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ABSTRACT

We report an external force triggered field-effect transistor based on a free-standing piezoelectric fine wire (PFW). The device consists of an

Ag source electrode and an Au drain electrode at two ends of a ZnO PFW, which were separated by an insulating polydimethylsiloxane

(PDMS) thin layer. The working principle of the sensor is proposed based on the piezoelectric potential gating effect. Once subjected to a

mechanical impact, the bent ZnO PFW cantilever creates a piezoelectric potential distribution across it width at its root and simultaneously

produces a local reverse depletion layer with much higher donor concentration than normal, which can dramatically change the current

flowing from the source electrode to drain electrode when the device is under a fixed voltage bias. Due to the free-standing structure of the

sensor device, it has a prompt response time less than 20 ms and quite high and stable sensitivity of 2%/µN. The effect from contact resistance

has been ruled out.

One-dimensional (1D) nanomaterials have profound applica-

tions in biological and chemical sensing,1,2 mechanical force

and mass sensing,3-5 nanoelectromechanics,6 optoelectron-

ics,7 and electronics and photonics.8-12 Nanodevices made

using individual semiconductor nanowires/nanotubes/nano-

belts are mostly laterally bonded on a flat substrate following

the configuration of a field effect transistor (FET), in which

the substrate serves as a gate electrode; the current trans-

ported from the drain to source along the nanowire is

controlled or tuned by the applied gate voltage or the

chemical/biochemical species adsorbed on the surface of the

nanowires. Recently, using the coupled semiconductive and

piezoelectric properties of ZnO, a group of nanodevices have

been demonstrated utilizing the piezotronics effect,13-16 the

working principle of which relies on the piezoelectric

potential created inside a nanowire under straining, which

can serve as the gate voltage for fabricating a new type of

FETs and diodes. In this paper, we demonstrate the first

piezoelectric FET made using a free-standing ZnO wire for

sensing transverse force/vibration. The working mechanism

of the device depends on the piezoelectric field create at the

root of the wire adjacent to the substrate, and it is distinct

from traditional nanoforce/mass sensors that rely on the

detection of oscillation frequency.17-19 The free-standing

piezoelectric FET has potential applications like hearing aids,

atomic force microscopy (AFM) cantilevers, and security

triggers.20-22

Most of the current nanodevices using 1D nanomaterials

are usually bonded at the two ends, so that the two ends

may not have the freedom to move. This type of configu-

ration is not advantageous for fabricating devices that

simulate the action of hairy beams inside an ear, possibly

preventing them from measuring nanoscale air or liquid flow.

To overcome this difficulty, we aim at proposing a free-

standing piezoelectric FET (FS PE-FET) based on the

piezotronic effect. This device was first proposed based on

numerical simulation about the distribution of a piezoelectric

potential in a ZnO wire when it is subjected to mechanical

straining.23 For a vertical free-standing ZnO wire, once it is

bent by an external force that is uniformly applied perpen-

dicular to the wire along its length, a piezoelectric potential

drop is created across the wire. On the basis of a static model

calculation with considering the screening effect of free

charge carriers, for a vertical ZnO wire on an identical ZnO

substrate with a donor concentration p ) 1 × 1023/m3,

diameter d ) 25 nm, and length l ) 600 nm, when a total

external force of fy ) 800 nN was uniformly applied normal

to the wire at its side surface, the piezoelectric potential

distribution across the bent wire oriented with its c-axis
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pointing upward at room temperature (RT) is shown in Figure

1a, which displays the contour plot of the piezoelectric

potential inside and around the wire. An outstanding feature

noticed in Figure 1a is that there is a reverse potential

distribution at the junction region between the wire and the

substrate, with the compressive strained region positive and

the tensile strained region negative. The significant large

magnitude of this transverse potential forces the n-type

charge carriers (electrons) to accumulate at the compressive

region to partially screen the local positive piezoelectric

potential, resulting in highly concentrated electron carriers

at the region near the root (Figure 1b). At the same time,

when the conduction band is pushed down by the piezo-

electric polarization on the compression side, the electrons

will be strongly degenerate with a very high density.

Therefore, the increase of free electron density is much larger

than the decrease on the tensile side. Consequently, the

TOTAL number of free charge carriers near the wire root

would increase. The overall effect is thus an increase in

the conductance. This expected result is different from the

behavior of the two-ends contacted piezoelectric FET.4 The

existence of this local “necking region” with superhigh carrier

density is the core of our device presented below.

