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Supplementary Note 1 | Material Characterization 

The ZnO nano/microwires are synthesized simultaneously using a chemical vapor 

deposition (CVD) method through a vapor-solid process1. To avoid the pollution, the 

ZnO nano/microwires are then store in the inert environment, and are used to make 

devices within a few days. Supplementary Fig. 1 exhibits the scanning electron 

microscopy (SEM) image and the transmission electron microscopy (TEM) images of 

ZnO nano/microwire, which show its surfaces in detail. The clear lattice profiles 

indicate that the synthesized ZnO nano/microwires used for 

Metal-Insulator-Semiconductor (MIS) tunneling junctions have a good crystallinity 

and flat surface. In addition, the X-ray diffraction spectra in Supplementary Fig. 2 

also demonstrates the highly crystalline nature of ZnO nano/microwires. 

 
Supplementary Fig. 1 | Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) images of ZnO microwire. a, SEM and b, TEM images 

of ZnO microwire used in this work. The 11 insets in (b) exhibit the surface quality of 

the ZnO nano/microwire at different locations labeled in blue circles. The scale bars 

of insets represent 2 nm. 
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Supplementary Fig. 2 | The XRD spectrum of ZnO nanowires. The corresponding 

peaks of (100), (002), (101), (102), (110), (112) and (201) planes indicate that the 

ZnO nano/microwires were highly crystalline in nature. 

 

 

Supplementary Note 2 | Piezoelectricity in wurtzite ZnO 

Piezoelectric semiconductor ZnO has the wurtzite structure, which has a hexagonal unit 

cell with space group C6mc. The ±(0001) facets of ZnO are terminated with zinc and 

oxygen, and hence the entire structure lacks of central symmetry. The structure of ZnO 

can be simply described as numbers of alternating planes composed of tetrahedrally 

coordinated O2- and Zn2+ ions, stacked alternatively along the c-axis (Supplementary 

Fig. 3a, top). When subjected to axial stress/strain, piezoelectric polarization charges 

are generated at both surfaces within thickness of one to two atomic layers of the crystal 

along certain orientations. Simply, metal cations Zn2+ and anions O2- are tetrahedral 

coordinated, in which the centers of positives ions and negative ions are overlapped 

with each other at strain free case. Upon a stress/stain along an apex of the tetrahedron, 

the centers of Zn2+ cations and O2- anions are relatively displaced, which results in an 

electrical dipole moment (hence a piezoelectric polarization) (Supplementary Fig. 3a, 

bottom). Since all units in ZnO have such a dipole moment under stress/strain, an 

electrical potential distribution called the piezopotential (piezoelectric potential) is 

macroscopically generated along the stress/strain direction (Supplementary Fig. 3b). 

This is the piezoelectricity of ZnO along c-axis which is the growth direction of our 

ZnO micro/nano-wire (Supplementary Fig. 3c). The piezoelectricity is the key factor 
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that directly determines the performance of the piezoelectric tunneling junction. Here, 

we used piezoresponse force microscopy (PFM) to investigate the piezoelectricity of 

ZnO microwire (Supplementary Fig. 3d). As expected, obvious amplitude changes 

were observed as the tip voltage increased continuously. From the slope of the PFM 

amplitude versus the applied voltage curve, the PFM measurements reveal that the 

piezoelectric coefficient (d33) of ZnO microwire is ~11 pm V-1, which is a relatively 

high value among some piezoelectric materials2-8. Coupling the piezoelectricity and 

semiconducting property, the ZnO microwire is suitable for the piezotronic strain 

sensors.   

The ZnO used in our experiments were oriented along the c-axis. When an 

external strain (tensile strain or compressive strain) is applied on the device, 

piezoelectric charges will generate at the ±(0001) facet of ZnO, as shown in 

Supplementary Fig. 4a. The piezopotential can serve as the driving force for the flow 

of electrons in the external load once subject to mechanical deformation, which is the 

fundamental of the piezoelectric nanogenerator. The magnitude and polarity of the 

piezoelectric charge (or the piezopotential) within the ZnO microwire depend on the 

crystallographic orientation of the crystal and the magnitude and polarity of the 

applied strain. Supplementary Fig. 4b-d show the piezoelectric current responses of a 

single ZnO microwire based nanogenerators under tensile strain and compressive 

strain, and the related mechanism. The positive current output is first observed with 

tensile strain applied, and negative output is observed when the strain released 

(Supplementary Fig. 4b, d). However, the negative current output is first observed 

with compressive strain applied, and the positive output is observed when the 

compressive strain is released (Supplementary Fig. 4c). Thus, the sign of the output 

signal of the nanogenerator under tensile/compressive strain are reversed, so that we 

can determine the polarity of ZnO microwire and control it based on the signal of the 

nanogenerators when fabricate the piezoelectric strain sensors. It should be noted that 

the piezoelectric charge created at the ±(0001) facets plays a dominant role in our 

work, instead of the average of the multiple interfaces. 
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Supplementary Fig. 3 | Piezoelectricity in wurtzite ZnO. a, Atomic model of the 

wurtzite-structured ZnO and the origin of piezoelectricity. b, Piezopotential 

distributed along ZnO nanowire under axial forces. c, Transmission electron 

microscopy images of ZnO microwire. The white arrow and the black arrow are the 

growth direction and the piezoelectric polarization axis direction of the 

micro/nanowire, respectively. d, Piezoelectric coefficient (d33) of ZnO 

micro/nanowire. 
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Supplementary Fig. 4 | Piezoelectric nanogenerators under tensile strain and 

compressive strain to determine the polarity of ZnO microwire. a, Transmission 

electron microscopy image of ZnO microwire show that the microwire grown along 

c-axis. b and d, Piezoelectric charges generated at the ±(0001) facets of ZnO 

nanowire under strain. c, Piezoelectric current of nanogenerators under tensile strain 

and compressive strain and the mechanism. 
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Supplementary Note 3 | Calculation of the Strain of the Sensors 

In our experiment, a thin layer of PDMS was used to encapsulate the device to isolate 

the air and protect the mechanical properties of the sensors. As shown in 

Supplementary Fig. 5, one end of the nanowire was fixed, and the other end was free. 

