
SCIENCE CHINA
Information Sciences

October 2019, Vol. 62 202403:1–202403:12

https://doi.org/10.1007/s11432-019-9918-4

c© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 info.scichina.com link.springer.com

. RESEARCH PAPER .

Printed flexible thin-film transistors based on

different types of modified liquid metal

with good mobility

Qian LI1†, Ju LIN2†, Tianying LIU1,3, Han ZHENG4 & Jing LIU1,2*

1Beijing Key Lab of Cryo-Biomedical Engineering and Key Lab of Cryogenics,Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences, Beijing 100190, China;

2Department of Biomedical Engineering, School of Medicine, Tsinghua University, Beijing 100084, China;
3School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100190, China;

4Beijing DREAM Ink Technologies Co., Ltd., Beijing 100080, China

Received 6 March 2019/Revised 19 April 2019/Accepted 12 June 2019/Published online 29 August 2019

Abstract High-performance logic circuits fabricated on flexible or unconventional substrates have become

a necessity for several new applications. Generally, compared to those fabricated on more rigid substrates,

printed, large-area, and flexible thin film transistors (TFTs) are prone to under-performance, which severely

limits their practical value. The realization of printed flexible macroelectronics requires advancements in

material science and novel fabricating techniques. In this study, using a fast printing process, we manufacture

liquid metal-carbon nanotube TFTs on a thin polyethylene terephthalate substrate. These flexible TFTs (p-

type) exhibit enhance stability and flexibility, carrier mobility (10.61 cm2V−1s−1), and transconductance

(0.88 µS). Furthermore, we realize dependable n-type and ambipolar transistors based on liquid metals with

charge transport efficiencies that are comparable to our p-type counterparts, thus providing a foundation for

manufacturing integrated circuits and complementary logic gates on flexible substrates. This study shows the

positive progress of liquid metal printing-enabled functional devices and discusses the possibility of practical

applications; moreover, it sets the foundation for printed high-performance and large-area flexible liquid

metal electronics.
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1 Introduction

Thin-film transistors (TFTs) are an important technology for electronic circuits and can be used in many

different applications such as flexible devices and displays. Compared to Si (CMOS), TFT technologies

are inexpensive because of the simplicity of the processing steps, and they possess a limited amount

of lithographical stages [1, 2]. In the area of the Internet of things (IoT) and flexible electronics, there

can be many potential applications of low-cost TFTs that exhibit good performance. In particular,

printed TFTs have tremendous potential for large-scale and low-cost electronics because they do not

require the complex processes of lithography. Using high-performance printed logic circuits fabricated on

unconventional or flexible substrates is essential for new applications such as real-time analytics. However,

the disadvantages of printed flexible TFTs are their inferior performance compared to those produced on
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rigid substrates. Furthermore, the operating voltage and carrier mobility of printed flexible TFTs (in the

presence of printed source/drain contacts) are actually restricted by substantial contact resistance, printed

conductor layers, and performance of semiconductors in active channel films. Carbon nanotubes (CNTs)

are promising alternatives for Si in scaled complementary metal-oxide-semiconductor (CMOS) technology.

Note that both the electron and hole mobility of CNTs are quite high; therefore, p-type and n-type TFT

devices with superior performance can be theoretically obtained using relevant post-processing techniques.

However, CNTs usually exhibit p-type characteristics under ambient conditions owing to the adsorption

of oxygen and water, which is a formidable obstacle for forming CMOS logic circuits that would require

both p-type and n-type transistors. To decrease the power consumption, which is critical for large-scale

systems, CMOS logic is more popular, although TFTs with a high flexibility are mostly unipolar p-type

field-effect transistors. Many studies have attempted to examine n-type CNT transistors, such as CMOS

logic gates whose fabrication can be achieved by either p-type or n-type TFTs [3–11]. Unfortunately,

isolating air-stable n-type TFTs on flexible substrates below 150◦C is quite difficult. Therefore, there

are very few reports on low-temperature printed or solution-processed CNT CMOS circuits on flexible

substrates [12–15]. As an alternative, ambipolar transistors have recently received considerable attention

because they can possess characteristics of both p-type and n-type transistors. However, owing to the

oxygen and water sensitivity of n-type transistors, the circuits must be encapsulated under vacuum.

Furthermore, several other problems need to be resolved. In particular, the charge transport efficiency

of n-type devices needs to be matched to the performance of p-type devices in a TFT architecture. To

develop stable and evenly operable devices under ambient conditions and to ensure the reliability and

high performance are very important. Furthermore, to use such devices for future applications in flexible

circuits, flexible printed TFTs must show a number of other characteristics such as good uniformity, high

superior robustness, and environmental stability.

A typical liquid metal stays as a liquid from room temperature to 2000◦C. Moreover, compared to other

liquid materials, liquid metals have better properties such as stability and thermal conductivity [16]. Note

that they show promising applications, such as electrical skins [17–19], implantable devices [20–22], and

wearable bioelectronics [23–25], in the field of printed electronics-enabled devices, material science, and

biology. With further developments in material science and technology, the area of allied machines and

flexible electronic circuits may be reshaped by flexible liquid metal-based printed electronics because

of the rapid and easy manufacturing for desirable devices. Furthermore, integrated circuits on thin and

bendable substrates have recently attracted considerable attention. As flexible liquid metal-based printed

electronics can be directly applied on various soft substrates, they are considered as novel promising

candidates for soft integrated circuits, which may lead to meaningful progress in the area of flexible

electronics [26]. However, to realize and promote liquid metal-based logic circuits, additional studies are

required. First, liquid metal TFT technologies should be realized on a flexible substrate.

