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 ABSTRACT 
Scandium (Sc) contacted n-type carbon nanotube (CNT) field-effected transistors
(FETs) with back and top-gate structure have been fabricated, and their stability in
air were investigated. It was shown that oxygen and water molecules may affect
both the nanotube channel and Sc/nanotube contacts, leading to deteriorated 
contact quality and device performance. These negative effects associated with
the instability of n-type carbon nanotube FETs can be eliminated through
passivating the CNT devices by a thin layer of atomic-layer-deposition grown 
Al2O3 insulator. After passivation, the n-type carbon nanotube FETs are shown 
to exhibit excellent atmosphere stability even after being tested and exposed to air
for over 146 days, and then much smoother output characteristics and reduced
gate voltage hysteresis from 1 to 0.1 V were demonstrated when compared with 
devices without passivation. Lasting power-on tests were also performed on the
passivated CNT FETs under large gate stress and high drain current in air for
at least 10 h, revealing null device degradation and sometimes even improved 
performance. These results promise that passivated CNT devices are reliable in
air and may be used in practical applications. 

 
 

1 Introduction 

As a competitive candidate for post-silicon nano-
electronics, carbon nanotube (CNT) electronics has 
been studied for over 15 yr [1–3]. In particular CNT 
based high performance field-effect transistors (FETs) 
and their integrated circuits (ICs) have been the subject 
of intensive investigations and have made impressive 
progress in recent years [4]. Both p-type [5–7] and 

n-type [8–10] CNT FETs have been pushed to their 
performance limit through optimization in both device 
structure and materials [6, 7, 9, 10], and various kinds 
of logic and arithmetic circuits [11–18], including full 
adder/subtractor [16–18], have been realized. Mainly 
benefiting from the dimensional and material ad-
vantages of CNTs, CNT FETs were predicted and 
proved to outperform FETs based on conventional 
bulk semiconductors [6, 9, 19, 20]. Among relevant 
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electrical properties of CNTs, the ultra-thin body 
enables the device channel to be easily controlled by 
the field from the gate electrode, which in turn ensures 
that the sub-10 nm CNT FETs retain excellent device 
characteristics without suffering short channel effects 
[20, 21]. Such ultra-thin bodies also make CNT devices, 
especially FETs built on individual CNTs, be ultra- 
sensitive to their environment, leading to obvious 
current fluctuations in device properties [22–24]. It is 
thus highly desirable to know to what extent these 
fluctuations can be eliminated and how reliable the 
device can be. While some obvious phenomena related 
to device instability have been widely observed, in par-
ticular performance degradation in air, and increased 
hysteresis in transfer characteristics and current 
fluctuations [22–25], it is still not clear whether these 
instabilities could be eliminated. Very recently, stability 
in back-gated CNT FETs was investigated and it  
was shown that it may be improved through simple 
passivation [26–28], but for the more important top- 
gated FET geometry the problems have hardly been 
investigated. From a practical point of view, it is 
extremely important to know whether CNT FETs could 
continue to work for a long period of time under 
large current, which is likely to occur in practical 
applications. To develop CNT FET-based ICs, ways to 
determine and improve the stability and reliability of 
CNT FETs are urgently needed. 

Comparing with p-type CNT FETs, the stability of 
n-type CNT FETs is an issue of even greater concern 
[29–32]. This is because contact electrodes made of 
metals with low work functions, such as Sc or Y, are 
more active and likely to be subject to chemical 
reactions in air. Although some methods have been 
tried to passivate n-type back-gated CNT FETs [33], 
for exmple depositing an Al film to isolate the contact 
electrode from the air and covering the channel by a 
layer of hexamethyldisilazane (HMDS), the current 
fluctuation was still obvious. In this paper we will 
explore the stability of Sc-contacted n-type CNT FETs 
through monitoring the time-evolution of several key 
performance parameters of the devices. We found that 
the performance of Sc-contacted n-type CNT FETs does 
degrade with time in air, which may be attributed to 
molecules such as O2 or H2O in air. In principle these 
molecules could affect both the Sc/CNT contacts and 

CNT channel, but the stability of the CNT FETs can be 
significantly improved by suitable passivation, e.g., 
by covering the devices with a thin layer of Al2O3. After 
passivation, the reliability of CNT FETs is shown to 
have been significantly improved, exhibiting hardly 
any degradation in air for a long period of time, accom-
panied by a significantly reduced gate hysteresis and 
almost no current fluctuations. Furthermore, suitably 
passivated n-type FETs built on individual CNT are 
shown to be able to withstand large continuous 
currents of more than 10 μA for over 10 h, which is 
unlikely to occur in real complementary metal–oxide– 
semiconductor (CMOS) circuits.  