When the device is strained, the displacement of its free end is 𝑀𝑀, the distance 

between the two ends of the device is 𝐿𝐿, assuming that the bending radius of the 

strained device is 𝑅𝑅, which follows the formula9: 

𝑅𝑅 =  (𝐿𝐿2 + 4𝑀𝑀2)/8𝑀𝑀 

(1) 

Since the Young's modulus of PDMS (360-870 kPa) is much smaller than that of 

the PET (3-3.5 GPa) flexible substrate, the mechanical properties of PET are not 

affected by PDMS. After considering that the area and thickness of Ag electrodes and 

the size of nanowires are all much smaller than those of the PET substrate, we can 

calculate the strain of the ZnO nanowires based on the strain of the substrate. We set 

the length of the nanowire to be 𝑙𝑙, the diameter to be 𝑑𝑑, and the thickness of the PET 

substrate to be ℎ. Because 𝑅𝑅 ≫  ℎ and ℎ ≫  𝑑𝑑, the strain (𝜀𝜀) of the nanowire can 

be approximately equivalent to the strain of the outer surface of the substrate, which 

can be written as: 

                   𝜀𝜀 = ℎ/2𝑅𝑅 =  4𝑀𝑀ℎ/(𝐿𝐿2 + 4𝑀𝑀2)                    

(2) 

According to the above formula, the strains of the nanowires were calculated to 

be 0.033%, 0.067% and 0.1% responding to the bending radiuses of 2.25, 1.12 and 

0.75 mm, respectively.  
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Supplementary Fig. 5 | a, Schematic of the measurement system to characterize the 

performance of the strain sensor device. b, Schematic diagram of the sensor device 

with a bending radius 𝑅𝑅. 
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Supplementary Note 4 | Asymmetry I-V Characteristics of the Tunneling 

Junctions without Strain 

The devices with two symmetric Ag electrodes should have the same properties in 

theory, and hence the current-voltage (I-V) characteristics of the device should be 

symmetrical. However, in the device manufacturing process, it is difficult to ensure 

that the properties of the electrodes on both sides of the device are completely 

consistent. Small differences of contacts at two terminals of device will cause 

asymmetry. This kind of asymmetry have also observed in many literature reports 

about nanowires10-14. This inevitable inconsistency will lead to the asymmetric I-V 

characteristics of the device without strain. Supplementary Fig. 6 gives several I-V 

curves of our devices with the same manufacturing process. 

 

 

Supplementary Fig. 6 | I-V characteristics of Ag/HfO2/n-ZnO devices. a, 

Symmetrical I-V curve and b-d, asymmetrical I-V curves of our devices with the same 

manufacturing process. 
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Supplementary Note 5 | Interface Traps/Defects in Tunneling Junctions 

To verify the influence of defective surface, we carefully characterized the ZnO 

surface and carried out the capacitance measurement to evaluate the interface trap 

formed in the tunneling junctions. 

To avoid the pollution, the synthesized ZnO nano/microwires are then stored in 

the inert environment, and are used to make devices within a few days. 

Supplementary Fig. 1b exhibits the transmission electron microscopy (TEM) images 

of ZnO nano/microwire, which show its surfaces in detail. The clear lattice profiles 

indicate that the synthesized ZnO nano/microwires used for MIS tunneling junctions 

have a good crystallinity and flat surface. 

Traditionally, the capacitance measurement can give rapid evaluation of the 

influence of interface traps on the tunneling property of MIS tunneling junctions15. 

We performed the capacitance-voltage (C-V) characterizations on 26 devices, as 

shown in Supplementary Fig. 7. Two typical C-V curves of Ag/HfO2/n-ZnO tunneling 

junctions without strain are observed in the experiments (Supplementary Fig. 7a). 

According to the research or theory on interface traps (also called interface states, 

interface defects, surface states and so on in history)16-19, the interface traps have a 

very noticeable influence on the C-V curve, making it to be stretched out in the 

voltage direction. This is due to the fact that extra charges have to fill the traps, so it 

takes more total charge or applied voltage to accomplish the same surface potential or 

band bending. Additionally, the interface traps will also affect the total capacitance of 

tunneling junction. For a fixed bias, since extra charges will be required to fill the 

interface traps, the remaining charges to be put in the depletion layer are reduced and 

this will reduce the band bending or surface potential. So, the basic feature of the C-V 

curve with interface traps will shift in the voltage direction and also the capacitance 

direction, and the curve opening will be widened15. Therefore, the blue curve in 

Supplementary Fig. 7a is close to the ideal C-V characteristics of MIS tunneling 

junction with few interface traps15; while the red curve is stretched out in the voltage 

direction, which represents the device with obvious interface traps. Supplementary 

Fig. 7b counts the characterization results of 26 newly fabricated devices, and it is 

found that only a few devices (~3.85%) have obvious interface traps. 

