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ABSTRACT
The fermi-level pinning effect caused by low-order contact interface inﬂuences the performance of carbon nanotube (CNT) network ﬁeldeffect transistors (FETs). In this paper, ambipolar CNT network FETs subjected to van der Waals (vdW) contact are demonstrated with the
negligible Fermi-level pinning effect by using a physical transfer approach. The vdW contact method allows for the metal and CNT network
to retain their intrinsic states without direct chemical bonding and interface interactions, leading to low injection barrier and contact resistance (Rc). Therefore, the ﬁeld-effect mobilities of vdW metal-semiconductor (MS) contact devices in regions of dominance of the holes (lp)
and electrons (ln) were 18.71 and 2.4 cm2 V1 s1 and yielded enhancements 2 and 10 times, respectively, beyond those of devices with typically evaporated electrodes. In addition, to develop ambipolar devices with balanced output capability, two-dimensional materials (h-BN and
graphene) were inserted into the MS interface to tune the injection barrier. Because the metal work function was effectively reduced by
inserting the h-BN layer, devices with h-BN inserted obtained values of lp and ln of 15.85 and 5.1 cm2 V1 s1, respectively. For devices
with graphene, because of its ﬁeld-modulated band alignment capability, ln improved to 8.38 cm2 V1 s1, while lp dropped slightly to
17.5 cm2 V1 s1. Therefore, the vdW contact method is a highly efﬁcient integration strategy for high-performance CNT network FETs,
and the different insertion layers can efﬁciently tune the ambipolar transportation of CNT network FETs rather than using different contact
metals. This research provides an avenue for the design of future CNT network-based electronics.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5100011

In the past decade, single-walled carbon nanotube (CNT) network
ﬁeld-effect transistors (FETs) have undergone signiﬁcant development
owing to their excellent electrical properties.1–4 The 2015 ITRS indicates that CNT FETs have the potential to develop the low-power,
high-performance electronics in the post-Moore period.5–8 At the frontier of research on electronics, ambipolar transistors with simpliﬁed circuit design and fabrication processes, are gaining increasing attention
as an alternative to advanced integrated circuits.9,10 However, ﬁeldeffect mobility (l) values ranging from 0.01 to 55 cm2 V1 s1 have
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been obtained in the previously reported CNT network FETs, owing to
the different sources of the CNT network and the inconclusive contact
properties of the MS interface.11–14 Inevitable chemical disorder at the
MS interface determined by traditional metallization processes usually
leads to the Fermi-level pinning effect and therefore severely limits the
electrical performance of CNT network FETs.11,13,15–19 To date, ambipolar CNT network FETs have not been realized via contact engineering.15–17,20 Therefore, it is important to develop an alternative approach
for high-performance ambipolar CNT network electronics.
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The van der Waals (vdW) contact strategies are considered as an
effective way for implementing high-performance transistors. The
transfer-printed metal method was reported to take full advantage of
the properties of organic materials.21 Moreover, the introduced h-BN
buffer layer can minimize contact resistance by weakening interactions
at the contact interface, whereas the gate-modulated property of graphene enables low injection barriers for both electrons and holes in
two-dimensional (2D) material-based transistors.22–25 Recently, an
ideal MS junction associated with the SchottkyMott rule was experimentally demonstrated for the ﬁrst time.26 This can be mainly attributed to the vdW contact which effectively avoids the damage incurred
in the evaporation process and diffusion at the contact interface, i.e.,
the vdW contact strategies can realize an ideal interface without the
Fermi-level pinning effect. However, the impact of different kinds of
vdW contact on the performance of the CNT network FETs has been
rarely reported.
In this paper, high-performance CNT network FETs with three
types of vdW contact—Au electrode contact (Tran), Au/graphene
electrode contact (Gra), and Au/h-BN electrode contact (Au-BN)—are
demonstrated via a simple physical transfer approach.21,26 Devices
with typically evaporated Au electrode contact (Eva) are prepared for
comparison. The contact resistance (Rc) of Tran devices is signiﬁcantly
reduced in comparison with that of Eva devices and leads to the
enhanced l of both holes (lp from 8.49 to 18.71 cm2 V1 s1) and
electrons (ln from 0.28 to 2.4 cm2 V1 s1). Moreover, the inserted hBN can reduce the effective work function of the metal;22,25,27 thereafter, Au-BN devices show the increased ln from 2.4 to 5.1 cm2 V1 s1
and the reduced lp from 18.71 to 15.85 cm2 V1 s1. Beneﬁting from
the tunable Fermi level of graphene,24 the Gra device exhibits good
ambipolar characteristics with lp and ln of 17.5 and 8.38 cm2 V1
s1, respectively, through the gate control. Overall, vdW contact is a
highly efﬁcient integration strategy for high-performance CNT network FETs, and Gra devices enable ambipolar CNT network FETs.
The fabrication processes of CNT network FETs with vdW contact are illustrated in Figs. 1(a)–1(f) (for details on the integration of