To utilize the piezoelectric potential created at the root

region, a new type of FS-FET has been built, as shown in

Figure 2a, in which ZnO is partially embedded in a substrate

and partially standing out. After coating the top part with

metal and bottom part near the root with a protective

insulating PDMS layer, we applied a bias from the bottom

of the wire and the metal contact using two probes. The

insulative layer at the root region can effectively minimize

the equal potential effect introduced by the metal layer coated

at the top part and thus protects the bottom reverse depletion

region. Thus a FS PE-FET is configurated, in which the

channel formed by the piezopotential at the wire-substrate

junction forces the electrons to flow through the region where

there are accumulated charge carriers (e.g., the posi-

tive piezoelectric potential region). Since the magnitude of

the piezopotential increases almost linearly with the applied

force or degree of wire bending, the transported current is a

measure of the force. This is the principle of the piezoelectric

potential gated transistor, which is a sensor for measuring

the transversely applied force on the wire.

The FS PE-FET was fabricated by using thin film

deposition techniques and manipulation under an optical

microscope (Figure S1 in Supporting Information). Figure

2a is a schematic diagram of the designed structure. A

scanning electron microscope (SEM) image taken from a

device after side cutting using a focused ion beam (FIB)

microscope shows the inner structure of the device (Figure

2b). The Au-PDMS-ZnO layered structure is clear from

the image. It also makes sure that the key functioning parts

of the ZnO wire and the Ag source electrode are not shorted

by Au deposition. For the electrical measurement of this

sensor device, two tungsten tips were contacted, respectively,

with the Ag source electrode and Au drain electrode for

connecting the device to the measurement system, Keithley

4200. After we applied a bias voltage V ) (Vs - Vd) between

the source and drain electrodes, the free charge carriers will

flow through the rooted region of the ZnO PFW where a

Figure 1. Theoretical modeling of piezoelectric potential distribu-
tion and donor concentration distribution in a bent free-standing
ZnO wire. (a) Plot of piezoelectric potential distribution � for a
donor concentration n ) 1 × 1023/m3 after considering screening
effect by free charge carriers using a static model. A schematic
diagram of the vertical wire is shown at the left. The dimension of
the wire is width d ) 25 nm, length l ) 600 nm There is a potential
region at the junction of the ZnO wire and ZnO substrate, which
shows a reverse potential distribution comparing to the upper part
of the wire with positive potential at the compressive side and
negative potential at the tensile side. The blank region is the region
where � , -0.2 V. (b) Corresponding donor concentration
distribution in the bent nanowire. Due to the piezoelectric potential,
across the width of junction region, a depletion layer with lower
donor concentration and a reverse depletion layer with higher donor
concentration are generated at the compressive and tensile sides.
The blank region is the region where the donor concentration is so
high in the range of n . 5 × 1023/m3. It should be noted that, for
simplicity, the calculation was carried out for a ZnO nanowire that
is epitaxially grown on a ZnO substrate. The actual distribution of
piezoelectric potential could be different from that shown in (a),
but the qualitative characteristics such as the reverse potential region
should still exist.

Figure 2. Design of the device. (a) Design of a free-standing ZnO
PFW cantilever sensor device. In this device, a free-standing
cantilever makes it easily to response to a tiny external force and
then show a piezoelectric effect. At the same time, in its working
status, the free charge carriers are guaranteed to flow through the
junction region between the cantilever part and on-substrate part
to make sure the force-induced variation of electrical property can
be detected by the measurement system. (b) SEM image of a device
after side-cutting using a FIB for showing the inner structure of
the fabricated device.
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high profile of local accumulated free charge carriers exist

(Figure 2a). From the I-V curve we measured (Figure 3a),

there is a Schottky barrier between the source electrode and

ZnO PFW. When the PFW is transversely bent by an external

force, a piezoelectric potential is created across the root

junction region adjacent to the substrate, which may play a

similar role as the gate voltage applied between the gate and

the base electrode in a MOS FET device. So, this is

considered as a kind of piezoelectric potential gated FET.2

Proving the reverse piezoelectric potential distribution

across the junction region is a key point to the device; the

top of ZnO cantilever was transversely pushed and released

step by step for a total of four times using an aluminum

oxide coated insulator tip, which was mounted on a high-

resolution positioner (Figure 3a). The I-V curve showed no

response to the PFW deformation, possibly because the tip

touched the PFW at its tip so that the strain field created at

the root was not strong enough to drive the FET. Then we

change the pushing position of the PFW to close to its root

(Figure 3b). In this case, the degree of local deformation

was large enough, so that the I-V curve showed sensitive

change. With the increase of the degree of bending, the

increase in conductance is obvious. After retracting the tip

and setting the PFW to free, the I-V curve recovered to its

original shape. This set of experiments shows that the

piezoelectric potential created at the root of the PFW is

effective for tuning the transported electrical current and it

can be used as a force sensor.

To reveal the relationship between the deformation and

the electrical variation, the PFW was bent step by step and

then released step by step. Under a constant bias voltage of

V ) 0.5 V, the corresponding change in current is plotted in

Figure 4a, which shows four steps up and four steps down.

