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Abstract: Here we report the fabrication and characterizations of high mobility amorphous 

ZnMgO/single-wall carbon nanotubes composite thin film transistors (TFTs) with tunable threshold 

voltage. By properly controlling the ratio of MgO, ZnO and carbon nanotubes, high performance 

composite TFTs can be obtained with the field-effect mobility up to 135 cm2/V·s, a low threshold voltage 10 

of 1 V and a subthreshold swing as small as 200 mV/decade, promising a new solution-processed material 

for high performance functional circuits. A low voltage inverter is demonstrated with functional 

frequency exceeding 5 kHz, which is only limited by parasitic capacitance rather than the intrinsic 

material speed. The overall device performance of the composite TFTs greatly surpasses not only that of 

the solution-processed TFTs, but also that of the conventional amorphous or polycrystalline silicon TFTs. 15 

It therefore has the potential to open up a new avenue to high-performance, solution-processed flexible 

electronics to significantly impact the existing applications and enable a whole new generation of flexible, 

wearable, or disposable electronics.

1. Introduction 

With exceptional optical transparency, decent mobility and 20 

excellent stability, amorphous metal oxide semiconductors have 

attracted considerable interest as a unique class of materials for 

thin film transistors (TFTs).1-2 Among various materials, ZnO,3-4 

ZnMgO (ZMO),5 In2O3,6-7 InGaZnO,8-11 InZnO (IZO),12 and 

ZnInSnO,13-14 have been explored as the promising materials for 25 

high device performance. Together with a potentially low-

temperature solution processibility, these materials could in 

principle enable practical and unconventional flexible electronic 

devices with optical transparency.15-18 However, the typical 

mobility of these metal oxide TFTs (1~10 cm2/V·s) is still lower 30 

than that of poly-silicon TFTs (10-200 cm2/V·s).19 The formation 

of hybrid composite materials could allow for the development of 

materials with multiple combined advantages over single 

component building blocks.20 By incorporating single-wall 

nanotubes (SWNTs) into the amorphous IZO thin films, we have 35 

recently demonstrated that oxide/SWNTs composite TFTs can be 

                                                 

 
aDepartment of Physics and Key Laboratory of Artificial Micro- and 

Nano-structures of Ministry of Education, Wuhan University, Wuhan 

430072, China.E-mail:liaolei@whu.edu.cn 
bDepartment of Electronic & Computer Engineering, Hong Kong 

University of Science & Technology, Hong Kong SAR, China. 
cCenter for Applied Chemical Research, Frontier Institute of Science and 

Technology, Xi’an Jiaotong University, Xi’an, 710049, China. 
dDepartment of Chemistry and Biochemistry, University of California, 

Los Angeles, California 90095, United States 

 

created with greatly improved carrier mobility up to 140 cm2/V·s.  

Additionally, the composite TFTs also showed exceptional 

mechanical robustness for flexible electronics on plastics.21 This 

significant improvements could be attributed to the excellent 40 

carrier transport and mechanical flexibility of SWNTs.22 The 

improved mobility was attributed to the reduction of the effective 

channel length by the embedded SWNTs network in the oxide 

matrix.23 However, the electrostatic screening effect of the 

SWNTs in the composite thin film makes the semiconductor 45 

oxide between SWNTs difficult to be pinched off, resulting in a 

depletion mode TFT with a relatively large negative threshold 

voltage (Vth) and large subthreshold swing (SS), unsuitable for 

applications in high-speed low power logic circuits.24-26 By 

incorporating high oxygen affinities cations (e.g. Mg2+) into 50 

oxide matrix, here we report the fabrication of high mobility 

oxide/SWNTs composite TFTs with tunable Vth for low voltage 

logic application. 

It has been shown that Vth of oxide thin film transistors can 

be modulated by the incorporation high oxygen affinities cations 55 

into binary and ternary compound metal oxide thin films, such as 

Mg27-28 and Ga.18, 29 Oxygen affinities of these metal ions are 

higher than that of In, Sn and Zn, resulting in a suppressed carrier 

concentration to reduce the Vth, but also typically coming with a 

severe mobility degradation.13,27 Importantly, here we show that 60 

high performance TFTs with controllable threshold voltage can 

be achieved by incorporating SWNTs into an oxide matrix with 

controlled composition. Amorphous ZMO/SWNTs (a-

ZMO/SWNTs) composite TFTs with low Vth around 1 V and 

small SS of 200 mV/decade have been fabricated through a sol-65 

gel route. We further show that these high performance TFTs can 
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be used to create logic inverters with voltage gain and excellent 

speed performance. Our study defines a clear pathway to high 

performance amorphous oxide/nanotube TFTs with controllable 

threshold voltage, and represents a critical step forward in 

developing high speed oxide TFTs for diverse applications in 5 

large area flexible electronics. 

