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Electrically Tunable Surface Acoustic Wave Propagation at 
MHz Frequencies Based on Carbon Nanotube Thin-Film 
Transistors

Chen Shen, Shiheng Lu, Zhenhua Tian, Shujie Yang, Jorge A. Cardenas, Junfei Li, 
Xiuyuan Peng, Tony Jun Huang,* Aaron D. Franklin,* and Steven A. Cummer*

Surface acoustic waves (SAWs) that propagate on the surface of a solid at MHz 
frequencies are widely used in sensing, communication, and acoustic twee-
zers. However, their properties are difficult to be tuned electrically, and current 
devices suffer from complicated configurations, complicated tuning mecha-
nisms, or small ranges of tunability. Here a structure featuring a thin-film tran-
sistor configuration is proposed to achieve electrically tunable SAW propagation 
based on conductivity tuning. When a DC gate voltage is applied, the on-site 
conductivity of the piezoelectric substrate is modulated, which leads to velocity 
and amplitude tuning of SAWs. The use of carbon nanotubes and crystalline 
nanocellulose as the channel and gate materials results in high tuning capacity 
and low gate voltage requirement. The tunability is manifested by a 2.5% phase 
velocity tuning and near 10 dB on/off switching of the signals. The proposed 
device holds the potential for the next generation SAW-based devices.
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than their radiofrequency counterpart, SAW 
devices have been widely employed in wire-
less and adaptive communications.[1,2] SAWs 
can interact with piezoelectric substrates on 
which they are propagating, and they find 
applications in sensing[3,4] and analog signal 
processing.[5] Using SAWs for quantum 
pumping of charge carriers has also been 
an active research topic.[6,7] In recent years, 
SAW-based microfluidics begin to emerge 
as a new platform for particle and cell 
manipulation due to its label-free, high-
throughput and bio-compatible proper-
ties.[8–10] In all these applications, the ability 
to control SAW propagation, specifically the 
phase velocity and attenuation, adds addi-
tional degrees of freedom for improved per-
formance of these functionalities.[11–13]

Many SAW devices use piezoelectric materials as their sub-
strates, which convert electrical excitation to mechanical vibra-
tions and vice versa when integrated with interdigital trans-
ducers (IDTs). The electrical and mechanical properties of 
the substrate or the structures patterned on its surface affect 
the SAWs propagating on the substrate based on piezoelectric 
and electromechanical coupling effects.[14] These effects have 
been employed to control the propagation of SAWs in an on-
chip manner. For example, surface phononic crystals and 
non-linear nanoelectromechanical resonators that operate 
in the MHz regime can interact with elastic waves and tune 
their propagation characteristics.[15–19] This approach, however, 
requires judiciously designed architectures that are typically in 
the wavelength scale, which poses challenges on reliable fab-
rication. Moreover, these devices may not be compatible with 
some sensing and biomedical applications because of the deli-
cate components, leading to difficulties in the integration of  
the devices. As an alternative means, devices that can control 
the electrical properties of the substrate have also been pro-
posed for SAW modulation. Specifically, SAW devices featuring 
a gate-voltage tuning mechanism emerge as a promising 
avenue as they are directly transferable to on-chip devices for 
various applications.[20–23] Field-effect transistors, the ubiquitous 
three-terminal semiconductor devices that allow their channel 
conductivity to be tuned by orders of magnitude by applying 
a gate voltage, offers a promising path towards the electrical 
tuning of SAW propagation in a controllable manner. Previ-
ously reported devices, however, suffer from high gate voltage 
requirements, limited tunability, complicated heterostructures 

1. Introduction

The investigation of surface acoustic waves (SAWs) dates back 
over a hundred years. As SAW wavelengths are much shorter 
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and cumbersome fabrication processes which significantly 
hamper their real-world applications.

In this work, we demonstrate electrically tunable SAW 
propagation on a lithium niobate (LiNbO3) substrate at MHz 
frequencies. We use carbon nanotube thin-film transistors 
(CNT-TFTs) printed directly on the substrate to tune the sur-
face conductivity. The use of printing technologies has demon-
strated its potential in manufacturing of thin-film devices with 
low cost and high material versatility.[24] Semiconducting CNTs 
are selected as the channel material due to its semiconducting 
nature and high electron mobility which together offer a range 
of sheet resistance suitable for SAW modulation. In addition, 
CNTs are compatible with low-cost solution-based processing 
methods. To reduce the gate voltage requirement, we employ 
an ionic material (crystalline nanocellulose, CNC) as the gate 
dielectric. The device features low gate voltage (±1V) and 
large dynamic range, which results in a high tuning capacity 
evidenced by a 2.5% phase velocity tuning range, a dramatic 
increase as compared with previous devices that use low gate 
voltage.[14, 23] Near 10 dB switching on and off the signals is also 
demonstrated by a propagation distance of 20 wavelengths. The 
gate-controllable SAW modulation can be used in a number 
of applications including sensing, communication, and SAW-
based acoustic tweezers.