Such an experiment was repeated four times, and a good

reproducibility was received. By defining the current mea-

sured at strain free status as I0, the relative variation in current

is plotted as a function of wire transverse deflection at tip

(Figure 4b). A linear relationship was received, and the

curves for applying the stress and releasing the stress overlap

very well.

To quantify the electrical signal in responding to mechan-

ical deformation provided by the tip, we calibrated the

mechanical characteristics of the PFW using AFM. The AFM

tip pushed the PFW from the side with its tip in contact

mode; the mechanical property of the PFW was determined

from the force-displacement curve. The local contact

configuration of the AFM tip with the PFW was determined

from the vertical displacement of the tip (Figure S2a in

Supporting Information), and the mechanical behavior was

characterized by the transverse deflection distance of the tip

(Figure S2b in Supporting Information). The contact point

of the tip with the PFW was chosen to be the point at which

the probe was applied as in Figure 4a. The transverse force

was plotted as a function of the displacement of the AFM

tip (Figure S2c in Supporting Information). The curve is

approximately linear at small displacement, and it can be

characterized by a slope of Kf-d ∼ 2 µN/µm (Figure 4c).

Combining Figure 4b and Figure 4c, a quantitative relation-

ship is established between the transverse force that the AFM

tip applied to the AFM cantilever (external stimulation) with

the current variation rate of the device (inner response),

which are plotted in Figure 4d. The curve is approximately

linear with a slope of sv-f ∼ 2% /µN, which strongly indicates

a fairly stable relationship between the stimulation force and

the device response.

The sensor device could also be activated by a gas flow.

When an argon gas flow pulse was transversely applied to a

ZnO cantilever with a 5 s cycle, the cantilever was impacted

and bent with a corresponding periodic current peak mea-

sured under a fixed bias of 0.5 V (Figure 5a). The highest

current peak detected here was 180 nA; in comparison with

the baseline of 120 nA, the corresponding variation rate is

50%. One peak was extracted for showing detailed profile

(inset in Figure 5a). It has a risetime of ∼20 ms, which

indicates the response speed of the device is faster than 20

ms with considering the electronic response of the measure-

ment system. Periodic continuous gas blowing was also

applied to the ZnO cantilever with a 5 s cycle. The

corresponding current output is shown in Figure 4b. All of

the observed results are entirely consistent to the principle

proposed for the device and show its sensitivity. The stability

of the device has also been examined (Figure S3 in

Supporting Information).

Figure 3. Experiment performed for proving the necessity of the
junction piezoelectric potential in the device. (a) The top of ZnO
cantilever was pushed and then released by an insulator tip four
times, and the corresponding I-V curves were measured. The I-V
curves did not change in a total of five status checks. Inserted are
the optical images of the corresponding five status checks. (b) The
bottom of the ZnO cantilever was also pushed and then released
four times. The I-V curves changed between every two status
checks. The conductivity of the device became better and better
when it was bent step by step and then gradually recovered to the
original status when it was released step by step.
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The working principle of the device has been suggested

due to the piezoelectric potential at the root of the wire. What

are the other factors that may contribute to the observed

effect? One effect could be contact resistance, but this factor

has been ruled out based on following experiments. First, if

the contact resistance were the dominant contribution, the

resistance would be expected to be increased once the device

is mechanically triggered by an external force due to the

“losing contact” effect, which is in contrast to our observation

shown in Figure 4. Second, the high repeatability of the

performance received from 20 devices in our study suggests

that contact resistance cannot explain the phenomenon we

have observed. Finally, we have designed an alternative

experiment to rule out the effect from contact resistance. We

used a Kevlar fiber as the core wire, on which a polycrys-

talline ZnO layer of thickness 500 nm was coated around

the fiber by sputtering. Then, the fiber was used to fabricate

the device following the same procedure as described in

Figure S1 in Supporting Information. The electrical measure-

ment from two devices showed no change in conductance

by deforming the wire using a insulative probe (Figure S4

in Supporting Information). This is because the coating layer

composed of randomly oriented polycrystalline ZnO nano-

crystals shows no macroscopic piezoelectric effect. As

concluded from the above discussions and additional experi-

ments, we believe that contact resistance is not the cause of

the effect reported in Figures 3-5.