However, to our knowledge, very few studies have reported liquid metal-based printed transistors

on a flexible substrate. In this study, we implement large-area printed liquid metal CNT TFTs on

flexible substrates in a high yield and with good performance and uniformity using a direct printing

method based on liquid metal ink, which was initially proposed by our group in 2012 [27]. The p-type

devices can display a high transconductance (0.88 µS), low threshold voltage (2 V), and good field-effect

mobility (10.61 cm2V−1s−1) under ambient conditions, which demonstrate their advantages of stability

and device performance over traditional printed electronics. Furthermore, our study demonstrates the

first liquid metal-based n-type and ambipolar transistors on flexible substrates by printing different metals

serving as source-drain electrodes that have mobilities comparable to our p-type devices. In particular,

we produce liquid metal CNT transistors using all-type transport properties with a high probability of

success because they can stably work in air over a long period of time. Such an unusual and interesting

combination of monodispersed semiconducting CNTs and liquid metal has a high compatibility, which can

be realized at low temperature over a large area and applied in low-power TFT-based electronics. Herein,

we demonstrate that the developed devices can bear continuous bending during tests while retaining their

electrical characteristics. Therefore, this study provides a solid foundation for further research on liquid

metal-based printed thin-film macroelectronics, and we believe that flexible thin-film transistors based
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Table 1 Different doping elements and mass ratio of seven kinds of liquid metala)

Liquid metal Raw materials Mass ratio
Mass ratio of elements

Ga In Sn Cu Ni C O

GaSn-Ag@Cu GaSn, H1(Ag@Cu) 100:15 74.94% – 10.20% 6.56% – 7.27% 1.03%

GaIn-Ag@Cu-1 EGaIn, H20(Ag@Cu) 100:15 66.21% 27.50% – 2.33% – 3.95% –

GaIn-Ag@Cu-2 EGaIn, H1(Ag@Cu) 100:10 67.86% 23.41% – 2.88% – 5.85% –

GaIn-Ag@Cu-3 EGaIn, C1(Ag@Cu) 100:15 68.19% 22.68% – 2.13% – 6.12% 0.88%

GaIn-Ni-CNTs EGaIn, Ni, CWNT 100:2:1.5 70.94% 21.78% – – 1.05% 6.22% –

GaIn-Ni EGaIn, Ni 100:4 69.08% 23.58% – – 1.12% 6.22% –

GaIn-CNT EGaIn, CNT 100:2 72.30% 21.21% – – – 6.49% –

a) GaSn-Ag@Cu represents GaSn with silver-coated copper powder. H1, C1, and H20 represent the types of different

powders.

on liquid metal will become promising choices in areas such as sensing, computing, data storage, and

other emerging applications (such as wearable systems, mHealth, smart cities, secure physical unclonable

functions (PUF) [28, 29], and the Internet of things).

2 Experimental section

2.1 Preparation of liquid metal electrodes

We select different elements as dopants and performed adulteration and melioration experiments on the

EGaIn (as obtained from DREAM Ink Technologies Co., Ltd.), which retain excellent flexibility. We

conduct ball milling, during which the dry metal or CNT powders are uniformly coated on the liquid

metal surface to optimize the performance of the liquid metals. We then perform a preliminary electrical

evaluation of approximately 20 different types of metal samples and we select seven suitable types of

samples for fabricating good CNT-metal junction properties (i.e., LM-1: GaSn-Ag@Cu, LM-2: GaIn-

Ag@Cu-1, LM-3: GaIn-Ag@Cu-2, LM-4: GaIn-Ag@Cu-3, LM-5: GaIn-Ni-CNTs, LM-6: GaIn-Ni, LM-7:

GaIn-CNTs, with information on their mutual correlations in Table 1). LM-2 is used as an example

for illustration. We then add the liquid metal EGaIn to the container with inert gas protection and

heat it to a temperature of 150◦C for 30 min. Then, we add the weighed alloy powder (C1-type silver-

coated copper powder) (15 wt% of EGaIn, and the following are the same). After natural cooling, we

add a kind of wetting agent (BYK-W 9012, 4.17 wt%, purchased from BYK Additives (Shanghai) Co.,

Ltd.), titanate coupling agent (1.04 wt%), and gas coagulant powder (1.04 wt%), and they are mixed

at 2000 r/min for 2 h to ensure that the conductive reinforcing material is uniformly dispersed in the

liquid metal conductive binder. Next, the mixture is transferred to a horizontal sand mill with inert gas

protection and grinded with ZrO2 particles as the grinding media at 5000 r/min for 3 h. Finally, using

an automatic filling machine, the conductive paste is filtered and poured into a container under an inert

gas atmosphere. The processes for all doped liquid metals are the same except for the mass ratio, and

more information for LM-1, LM-2, LM-3, LM-4, LM-5, LM-6, and LM-7 with different doping elements

and mass ratio is summarized in Table 1.

2.2 Transistor device fabrication

As electrodes for fabrication, a large-area liquid metal source and drain electrode patterns having a high

adhesion force are first printed on flexible polyethylene terephthalate substrates using a liquid metal

electronic and circuit printer (DP-1) (developed by Beijing DREAM Ink Technologies Co., Ltd.). Then,

semiconducting CNT ink with a purity of 99% (Shanghai Mifang Electronic Technology Co., Ltd.) is

printed on the channel between the liquid metal source and drain electrode and dried at 50◦C in an

oven. The sample is then soaked in deionized water (for 10 s) to remove any remaining surfactants. The

entire process is repeated three times with subsequent annealing at 120◦C for 30 min. This process helps

enhance the electrical properties of the prepared films. We print one layer of PMMA thin film and then
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heat to 120◦C for 30 min to generate a dielectric layer on the CNT semiconductor layer of the devices.

This is followed by the liquid metal top-gate electrode deposition via printing. Finally, we obtain the

complete flexible top-gate/bottom-contact LM/CNT transistor active matrix.