Combining the above characterization of the surface quality of the ZnO 

nano/microwires (Supplementary Fig. 1) and the C-V characteristics of 
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Ag/HfO2/n-ZnO devices (Supplementary Fig. 7), the effect of interface trap in our 

experiment can be negligible. 

 

 

 

 
 

 

Supplementary Fig. 7 | Influence of interface traps on C-V curves of 

Ag/HfO2/n-ZnO tunneling junctions. a, Two typical C-V curves of Ag/HfO2/n-ZnO 

devices under strain free condition. The voltage is applied to the semiconductor side 

reference to the metal side. The blue curve is close to the ideal C-V characteristics of 

MIS tunneling junction. The red curve is stretched out in the voltage direction, which 

represent the device with obvious interface traps. b, Percentages of 26 devices with 

few interface traps and obvious interface traps occurred in experiments. 
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Supplementary Note 6 | Different Regulation Mechanisms of Piezoelectric 

Charges and Interface Traps/Defects on Electrical Transport under Strain 

We carefully investigate the possible influence of interface traps/defects on the 

electrical transport of devices, and clarified how to distinguish the piezotronic effect 

from the influence of interface traps, and finally verified the dominant mechanism of 

the strain sensor in this work. 

 

(1) Strain-induced symmetric modulation of electrical transport by interface 

traps/defects 

Interface traps have an important influence on the electrical transport of the 

interface. The introduction of strain will change the interface trap states, such as 

distribution, thus change the effective resistance and the electrical transport of the 

interface. In order to clearly show how the interface trap affects the electrical 

transport of the device under strain, we give schematic diagrams (Supplementary Fig. 

8) and discuss the impacts of applied stress on electrical transport under four different 

cases: 

Case 1: (Supplementary Fig. 8a) 

In this case, it is assumed that tensile strain increases the interface current, while 

compressive strain decreases the interface current. When the device is stretched, the 

contact interfaces on both sides of the device will be subjected to tensile strain. Thus, 

the current will increase regardless of whether it is forward biased or reverse biased, 

as illustrated in Supplementary Fig. 8a. It should be noted that even if there is a 

difference in the contact between the two ends of the device, the forward and reverse 

currents will still increase, but the magnitude may be different. Under compressive 

deformation, both the forward and reverse currents will decrease. The simultaneous 

increase or decrease of forward current and reverse current caused by the strain 

(tensile or compress) is a symmetrical regulation, which can be easily seen from the 

I-V curves in Supplementary Fig. 8a. 

Case 2: (Supplementary Fig. 8b) 

It is assumed that tensile strain decreases the interface current, while 

compressive strain increases the interface current. In this case, the tensile strain will 

make the forward and reverse currents both decrease, while the compressive strain 

will make the forward and reverse currents both increase. The strain-controlled I-V 
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curves can also be schematically plotted in Supplementary Fig. 8b. This kind of 

regulation of strain on the interface trap and the electrical transport of the device is 

still a symmetric regulation. 

Case 3: (Supplementary Fig. 8c) 

It is assumed that both the tensile strain and the compressive strain will increase 

the interface carrier transport. In this case, the current of the device will increase no 

matter it is subjected to tensile strain or compressive strain. The corresponding I-V 

curves controlled by strain are illustrated in Supplementary Fig. 8c, also indicating a 

symmetric regulation. 

Case 4: (Supplementary Fig. 8d) 

It is assumed that both the tensile strain and the compressive strain will decrease 

the interface carrier transport. Similar to case 3, the forward and reverse currents will 

both decrease whether the device is tensile strained or compressive strained. The I-V 

curve is also regulated symmetrically by the applied strain, as schematically 

diagramed in Supplementary Fig. 8d. 

Through the above discussion, we can see that strain-induced modulation of 

electrical transport by interface traps is a symmetric effect. 

 

(2) Strain-induced asymmetric modulation of electrical transport by piezoelectric 

charges (piezotronic effect) 

The piezotronic effect is an interface effect that asymmetrically modulates local 

contacts at different terminals of the device20, as schematically illustrated in the 

following Supplementary Fig. 9. Tunneling junctions will be formed at local contacts 

at different terminals of the device without strain (Supplementary Fig. 9a, left). Due to 

the accidental error/uncertainty of device manufacturing, the tunneling junctions 

(including barrier height and width) at both ends will be slightly different. 

When subjecting to a tensile strain (Supplementary Fig. 9a, middle), positive 

piezoelectric polarization charges are produced at the surface of the ZnO 

nano/microwire (assuming its piezoelectric c-axis points to the left) on the left contact 

of device, which will reduce the barrier height and width of the tunneling junction; 

while negative polarization charges are produced on the right contact, leading to an 

increasement of the barrier height and width of the tunneling junction. When a 

forward bias (potential of right electrode is higher than that of left electrode, upper 

middle in Supplementary Fig. 9a) is applied, the electrical transport characteristics are 
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mainly determined by the tunneling junction on the left terminal, which is reversely 

biased. Because of the decreased barrier height and width of the left contact, the 

current flowing through the device will increase and become larger than that of device 

without strain. Similarly, when the device is reversely biased (potential of right 

electrode is lower than that of left electrode, lower middle in Supplementary Fig. 9a), 

under a same bias voltage, the (reverse) current of the device will be smaller than that 

without strain. Therefore, compared to the case without strain, the forward current of 

the device with tensile strain will increase; while the reverse current will decrease. 