FIG. 1. (a)–(f) The process ﬂow of the fabrication of vdW MS contact. (g) SEM
image of the fabricated CNT network FETs. (h) and (i) SEM image of the typically
evaporated contact device and the vdW contact device, respectively. The left and
right sides of each ﬁgure represent before and after electrodes mechanically
released, respectively.
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graphene and h-BN layers in the contact regions, see Fig. S1 in the
supplementary material). Brieﬂy, 50 nm Au electrodes with/without
graphene or an h-BN insertion layer were ﬁrst prepared on a Si substrate with 300 nm of SiO2 using standard electron beam lithography
(EBL) and vacuum evaporation. The Raman shift of graphene is
shown in Fig. S2 in the supplementary material and indicates the
monolayer graphene. In addition, the h-BN used in this study is identical to that used in the previous work, and the thickness is conﬁrmed to
be 1–2 layers.23 The electrodes are then transferred onto the prepared
CNT network on the Si substrate with 300 nm of SiO2 using a polyvinyl alcohol (PVA) ﬁlm. Finally, de-ionized water is used to lift off the
PVA ﬁlm. Figure 1(g) shows the scanning electron microscope (SEM)
image of the CNT network FETs, where the image at the bottom
shows the uniform CNT network in the channel area.
To study vdW MS contact beyond the typically evaporated metal
contact, the electrodes were mechanically exfoliated from the CNT network after electrical measurement. Figures 1(h) and 1(i) show the SEM
image of the typically evaporated contact device and the vdW contact
device, respectively. The underlying CNT network is destroyed when
the evaporated metal electrodes are mechanically peeled, which can be
attributed to the strong chemical bonding of the deposited metal electrodes with the CNT network. By contrast, the underlying CNT network retains its original shape without any apparent damage after
peeling the transferred metal electrodes, which suggests weak interaction between the transferred metal electrodes and the CNT network.
These results are similar to previous reports demonstrated on the MoS2
system.26 Clearly, due to the absence of direct chemical bonds at the
MS interface, both the metal and the CNT network can maintain their
intrinsic states, indicating that vdW MS contact has high-order contact
interface and almost no damage to the materials of the channel.
With the optimization of the MS interface, the CNT network
FETs with vdW contact exhibited highly tunable characteristics.
Figures 2(a) and 2(b) plot the transfer curves (IdsVgs) of the CNT

FIG. 2. (a) and (b) The transfer curves (IdsVgs) of CNT network FET with different
contact strategies at Vds ¼ 0.01 V and 1 V, respectively. (c) and (d) The corresponding output curves of CNT network FET with different contact strategies at Vgs
¼ 50 V and 50 V, respectively.
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network FETs with different contact strategies at Vds ¼ 0.01 V and
1 V, respectively. The ON-state currents (ION) of both the p-branch
and the n-branch for the three-type CNT network FETs with the vdW
contact signiﬁcantly increased. Notably, the ION of Eva devices
increases by more than 1000 times with Vds altered from 0.01 to 1
V, indicating that Eva contact introduced a more intense barrier such
that ION was signiﬁcantly limited at low Vds. To further compare the
output current of different types of contact, the corresponding output
curves of different CNT network devices under Vgs ¼ 50 V and 50 V
on a semilog scale are shown in Figs. 2(c) and 2(d), respectively. The
output curves of different CNT network devices on a linear scale are
shown in Fig. S3 in the supplementary material. Speciﬁcally, the Tran
device had the highest output current at Vgs ¼ 50 V, whereas the
Gra device had the largest output current at Vgs ¼ 50 V. This means
that Tran is the most effective strategy to achieve hole-dominant CNT
network FETs, and Gra strategy is suitable for excellent ambipolar
CNT network electronics.
Figure 3 shows the reproducibility of the devices with different
contact electrodes. Two key electrical parameters of ION and l were
extracted. ION was extracted from curves of IdsVgs with Vds ¼ 1 V
to intuitively show the conductivity of the channel. Moreover, l is
deﬁned by Eq. (1)
l¼