2.3 Device characterization

We observe the liquid metal surfaces and channel layers using a metallographic microscope (Nikon

ECLIPSE LV150N). To measure the sheet resistance of the liquid metal electrodes, we use a four-point

probe setup, which is linked to a Keithley 2400 source meter. The microstructure of the liquid metal

films is characterized using a SEM (QUANTA FEG 250). We characterize the topography of the CNT

and PMMA films using atomic force microscopy (AFM, Multi-mode 8, Bruker). The measured electri-

cal characteristics of the fabricated LM CNT transistor devices are determined using a semiconductor

parameter analyzer (Keithley, model 4200-SCS). We then probe the drain and source electrodes using a

copper wire (50 µm) that adheres to the tungsten probes of the micromanipulators, where the EGaIn

gate is directly contacted. The measured electronic properties of the printed TFT devices are evaluated

in air. In the case of bending tests, they are conducted by a bending apparatus. Electrical properties are

then measured in the released state after completing the designated number of cycles. All measurements

are conducted under ambient conditions.

3 Results and discussion

3.1 Liquid metal characterization

The conductive liquid metal can be readily patterned into a randomly shaped structure using a printing

technique that utilizes a DP-1 printer. Figure 1(a) shows the morphology of a typical EGaIn droplet,

which is difficult to form as a flat film that acts as the source-drain electrodes of transistors. How-

ever, our modified liquid metals have favorable film-forming properties. Different elements dope into the

EGaIn visually alter the surface of the metal structures, and we detect the morphology of seven met-

als by scanning electron microscopy (SEM) (Figure 1(a)). We further conduct energy-dispersive X-ray

spectroscopy (EDS) mapping for the liquid metal to show the distribution of gallium, copper, tin, and

carbon, and the presence of nanomaterials covering the surfaces, as shown in Figure 1(b) and (c), and

Figure S1. The data show that the nanomaterial distributed on the surfaces of the doped liquid metal is

in a much lower amount than what is added initially. Figure 1(b) further confirms that the liquid metal

uniformly wraps the nanoscale powders and changes the properties. Importantly, Figure 1(d) shows the

conductivities of various materials, which are at their maximum sustainable strain for solution-processed

stretchable conductors [30–36] such as the doped liquid metal fabricated in this study. Compared with

other elastic conductors, all liquid metals exhibit resistivity values of 3.36× 10−7–8.12× 10−7Ω ·m under

a superior stretchability of 1000%. Moreover, the variations in the conductivities of the seven metals are

shown in the inset in Figure 1(d) and Table S1. All metals show excellent electrical conductivity. As

expected, because of the different doping concentrations of various doping elements, different conductiv-

ities are observed from these types of liquid metals. Note that high-power electronics with flexibility can

positively gain benefits from such a high conductivity and stretchability, which are generally extremely

difficult to accomplish. Furthermore, the role of metal-semiconductor junctions in electronic devices is

very important because junctions can provide sufficient carrier injection.

3.2 Printed liquid metal CNT-TFTs (LM/CTFTs) on flexible substrates

As shown in the schematic (Figure 2(a)) and optical micrograph (Figures 2(b) and (c)), we fabricate our

flexible TFTs using a printing method and adopt a top-gate bottom-contact architecture possessing a PET

(substrate)/liquid metal (source-drain contacts)/CNT/PMMA dielectric/EGaIn (gate contact) stacked

structure (see the methods for more details). We select this type of structure because of its enhanced

injection properties, which include typical staggered (top-gate) architectures. Furthermore, it contains
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Figure 1 (Color online) Flexible liquid metal conductors fabricated by the doping method. (a) SEM images of a liquid

metal EGaIn droplet and LM-1: GaSn-Ag@Cu, LM-2: GaIn-Ag@Cu-1, LM-3: GaIn-Ag@Cu-2, LM-4: GaIn-Ag@Cu-3,

LM-5: GaIn-Ni-CNTs, LM-6: GaIn-Ni, and LM-7: GaIn-CNTs. Scale bar, 50 µm. The doping concentration of the

different doping elements results in different morphologies. (b) EDS mapping of LM-1. The overlapped mappings of the

GaSn-Ag@Cu liquid metal clearly show the distribution of gallium, tin, and copper, and the presence of nanomaterials

covering the surface. (c) EDS spectra of the GaSn-Ag@Cu (LM-1), GaIn-Ag@Cu-1 (LM-2), and GaIn-Ag@Cu-2 (LM-3)

electrodes by printing. (d) A comparison of this work to recent work on elastic conductors, including Ag nanowires (Ag

NW), Au nanoparticles (Au NP), Ag nanoparticles (Ag NP), multi-walled carbon nanotubes (MWCNT), single-walled

carbon nanotubes (SWCNT), polyaniline (PANI), and this study (corresponds to red star). Our liquid metals show the

best conductivity and stretchability. Inset: plot showing the conductivity of the seven metals.

facile channel miniaturization for bottom-contact TFTs because it is known to result in circuits at a high

frequency [37,38]. Using a liquid metal printer (see more details in the Supporting Information) [39], liquid

metal inks are directly printed on the PET substrate to characterize the source/drain (S/D) electrode

array for the TFTs. Subsequently, a semiconductor CNT solution is printed onto the patterned electrodes

to form a random network with a high density (density > 50 tubes µm−2) and an average thickness of

≈20 nm (Figure S2(a)). s-CNTs are analyzed using Raman spectroscopy and absorption spectra. The
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Figure 2 (Color online) Printed liquid metal CNT transistors on flexible films. (a) Schematic of a flexible LM/CTFT

device. (b) and (c) Image of an array of LM/CTFTs on a thin PET. The devices are fabricated with printing processes.