With the same principle, we can also analyze the modulation of the current of the 

device under a compressive strain, as shown in Supplementary Fig. 9a, right. We can 

see that the compressive strain will cause a decrease of the forward current (upper 

right in Supplementary Fig. 9a) and an increase of the reverse current (lower right in 

Supplementary Fig. 9a). 

The corresponding I-V curves can be schematically plotted in the Supplementary 

Fig. 9b. The strain-induced modulation of electrical transport by piezoelectric charges 

(piezotronic effect) is asymmetric. The piezotronic effect modulation (Supplementary 

Fig. 9) differs from the strain-induced modulation by interface defects/traps 

(Supplementary Fig. 8), the latter results from a symmetrical change of both ends of 

device under strain, whereas the piezotronic effect modulation arises as a result of the 

polarization of nonmobile ions in the piezoelectric crystal21, 22. Therefore, the 

strain-induced modulation of electrical transport by interface defects/traps is a kind of 

symmetrical effect, whereas the piezotronic effect is an interface effect that 

asymmetrically regulates local contacts at different terminals of the device because of 

the polarity of the piezoelectric potential. 

Therefore, it is possible to distinguish whether the interface defect/trap effect or 

the piezotronic effect dominates the electrical transport of device. 

 

(3) Experimental results of strain-controlled I-V curves 

In order to determine the dominant mechanism of modulation of device is the 

piezotronic effect, we measured the strain-controlled I-V curves of device under a 

large strain range (from -2‰ to 2‰) and a small strain range (from -0.1‰ to 0.1‰), 

as shown in Supplementary Fig. 10. 

In the large strain range, an asymmetric modulation of the strain on the I-V 

characteristics of the device can be found whether the direction of the nano/microwire 
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(device) is reversed (Supplementary Fig. 10a-2) or not (Supplementary Fig. 10a-1). 

As shown in Supplementary Fig. 10a-1, the forward current of the device increases 

and the reverse current decreases with the increase of tensile strain; whereas the 

reverse current of the device increases and the forward current decreases with the 

increase of compressive strain. With the reverse of the device (Supplementary Fig. 

10a-2), we can also see that the strain-controlled I-V curves still exhibit asymmetric 

modulation, indicating that the modulation is related to the orientation of the device 

(ZnO nano/microwire). This asymmetric modulation corresponding to the polarity of 

the piezoelectric potential of ZnO nano/microwire is consistent with the result in Fig. 

2c of manuscript. Therefore, in a large strain range, piezotronic effect (Supplementary 

Fig. 9) plays a dominant role in the regulation of electrical transport of device in this 

work. 

Similarly, we also observed the asymmetric modulations of I-V curves by the 

applied strain in a small range in Supplementary Fig. 10b, which indicates that the 

piezotronic effect is still the dominant control mechanism at small strains, rather than 

the effect of interface defects/traps. 

Furthermore, as a control experiment, we also measured the I-V characteristics of 

Ag/HfO2/n-Si tunneling junction under small strain ranged from -0.033‰ to 0.033‰. 

Supplementary Fig. 11 gives the comparison of the I-V curves of the Ag/HfO2/n-ZnO 

tunneling junction (Supplementary Fig. 11a) and Ag/HfO2/n-Si tunneling junction 

(Supplementary Fig. 11b). When under very small strain, the I-V curves of the 

tunneling junction composed of non-piezoelectric semiconductor (n-Si) does not 

change much with the strain, while the one composed of piezoelectric semiconductor 

(n-ZnO) changes obviously, which also exhibits asymmetric modulation. Thus, the 

strain-induced piezoelectric potential plays a vital role in regulation of electrical 

transport of tunneling junction. 
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Supplementary Fig. 8 | Strain-induced symmetric modulation of electrical 

transport by interface traps/defects. a-d, The control mechanisms of strain on I-V 

characteristics under four different situations. Case 1 assumes that the tensile and 

compressive stress will respectively decrease and increase the interface resistance by 

changing the state of the interface trap. Case 2 assumes the tensile and compressive 

stress will respectively increase and decrease the interface resistance. Case 3 assumes 

the tensile and compressive stress both decrease the interface resistance. Case 4 

assumes the tensile and compressive stress both increase the interface resistance. 
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Supplementary Fig. 9 | Strain-induced asymmetric modulation of electrical 

transport by piezotronic effect. a, Schematic diagrams of bending situations and 

corresponding energy bands of device with strain-free (left), tensile strain (middle) 

and compressive strain (right). b, Schematic illustrations of the I-V curves of the 

device under no strain (black), tensile strain (red) and compressive strain (blue), 

which indicate an asymmetric modulation of electrical transport by strain. 
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Supplementary Fig. 10 | Experiment results of I-V characteristics modulated by 

strain. a, The I-V curves of the devices with piezoelectric c-axis (a-1) parallel and 

(a-2) opposite to external electric field under a large strain (ranged from -2‰ to 2‰). 