2. Results

2.1. Mechanism and Design of Tunable SAW Propagation

Figure  1 shows a schematic diagram of the proposed tunable 
SAW chip. It consists of a pair of IDTs on a YX-128° LiNbO3 sub-
strate (SAW velocity 3980 m s−1) for the actuation and sensing 
of SAWs. The width of the IDT fingers and the gap between 
adjacent IDT fingers are both 12.5 µm, corresponding to an 
operation frequency of 80 MHz. A CNT-TFT is fabricated along 
the propagation path of SAWs. An atomically thin CNT layer is 
printed on the substrate as the channel, whose conductivity can 

be modulated by on-site electric fields. As the thickness of the 
CNT layer is much thinner than the wavelength, the velocity 
change and attenuation induced by the conductivity modula-
tion can be expressed as:[25] 
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where voc is the phase velocity when the CNT layer is fully 
depleted, and eff

2K  is the effective electromechanical coupling 
coefficient that is 5.6% for YX-128° LiNbO3 substrates. σd is the 
conductivity of the CNT layer, σm is the characteristic conduc-
tivity at which maximum attenuation occurs, and k is the wave 
vector of the SAW without modulation.

Based on the theoretical model, the phase velocity and 
attenuation of the SAW at a given substrate conductivity can 
be calculated. Numerical simulations based on commercial 
finite element package COMSOL are also performed to vali-
date the model[25] (Figure S1, Supporting Information). The 
results are shown in Figure  2, where excellent agreement 
can be found between the theory and the simulation. Here 
we use sheet resistance as a measure of the electrical proper-
ties of the channel, which provides a more accurate means 
for characterization (Figure S2, Supporting Information). The 
sheet resistance can be related to the conductivity by Rs = 1/σt, 
where t is the thickness of the channel and is 20 nm in this 
study. By controlling the conductivity of the channel, the phase 
velocity can be modulated. The maximum tuning capacity of 
phase velocity is 2.8%, which is dictated by the effective elec-
tromechanical coupling coefficient and is independent of the 
modulation strategy.

To achieve the required conductivity modulation, here we 
implement a micromachined TFT using a top-gate configu-
ration. TFTs can effectively modulate the conductivity of the 
channel by properly choosing the semiconducting material. 

Figure 1. Schematic of a tunable SAW chip based on a top-contact CNT-TFT. Using a transistor configuration, the SAWs transmitting across the channel 
will be modulated by applying a gate voltage, leading to tunable output fields.
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The CNTs we used here have shown promising capabilities of 
tuning the conductivity across an order of ten to the fourth, 
which is sufficient for the modulation of SAWs. The insulating 
material itself (i.e., the dielectric in between the channel and 
the top gate), on the other hand, will also affect the SAW prop-
agation on the substrate. Its effect, however, is rarely studied 
because of the complexities. Here we use full-wave numerical 
simulations to study the tuning of the SAWs where both the 
electrical and mechanical properties of the dielectric layer are 
considered. The dielectric material is modeled based on a com-
plex dielectric permittivity which is written as:

/ 0ir dε ε σ ωε= −  (3)

where ε and σd are the permittivity and conductivity of the die-
lectric layer, ω is the angular frequency. As there exists a gate 
electrode on top, the conductivity of the dielectric layer cannot 
exceed a certain value so that sufficient insulation effect can be 
provided. Figure  3a exhibits the phase velocity tuning of the 
SAWs with respect to different conductivity. Results indicate 
that the tuning effect is absent above a certain threshold. As 
standard dielectric materials generally have a very small con-
ductivity, this requirement can be easily met. Another impor-
tant factor that affects the SAW propagation is the permittivity 
ε. Figure  3b shows the relationship of SAW velocity tuning 
with respect to the permittivity of the dielectric layer. It can be 
seen that the tuning capacity increases with the thickness of 
the dielectric layer. The required thickness is also smaller for 

lower permittivity to achieve the same velocity tuning range. 
Although for high permittivity materials, one can increase the 
thickness to achieve better tuning effect, a thick dielectric layer 
can overwhelm the SAWs propagation on the substrate through 
the mechanical effect. For example, when a material loss of 
tanδ = 0.1 is considered, the attenuation of SAWs caused by the 
mechanical effect can increase dramatically when a thicker die-
lectric layer is used, as indicated by Figure 3c. This implies that 
to obtain high tuning capacity, dielectric materials with smaller 
permittivity is preferred as more attenuation is accompanied 
with larger thickness.