 
Fig. 1 (a) Schematic of a TFT with the a-ZMO/SWNTs composite active 

channel. (b) The Raman spectra of the a-ZMO/SWNTs composite thin 

film in a device channel; the inset shows an optical microscope image of a 10 

TFT. The scale bar is 20 µm. (c) The transfer characteristics of the a-

ZMO/SWNTs composite TFT with different Mg:Zn molar ratio 

concentrations. (d) The dependence of mobility and Vth on the molar ratio 

of Mg:Zn. 

2. Results and Discussion 15 

2.1. a-ZMO/SWNTs TFTs 

A spin-coating process was employed to prepare the a-

ZMO/SWCNTs composite thin films on 100 nm SiO2 coated p+-

Si substrate (Supporting Information S1). Two-step 

photolithography was employed to fabricate the TFTs. The first 20 

photolithography was carried out to define the as-prepared thin 

film into isolated pads, which can suppress the gate leakage 

current. The second photolithography was conducted to define 

source and drain electrodes (S/D). The Cr/Au (15 nm/30 nm) 

electrodes were completed by metal evaporation and lift-off 25 

processes. The transmission electron microscope image of the 

pure SWNTs used in this work is shown in the Fig. S1. The TFTs 

geometry employed in this work is shown in Fig. 1a. Fig. 1b is 

the Raman spectra of the composite thin film in a device channel, 

which is well consistent with that of SWNTs. The electrical 30 

measurements were performed with the Lake Shore TTPX Probe 

Station and Agilent 4155C Semiconductor Parameter Analyzer. 

The TFTs with Cr/Au contact are in the linear region operation 

(Vds=1 V), the transfer characteristics of the fabricated TFTs 

show typical n-type characteristics expected for the oxide matrix 35 

(Fig. 1c). The field effect mobility is calculated by using the 

derivative of transfer characteristics: 

 
WCV

Lg

ids

FE

m=µ              (1)  

where the gm can be obtained by deriving the Ids-Vg curve. In 

general, high mobility values exceeding 100 cm2/V·s are 40 

observed in the composite TFTs with relatively low Mg 

concentration (<10%) (Fig. 1d). It is found that the mobility 

decreases with the increasing molar ratio of Mg:Zn (e.g. 60 

cm2/Vs for Mg:Zn=1:5), which can be attributed to the higher 

oxygen affinity of Mg than Zn as previously mentioned.13, 18, 27-29 45 

It is importantly to note that the Vth (determined from the 

horizontal intercept of a linear part in Ids
1/2 versus Vg plot) can be 

readily modulated by adjusting the Mg concentration. The TFTs 

changed from the depletion mode (Vth=-11.2 V) to the 

enhancement mode (Vth=6 V) when the Mg:Zn ratio is increased 50 

from 0 to 1:5 (averaged over dozens of devices). Together, for 

composite TFT with a Mg:Zn=1:8, a high mobility value of 130 

cm2/Vs and a small Vth of 0.8 V can be simultaneously achieved, 

promising an attractive TFT material for high performance low 

power applications. These studies demonstrate the carrier 55 

mobility and threshold voltage of composite TFTs can be readily 

tuned to meet the requirement for specific applications by simply 

adjusting the molar ratio of Mg in the a-ZMO/SWNTs thin film. 

 
Fig. 2 (a) The transfer characteristics of the a-ZMO/SWNTs composite TFTs with different SWNTs concentrations. The incorporation of SWNTs enhance 60 

the mobility, the molar ratio of Mg:Zn is fixed at 1:8. Due to the incorporated SWNTs, the Vth shift from the positive towards negative axis. (b) The output 

character of the composite thin film transistor with 1 wt% SWNTs. (c) The plot of the field effect mobility and threshold voltage as a function of SWNTs 

concentration. 
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Fig. 3 The performance of a-ZMO/SWNTs composite thin film transistor with different channel length (W is fixed at 75 µm), in which the composite thin 

film are composed of a-ZMO (Mg:Zn=1:8) and 1 wt% SWNTs. (a) The transfer character curves of the fabricated devices. (b) The plot of mobility and Vth 

versus channel length. (c) Intrinsic delay τ versus channel length. The solid linear is a fit to the data point. 