L
Gm

;
W Vds  Ci

(1)

where L and W are the channel length and width, respectively; gm is
the transconductance (maximum gm was used in the calculation of l
for both electrons and holes); and Ci is the gate oxide capacitance per
unit area. In the hole-dominated region [Figs. 3(a) and 3(b)], the Tran
devices achieved the highest ION, and the ION of the Gra devices was
slightly larger than that of Au-BN devices. Figure 3(b) indicates that
the extracted lp values had a similar trend as that of ION. The average
lp of devices with vdW contact underwent a signiﬁcant improvement
over that of Eva devices. Speciﬁcally, the average lp of Tran devices

FIG. 3. The statistical ION and l of CNT network FETs with different contact strategies at hole-dominated (a) and (b) and electron-dominated regions (c) and (d).
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(18.71 cm2 V1 s1) increased by more than 120% compared with
that of Eva devices (8.49 cm2 V1 s1). In the electron-dominated
region [Figs. 3(c) and 3(d)], the ION of devices with vdW contact
increased substantially compared with that of Eva devices. The highest
ION was obtained in Gra devices, whereas the ION of Tran devices was
lower than that of Au-BN devices. The ln and ION of the CNT network FETs also showed trends of positive correlation in the electrondominated region. Notably, the extracted ln of devices with vdW contacts was 10 times larger than that of Eva devices. This can be attributed to the damage-free process and signiﬁcant weakening of the
Fermi-level pinning effect.21,26 The increase in the ln of Au-BN devices occurred mainly because the combination of h-BN and metal effectively reduced the metal work function, and thus, the Schottky barrier
height (SBH) in the electron-dominated region of the Au-BN devices
was reduced.25 The gate-tunable band structure of graphene played a
key role in the operation of the device,24 so that the Gra strategy led to
low SBH in the electron-dominated region beyond other strategies.
To further quantitatively evaluate the quality of different contact
schemes, contact resistance (Rc) was extracted using the transfer length
method (TLM).11,18 CNT network FETs were fabricated on the same
CNT network with different channel lengths, as shown in Fig. S4 in
the supplementary material. All resistances were obtained at Vds
¼ 1 V and Vgs ¼ 650 V. TLM resistances of devices with different
types of contact are plotted in Figs. 4(a) and 4(b), and 2Rc was
obtained from the intercept of the Y-axis by linear ﬁtting. The
extracted Rc is shown in Fig. 4(c). When Vgs ¼ 50 V, the values of Rc
were 3.12, 0.65, 0.77, and 0.84 MXlm for Eva, Tran, Gra, and Au-BN
devices, respectively. On the contrary, when Vgs ¼ 50 V, the values of
Rc for Eva, Tran, Gra, and Au-BN devices were 268.68, 1.91, 0.84, and
1.29 MXlm, respectively. Tran devices had the lowest Rc, nearly ﬁve
times lower than that of Eva devices at Vgs ¼ 50 V. Devices with
vdW contact recorded more than two orders of magnitude of
improvement compared with Eva devices at Vgs ¼ 50 V, and the