b, The I-V curves of the devices with piezoelectric c-axis (b-1) parallel and (b-2) 

opposite to external electric field under a small strain (ranged from -0.1‰ to 0.1‰). 
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Supplementary Fig. 11 | Comparison of the strain-tuned I-V characteristics of 

two terminal devices with contact of Ag/HfO2/n-ZnO and Ag/HfO2/n-Si. a, 

Strain-controlled I-V curves of Ag/HfO2/n-ZnO device under a small strain, indicating 

an asymmetric modulation. b, I-V curves of Ag/HfO2/n-Si device under a small strain, 

indicating an unobvious regulation. 
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Supplementary Note 7 | Influence of the Ag/n-ZnO Contact Area of the Side 

Surface on the Performance of the Strain Sensor 

As shown in Supplementary Fig. 12a, we assume that the radius of the end surface of 

the ZnO nanowire is 𝑟𝑟, and the length of the side contact area between ZnO nanowire 

and metal electrode is 𝐿𝐿′. So, the areas of the end surface (𝑆𝑆1) and the side surface (𝑆𝑆2) 

can be written as, 

𝑆𝑆1 = 𝜋𝜋𝑟𝑟2 

𝑆𝑆2 = 2𝜋𝜋𝑟𝑟𝐿𝐿′ 

(3) 

Since the Schottky barriers formed at the end surface and the side surface are in 

parallel with each other, the equivalent circuit can be illustrated as the Supplementary 

Fig. 12b, and the total current flowing through the device can be write as 

𝐼𝐼 = 𝐼𝐼1 + 𝐼𝐼2 

(4) 

where 𝐼𝐼1 and 𝐼𝐼2 represent the currents flowing through the end surface and the side 

surface, respectively. Based on the Schottky theory15, we can obtain the device current 

(V > 0.026 V) through the following formula, when the device is in strain-free, 

𝐼𝐼1 = 𝑆𝑆1𝐴𝐴∗∗𝑇𝑇2𝑒𝑒
− 𝑞𝑞𝜑𝜑Bn0𝑘𝑘𝑇𝑇 𝑒𝑒

𝑞𝑞𝑉𝑉
𝑘𝑘𝑘𝑘 

𝐼𝐼2 = 𝑆𝑆2𝐴𝐴∗∗𝑇𝑇2𝑒𝑒
− 𝑞𝑞𝜑𝜑Bn0𝑘𝑘𝑇𝑇 𝑒𝑒

𝑞𝑞𝑉𝑉
𝑘𝑘𝑘𝑘 

𝐼𝐼 = (𝑆𝑆1 + 𝑆𝑆2)𝐴𝐴∗∗𝑇𝑇2𝑒𝑒− 𝑞𝑞𝜑𝜑Bn0𝑘𝑘𝑇𝑇 𝑒𝑒
𝑞𝑞𝑉𝑉
𝑘𝑘𝑘𝑘   

(5) 

where, 𝐴𝐴∗∗ is the effective Richardson constant, 𝜑𝜑Bn0 is the Schottky barrier height 

under strain-free state, 𝑞𝑞 is the electron charge, 𝑘𝑘 is Boltzmann constant, 𝑇𝑇 is the 

absolute temperature, and 𝑉𝑉 is the applied voltage. 

As a strain is applied to the ZnO nanowire, piezoelectric polarization charges 

will be generated at the end surface to modulate the Schottky barrier height. It is 

worth noting that the Schottky barrier formed at the side surface will be less 

influenced by the piezoelectric polarization charges. Thus, the strain modulated 

current can be written as23 

𝐼𝐼1,strain = 𝑆𝑆1𝐴𝐴∗∗𝑇𝑇2𝑒𝑒
− 
𝑞𝑞(𝜑𝜑Bn0+Δ𝜑𝜑piezo)

𝑘𝑘𝑇𝑇 𝑒𝑒
𝑞𝑞𝑉𝑉
𝑘𝑘𝑘𝑘 

𝐼𝐼2,strain = 𝑆𝑆2𝐴𝐴∗∗𝑇𝑇2𝑒𝑒
− 𝑞𝑞𝜑𝜑Bn0𝑘𝑘𝑇𝑇 𝑒𝑒

𝑞𝑞𝑉𝑉
𝑘𝑘𝑘𝑘 



 

 23 / 67 
 

𝐼𝐼strain = 𝐼𝐼1,strain + 𝐼𝐼2,strain = �𝑆𝑆1𝑒𝑒
− 
Δ𝜑𝜑piezo

𝑘𝑘𝑘𝑘 + 𝑆𝑆2�𝐴𝐴∗∗𝑇𝑇2𝑒𝑒
 

− 𝑞𝑞𝜑𝜑Bn0𝑘𝑘𝑇𝑇 𝑒𝑒
𝑞𝑞𝑉𝑉
𝑘𝑘𝑘𝑘   

(6) 

where Δ𝜑𝜑piezo  represents the actual change of the Schottky barrier height of the ZnO 

end surface. 

However, in the experiment, we did not consider the influence of the side surface 

and mistakenly thought that the measured current was: 

𝐼𝐼′strain = (𝑆𝑆1 + 𝑆𝑆2)𝐴𝐴∗∗𝑇𝑇2𝑒𝑒

 

− 
𝑞𝑞(𝜑𝜑Bn0+ Δ𝜑𝜑piezo

′ )
𝑘𝑘𝑇𝑇 𝑒𝑒

𝑞𝑞𝑉𝑉
𝑘𝑘𝑘𝑘  

(7) 

where Δ𝜑𝜑piezo′  is the effective change of the Schottky barrier height. 