Subsequently, to confirm the 1 wt% SWNTs concentration is 5 

also the optimum amount in a-ZMO/SWNTs composite thin film, 

the TFTs with a fixed 1:8 molar ratio of Mg:Zn with variable 

SWNTs concentrations from 0 to 2 wt% are fabricated to evaluate 

the performance of the devices. The transfer characteristics are 

shown in Fig. 2a. The results are similar to those of the a-10 

IZO/SWNTs composite thin films. Fig. 2b is the output 

characteristics of the TFT devices with 1 wt% SWNTs. The clear 

pinch-off and Ids saturation indicate that the carriers transport in 

active channels is completely controlled by the gate bias.32 Fig. 2c 

shows the mobility and Vth as a function of SWNTs 15 

concentrations, it clearly reveals that the mobility is significantly 

enhanced as the SWNTs concentration increases in the range of 

0-1 wt%. Moreover, the Vth drifts to 0.8 V with 1 wt% SWNTs, 

which is much closer to 0 V. Due to the electrostatic screening 

effect of SWNTs, high concentration SWNTs weakens the gate 20 

field, leading to a degraded mobility and requiring large bias to 

pinch off the channel, namely, the metallic SWNTs network 

dominates the carriers transport. These studies demonstrate that 1 

wt% SWNTs concentration is also the best recipe for the a-

ZMO/SWNT composite thin film. 25 

2.2. a-ZMO/SWNTs TFTs Based Inverter 

To probe the reliability and channel length scaling relations of 

the composite TFTs, we have prepared and studied a-

ZMO/SWNT composite TFTs with the channel length L varying 

from 5 µm to 20 µm. Fig. 3a compares the transfer characteristics 30 

of TFTs with different channel length. Fig. 3b summarizes the 

mobility and Vth versus L. The field effect mobility values of the 

TFTs with different channel lengths are all as large as 130 

cm2/V·s. An important benchmark of transistor performance is 

the intrinsic gate delay time, which represents the fundamental 35 

RC (where R is the device resistance and C is the capacitance) 

delay of the device. It provides a speed limitation for transistor 

operation, which is relatively insensitive to gate dielectrics and 

device width. Therefore, the intrinsic gate delay time is used as 

an important parameter for comparing different types of 40 

electronic materials,33-35 which is given by:  

dsFEV

L

g

C

µ
τ

2

m

g
==       (2) 

The intrinsic delay time is varied from 2.2 ns for the L=5 µm 

devices to 31.8 ns for the L=20 µm devices, which is observed at 

the largest gm. It is also possible to determine intrinsic cut-off 45 

frequency equation:  

                                     
πτ2

1
=Tf           (3) 

where the projected fT of the TFT devices could be up to 72 MHz 

for the TFT device with a channel length of 5 µm. A summary of 

τ from a-ZMO/SWNTs composite TFTs versus L is shown in Fig. 50 

4c; the results formations of the devices are fit with L2. These 

advantages, together with the low Vth=1 V, suggest that a-

ZMO/SWNTs composite TFTs can be applied to the fabrication 

of high-speed inverters with low power-consumption. 

55 

Page 3 of 6 Nanoscale

N
an

o
sc

al
e 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
D

A
D

 S
A

O
 P

A
U

L
O

 o
n 

19
 F

eb
ru

ar
y 

20
13

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3N
R

34
22

2K
View Article Online

http://dx.doi.org/10.1039/c3nr34222k


Nanoscale 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

Paper 
 

This journal is © The Royal Society of Chemistry [2012] [Nanoscale], [2012], [vol], 00–00  |  4 

Fig. 4 The DC and AC properties of the inverter. (a) The transfer 

characteristics of the TFT (with 50-nm SiO2 insulator) adopted as the 

‘switch’ of the inverter. (b) The voltage transfer characteristic (left 

vertical axis) and DC gain (right vertical axis) of an inverter, the inverter 

is schematically depicted in the inset. (c) Output waveform by 0.1 kHz 5 

with a sinusoidal signal of Vpp=500 mV on the input terminal of the 

amplifier, (d) AC gain (dB) of the inverter at different frequencies. This 

inverter shows f T > 5 kHz. 