(d) A metallographic microscope image of the channel region. Scale bar, 50 µm.

details presented in the spectrum include the radial breathing modes (RBM) and D-band and G-band

modes, which confirms that the semiconducting components are CNTs of a high purity, which can be

verified from the RBM at excitation wavelengths of 633 nm (Figure S2(b)). The UV-vis-NIR absorption

spectrum of the CNT solution, where the strong S22 absorbance peak (the second optical transition from

the semiconducting tubes) and the completely attenuated M11 peak (the first optical transition from

the metallic tubes) indicate a high semiconducting purity (Figure S2(c)). Subsequently, PMMA inks are

printed in the TFTs channel regions to act as the dielectric of the devices. Figure S3a shows the details

of the uniformity of the PMMA dielectric layer according to atomic force microscopy (AFM). The typical

thickness of a printed PMMA film is ≈ 8µm (Figure S3(b)). Next, we print the EGaIn top-gate electrode

array to complete the fabrication of the TFTs (Figure 2(b)). Finally, the devices are annealed in air at

120◦C for 30 min to enhance the bond between the CNT thin films and liquid metal electrodes before

performing electrical measurements. Using the printing process while manufacturing, this approach shows

considerable potential for the mass production of large-scale liquid metal-based flexible electronics at a

low temperature at an extremely low cost. The optical image of the array of TFT devices is presented

in Figure 2(c). The printed TFT typical channel length (L) is 50 µm, and the width (W) is 2000 µm

(Figure 2(d)).

3.3 High-performance flexible LM/CTFTs

We perform systematic measurements and studies of the electrical performance of the LM/CTFTs using

our different doped and modified liquid metal electrodes. In this study, we primarily focus on the three

types of typical transistors that have the best performance; the other four types are shown in supporting

information. Figures 3(a)–(c) show a comparison of the transfer characteristics of the printed LM/CTFT

devices based on the LM-1, LM-2, and LM-3 source/drain electrodes in the bottom contact configurations.

We perform all electrical measurements under ambient conditions. Overall, these prepared devices show

enhanced stability at room temperature. As shown from the transfer electrical characteristics, all devices

exhibit acceptable transistor performance at a considerably low operating voltage (|5| V). In the case of

LM-1/CNT-TFT (Figure 3(a)), the transconductance (gm) can be extracted from the maximum slope of

the transfer characteristics, which is 0.88 µS. Using the equation below, we derive the field-effect mobility

for the LM/CTFTs: µ = (Lchgm)/(WCoxVDS), where Lch and W are the length and width of the device

channel, respectively, and VDS = |5| V. The gate capacitance, Cox, can be predicted using the parallel

plate model: Cox = ε0εox/tox (upper limit), considering the relative thickness of the PMMA layer and

the high density of the CNT network [40]. Using the transfer curves shown in Figures 3(a)–(c), we can

further extract the peak transconductance and calculate the device mobility, which are 10.61 cm2V−1s−1

for the LM-1 device, 6.58 cm2V−1s−1 for the LM-2 device, and 9.38 cm2V−1s−1 for the LM-3 device. For
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Figure 3 (Color online) Performance under ambient conditions of representative liquid metal CNT transistors with a CNT

semiconductor and various liquid metal electrodes. The TFT transfer plot of the current versus VGS for (a) LM-1/CNT,

(b) LM-2/CNT, and (c) LM-3/CNT devices at VDS = |5| V. The channel length and width of all devices are 50 µm and

2000 µm, respectively. (d) TLM plot of the total resistance (Rtotal) as a function of channel length (Lch) for each type of

metal/CNT contact configuration. (e) Plot of the mobilities versus transconductance to compare the representative flexible

TFTs reported in the literature. Our TFTs exhibit the highest mobilities.

LM-4/CNT-TFT, LM-5/CNT-TFT, LM-6/CNT-TFT, and LM-7/CNT-TFT, the corresponding transfer

characteristics are shown in Table S2, which shows additional properties (Ion, the on/off ratio, etc.) of the

devices printed by the seven different types of liquid metals. Furthermore, the printed devices feature low

gate leakage currents and threshold voltages (≈2 V) (Figures 3(a)–(c) and Figure S4), and these results

suggest the ability to manufacture large-area logic circuits based on printed liquid metal TFTs. The

corresponding output characteristics (ID-VD) of these seven LM/CTFTs are plotted in Figures S5(a)–

(g). Under a small VD bias, the devices exhibit linear behavior, indicating that ohmic contacts forme

between the liquid metal electrodes and the nanotubes.

Figure 3(d) compares the contact resistance (Rc) from the different devices, which is measured between

the metal source/drain electrodes and the semiconductor. Based on the total resistance (Rtotal) measured

from the structures varying in channel lengths: 30, 50, 100, 200, and 500 µm, the contact resistance (Rc)

is estimated using the transfer-line method (TLM). The total resistance (Rtotal) is plotted as a function of

channel length (Lch) for each metal contact (Figure 3(d)). Rtotal of the LM/CTFTs is Rtotal = 2Rc+Rch

in which Rch represents the device channel resistance and 2Rc represents the contact resistance between

the drain and source electrodes. Therefore, the Rc between the channel and electrodes can be extracted

from the intercept of the TLM plot’s linear fit, and the sheet resistance of the channel is connected to

the slope of the linear fit [41]. In our study, the total resistance for the TLM plots is obtained from the

on-state at VDS = |5| V. Our results show that the calculated channel sheet resistances for LM-1/CNT-

TFT, LM-2/CNT-TFT, LM-3/CNT-TFT, LM-4/CNT-TFT, LM-5/CNT-TFT, LM-6/CNT-TFT, and

LM-7/CNT-TFT are 0.95, 2.86, 1.76, 1.30, 1.54, 2.01, and 2.29 kΩ·cm, respectively. Among all the

liquid metal electrode materials, the metal/CNT contacts show a reduced contact resistance compared

with other printed CNT-TFTs [42, 43], which is attributed to a low energy barrier and the excellent

contact characteristics in the middle of the semiconducting CNT layer and the printed liquid metal

source/drain electrodes. The obtained values are comparable to those of organic TFT devices generated

using evaporated metal source/drain electrodes.