By setting 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 equal to 𝐼𝐼′𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , we can build the relationship between 

Δ𝜑𝜑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (the actual value of the change of the Schottky barrier height) and Δ𝜑𝜑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝′  

(the calculated value of the change of the Schottky barrier height from experimental 

data without consideration of the influence of the side surface), and evaluate Δ𝜑𝜑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

by Δ𝜑𝜑piezo′ . 

�𝑆𝑆1𝑒𝑒
− 
Δ𝜑𝜑piezo

′

𝑘𝑘𝑘𝑘 + 𝑆𝑆2�𝐴𝐴∗∗𝑇𝑇2𝑒𝑒
 

− 𝑞𝑞𝜑𝜑Bn0𝑘𝑘𝑇𝑇 𝑒𝑒
𝑞𝑞𝑉𝑉
𝑘𝑘𝑘𝑘 = (𝑆𝑆1 + 𝑆𝑆2)𝐴𝐴∗∗𝑇𝑇2𝑒𝑒

 

− 
𝑞𝑞(𝜑𝜑𝐵𝐵𝑛𝑛0+ Δ𝜑𝜑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)

𝑘𝑘𝑇𝑇 𝑒𝑒
𝑞𝑞𝑉𝑉
𝑘𝑘𝑘𝑘 

⇒   𝑆𝑆1𝑒𝑒
− 

   𝑞𝑞Δ𝜑𝜑piezo
′

𝑘𝑘𝑘𝑘 + 𝑆𝑆2 = (𝑆𝑆1 + 𝑆𝑆2)𝑒𝑒

 

− 
𝑞𝑞 Δ𝜑𝜑piezo

𝑘𝑘𝑇𝑇  

⇒   
𝑆𝑆1
𝑆𝑆2
𝑒𝑒− 

   𝑞𝑞Δ𝜑𝜑piezo
′

𝑘𝑘𝑘𝑘 + 1 = �
𝑆𝑆1
𝑆𝑆2

+ 1� 𝑒𝑒

 

− 
𝑞𝑞 Δ𝜑𝜑piezo

𝑘𝑘𝑇𝑇  

(8) 

Due to 

𝑆𝑆1
𝑆𝑆2

=
𝜋𝜋𝑟𝑟2

2𝜋𝜋𝑟𝑟𝐿𝐿′
=

𝑟𝑟
2𝐿𝐿′

≈
4 μm

2 × 100 μm
= 0.02 

(9) 

we can obtain the following relationship, 

𝑒𝑒− 
𝑞𝑞Δ𝜑𝜑piezo

𝑘𝑘𝑘𝑘 ≈ �0.02 × 𝑒𝑒

 

− 
𝑞𝑞Δ𝜑𝜑piezo

′

𝑘𝑘𝑇𝑇 + 1� /1.02 

(10) 

For the generated positive piezoelectric polarization charge, Δ𝜑𝜑piezo′ < 0. 

Through analysis, we can estimate the change in the height of the Schottky 

barrier on the end surface by Δ𝜑𝜑piezo′ : 
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(i) If we obtain the 𝑞𝑞Δ𝜑𝜑piezo′ = −𝑘𝑘𝑘𝑘 = −26 meV, the actual change in the 

height of the Schottky barrier 𝑞𝑞Δ𝜑𝜑piezo ≈ −133.8 meV; 

(ii) According to the data analyzed in Fig. 2f in the manuscript, under the tensile 

strain of 0.1%, Δ𝜑𝜑piezo′ = −7 meV, then the actual change in the height of the 

Schottky barrier Δ𝜑𝜑piezo′ ≈ −92 meV . This value of approximately 100 meV  is 

consistent with previous studies in magnitude24, 25. 

In other words, the presence of the side contact reduces the performance of the 

strain sensor, resulting in an underestimated value of the change of SBH in 

manuscript. Therefore, in our devices, the piezotronic modification of carrier transport 

should be stronger. 

 

 

 

 

 

Supplementary Fig. 12 | The Ag/n-ZnO contacts at end/side surfaces and the 

equivalent circuits. a, The side and end surfaces of ZnO nanowire in contact with 

metal electrodes. b, The equivalent circuit formed by the end surface contact 

resistance  𝑅𝑅1 and the side surface contact resistance 𝑅𝑅2. 
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Supplementary Note 8 | Electrical Transport of the Ag/n-ZnO 

Schottky-Junction-Based Strain Sensor (SSS) 

In order to obtain the carrier transport characteristics of the Schottky-junction-based 

strain sensor, Poisson’s equation, current transports equation, continuity equation, and 

the piezoelectric equation are used for simple derivation 15, 26-29. 

The piezoelectric behavior of the material with piezoelectric properties is 

described by the polarization vector 𝑃𝑃. When the piezoelectric material is subjected 

to a small uniform mechanical strain 𝑆𝑆jk, the polarization vector 𝑃𝑃 can be expressed 

as (𝑃𝑃)ijk = (𝑒𝑒)ijk(𝑆𝑆)ijk . The third-order tensor (𝑒𝑒)ijk represents the piezoelectric 

tensor. According to the traditional piezoelectric theory and elastic theory29, 30, the 

composition equation can be written as 

�𝜎𝜎 = 𝑐𝑐E𝑆𝑆 − 𝑒𝑒𝑇𝑇𝐸𝐸
𝐷𝐷 = 𝑒𝑒𝑒𝑒 + 𝑘𝑘𝑘𝑘   

 

(11) 

where  𝜎𝜎 represents the stress tensor,  𝑐𝑐E  is the elasticity tensor, 𝐸𝐸 represents the 

electric field, 𝐷𝐷 is the electric displacement, and 𝑘𝑘 is the dielectric tensor. 