2 Experimental and results 

2.1 Air stability of back-gated n-type CNT FETs 

We first consider the stability of back-gated n-type 
CNT FETs, since in this device geometry both contacts 
and channel are exposed to air, presenting the worst 
case for investigating the stability and various air- 
induced effects of CNT FETs. CNT FETs were fabricated 
directly on individual chemical vapor deposition (CVD) 
grown CNTs on Si substrates which were covered 
with 500 nm thermally grown SiO2. For the back-gated 
FET, a Sc metallic layer of 60 nm was used as the 
source/drain electrodes, and n+ doped Si substrate used 
as back-gate. Such n-type CNT FETs were measured 
successively in vacuum and in air for comparison. 
Figure 1(a) shows that the Sc-contacted CNT FETs  
are excellent n-type devices regardless of whether the 
measurements were carried out in vacuum or in air, 
since in both cases electrons can be injected into the 
conduction band of the CNT with effectively small 
Schottky barrier at small bias, i.e., typically smaller 
than 100 mV [8]. Compared to device characteristics 
measured in vacuum, those measured in air exhibit 
two remarkable differences as shown in Figs. 1(a)–1(c). 
First, the threshold voltage Vth is shifted by up to  
8 V toward the positive direction on exposure to air, 
suggesting the well-known p-doping effect of CNT 
channels which is induced by adsorbed oxygen or 
water molecules in air [23, 24]. Second, the channel 
resistance of the device is markedly increased, since 
the presence of adsorbed oxygen and water molecules  
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on the metal/CNT interface raises the workfunction 
of the metal and increases the barrier for electron 
injection through the interface [34]. As a result, peak 
transconductance of the CNT FET, i.e., the peak value 
of ∂Ids/∂VBG decreases from 0.86 μS in vacuum to 
0.53 μS in air under Vds = 1.0 V. The increase in channel 
resistance can also be seen by comparing the output 
characteristics measured in vacuum and in air. Both 
current–voltage (Ids–Vds) characteristics show linear 
relation at low bias (Figs. 1(b) and 1(c)), but the slopes 
of these I–V curves become much smaller when 
measured in vacuum than when measured in air 
(Fig. 1(c)). Furthermore the on-state current of the 
device at large bias is seriously suppressed to a low 
level when measured in air since effective p-doping of 
oxygen or water molecules depletes electron density in 
the n-type channel of the device. Another remarkable 
characteristic for CNT FETs in air is that large fluctua-
tions occur in the measured Ids–Vds curves, especially 
in the on-state current curves, while the current curves 
are smoother for those measured in vacuum (Fig. 1(b)). 

At large current, adsorbed oxygen or water molecules 
on CNT channels may be randomly desorbed under 
large field, and meanwhile the adsorption processes 
continually occur in air. The large current fluctuations 
in air have been observed in almost all CNT FETs 
[22–28] and were mainly attributed to the random 
desorption and adsorption of oxygen or water mole-
cules in air. It should be noted that the effect from 
oxygen or water in air degrades the performance of 
n-type CNT FETs, while it affects the performance of 
p-type CNT FETs to a much lesser extent. 

Adsorbed molecules on CNT channels of moderate 
diameter generally do not directly induce chemical 
reactions, and thus performance degradation is mostly 
reversible for CNT FETs when exposed to air for a 
short period of time. Subsequent measurements in 
vacuum after being exposed to air demonstrate that the 
performance of n-type CNT FETs may recover to the 
original level after removal of adsorbed molecules in 
vacuum. Besides reversible performance degradation 
in air, Sc-contacted n-type CNT FETs also suffer from 

 

