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We propose a universal model for bias-stress (BS)-induced instability in the inkjet-printed carbon nanotube
(CNT) networks used in ﬁeld-eﬀect transistors (FETs). By combining two experimental methods, i.e., a comparison between air and vacuum BS tests and interface trap extraction, BS instability is explained regardless of
either the BS polarity or ambient condition, using a single platform constituted by four key factors: OH− adsorption/desorption followed by a change in carrier concentration, electron concentration in CNT channel
corroborated with H2O/O2 molecules in ambient, charge trapping/detrapping, and interface trap generation.
Under negative BS (NBS), the negative threshold voltage shift (ΔVT) is dominated by OH− desorption, which is
followed by hole trapping in the interface and/or gate insulator. Under positive BS (PBS), the positive ΔVT is
dominated by OH− adsorption, which is followed by electron trapping in the interface and/or gate insulator.
This instability is compensated by interface trap extraction; PBS instability is slightly more complicated than NBS
instability. Furthermore, our model is veriﬁed using device simulation, which gives insights on how much each
mechanism contributes to BS instability. Our result is potentially useful for the design of highly stable CNT-based
ﬂexible circuits in the Internet of Things wearable healthcare era.

1. Introduction
The inkjet-printed carbon nanotube (CNT) networks used in ﬁeld
eﬀect transistors (FETs) are a fundamental building block for wearable
devices used in the Internet-of-Things (IoT) and macroelectronics era
[1–4]. CNT networks have various merits such as high mobility, current
drivability, low temperature, low-cost fabrication, transparency, and
compatibility with ﬂexible substrates. For the commercialization of
inkjet-printed CNT network FETs, the reliability and robustness of their
electrical characteristics under the condition of real circuit operation
need to be guaranteed. Therefore, the understanding of bias-stress (BS)
instability is indispensible for the manufacturing of CNT FET-based
circuits and systems. However, attempts to develop a universal model
of BS instability have rarely been made [5,6].
In this paper, we propose a universal BS-induced instability model
that successfully explains the instability mechanisms under negative
bias stress (NBS) with gate-to-source voltage (VGS) = −15 V and under
positive bias stress (PBS) with VGS = 15 V in CNT FETs with a single
framework. By fully taking into account the adsorption/desorption of
silanol groups, the generation of interface traps, electron concentration
in CNT channel associated with H2O/O2 molecules in ambient, and
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electron/hole trapping, a universal model of BS instability is successfully established and veriﬁed using technology computer-aided design
(TCAD) simulation.
2. Fabrication process and device structure
Bottom-gate-structure CNT network FETs with a p+ Si gate and a
SiO2 gate insulator (GI) were used in this study (see Fig. 1(a)). CNT
FETs were fabricated on highly p-doped silicon substrates with a thermally grown 50-nm-thick SiO2 layer. First, the surface was treated with
ultraviolet rays to make the surface clean and hydrophilic. Second, the
top surface of the SiO2 layer was functionalized with poly-L-lysine solution (0.1% w/v in water; Sigma Aldrich) to form an amine-terminated
surface, which acted as an eﬀective adhesion layer when CNT was deposited. After immersing 90% of the semiconducting CNT solution for
several minutes, a CNT network channel was formed. Third, the device
was rinsed with isopropanol and deionized (DI) water. To form the
source/drain (S/D), silver nanoparticles of the electrodes were printed
using an inkjet printer (Unijet UJ200MF) and then annealed (150 °C,
10 min). Poly-4-vinylphenol (PVP) was printed onto the surface to deﬁne the channel width; this was followed by one more oxygen plasma-
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trap density (Dit) between CNT and GI was extracted using the multifrequency capacitance-voltage (C-V) spectroscopy [9,10]. No change
was observed in Dit under NBS; this is denoted by symbols in Fig. 4(a).