The ability to reliably fabricate high mobility composite TFTs 

with controllable threshold voltage can readily allow us to 10 

construct the functional digital circuits. To this end, we have used 

two TFTs to configure an inverter. First, high field effect mobility 

is necessary to achieve large voltage gain inverters.36-37 Second, a 

low Vth, small SS and high ON/OFF ratio are necessary to 

minimize power dissipation.2, 38-41 Third, a reduced channel length 15 

is desirable to minimize the intrinsic gate delay time in high 

frequency digital circuitry.42-44 Considering the above 

requirements, we fabricated a-ZMO/SWNTs TFTs (with 1 wt% 

SWNTs) on the 50 nm SiO2 coated p+-Si, and employed a L/W = 

5 µm/75 µm TFTs for the inverter. The transfer characteristic is 20 

displayed in Fig. 4a. The field effect mobility is derived from gm 

with the value as large as 135 cm2/V·s. Obviously, the SS is 

decreased to the value of 200 mV/decade. In addition, the a-

ZMO/SWNTs TFT is an enhancement-mode device with Vth=0.8 

V, which is off at Vg=0 V. 25 

To evaluate both the static DC and AC performance of the 

inverter, we adopt another a-ZMO/SWNTs composite TFT with 

L/W=500µm/75µm working at the saturation state as the “load”. 

The “switch” TFT with L/W=5µm/75µm is connected with the 

“load” in series, as shown in the inset of Fig. 4b. The gate of the 30 

“switch” TFT acts as the input terminal, whereas the connection 

between the “switch” and the “load” acts as the output terminal. 

The static DC performance of an inverter is evaluated by its 

voltage transfer characteristics and gain shown in Fig. 4b, with 

Vdd=Vds=10 V. The slope of the steepest region of the Vout-Vg 35 

curve represents the voltage gain G of the amplifier. In this case, 

the gain of our amplifier is |G|=3. It is important to note that a 

gain higher than 1 is desirable for practical applications. When a 

small AC signal Vin-AC is superimposed on the DC bias Vg at the 

input, Vin=Vg+Vin-AC, then under the right circumstances the 40 

transistor circuit can act as a linear amplifier. The transistor is 

first biased at a certain DC gate voltage to establish a desired 

current in the circuit. A small sinusoidal AC signal Vin-AC is then 

superimpose on the gate bias on the input, causing the output 

voltage Vout to oscillate synchronously with a phase difference of 45 

180°, with respect to Vin-AC.  

For maximum output voltage swing, we supply a gate bias of 

Vg=1 V to the ‘switch’ TFT and superimpose small Vin-AC signals 

of Vpp= 500 mV with different frequencies on the gate bias as Vdd 

=Vds=5 V. The amplified output signals with 0.1 Hz is shown in 50 

Fig. 4c. For low frequencies (0.1 kHz), the gain |G| defined 

as∆Vout/∆Vin is larger than 6. By measuring the dynamic response 

of the inverter with a harmonic-waveform input signal from 10 to 

1 MHz as shown in Fig. 4d, it is found that the inverter is 

characterized by a cut-off frequency above 5 kHz. Note that this 55 

value is obtained for the TFT with a common gate configuration 

where a huge parasitic capacitance exists between the Si substrate 

gate and the large size S/D metal pads. So further performance 

improvement at the inverter level should also be possible through 

optimization of the TFT geometry with top-gated structure for 60 

small parasitic capacitance.45 

3. Conclusions 

In summary, we have demonstrated high-performance a-

ZMO/SWNTs composite TFTs with high field-effect mobility, 

high ON/OFF ratio and tunable threshold voltage, through the 65 

low-cost sol-gel approach. The fabricated a-ZMO/SWNTs TFTs 

outperform the previous reported amorphous metal oxide based 

TFTs. Furthermore, the inverter based on a-ZMO/SWNTs TFTs 

demonstrates high-speed operation. These advantages, together 

with the demonstrated control over threshold voltage, suggest 70 

substantial potential of a-ZMO/SWNTs TFTs for high-

performance low cost electronic applications. 
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High performance a-ZMO/SWNTs composite TFTs with tunable threshold voltage are fabricated 

by sol-gel method. A low voltage inverter is demonstrated with functional frequency exceeding 5 

kHz 
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