Figure 1 Stability tests of Sc-contacted n-type back-gated CNT FETs. (a) Transfer characteristics measured in vacuum (red) and in air 
(blue) of a CNT FET with a channel length of 5 μm under Vds = 1.0 V. Inset: SEM image of the device. Output characteristics measured
(b) in vacuum and (c) in air. (d) Time-dependent peak transconductance gm (at Vds = 0.1 V and Vgs – Vth = 10 V) evolution of six devices 
with different channel lengths. These FETs were exposed to air without any protection, and measured in vacuum on the planned days, 
i.e., 0, 30, 75, and 114 days after being fabricated. 
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time-dependent irreversible degeneration once being 
exposed to air for a long period of time without any  
protection. Six n-type devices with different channel 
lengths were tested for 114 days after being fabricated 
and exposed to air, and their performance evolution 
was followed and the results are shown in Fig. 1(d). 
All measurements were carried out in vacuum to 
exclude effects due to molecular absorptions during the 
measurements, and the device performance parameter 
gm (transconductance) is chosen here as the key metric 
for evaluating on-state performance of CNT FETs. It 
can be seen from Fig. 1(d) that all six devices survived 
at the first 30 days tests after being exposed to air. 
However, performance degeneration occurred to 
various degrees. It is obvious that the devices with 
shorter channels suffered more serious performance 
degeneration. Such irreversible performance degenera-
tion may be attributed to the oxidation of Sc contacts 
at the edges close to the CNT channel. The oxidation 
may reduce the effective size of the contacts and thus 
increases the effective length of CNT channel between 
S/D contacts, leading to larger transconductance 
decreases for devices with shorter channels than those 
with longer channels. For long channel devices, e.g., 
for those with a channel length larger than 3 μm, the 
performance was fairly stable. Two devices with the 
shortest channel were found to fail at the test after 
30 days, owing to the unexpected electrostatic break-
down during measurements being carried out two 
months later, while the other four devices survived 
after being exposed to air for about 120 days and the 
device performance remained basically in a steady 
state after being tested for more than 60 days. This is 
because native Sc oxide layers developed completely 
after 30 days which prevented further penetration of 
such molecules as oxygen and water. The oxidation 
process typically develops rapidly at first and then to 
a stable level, in accordance with our time-dependent 
measurements as shown in Fig. 1(d). 

2.2 Air stability of top-gated n-type CNT FETs 

Compared with back-gated CNT FETs, top-gated FETs 
possess a more suitable device geometry for integrated 
circuits owing to their high performance and flexible 
controllability. Top-gated n-type CNT FETs with gate 

stack made of 12 nm HfO2 and 10 nm Pd were 
fabricated using the well-developed self-aligned gate 
structure on top of the previously discussed back- 
gated CNT FETs [9, 14]. Figure S1 in the Electronic 
Supplementary Material (ESM) displays the details  
of self-aligned structure with cross-section and 3D 
schemes. Figure 2(a) is a scanning electron microscopic 
(SEM) image showing a typical top-gated CNT. Both 
transfer and output characteristics of the top-gated 
CNT FETs were measured in vacuum and in air 
(Figs. 2(b)–2(d)). These top-gate devices show excellent 
n-type performance in vacuum, with typical transfer 
(see the solid blue curves, Fig. 2(b)) and output 
(Fig. 2(c)) characteristics measured from a device with 
a gate length Lg of about 3 μm. Compared with the 
back-gated FET (Fig. 1), peak transconductance of the 
top-gated FET is significantly improved and reaches 
up to 10 μS owing to the high efficiency of the top gate, 
while the device still retains a large current ON/OFF 
ratio of up to 105. The same device was measured in air 
subsequently, and its transfer and output characteristics 
are respectively shown in Fig. 2(b) (the dashed blue 
curves) and Fig. 2(d). Obviously exposure to air not 
only results in a large threshold voltage shift of about 
0.5 V toward positive direction (Fig. 2(b)), but also leads 
to large performance degeneration via e.g., deteriorated 
contacts or large resistances, suppressed on-state 
current and large current fluctuations (Fig. 2(d)). These 
performance changes observed in the top-gated CNT 
FET in air are similar to those observed in the back- 
gated CNT FET (Fig. 1), indicating that oxygen or/and 
water molecules in air can penetrate the gate stack 
and reach the channel and CNT/Sc contact interface 
as shown in the inset of Fig. 2(d). Comparing measure-
ment results in vacuum and in air reveals that the 
top-gated CNT FET is still sensitive to the environment, 
indicating that the gate stack consisting of 12 nm HfO2 
and 10 nm Pd is still not sufficient to isolate the device 
from air effectively. To isolate n-type CNT FETs from air 
and improve their stability, an additional passivation 
layer is necessary to cover the whole device. In fact 
passivation is a popular and widely used technology 
in the conventional semiconducting industry for the 
protection of devices and improvement of device 
performance. 
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2.3 Reliability of top-gated n-type CNT FETs after 
being passivated 