Figure 3(e) summarizes the mobility, transconductance, and contact resistance of various TFTs fabri-

cated by our group, in addition to other TFTs based on CNTs [44, 45]. In accordance with our results

for the fabricated TFTs, the average mobility and transconductance are found to be 8.24 cm2V−1s−1

and 0.68 µS, whereas the values for the corresponding maximum are 10.61 cm2V−1s−1 and 0.88 µS,

respectively. When our TFTs are compared with those previously reported, the former possesses a better
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performance. In this study, we first employ a high purity semiconducting CNT dense network to serve as

the conducting channel of the transistors. Owing to the favorable compatibility between the electrodes

and CNT, the gains obtained from the modified liquid metal electrodes are considerable. Moreover, the

low contact resistances can significantly reduce the hole or electron injection barrier, which can enhance

the electrodes/semiconductor layer contact. The good liquid metal CNT contact performance can mini-

mize the impact of the contacts on the device performance, enhancing the performance of the fully printed

TFTs. Thus, a good field-effect mobility is obtained from the LM/CTFTs that have modified liquid metal

electrodes. Notably, the LM/CTFTs display better device mobilities compared with some previously

printed flexible ambipolar CNT transistors [46, 47], soluble organic materials (< 1 cm2V−1s−1) [48, 49],

α-Si (≈ 1 cm2V−1s−1) [50], and organic polymers (0.1–0.6 cm2V−1s−1) [51], and they also show better

performance to several unconventional organic semiconductor TFTs (≈ 3.4 cm2V−1s−1) [52]. Thus, our

fabrication approach can be readily applied onto a flexible substrate to enable good intrinsic transport

properties for transistors based on the combination of the liquid metal and CNTs. Furthermore, the

devices from p-Si need treatment at extremely high temperatures to generate a film [50], whereas the

liquid metal and CNT networks can be effortlessly created using a simple procedure, which includes drop

coating, printing, or spin-coating at room temperature and subsequent steps without a high temperature.

A further increase in our LM/CTFTs mobility can be achieved by using longer CNTs and/or preparing

CNT arrays of a greater density because a dense and aligned CNT array grown by chemical vapor depo-

sition is reported to have a device mobility of 1100 cm2V−1s−1 [53]. The above mentioned changes for

enhancing the devices properties may promote LM/CTFTs with a high mobility and on/off ratio.

Furthermore, we observe vast differences between the various metal contacts. In the case of the LM-1

contacted CNT-TFT, the device exhibit a unipolar p-type characteristic (i.e., majority of carriers are

holes) when the gate is swept to positive voltages (Figure 3(a)). The transfer characteristics of LM-

2/CNT TFT operating in the n-type conduction (i.e., majority of the carriers are electrons) are shown

in Figure 3(b). In particular, the carrier mobility for the n-type CNT-TFT is 9.38 cm2V−1s−1 with a

transconductance of 0.78 µS, which matches well with our p-type device. However, the LM-3 device is

found to be ambipolar (though slightly asymmetrical) (Figure 3(c)) and possess better hole and electron

transmittability, which indicate that both electrons and holes are injected from the electrodes. The

device shows a hole mobility of 9.38 cm2V−1s−1, and, in the electron accumulation regime, a mobility of

7.72 cm2V−1s−1.

The characteristics of the CNT-TFTs are determined by the barriers at the CNT/metal junctions,

which arise because of the differences in the metal work function and Fermi levels between the CNT

and metal. Léonard et al. [54] conducted a hypothetical study in which they compared them with

the planar junction Schottky diodes. The threshold could be manipulated to achieve optimal device

performance. Furthermore, the study revealed that the height of the Schottky barrier for these devices

was regulated by the metal work function, which was unaltered by the Fermi level pinning, and this allowed

the possibility of barrier height regulation by simply selecting the appropriate metal. As mentioned above,

the characteristics of the CNT-TFTs are determined by the barriers at the CNT/metal junctions because

of the differences in metal work function and the Fermi levels between the CNT and metal. By selecting

contact metals with different work functions, one can alter the behavior of the n- or p-type transistor.

A complementary logic device is known to be more desirable for applications with low power demand.

However, as-constructed CNT-TFTs mostly display p-type properties. In the case of a short-channel

CNT transistors (Lch < LCNT, i.e., direct contact transport), the work function of the source-drain

contacts filters the carrier type that is injected into the channel, hence influencing the transistor polarity.

Therefore, low work function metals (such as Sc and Er) are utilized as direct contacts for the preparation

of n-type TFTs. Compared to long-channel CNT-TFTs (Lch ≫ LCNT, that is, percolation transport),

the utilization of n-type channel doping is a common method for preparing n-CNT-TFTs (however, recent

reports have shown n-type TFTs where Sc is utilized as the source-drain contacts [55]). Many dielectric

films (such as Si3N4, Al2O3, and HfO2) and organic molecules have been used as n-type doping sources

for CNT TFTs [56–59]. However, devices based on organic molecules may encounter obstacles regarding

compatibility and stability. Furthermore, these molecules may be not readily process-compatible with



Li Q, et al. Sci China Inf Sci October 2019 Vol. 62 202403:9

the construction of CMOS logic devices. In our experiments, among the liquid metal doping elements we

used, In has a lower work function at 4.1 eV and LM-2 containes the highest concentration of In elements;

moreover, it has the lowest work function among the seven metals we utilized. LM-2 contacts the CNT

and exhibits n-type characteristics, whereas TFTs that are built from other liquid metals are found to

be either p-type or ambipolar. It is expected that electrons are injected from the contact electrode into

the nanotube and that n-type nanotube TFTs will be realized without any doping into the nanotube

channel. In our study, we use various modified liquid metals as the source-drain contacts; therefore, we

are able to obtain p-type, n-type, and ambipolar transistors through printing technology, which is quite

vital for building future high-performance complex flexible integrated CMOS circuits.