We aim to achieve high tuning capacity of SAWs with low 
gate voltage requirements in this study (Figure S3, Supporting 
Information). While there are many low-impedance dielectric 
materials that can be processed into micrometer-thick thin-
films via low-cost solution-based methods, the resultant TFTs 
usually require high gate voltage to achieve a decent current 
modulation.[26,27] The use of high ε dielectric materials, on the 
other hand, is a well-established strategy to reduce the operating 
voltage,[28] yet it is suggested in Figure 3b that a low-permittivity 
dielectric layer gives weak modulation in phase velocity. Ionic 
dielectric materials, which offer gate capacitance determined by 
the electron double layers instead of their thicknesses, are also 
commonly used to realize thin-film transistors with low oper-
ating voltages.[29–31] A major limitation of ionically gated tran-
sistors is that their response time is strongly related to its ionic 
conductivity, which is usually much longer compared to the 
dielectrically gated ones.[32,33] This could limit their applications 

Figure 2. Calculated and simulated tuning of the SAW based on conductivity modulation. a) Phase velocity. b) Attenuation.

Figure 3. SAW modulation with different dielectric layer properties from numerical simulations. a) Dependence of tuning capacity on the conductivity 
of the dielectric layer. b) Effect of dielectric constant on the tuning capacity. c) Attenuation caused by the mechanical effect of the dielectric layer.
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that require dynamic or fast response. Nevertheless, ionic die-
lectrics still exhibit their potential for applications such as non-
hazardous gas sensing and reconfigurable SAW-based particle 
and droplet manipulation.[34] In this work, we employ CNC as 
the gate material as it is reported to yield small permittivity at 
MHz frequencies.[35]

2.2. Fabrication and Characterization of the CNT-TFT

Based on the design strategy outlined in the previous section, 
CNT-TFTs are fabricated on lithium niobate (LiNbO3) sub-
strates, with detailed illustrations of the fabrication process 
flow shown in Figure 4 and the experimental section. The CNT-
TFT is positioned at the center of the substrate and is about 
2 mm away from the IDTs to avoid possible contamination as 
they are fabricated separately. In brief, the source and drain 
electrodes were patterned and deposited using optical lithog-
raphy and e-beam evaporation, and the CNT thin-film chan-
nels were aerosol-jet-printed. After printing the channels, the 
samples were rinsed with toluene to get rid of the polymer 
surfactants and thus enhance the channel mobility. It is worth 
noting that the CNTs would spread out on LiNbO3 substrates 
during the rinsing step, and an additional patterning step was 
carried out to ensure that the channels are well defined. The 
channel areas were protected by pieces of polydimethylsiloxane 
(PDMS), with the unwanted CNTs etched using oxygen plasma. 
After removing the PDMS, CNC and silver nanowires (AgNW) 
were aerosol-jet-printed as the gate dielectric layers and the gate 
electrodes, respectively.

The morphology of the printed CNT-TFTs are given in 
Figure 5. An optical image and a schematic diagram, shown in 
Figures 5a and 5b, respectively, demonstrate the overall device 
structure, whereas the scanning electron microscope (SEM) 
images presented in Figure  5c–f provide a detailed film mor-
phology illustration of various device layers. The thickness of 

the CNC layer is around 5 µm, and the thickness of the AgNW 
layer is comparable to the roughness of the underlying CNC 
film. The SEM imaging and the profilometry measurement 
(Figure S4, Supporting Information) are in good agreement 
with each other. The ionic conductivity of CNC was estimated 
by fitting the impedance spectroscopy data with a simplified 
model[36] (Figure S4, Supporting Information). The combina-
tion of the extracted ionic conductivity and the film thickness 
suggests that the ions within the CNC layer offer a sheet resist-
ance at the order of 108  Ω sq−1, which is roughly 10× higher 
compared to the upper bound of the dynamic range presented 
in Figure  1. This indicates that the coupling between the ions 
within the CNC and the SAW is unlikely to have any impact on 
either the phase or the amplitude of the signal.