An aluminum oxide (Al2O3) layer with a thickness of 
20 nm was grown via atomic layer deposition (ALD) to 
cover the whole CNT FET and protect the device. Al2O3 
was chosen because its compactness is high enough 
to prevent the oxide layer from being penetrated by 
oxygen or water molecules, and ALD grown Al2O3 has 
proved to be an excellent passivation layer for p-type 
back-gated CNT FETs with obvious suppression of 

both low-frequency noise and gate voltage hysteresis 
[28]. After passivation, the n-type top-gate CNT FET 
shows high-performance both in vacuum and air;  
its transfer and output characteristics are shown in 
Figs. 2(b), 2(e), and 2(f). The most striking features 
shown in these figures are the significantly improved 
signal to noise ratio, the significantly increased on- 
state current, and the obviously improved stability.  
In particular, the transfer characteristics measured in 
vacuum and in air are hardly distinguishable (the green 
curves in Fig. 2(b)), showing that the air-induced 

 

Figure 2 Stability test of a top-gated n-type CNT FETs before and after passivation. The diameter of the CNT is about 2.0 nm as 
measured by atomic force microscopy (AFM). (a) SEM image of the device with gate length of 3 μm. (b) Transfer characteristics of the 
FET before (blue)/after (red) passivation measured in vacuum (dashed line)/air (solid line) under Vds = 0.1 V. (c) Output characteristics 
of the CNT FET before passivation in vacuum and (d) in air. Inset indicates how the oxygen or water molecules affect the CNT channel 
and contacts, while Fig. S1 (in the ESM) provides more detailed illustrations of device structures. Output characteristics of the CNT 
FET after passivation (e) in vacuum and (f) in air. 
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threshold voltage drift is almost completely eliminated 
by passivation. This in turn means that the CNT FET 
has been effectively isolated from air, in particular from 
oxygen and water molecules. The peak field-effect 
mobility, which was estimated using a simple diffusive 
model [9], remains at a high level of about 4,200 cm2/V·s 
after passivation compared to the orginal value of 
4,500 cm2/V·s before passivation, indicating that pas-
sivation introduces few additional scattering centers 
into the device. It should be noted that the extracted 
mobility is underestimated since the effect from contact 
resistances is not excluded. Output characteristics of the 
passivated CNT FET also show no obvious difference 
between those measured in vacuum (Fig. 2(e)) and 
those measured in air (Fig. 2(f)). Furthermore, after 
passivation, the n-type FET presents larger saturation 
current and much smoother output characteristics 
than before passivation, especially when compared to 
the device measured in air.  

Another important feature that should be noted  
in the passivated FET is that an Al2O3 passivation 
layer results in a threshold voltage shift of more than 
1.0 V toward negative gate voltage, leading to a large 
negative threshold voltage of about –0.4 V. The negative 
threshold voltage shift suggests that there exists a 
large amount of trapped positive charges in the Al2O3 
film which is likely to be associated with O vacancies 
owing to the low temperature ALD growth process. 
It is well known that increased growth temperature 
may help to improve the quality of ALD-grown Al2O3 
film which in turn may reduce the number of trapped 
positive charges [35]. An enhanced mode n-type CNT 
FET, i.e., with a positive threshold voltage, is expected 
via optimizing the growth conditions of Al2O3 in the 
future. 

Hysteresis in transfer characteristics, an often ob-
served phenomenon in CNT FETs, is another major 
instability for CNT FET [22, 27, 36, 37]. Although the 
mechanisms [22, 36] and optimizing methods [27, 37] 
of hysteresis in bottom CNT FETs have been explored, 
exploration in top-gate CNT FETshas not been reported. 
The transfer characteristics of another n-type CNT 
FET were measured before and after passivation and 
are shown in Fig. 3(a), where the top gate voltage Vgs 
was swept from –2 V to 2 V at a rate of 0.05 V/s and 
then backwards at the same rate. The device without 