To fully investigate the uniformity of the performances of different liquid metal TFT devices, we

characterize a total of 70 devices (from LM-1/CNT-TFTs to LM-7/CNT-TFTs, 10 samples per type)

with the same linear density of CNT per µm in the channel. The details of the device performances,

including on-conductance, transconductance, field-effect mobility, and Ion/Ioff ratio, are summarized in

the box plots in Figure S6. All these parameters distribute in a quite narrow range, which indicates

that the performance of the devices is quite uniform on the substrate. Furthermore, a high probability

of success is obtained with a small device-to-device variation. Thus, this manufacturing process has

considerable potential for large-scale TFT production in the future.

3.4 Stability of printed LM/CTFT devices

Tests of the electrical characteristics are conducted by bending the devices parallel to the direction of the

current flow in the channel. As shown in Figures 4(a) and (b), the extracted LM/CTFT performance

parameters, including normalized on/off ratio and field-effect mobility, are plotted as a function of the

bending cycles. The bend-independent on-current and transconductance are obtained during multiple

parallel bending cycles (Figure S7). Ion and gm remain relatively constant during the full cycles. The

characteristics of the device are measured in the original state 5 min after finishing 500 and 1000 cycles.

Minimal changes are found in the transfer characteristics of the examined LM/CTFT with a bending

angle of 90◦. This stability is maintained over 1000 cycles, which is consistent for all TFT metrics.

The enhanced flexibility and reliability of the TFTs may be ascribed to the superior flexibility of the

liquid metals. In the case of flexible electronics, a modified liquid metal may be more appropriate than

conventional conductor materials because they are printable with greater mechanical compliancy, which

is essential for lowering the cost and scaling up the fabrication.

Time stability is a challenge for semiconductor-based electronics and rather more difficult to achieve for

n-type transistors. In the case of p- and n-type TFTs, bias stress effects are extremely important [60–62],

and the shelf stability of a device is paramount for achieving low-cost processing and encapsulation under

ambient conditions [48]. Therefore, it is of considerable importance that our devices with n-type TFTs

possess enhanced air stability. To examine this stability, a set of liquid metal and CNT-based TFTs are

stored under ambient conditions after manufacturing, and the performance of the devices is periodically

monitored over several days. Figure 4(c) and (d) plots the average LM/CTFT performance parameters of

these arrays after exposure to air over 50 days (Figure S8). Impressively, no obvious statistical variations

are observed for the on/off ratio or for their effective mobility. This confirms the enhanced stability

and paves the way for practical applications in flexible integrated circuits. We believe that uniform film

morphologies, an appropriate semiconductor electronic structure, appropriate dielectric materials, and

self-encapsulated top-gate TFT architecture are the foundations of excellent device stability.

In this study, the liquid metal transistors cannot achieve very high on/off ratios and on currents because

of the drawbacks of the dielectric layer thickness and channel length. However, we should consider that

they have been studied for a much shorter period compared with other electrode materials. Note that the

performance of liquid metal transistor devices can be considerably improved in future studies. For their

success, it is imperative to reduce the length of the channel and thickness of the dielectric layers, improve

the CNT density, reduce the carrier scattering, and improve the gate coupling. Furthermore, this study

focus on attempting to deposit appropriate buffer dielectric materials between the CNT thin films and
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Figure 4 (Color online) LM/CTFT stability data under ambient conditions. (a) and (b) LM/CTFTs performance,

including field-effect mobility and on/off current ratio as a function of the bending cycles. All metrics exhibit negligible

variations after 1000 cycles, indicating the excellent flexibility of the devices. (c) and (d) Transistor performance parameters

versus time plots for the LM/CTFTs. All metrics exhibit negligible variations after 50 d, indicating the excellent reliability

of the devices. The channel length and width for all devices are 50 and 2000 µm, respectively.

the liquid metal layers to obtain higher performance printed LM/CTFTs on flexible substrates. In future,

liquid metals may become an attractive alternative for high-speed and low-power flexible electronics that

have the possibility for large-scale production. All of this is possible because of their greater electrical

conductivity and superior stability to various types of stress and strain effects.

4 Conclusion

We demonstrate the first liquid metal-based, printed, and flexible transistors over a large area that uti-

lizes seven different types of doped liquid metals and carbon nanotubes as electrodes and semiconductor,

respectively. For the flexible LM/CTFTs, we achieve good device mobility (10.61 cm2V−1s−1), excel-

lent durability, and stability. In the case of complementary circuits using low-power applications on

flexible substrates, we realize dependable n-type and ambipolar transistors using different metal-based

electrodes. In particular, the obtained LM/CTFTs show greater device-to-device uniformity and possess

similar and good electrical characteristics as the p-type counterparts. To our knowledge, few studies have

been reported that have realized these types of liquid metal-based printed flexible transistors. Further

enhancement of the developed flexible TFT performance, which can include decreasing the thickness of

the dielectric layers and channel length and improving the density of the CNTs, can be achieved by

more studies in the future. In this study, we create an effective method for practical applications by

constructing high-performance, low-cost, and scalable flexible liquid metal electronics. While demon-

strating the developed devices, the possible use of liquid metal flexible electronics in future applications

is highlighted, including light-emitting diode displays, actuators, wearable sensors, and electronic skins,

on both elastomeric and plastic substrates using printing processes.



Li Q, et al. Sci China Inf Sci October 2019 Vol. 62 202403:11

Acknowledgements This work was partially supported by National Natural Science Foundation of China Key Project

(Grant No. 91748206), Dean’s Research Funding and the Frontier Project of the Chinese Academy of Sciences. Qian LI

acknowledges the support by China Postdoctoral Science Foundation (Grant No. 2018M641485). The authors are grateful

for the support of Beijing DREAM Ink Technologies Co., Ltd.