In this work, the device structure of Ag/n-ZnO strain sensor is the conventional 

metal-semiconductor-metal (MSM) contact piezotronic transistor, consisting of two 

back-to-back Schottky diodes and a ZnO resistor as shown in Supplementary Fig. 13. 

In the presence of Schottky barriers, the charge distribution of the MS contact can be 

simplified as shown in Supplementary Fig. 14a. For simplicity, the surface states and 

other anomalies are ignored. Upon strain, the piezoelectric charge generated at the 

interface will change the height of the Schottky barrier. Unlike the method of 

changing the height of the Schottky barrier by introducing a dopant on the 

semiconductor side, for the fabricated device, the piezoelectric potential can be 

continuously adjusted by strain.  

 For ZnO nanowires grown along the c-axis in Ag/n-ZnO contact, the 

piezoelectric coefficient matrix is expressed as 

(𝑒𝑒)ijk = � 
0
0

𝑒𝑒31   
 

0
0

𝑒𝑒31   
 

0
0

𝑒𝑒33   
 

0
𝑒𝑒15
0

    
𝑒𝑒15
0
0

    
0
0
0

 � 

(12) 

The current density follows the formula: 
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𝐽𝐽 = 𝐽𝐽D0exp�
𝑞𝑞2𝜌𝜌piezo𝑊𝑊piezo

2

2𝜀𝜀S𝑘𝑘𝑘𝑘
� �exp �

𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘
� − 1� 

(13) 

where 𝐽𝐽 represents the current density, 𝑞𝑞 is the absolute value of the unit electronic 

charge, 𝜌𝜌piezo is the density of the polarization charge (in the unit of electronic 

charge), 𝑊𝑊piezo is the width of the piezoelectric charge distribution on the junction 

interface, 𝜀𝜀S is the permittivity of the piezoelectric semiconductor material, and 𝑘𝑘 is 

the Boltzmann constant, 𝑇𝑇 is the absolute temperature, and 𝑉𝑉 is the applied voltage. 

𝐽𝐽D0  represents the saturation current density of the MSM piezotronic transistor 

without applied strain, which can be obtained from this formula23: 

𝐽𝐽D0 =
𝑞𝑞2𝐷𝐷n𝑁𝑁C
𝑘𝑘𝑘𝑘

�
2𝑞𝑞𝑁𝑁𝐷𝐷(𝜓𝜓bi0 − 𝑉𝑉)

𝜀𝜀S
exp �−

𝑞𝑞𝜑𝜑Bn0
𝑘𝑘𝑘𝑘

� 

(14) 

where 𝐷𝐷𝑛𝑛 is the electron diffusion coefficient, 𝑁𝑁𝐶𝐶 is the effective density of states in 

the conduction band, 𝑁𝑁𝐷𝐷  is the donor concentration, 𝜓𝜓𝑏𝑏𝑏𝑏0 and 𝜑𝜑𝐵𝐵𝐵𝐵0 are the built-in 

potential and Schottky barrier height when there is no piezoelectric charge.  

The Schottky barrier height under a mechanical deformation can be written as: 

𝜑𝜑Bn = 𝜑𝜑Bn0 −
𝑞𝑞2𝜌𝜌piezo𝑊𝑊piezo

2

2𝜀𝜀S
 

(15) 

The I-V characteristics of piezotronic transistor based on the MSM structure can 

be solved by Kirchhoff's law, which have typical nonlinear characteristics and can be 

tuned by applied strain. Assuming that the resistance of the nanowire is ignored, the 

carrier transport in the junction region is mainly affected by the height of the Schottky 

barrier. After setting the cross-sectional area of the MSM piezotronic strain device as 

𝑆𝑆 , and the approximate solution of the above equation can be obtained by Taylor 

series:  

𝐼𝐼(𝑉𝑉) ≈ 𝐼𝐼D0exp�
𝑞𝑞2𝜌𝜌piezo𝑊𝑊piezo

2

2𝜀𝜀S𝑘𝑘𝑘𝑘
� �

1
6
�
𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘
�
3

+
1
2
�
𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘
�
2

+
𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘
� 

(16) 

If the strain produced by ZnO nanowires is the strain  𝑆𝑆33 along the c-axis, the 

piezoelectric polarization can be expressed as: 

𝑃𝑃33 = 𝑒𝑒33𝑆𝑆33 = 𝑞𝑞𝑞𝑞piezo𝑊𝑊piezo 
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(17) 

For wurtzite ZnO nanowires with the piezoelectric constant 𝑒𝑒33 is 1.22 C/m2, 

the relative dielectric constant is 8.91, the width of piezoelectric charges distribution 

at the interface is 0.25 nm, and the current density can be written as: 

𝐼𝐼(𝑉𝑉) ≈ 𝐼𝐼D0exp �
𝑞𝑞𝑒𝑒33𝑆𝑆33𝑊𝑊piezo

2𝜀𝜀S𝑘𝑘𝑘𝑘
� �

1
6
�
𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘
�
3

+
1
2
�
𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘
�
2

+
𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘
� 

(18) 

where 𝐼𝐼D0 = 𝐽𝐽D0𝑆𝑆 . 𝐼𝐼D0  is the saturation current without external strain, closely 

related to the material and structure of the device. And the temperature 𝑇𝑇 is 300 K.  