2.3. Modulation of SAWs with the Tunable Chip

The fabricated device is further tested on a probe station. The 
experimental setup is shown in Figure 6a. The total length of 
the channel which SAWs propagate through is around 1 mm, 
which corresponds to 20 wavelengths. A voltage is applied on 
the gate electrode and is slowly varying from -1V to 1V as the 
CNC needs time to be fully polarized for operation. The source 
and drain electrodes are also connected to the probe station to 
monitor the conductivity change across the channel (Figure S5, 
Supporting Information). At the mean time, the source IDT is 
excited using a function generator and the signals are recorded 
at the receiving IDT. In the measurements, pulsed signals are 
used and the signals are averaged to reduce noises.

The transfer and subthreshold characteristics of the CNT-
TFT is plotted Figure  6b, where a modulation of almost four 
orders of magnitude is observed in terms of the channel sheet 
resistance. The measured sheet resistance is then plugged into  
Equations  (1) and  (2) to predict the corresponding phase 
velocity and attenuation change according to the conductivity 

Figure 4. Schematic illustrations of the fabrication process flow. a) Patterning and depositing the source and drain electrodes using optical lithography 
and e-beam evaporation; b) carbon nanotube (CNT) thin-film channel printing; c) toluene rinsing to remove the residual polymers, the CNT film would 
spread out during this process; d) covering the channel with PDMS; e) etching of the unwanted CNTs using oxygen plasma; f) unmasking the channel; 
g) CNC dielectric layer printing; h) silver nanowire (AgNW) gate electrode printing.

Adv. Funct. Mater. 2021, 31, 2010744



www.afm-journal.dewww.advancedsciencenews.com

2010744 (5 of 7) © 2021 Wiley-VCH GmbH

 modulation. The results are compared with those obtained from 
measurements in Figure  6c,d. Good agreement can be found 
between the theoretical calculations and experimental results. 
The measured results also show a larger dynamic range and a 
smaller amplitude modulation compared with the theory. This 
could be attributed to the nonuniformity of the channel as dif-
ferent components of a CNT network exhibit different conduc-
tivity. For example, the resistivity of a junction between two CNTs 
is much higher than the resistivity within the same tube.[37] The 
conductivity of these components enter and leave the dynamic 
range under different gate bias, which causes the widening of  
the effective dynamic range. Thanks to the semiconducting 
nature of the CNTs and the relatively low permittivity of the 
CNC, the velocity can be tuned by up to 2.5%, which approaches 
the theoretical value of 2.8% for the used LiNbO3 substrates. In  
addition, near 10 dB on/off ratio of SAW signal strength is achieved 
across the transition region, which is again enabled by applying a 
small gate voltage. The maximum attenuation is around 0.5 dB 
per wavelength, which is smaller than the theoretical prediction. 
This could be caused by the nonuniformity of the channel and 
the dielectric layer, and the different mechanical effects between 
interfacial layers when the device is switched on or off.[38] Never-
theless, the results mark a meaningful tunability aimed at SAW-
based applications in sensing and acoustic tweezers.

3. Conclusions

In this study, we demonstrated SAW modulation using con-
ductivity tuning on a lithium niobate substrate. Aerosol-jet-
printed CNT-TFTs are used to achieve the required conductivity 
tuning. A numerical approach based on finite element analysis 
is used to predict the behavior of the device and help deter-
mine the optimal parameters. The TFTs are directly fabricated 
by aerosol jet printing on the substrate with small footprints. 
Measurements show that the sheet resistance can be tuned by a 
factor of 104, which fully covers the transition region and leads 
to efficient SAW modulation. A phase velocity tuning effect as 
much as 2.5% is observed, which surpasses previous devices 
using similar mechanisms.[20–23] On-off amplitude switching of 
the signals is also demonstrateed in the proposed structure by 
tuning the SAW attenuation.

The device, which features CNT as the channel material 
and CNC as the gate material, exhibits several unique advan-
tages. First, it enables large conductivity tuning, which is cru-
cial for the realization of tunable SAW devices. Second, the 
device has simple structural configuration. Most components 
can be directly printed on the substrate, which is much more 
convenient than previous proposals using heterogeneous 
structures or two-dimensional electron gases. Thanks to the 

Figure 5. Microscopic characterizations of printed CNT-TFTs. a) An optical image of a CNT-TFT printed on a LiNbO3 substrate. b) A schematic diagram 
illustrating the cross section of a printed CNT-TFT and locations for SEM imaging. c) A SEM image of the CNT-TFT from cross-sectional view. Top-view 
SEM images of d) the printed CNC film and e,f) the printed AgNW/CNC stack.