As shown by the lines in Fig. 4(a), the extracted Dit is well-ﬁtted with
the superposition of one exponential and one Gaussian function as
follows:
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The adsorption of silanol groups occurs more actively in air than in
vacuum because of the existence of H2O in air. It would be also maximized under RT = 80 % condition. Therefore, a larger number of silanol groups is supplied to the CNT/SiO2 interface in air than in vacuum, regardless of the polarity of BS. After SiOH− is adsorbed, the
electrons in CNT are annihilated and more abundant holes are accumulated in CNT channel. However, when SiOH− is desorbed, electrons
are generated, diﬀused into CNT, and recombined with holes in the pchannel of the CNT FET. This decreases the hole concentration in CNT.
Fig. 5 illustrates the proposed BS instability model. The SiOH−
concentration in the CNT/SiO2 interface increases in the following
order: humid PBS > air PBS > air NBS > vacuum NBS > vacuum
PBS, as shown in Fig. 5(a)–(d), respectively. The hole concentration in
the CNT FET under NBS is higher in vacuum (Fig. 5(b)) than in air
(Fig. 5(a)). Similarly, the electron concentration in CNT under PBS is
higher in vacuum (Fig. 5(d)) than in air (Fig. 5(c)).
Under NBS, the negative ΔVT is dominated by OH− desorption,
which is followed by hole trapping in the interface and/or GI. Hole
trapping is relatively more suppressed in air than in vacuum because
activated OH− desorption reduces the hole concentration more eﬀectively. Thus, a CNT FET under NBS is more unstable in vacuum than in
air. During recovery, the holes are detrapped out of the interface and
the GI, and OH− is adsorbed because of the electrostatic force resulting
from the change in bias. Thus, ΔVT shifts in the positive direction
during recovery. This model is consistent with Fig. 3(a).
Under PBS, the positive ΔVT is dominated by OH− adsorption,
which is followed by electron trapping in the interface and/or GI.
Electron trapping is relatively more suppressed in air than in vacuum
because more activated OH− adsorption reduces the electron concentration [10,13]. Here, it should be noted that H2O or O2 molecules
on the CNT surface attracts electrons away from the channel in the
bottom gate FET structure [5,6]. Therefore, under PBS, the electron
concentration in the CNT channel would increase in the following
order: humid < air < vacuum, which is consistent not only with
Fig. 5(c) and (d) but [6] as well. The ambient eﬀect on the electron
concentration in the CNT channel under PBS is illustrated in Fig. 3(c) as
the ΔVT component associated with electron trapping.
However, unlike in NBS, a Dit increase occurs in PBS, as shown in
Fig. 4; this increase shifts ΔVT in a negative direction. In vacuum, OH−
adsorption is negligible in comparison to that in air. Although electron
trapping is more signiﬁcant in vacuum than in air, its contribution to
achieving a positive ΔVT is smaller than that of OH− adsorption
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where NTD and NGD are the densities of the donor-like tail and deep
states, respectively; kTTD and kTGD are the characteristic energies of the
tail and deep states, respectively; and EGD is the characteristic energy
level of the Gaussian deep state. The Dit parameters are shown in Fig. 4.
Unlike in the NBS case, an increase in the Dit tail states is clearly observed in the PBS case, as shown in Fig. 4(b). This increase is one of the
origins on negative ΔVT because the interface trap has the nature of a
donor and the CNT FET is a p-channel device.
In the interface between CNT and SiO2, a well-known electrochemical reaction in terms of the adsorption/desorption of the silanol
group (SiOH−) is described as follows [11,12]
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Channel Width : 400 m
Channel Length : 250 m
SiO2 thickness : 50 nm
Fig. 1. (a) Schematic of the inkjet-printed CNT FETs. (b) AFM image of the CNT network
using a 90% semiconducting CNT solution. Device width/length is deﬁned as 400/250
μm.

etching step to remove the unwanted CNT paths. Finally, PVP was removed using warm acetone (70 °C), isopropanol, and ﬂowing nitrogen
[7]. Fig. 1(b) shows the atomic force microscopy (AFM) image of the
fabricated CNT network.