FIG. 4. (a) and (b) TLM resistance of CNT network FETs with different contact
strategies at Vgs ¼ 50 V and 50 V, respectively. (c) The extracted Rc of CNT network FETs with different contact strategies. (d) The energy band diagrams of CNT
network FETs for holes with Eva (i), Tran (ii), Gra (iii), and Au-BN (iv).
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lowest Rc was observed in Gra devices. All of this indicates that device
performance can be readily tuned by vdW contact schemes.
In general, carrier transport at the MS interface can be attributed
to thermionic emission, thermionic ﬁeld emission, and tunneling.
Thermionic emission and thermionic ﬁeld emission currents are signiﬁcantly inﬂuenced by SBH, whereas the tunneling current mainly
depends on the thickness of the inserted layer and the vdW gap (negligibly small).24–26,28,29 Moreover, the SBH is usually positively correlated with Rc and is in accordance with the Schottky–Mott rule in
vdW contact.26,28 The bandgap of the CNT network is usually deﬁned
by 0.7/d, where d is the diameter of the carbon nanotube.30,31 In this
paper, d ¼ 1.4 nm. Hence, the bandgap of the CNT ﬁlm was 0.5 eV.
Subsequently, the bandgap of the CNT and the electron afﬁnity of
graphite were used to obtain the electron afﬁnities of the CNT network, 4.15 eV.32,33 The work functions of Au, Au–graphene, and AuBN were 5.1, 4.79, and 4.53, respectively.22,23,25 The energy band diagrams of different contact strategies for CNT network FETs are shown
in Fig. 4(d). First, for Eva devices [Fig. 4(d-i)], typical processes such
as EBL and evaporation usually damage materials, resulting in numerous defects at the interface and the formation of surface state, which
causes the Fermi level pinned to the edge of the valence band. As a
result, device performance is severely degraded, and electron transport
is limited. Second, for Tran devices [Fig. 4(d-ii)], the damage-free process can maintain a perfect contact interface with a small vdW gap.
Thus, the effect of Fermi-level pinning is signiﬁcantly weakened. The
initial position of the Fermi level associates with the work function of
Au below the maximum of valence band of the CNT network, which
means no barrier for holes.34 Therefore, high hole current was
achieved, indicating that Tran is an effective way to achieve unipolar
properties for the CNT network. For Gra devices [Fig. 4(d-iii)], apart
from a reduction in the effective metal work function, the Fermi level
of graphene could be readily tuned by the gate potential; consequently,
the devices exhibited excellent ambipolar characteristics and achieved
the highest electron current. Note that the initial position of the
Fermi-level associates with the effective work function of Gra was also
lower than the maximum of the valence band, resulting in no barrier
contact for holes.34 However, compared with Tran devices, the work
function of Gra was lower than that of Au and led to lower hole concentration in Gra devices.34 Therefore, the ION of the Gra devices was
slightly lower than that of Tran devices. Finally, for Au-BN devices
[Fig. 4(d-iv)], compared with Tran devices, the enhancement in ln
and the reduction in lp can be attributed to the effective reduction in
the metal work function and the introduction of tunneling
resistance.23,25
In summary, CNT network FETs with vdW contact were systematically investigated in this paper, and the results indicate that vdW
contact strategies allow for lower contact resistance as a consequence
of weak interface interactions and a negligible Fermi-level pinning
effect, thus yielding high-performance CNT network FETs. Compared
with conventional Eva devices, Tran devices are superior at hole transport, which can be attributed to the damage-free process that induces
a perfect MS interface. The 2D materials inserted at the contact interface also play an important role in device operation to tune the SBH
rather than use different metal contacts. Speciﬁcally, the h-BN can
reduce the effective work function of the metal, sharply increasing ln
while slightly suppressing lp. In addition, the free conversion of holedominated and electron-dominated transports of Gra devices with
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gate-tunable performance was implemented. With a comprehensive
investigation at the contact interface, the results indicate that the vdW
contact method is efﬁcient for low contact resistance in CNT network
electronics for high-performance applications. Moreover, the gatetunable property of the inserted graphene layer enables a balanced output current for the fabrication of ambipolar CNT network FETs.
Therefore, the work here can provide guidance for the design of future
CNT network FETs.
See the supplementary material for the fabrication processes of
three types of vdW contacted CNT network FETs, the Raman shift of
the CVD grown graphene, the output curve of different contact strategy CNT network devices, and the SEM image of CNT network FETs
on the same CNT network with a variable channel length.
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