Figure 6. Experimental demonstration of SAW modulation. a) Experimental setup on a probe station. b) Transfer (magenta) and subthreshold (green) 
characteristics of a CNT-TFT printed on LiNbO3 substrate. c) SAW velocity modulation. d) SAW amplitude modulation.
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semiconducting nature of CNTs, larger velocity modulation is 
achieved compared to the use of other channel materials such 
as graphene. The low gate voltage requirement also makes it 
possible to transfer the device to other applications including 
sensing, communication, and SAW-based particle manipulation 
that use a voltage as the input/output. It is hoped that the pro-
posed device can be used toward a number of applications that 
require tunable acoustic components.

4. Experimental Section
Numerical Simulations: Numerical results were obtained through 

finite element method using commercial solver COMSOL Multiphysics 
5.4. The Solid Mechanics module containing piezoelectric materials and 
the Electrostatics module were used so that piezoelectric coupling and 
electromechanical coupling were taken into consideration. The phase 
speed of the SAWs depending on the sheet resistance of the channel was 
acquired by calculating the eigenfrequency of a period of the structure. 
The corresponding attenuation caused by the conductivity modulation 
was extracted from the imaginary part of the eigenfrequency.

Source and Drain Electrodes Fabrication: The patterning of the source 
and drain electrodes was done via a Karl Suss MA6/BA6 mask aligner. 
S1813 was selected as the photoresist, and the exposure took 11 s  
using C1 (365 nm) with a dose of   120 J cm−2. 5-nm Ti/ 50-nm Au 
was deposited as the source and drain electrodes using an E-beam 
evaporator (Kurt Lesker PVD 75). The lift-off process was performed by 
immersing the sample in 50 °C acetone for 1 h, sonicating the sample in 
acetone for 10 s, rinsing with acetone, isopropyl alcohol, and deionized 
water, followed by a nitrogen blow-drying.

Substrate Functionalization: After the lift-off steps, the samples 
underwent a 3-min 100 W oxygen plasma treatment using an 
Emitech K-1050X plasma asher, a 5-min immersion in PLL solution 
(0.1 mg mL−1, Sigma-Aldrich), DI water rinsing, and nitrogen blow-
drying. The functionalization steps enhanced the substrate adhesion of 
carbon nanotubes.

CNT Channel Printing: The CNT channels were printed using an 
Optomec AJ300 aerosol jet printer with a 150-µm nozzle. Commercial 
CNT ink (0.1mg/mL, IsoSol-S100, NanoIntegris), was mixed with toluene 
by a volume ratio of 1:4, and 1000 mL of the as-prepared CNT ink 
was loaded into the printer. The sheath flow rate, the carrier gas flow 
rate, and the ultrasonic current, were set to be 40 sccm, 23 sccm, and  
330 mA, respectively. The platen moved at a speed of 4 mm s−1, and  
1 pass of CNTs was printed as the channel. Once the CNT printing was 
finished, the samples were rinsed in toluene for 30 s to remove the polymer 
residue and to increase the channel mobility. After that, the samples 
underwent a 1-min treatment in 100 W oxygen plasma to etch the extra 
CNTs while the channel regions were covered and protected by PDMS films.

CNC Printing and AgNW Printing: the CNC dielectric layers and the 
AgNW electrodes were prepared and printed according to the aerosol jet 
printing protocol described in the reference. The CNC[39] and AgNW[40] 
inks were both printed using an Optomec AJ300 aerosol jet printer. 
While a 300 µm nozzle was used for CNC printing, AgNW electrodes 
were printed using a 200 µm nozzle with smallest size being around 
100 µm. Such a printing resolution is expected to ensure the quality of 
devices aiming at SAWs at MHz frequencies.

Microscopic Imaging and Profilometry Characterizations: Zeiss Axio 
Compound Microscope, together with the incorporated digital camera, 
was used to take the optical images. An Apreo S Scanning electron 
microscopy (SEM) from ThermoFisher Scientific was selected to perform 
the SEM imaging. The film thicknesses of printed CNC and AgNW were 
measured using a Bruker Dektak 150 profilometer.

SAW Signals Acquisition: The SAW signals acquisition was done by 
exciting the source IDTs and directly measuring the signals from the 
receiving IDTs. A function generator (model DG4202) was used to 
generate the input pulsed signals at a central frequency of 80 MHz. The 

transmitted signals were captured by an oscilloscope (model DS1074) 
and were averaged out of 128 measurements to reduce noise. At the 
mean time, a slowly varying gate voltage (0.5 V min−1) was applied from 
the probe station. This change was slow enough such that the gate 
voltage could be assumed constant when the signals were measured. 
The corresponding phase speeds at different gate voltages were then 
obtained by comparing the SAW signals acquired at different times 
(Figure S5, Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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