The current-voltage (I-V) and BS characteristics were measured
using the Keithley 4200 system at room temperature under dark conditions. The readout condition was that the gate voltage (VG) was swept
from −10 to +10 V at a drain voltage (VD) of −0.5 V and a source
voltage (VS) of 0 V in the pulsed I–V mode [8]. The BS test was performed in vacuum and in ambient air, and the results of these two tests
were compared each other. The condition of NBS/PBS was VG = −15/
+15 V, VD = 0 V, and VS = 0 V. The condition of recovery was VG = VD
= VS = 0 V.
3. Results and discussion
The fabricated CNT FET showed a typical transfer characteristic of
the p-channel transistor. The BS and recovery time evolutions of the I-V
curves are diﬀerent according to the NBS/PBS and vacuum/air cases, as
shown in Fig. 2.
In the NBS case, a negative shift of the threshold voltage (VT) is
observed. The magnitude of the VT shift (ΔVT) in vacuum is larger than
that in air, whereas a positive ΔVT is observed during the recovery
period, as shown in Fig. 2(a) and (b). The NBS/recovery-induced ΔVT is
shown in Fig. 3(a).
Conversely, in the PBS case, negative or positive ΔVT is observed in
vacuum/air, whereas a negative ΔVT is observed during the recovery
period, as shown in Fig. 2(c) and (d). The PBS/recovery-induced ΔVT is
shown in Fig. 3(b). Furthermore, the PBS test under a relative humidity
(RH) 80 % was also performed in order to investigate the ambient eﬀect
more in detail (see Fig. 3(b)).
To take the trap-generation-induced ΔVT into account, the interface
2
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Fig. 2. Time-dependences of the transfer characteristics under
NBS in (a) air and (b) vacuum, and under PBS in (c) air and (d)
vacuum.
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Fig. 3. Bias stress and recovery time dependences of ΔVT (a)
under NBS and (b) PBS. (c) The summarized ΔVT schematic
under NBS and PBS in air and vacuum.
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explains NBS and PBS on a single platform, which is constituted by four
key factors: OH− adsorption/desorption followed by a change in carrier
concentration, electron concentration in CNT channel corroborated
with H2O/O2 molecules in ambient, charge trapping/detrapping, and
interface trap generation. Furthermore, our model provides insights on
how much each mechanism contributes to BS instability, which is
schematically illustrated in Fig. 3(c).
To validate our model, TCAD simulation was performed [14]. The
experimentally extracted Dit was incorporated into the simulation.
Fig. 6 shows that our model-based TCAD reproduces the measured I-V
curve very well in all cases involving PBS/NBS and air/vacuum; this
suggests that the proposed model is reasonable. The equivalent density

because the electron is a minority carrier in CNT. In the case of vacuum
PBS, a small positive ΔVT is overcompensated by a large negative ΔVT
resulting from the Dit increase; consequently, a negative ΔVT is observed. However, in the case of air/humid PBS, a large positive ΔVT is
undercompensated by the Dit-generation-induced negative ΔVT; consequently, a positive ΔVT is observed. During recovery, the electrons are
detrapped out of the interface and GI, and OH− are desorbed because of
the electrostatic force resulting from the change in bias. Thus, ΔVT
shifts in a negative direction during recovery. This model is also consistent with Fig. 3(b).
Our model combines two experimental methods, i.e., the comparison between air and vacuum and Dit extraction, and universally

Fig. 5. Energy band diagram under NBS in (a) air and (b)
vacuum and under PBS in (c) air and (d) vacuum. These
energy band diagrams indicate the diﬀerent carrier concentrations in CNT. Also, the charge trapping mechanism
and OH− adsorption/desorption under air and vacuum
conditions are shown.
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of charges normalized by the elementary charge (1.6 × 10−19 C) was
estimated to be 4 × 1011 cm−2 (positive charge in vacuum under NBS),
8 × 1011 cm−2 (negative charge in air under PBS), and 4 × 1011 cm−2
(negative charge in vacuum under PBS).
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