passivation presents a significant gate hysteresis as 
large as 0.7 V when measured in air between forward 
and backward sweeps of Vgs. It is well known that the 
gate voltage hysteresis results mainly from charge 
injection from nanotubes into nearby charge traps 
under a large gate voltage [22, 27]. Charge traps around 
CNT channels usually originate from two sources. 
One source is from the environment, e.g., adsorbed 
water molecules on the gate insulator around the CNT 
channel [22]. The other source is the device itself, i.e., 
charge traps on the oxide/CNT interface or in the 
HfO2 gate insulator [38]. It is remarkable that the gate 
hysteresis is suppressed down to 0.1 V with the same 
gate swept range between –2 V to 2 V after the CNT 
device was passivated. Such a significant suppression 
of gate voltage hysteresis by passivation might be 
attributed to the fact that water molecules are effectively 
blocked by the Al2O3 layer which covered the entire 
device. For the CNT FET without passivation, when 
exposed to air, it can be estimated that the main 
charge traps (about 6/7) are due to adsorbed water 
molecules, and very few charge traps are from the 
device itself, leading only to a small (about 0.1 V) gate 
hysteresis. Of course the residual small gate voltage 
hysteresis after passivation can be further eliminated 
through optimizing the fabrication process, especially 
through improving the quality of the gate insulator 
and cleaning the interface between the CNT and oxide 
[9, 39]. Figure 3(b) shows the detailed gate voltage 
hysteresis evolution of a typical n-type CNT FET 
before and after passivation. Before passivation, the 
n-type FET presents a large gate voltage hysteresis of 
about 0.54 V. After passivation, hysteresis of the same 
device is suppressed to a small value, which typically 
remains less than 0.1 V even after being exposed to 
air for 146 days. Another six passivated devices were 
also measured in air, and all these devices exhibited 
small gate voltage hysteresis ranging from 0.08 to 
0.28 V. These experimental results suggest that an Al2O3 
passivation layer can effectively suppress the oxygen 
and/or water molecule induced gate voltage hysteresis 
over a very long period of time.  

To further test the stability of the passivated CNT 
FETs in air, three devices were placed in air and 
measured on planned dates, which continued for 
146 days. The peak transconductance of these devices 
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(at Vds = 0.1 V) was shown to be weakly dependent on 
time (Fig. 3(d)). Although one device failed during 
the test owing to electrostatic breakdown at the 146th 
day, the other two devices survived without obvious 
performance degradation even after being exposed to 
air for 146 days. We thus conclude that the performance 
of Sc-contacted n-type CNT FETs remains stable in air 
after being suitably passivated.  

In practical applications, electronic devices and ICs 
must work in air for a very long time, thus power-on 
tests for n-type CNT FET in air were carried out in 
order to evaluate its potential for practical applications. 
Figure 4 shows the results of power-on tests on a 
typical passivated n-type CNT FET in air with a large 
supply power. The device was biased with Vds = 1.0 V 
and Vgs = 1.0 V in the first hour of the test. The drain 
current reached up to about 10 μA, and the power 
applied during the test on the CNT FET was 10 μW, 
which is equivalent to a power density of about 

1,000 W/mm2 when normalized by the area of the 
CNT channel of the device. The drain current of the 
device remained constant for the first hour, and the 
gate leakage current remained also roughly constant 
at less than 2 pA, demonstrating the good reliability 
of the gate dielectrics. At the beginning of the second 
hour of the test, the drain voltage was reversed to 
–1.0 V, while the bias applied on the gate remained at 
1.0 V. The drain current Ids increased to about 14 μA 
owing to the increased gate voltage relative to the 
CNT channel. At the beginning of the third hour of 
the test, the drain voltage was switched back to 1.0 V, 
and Ids returned to about 10 μA. Figure 4(a) shows that 
the CNT FET can work in air for at least 3 h without 
obvious performance change. However, detailed com-
parison of the transfer characteristics of the same 
passivated n-type CNT FET before and after 3 h 
power-on test (Fig. 4(b)) shows that a small threshold 
voltage drift of about 0.2 V occurred toward negative  

 
Figure 3 Effect of passivation on threshold voltage hysteresis and peak transconductance gm. (a) Transfer characteristics (under Vds = 0.5 V) 
of a top-gated n-type CNT FET measured in air before and after passivation by a layer of ALD-grown Al2O3. Inset shows the same transfer
characteristics in log scale. (b) Time-dependent gate voltage hysteresis of the device. The FET was exposed to air without any protection,
and measured in vacuum. (c) Statistical gate voltage hysteresis distribution of six devices after passivation. (d) Time-dependent peak 
transconductance gm (at Vds = 0.1 V) of three passivated top-gated CNT FETs with different channel lengths. These FETs were exposed 
to air without any protection, and measured in vacuum on the planned days. 
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direction after the power-on test. This power-on test 
induced threshold voltage drift results mainly from 
the gate insulator change under prolonged high-field 
(from the CNT into the dielectric) during the test, which 
is also manifested in the time-dependent gate leakage 
current as shown in Fig. 4(a). Further improvement 
of the growth conditions and thus the quality of HfO2 
insulator is expected to reduce or even remove such 
threshold voltage drift during long time power-on tests. 
Figures 4(c) and 4(d) compare the output characteristics 
of the passivated device before and after 3 h power-on 
test. Except for a small threshold voltage shift, there 
are no obvious difference between the two groups of 
curves, which are both much smoother and more 
stable than that observed in any other nanodevices. 

