of oxygen vacancies in the IGZO ﬁlms.
The characteristics of the hybrid complementary inverters were
evaluated by analyzing changes in the characteristics of each TFT
due to such factors, and the required characteristics of each TFT
were discussed. In addition to controlling these factors, employing
CNTs with higher semiconducting purity and engineering the work
function of the gate materials in each TFT are required to further
improve the hybrid complementary inverter. We only evaluated the
static performance of the inverter in this work; thus, further work is
required to investigate the dynamic circuit performance and reliability of the circuit for practical use. We believe that the results
presented here will provide guidance for optimizing the
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Fig. 5. Voltage transfer curves, voltage gains, and inverter currents (IINVs) of hybrid complementary inverters fabricated with (a) different deposition times to form the CNT network
channel and a ﬁxed oxygen ﬂow rate, and (b) different oxygen ﬂow rates for sputtering the IGZO channel and a ﬁxed CNT deposition time.

performance of hybrid complementary inverters, particularly for
designing device layouts and fabrication processes.
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