Supporting information Figures S1–S8, Tables S1 and S2. The supporting information is available online at info.

scichina.com and link.springer.com. The supporting materials are published as submitted, without typesetting or editing.

The responsibility for scientific accuracy and content remains entirely with the authors.

References

1 Myny K. The development of flexible integrated circuits based on thin-film transistors. Nat Electron, 2018, 1: 30–39

2 Di C A, Liu Y, Yu G, et al. Interface engineering: an effective approach toward high-performance organic field-effect

transistors. Acc Chem Res, 2009, 42: 1573–1583

3 Wang H L, Wei P, Li Y X, et al. Tuning the threshold voltage of carbon nanotube transistors by n-type molecular

doping for robust and flexible complementary circuits. PNAS, 2014, 111: 4776–4781

4 Geier M L, Prabhumirashi P L, McMorrow J J, et al. Subnanowatt carbon nanotube complementary logic enabled by

threshold voltage control. Nano Lett, 2013, 13: 4810–4814

5 Kim B, Jang S, Geier M L, et al. High-speed, inkjet-printed carbon nanotube/zinc tin oxide hybrid complementary

ring oscillators. Nano Lett, 2014, 14: 3683–3687

6 Ding L, Zhang Z, Liang S, et al. CMOS-based carbon nanotube pass-transistor logic integrated circuits. Nat Commun,

2012, 3: 677

7 Gao P, Zou J, Li H, et al. Complementary logic gate arrays based on carbon nanotube network transistors. Small,

2013, 9: 813–819

8 Kang B R, Yu W J, Kim K K, et al. Restorable type conversion of carbon nanotube transistor using pyrolytically

controlled antioxidizing photosynthesis coenzyme. Adv Funct Mater, 2009, 19: 2553–2559

9 Kim S M, Jang J H, Kim K K, et al. Reduction-controlled viologen in bisolvent as an environmentally stable n-type

dopant for carbon nanotubes. J Am Chem Soc, 2009, 131: 327–331

10 Choi Y, Kan J, Secor E B, et al. Capacitively coupled hybrid ion gel and carbon nanotube thin-film transistors for

low voltage flexible logic circuits. Adv Funct Mater, 2018, 28: 1802610

11 Hong K, Kim Y H, Kim S H, et al. Aerosol jet printed, sub-2 V complementary circuits constructed from P- and

N-type electrolyte gated transistors. Adv Mater, 2014, 26: 7032–7037

12 Ha M, Seo J W T, Prabhumirashi P L, et al. Aerosol jet printed, low voltage, electrolyte gated carbon nanotube ring

oscillators with sub-5 µs stage delays. Nano Lett, 2013, 13: 954–960

13 Chen H, Cao Y, Zhang J, et al. Large-scale complementary macroelectronics using hybrid integration of carbon

nanotubes and IGZO thin-film transistors. Nat Commun, 2014, 5: 4097

14 Honda W, Harada S, Ishida S, et al. High-performance, mechanically flexible, and vertically integrated 3D carbon

nanotube and InGaZnO complementary circuits with a temperature sensor. Adv Mater, 2015, 27: 4674–4680

15 Han S J, Tang J, Kumar B, et al. High-speed logic integrated circuits with solution-processed self-assembled carbon

nanotubes. Nat Nanotech, 2017, 12: 861–865

16 Plevachuk Y, Sklyarchuk V, Yakymovych A, et al. Electrical conductivity and viscosity of liquid Sn-Sb-Cu alloys. J

Mater Sci-Mater Electron, 2011, 22: 631–638

17 Zheng Y, He Z, Gao Y, et al. Direct desktop printed-circuits-on-paper flexible electronics. Sci Rep, 2013, 3: 1786

18 Liu F, Yu Y, Yi L, et al. Liquid metal as reconnection agent for peripheral nerve injury. Sci Bull, 2016, 61: 939–947

19 Wang L, Liu J. Compatible hybrid 3D printing of metal and nonmetal inks for direct manufacture of end functional

devices. Sci China Technol Sci, 2014, 57: 2089–2095

20 Guo C, Yu Y, Liu J. Rapidly patterning conductive components on skin substrates as physiological testing devices via

liquid metal spraying and pre-designed mask. J Mater Chem B, 2014, 2: 5739–5745

21 Jeong S H, Hagman A, Hjort K, et al. Liquid alloy printing of microfluidic stretchable electronics. Lab Chip, 2012,

12: 4657–4664

22 Yu Y, Zhang J, Liu J. Biomedical implementation of liquid metal ink as drawable ECG electrode and skin circuit.

PLoS ONE, 2013, 8: e58771

23 Wang Q, Yu Y, Yang J, et al. Fast fabrication of flexible functional circuits based on liquid metal dual-trans printing.

Adv Mater, 2015, 27: 7109–7116

24 Matsuzaki R, Tabayashi K. Highly stretchable, global, and distributed local strain sensing line using gainsn electrodes

for wearable electronics. Adv Funct Mater, 2015, 25: 3806–3813

25 Krupenkin T, Taylor J A. Reverse electrowetting as a new approach to high-power energy harvesting. Nat Commun,

2011, 2: 448

26 Zhang Q, Gao Y, Liu J. Atomized spraying of liquid metal droplets on desired substrate surfaces as a generalized way

for ubiquitous printed electronics. Appl Phys A, 2014, 116: 1091–1097

27 Zhang Q, Zheng Y, Liu J. Direct writing of electronics based on alloy and metal (DREAM) ink: a newly emerging

area and its impact on energy, environment and health sciences. Front Energy, 2012, 6: 311–340