Figures S2 and S3 (in the ESM) show the results for 
other passivated devices that were also measured with 
large gate bias and high drain current in air for an 
extended period of time (up to 10 h). These measure-
ments revealed that most devices failed as a result   

of gate insulator breakdown. These power-on tests 
demonstrate that n-type CNT FETs with an Al2O3 
passivation layer may work in air with superb stability 
performance. Although minor performance changes 
may occur after extended power-on tests, CNT FETs 
are mostly reliable. The major failure comes from the 
effects of prolonged exposure to high-field destroying 
the HfO2 insulator, but this situation could be improved 
by adopting better growth conditions thus giving 
better quality gate insulators. It should be noted that 
transistors in a power-on IC chip typically work 
alternately rather than continuously at full power for 
a long period of time. The tests discussed here thus 
present the worst case while in real application the 
time-average power density in the device should be 
much lower. 

3 Conclusions 

The reliability of Sc-contacted n-type CNT FETs has 

 
Figure 4 Power-on test of a top-gated n-type FET device with a 5 μm gate length and 45 nm Al2O3 passivation layer in air. (a) 
Time-dependent drain current (blue curve) and gate leakage current (red curve) during power-on test of the device with Vgs = 1 V and 
Vds = ±1 V. Inset: Bias conditions of the FET at different times. (b) Transfer characteristics of the device before (blue) and after (red) 
power-on test. (c) Output characteristics of the device before and (d) after 3 h power-on test. Before characteristics measurement (as for 
the results in (b) and (d)), the device was powered off for 20 min after being tested for 3 h. 
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been investigated. It was found that oxygen or water 
molecules may dope the CNT channel and increase 
the barrier for electron injection from Sc to CNT,  
thus n-type CNT FETs directly exposed to air suffer 
significantly lowered and unstable current as well as 
large threshold voltage shift and hysteresis. Top-gated 
CNT FETs show similar instability in air to back-gate 
FETs, suggesting that the gate stack used cannot pre-
vent oxygen or water molecules from penetrating to 
the contacts and channel. When passivated with a 
layer of ALD-grown Al2O3, CNT FETs are shown to be 
well isolated from air, and their stability and reliability 
are significantly improved. Furthermore, n-type CNT 
FETs with an Al2O3 passivation layer present smoother 
output characteristics and much smaller gate voltage 
hysteresis than those without passivation. Lasting 
power-on tests show that the passivated devices can 
work well under large bias and high current in air for 
a long period of time, which promises the possibility 
of practical applications of CNT FETs. 

4 Methods 

Heavily n-doped silicon wafers, covered with a 500 nm 
thermally grown SiO2 layer, were used as substrates. 
Ultra-long carbon nanotubes were grown on Si wafers 
via copper catalytic CVD [40]. Source and drain con-
tacts were patterned and formed via electron beam 
lithography (EBL), followed by evaporating a 60 nm 
Sc film via e-beam evaporation and a standard lift-off 
process. Semiconducting single-walled nanotubes were 
selected through standard field-effect measurements 
with an n+-doped substrate as back gate. For top-gated 
devices, gate windows were patterned via EBL, and a 
12-nm (measured by an ellipsometer) HfO2 film with 
a dielectric constant of approximately 15 (retrieved 
through C–V measurments) was grown by ALD at 
90 °C, followed by deposition of a 10-nm Pd film by 
e-beam evaporation (EBE). A standard lift-off process 
was used to form a self-aligned HfO2/Pd gate stack to 
complete the fabrication of the n-type CNT FETs. 
Ti/Au pads with thickness of 5/45 nm were formed  
to connect S, D and Gate for probing through another 
EBL, EBE and lift-off process. An Al2O3 insulator layer 
with thickness of 20 nm or 45 nm was grown to cover 
CNT FETs as passivation layer through ALD at 90 °C. 

Generally the fabricated devices were measured in 
vacuum at first and then measured in air. All electrical 
measurements were performed using Keithley 4200 
Semiconductor Analyzer and at room temperature. 
Measurements in vacuum were carried using a 
Lakeshore TTP-4 probe station as soon as the pressure 
was reduced to 10–3 Torr.  
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