In summary, we have demonstrated a piezoelectric po-

tential gated and external force triggered FET using a free-

standing ZnO piezoelectric fine wire (PFW). In this device,

Figure 4. Quantifying the relationship between the force applied and the corresponding electrical response of a FS-FET. (a) The cantilever
was bent step by step for four times and then released step by step for four times at the middle region. Current outputs were measured under
a fixed bias of 0.5 V. Inserted are the corresponding optical images of the PFW for the nine cantilever bending statuses. (b) Measured
relationship between the current variation rate and the transverse deflection of the PFW. The current variation is defined as ∆ ) (Ii - I0)/I0,
where I0 is the current measured under strain free status of the cantilever, and Ii is current under strain. (c) AFM calibration of the mechanical
behavior of the PFW in order to determine the relationship between its transverse deflection of the externally applied force (see Figure S2
in Supporting Information for details). (d) Calibrated relationship between the force applied to the PFW and the corresponding measured
electrical current for the FS-FET at a fixed bias of 0.5 V.

Figure 5. Response of a FS-FET to periodic gas blowing for
demonstrating its potential application for measuring the transverse
force/pressure. (a) The current transported by the FS-FET at a fixed
bias of 0.5 V when argon gas was blown at the PFW as short pulses.
The inset is a detailed shape of the current signal, showing a
response time of ∼20 ms even without deconvoluting the electronic
response time of the measurement system. (b) The current
transported by the FS-FET at a fixed bias of 0.5 V when argon gas
was blown periodically for 5 s each cycle.
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the key functional part is the junction region at the root of

the ZnO PFW, which is buried inside the PDMS layer. The

working principle of the device is suggested as follows. Once

subjected to mechanical impact, the bent ZnO PFW canti-

lever creates a piezoelectric potential distribution across its

width in this junction region and simultaneously produces

local depletion and reverse depletion layers, which triggers

and controls the device. The size of the area and the local

donor concentration of the reverse depletion layer are both

dominated by the external force/pressure/vibration induced

piezoelectric potential. The sensor device has been proved

to have a high piezoelectric potential control sensitivity

(∼micronewtons) in micrometer scale due to the free-

standing cantilever structure and fairly stable linear relation-

ship between the mechanical stimulation and its electrical

response. At the same time, it has a response time less than

20 ms. The FS-FET device demonstrated here could have

potential applications as hearing aids, AFM cantilevers, force/

pressure sensors, and security systems.

Methods. Synthesis of Long ZnO Wires. The long ZnO

wires were grown using a vapor-solid process.24 ZnO

powder was used as the source material and loaded in an

alumina boat located at the center of an alumina tube (75

cm), which was placed in a single-zone horizontal tube

furnace. Argon gas was used as carrier gas at a flow rate of

50 standard cubic centimeters per minute (sccm) throughout

the experiment. An alumina substrate with length of 10 cm

was loaded 20 cm downstream from the source material. The

furnace was heated to 1475 °C and was held at that

temperature for 4.5 h under a pressure of ∼250 mbar. Then

the furnace was turned off, and the tube was cooled down

to room temperature under an argon flow.

DeWice Fabrication. The FS PE-FET was fabricated by

the following procedures. First, single crystal long ZnO

piezoelectric fine wires (PFWs) were used in our experiment,

which were ∼400 µm in length ∼4 µm in diameter and were

synthesized by thermal evaporation.14 The large size PFWs

were chosen for easy manipulation under an optical micro-

scope. The sample principle applies to smaller nanowires.

Second, a glass slice with typical length of ∼2 cm, width of

∼1 cm, and thickness of ∼1.5 mm was prepared. The slice

was washed with deionized water and ethanol. After drying

with flowing nitrogen gas and baking in a furnace at 80 °C

for 15 min, the glass slice was ready to be used as an

insulating substrate. Third, the ZnO PFW was placed on the

glass substrate with part of the wire standing out of the edge

and forming a cantilever structure. Silver paste was applied

to affix the end of ZnO wire on the substrate and form the

source electrode (Figure S1a.1 in Supporting Information).

Fourth, a thin layer of polydimethylsiloxane (PDMS) was

used to package part of the Ag electrode and the on-substrate

part of the wire. The thickness of this PDMS layer is larger

than the diameter of the wire and the thickness of the silver

electrode to make sure the wire and the electrode were

insulated inside the PDMS. By this important step, the source

electrode can avoid short-circuiting with the Au drain

electrode that is to be deposited in the next step and the

preservation of the piezoelectric potential generated at the

junction region by minimizing the equipotential effect

introduced by Au deposition. After being baked at 80 °C

for 30 min, the PDMS layer was fully polymerized and

functioned well as an insulating layer (Figure S1a.2 in

Supporting Information). Lastly, the device was shadowed

by a mask so that an Au film was deposited only at the top

free-standing segment by E-beam evaporator (Figure S1a.3

and Figure S1a.4 in Supporting Information). As the trig-

gering part of the sensor device, the cantilever was a

core-shell Au-ZnO structure with the Au shell working as

drain electrode of the device (Figure S1a.5 in Supporting

Information). SEM images of the fabricated FS PE-FET are

shown in Figure 1d.
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