28 Kim J, Ahmed T, Nili H, et al. A physical unclonable function with redox-based nanoionic resistive memory. IEEE

Trans Inform Forensic Secur, 2018, 13: 437–448

info.scichina.com
info.scichina.com
link.springer.com
https://doi.org/10.1038/s41928-017-0008-6
https://doi.org/10.1021/ar9000873
https://doi.org/10.1021/nl402478p
https://doi.org/10.1021/nl5016014
https://doi.org/10.1038/ncomms1682
https://doi.org/10.1002/smll.201201237
https://doi.org/10.1002/adfm.200801712
https://doi.org/10.1021/ja807480g
https://doi.org/10.1002/adma.201401330
https://doi.org/10.1021/nl3038773
https://doi.org/10.1038/ncomms5097
https://doi.org/10.1002/adma.201502116
https://doi.org/10.1038/nnano.2017.115
https://doi.org/10.1007/s10854-010-0188-6
https://doi.org/10.1038/srep01786
https://doi.org/10.1007/s11434-016-1090-2
https://doi.org/10.1007/s11431-014-5657-3
https://doi.org/10.1039/C4TB00660G
https://doi.org/10.1039/c2lc40628d
https://doi.org/10.1371/journal.pone.0058771
https://doi.org/10.1002/adma.201502200
https://doi.org/10.1002/adfm.201501396
https://doi.org/10.1038/ncomms1454
https://doi.org/10.1007/s00339-013-8191-4
https://doi.org/10.1007/s11708-012-0214-x
https://doi.org/10.1109/TIFS.2017.2756562


Li Q, et al. Sci China Inf Sci October 2019 Vol. 62 202403:12

29 Hu Z, Comeras J M M L, Park H, et al. Physically unclonable cryptographic primitives using self-assembled carbon

nanotubes. Nat Nanotech, 2016, 11: 559–565

30 Xu F, Zhu Y. Highly conductive and stretchable silver nanowire conductors. Adv Mater, 2012, 24: 5117–5122

31 Kim Y, Zhu J, Yeom B, et al. Stretchable nanoparticle conductors with self-organized conductive pathways. Nature,

2013, 500: 59–63

32 Park M, Im J, Shin M, et al. Highly stretchable electric circuits from a composite material of silver nanoparticles and

elastomeric fibres. Nat Nanotech, 2012, 7: 803–809

33 Matsuhisa N, Kaltenbrunner M, Yokota T, et al. Printable elastic conductors with a high conductivity for electronic

textile applications. Nat Commun, 2015, 6: 7461

34 Stoyanov H, Kollosche M, Risse S, et al. Soft conductive elastomer materials for stretchable electronics and voltage

controlled artificial muscles. Adv Mater, 2013, 25: 578–583

35 Chun K Y, Oh Y, Rho J, et al. Highly conductive, printable and stretchable composite films of carbon nanotubes and

silver. Nat Nanotech, 2010, 5: 853–857

36 Sekitani T, Nakajima H, Maeda H, et al. Stretchable active-matrix organic light-emitting diode display using printable

elastic conductors. Nat Mater, 2009, 8: 494–499

37 Gelinck G H, Huitema H E A, van Veenendaal E, et al. Flexible active-matrix displays and shift registers based on

solution-processed organic transistors. Nat Mater, 2004, 3: 106–110

38 Gamota D R, Brazis P, Kalyanasundaram K, et al. Printed Organic and Molecular Electronics. New York: Springer

Science & Business Media, 2013

39 Zheng Y, He Z Z, Yang J, et al. Personal electronics printing via tapping mode composite liquid metal ink delivery

and adhesion mechanism. Sci Rep, 2015, 4: 4588

40 Cao Q, Xia M, Kocabas C, et al. Gate capacitance coupling of singled-walled carbon nanotube thin-film transistors.

Appl Phys Lett, 2007, 90: 023516

41 Ante F, Kälblein D, Zaki T, et al. Contact resistance and megahertz operation of aggressively scaled organic transistors.

Small, 2012, 8: 73–79

42 Cao C, Andrews J B, Kumar A, et al. Improving contact interfaces in fully printed carbon nanotube thin-film

transistors. ACS Nano, 2016, 10: 5221–5229

43 Okimoto H, Takenobu T, Yanagi K, et al. Tunable carbon nanotube thin-film transistors produced exclusively via

inkjet printing. Adv Mater, 2010, 22: 3981–3986

44 Andrews J B, Mondal K, Neumann T V, et al. Patterned liquid metal contacts for printed carbon nanotube transistors.

ACS Nano, 2018, 12: 5482–5488

45 Liu C, Xu Y, Li Y, et al. Critical impact of gate dielectric interfaces on the contact resistance of high-performance

organic field-effect transistors. J Phys Chem C, 2013, 117: 12337–12345

46 Yu M, Wan H, Cai L, et al. Fully printed flexible dual-gate carbon nanotube thin-film transistors with tunable

ambipolar characteristics for complementary logic circuits. ACS Nano, 2018, 12: 11572–11578

47 Goh R G S, Bell J M, Motta N, et al. p-Channel, n-Channel and ambipolar field-effect transistors based on function-

alized carbon nanotube networks. Superlattices Microst, 2009, 46: 347–356

48 Allard S, Forster M, Souharce B, et al. Organic semiconductors for solution-processable field-effect transistors (OFETs).

Angew Chem Int Ed, 2008, 47: 4070–4098

49 Sirringhaus H. Device physics of solution-processed organic field-effect transistors. Adv Mater, 2005, 17: 2411–2425

50 Sun Y, Rogers J A. Inorganic semiconductors for flexible electronics. Adv Mater, 2007, 19: 1897–1916

51 Yan H, Chen Z, Zheng Y, et al. A high-mobility electron-transporting polymer for printed transistors. Nature, 2009,

457: 679–686

52 Chortos A, Lim J, To J W F, et al. Highly stretchable transistors using a microcracked organic semiconductor. Adv

Mater, 2014, 26: 4253–4259

53 Kang S J, Kocabas C, Ozel T, et al. High-performance electronics using dense, perfectly aligned arrays of single-walled

carbon nanotubes. Nat Nanotech, 2007, 2: 230–236
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