This means that the current transmitted through the Schottky junction has an 

exponential relationship with the local piezoelectric charge and is closely related to 

the applied strain. The transported current can not only be adjusted by the magnitude 

of strain, but also can be effectively tuned by the state of strain (tensile versus 

compressive). This is the mechanism of the Ag/n-ZnO Schottky-junction-based strain 

sensor.  

 

 

 

Supplementary Fig. 13 | Schematic of a metal-semiconductor-metal (MSM) 

piezotronic transistor and equivalent circuit of MSM piezotronic transistor. 
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Supplementary Fig. 14 | Ideal metal-semiconductor Schottky contacts with the 

presence of piezoelectric charges at an applied voltage V=0 (thermal equilibrium). 

a, Space charge distribution. b, Electric field and c, energy band diagram in the 

presence of piezoelectric charges. Dashed lines indicate the electric field and energy 

band in the absence of piezoelectric charges and the solid lines indicate the cases 

when a piezopotential is present in the semiconductor. 
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Supplementary Note 9 | Calculation of the Change of Schottky Barrier Height 

and Its Linear Relationship with Strain 

The band profile at the interface of the Ⅲ-Ⅴ group semiconductor-metal contact can 

be changed by strain induction. The height of Schottky barrier can be controlled by 

the piezotronic effect. This is mainly since the piezoelectric polarization charge can 

move the local Fermi level and change the local conduction band profile. The 

existence of the Schottky barrier at the MS contact interface plays a vital role in 

determining the electrical transport properties of the MSM structure.  

Studies have shown that most of the potential drop occur at the reverse-biased 

Schottky barrier11. This can determine the I-V characteristic of the piezotronic device. 

According to the classic thermionic emission-diffusion theory (for 𝑉𝑉 ≫ 3𝑘𝑘𝑘𝑘/

𝑞𝑞~77 𝑚𝑚𝑚𝑚), the current flowing through the reverse biased Schottky barrier is given 

by the following equation15: 

𝐼𝐼 = 𝑆𝑆𝐴𝐴∗∗𝑇𝑇2exp �−
𝜑𝜑S
𝑘𝑘𝑘𝑘
� exp

⎝

⎛
�𝑞𝑞7𝑁𝑁D(𝑉𝑉 + 𝑉𝑉bi − 𝑘𝑘𝑘𝑘/𝑞𝑞)/(8𝜋𝜋2𝜀𝜀S3)4

𝑘𝑘𝑘𝑘
⎠

⎞ 

(19) 

where 𝑆𝑆 is the area
 
of the Schottky barrier, 𝐴𝐴∗∗ is the effective Richardson constant 

of the ZnO NW, 𝜑𝜑S is the the reverse-biased Schottky barrier, 𝑞𝑞 is the electron 

charge, 𝑘𝑘 is Boltzmann constant. 𝑁𝑁D is the donor impurity density, 𝑉𝑉bi is the build-in 

potential at the junction barrier, and 𝜀𝜀𝑆𝑆 is the permittivity of ZnO. 

The variation of the Schottky barrier heights �∆𝜑𝜑piezo� at MS contact induced 

by the piezoelectric polarization charges is expressed as31, 32: 

ln[𝐼𝐼strain/𝐼𝐼free]~∆𝐴𝐴∗∗/𝐴𝐴∗∗ − ∆𝜑𝜑piezo/𝑘𝑘𝑘𝑘 

(20) 

Under small deformation, we neglect ∆𝐴𝐴∗∗, and assume 𝑆𝑆, 𝐴𝐴∗∗, 𝑇𝑇, and 𝑁𝑁𝐷𝐷  are 

to be known. With consideration that our measurements were made at room 

temperature, we can have 

∆𝜑𝜑piezo = −𝑘𝑘𝑘𝑘ln[𝐼𝐼strain/𝐼𝐼free] 

(21) 

where 𝐼𝐼strain and 𝐼𝐼free are the current measured with and without being strained, 

respectively.  
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Based on the previous reports, the strain induced SBH change (Δ𝜑𝜑piezo) is 

linearly dependent on the piezoelectric charge density 𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 .  

Δ𝜑𝜑piezo ≈ −
𝑞𝑞𝑞𝑞piezo𝑊𝑊piezo

2

2𝜀𝜀S
 

(22) 

As the normal strain 𝜀𝜀33 is applied along the c-axis of ZnO nanowire in our 

experiment, the Δ𝜑𝜑piezo can be also expressed as the equation: 

Δ𝜑𝜑piezo ≈ −
𝑞𝑞𝑞𝑞piezo𝑊𝑊piezo

2

2𝜀𝜀S
= −

𝑞𝑞𝑒𝑒33𝜀𝜀33 𝑊𝑊piezo

2𝜀𝜀S
  

(23) 

So, 

∆ ln(𝐼𝐼) ∝ ∆𝜑𝜑piezo ∝ 𝜌𝜌piezo ∝ strain 

(24) 
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Supplementary Note 10 | Calculation of the Gauge Factor and the Current 

On-Off Ratio 

As the most important parameter, the gauge factor of the ZnO-based strain sensor 

under compressive and tensile strain can be calculated using the following equation, 

which can be generally defined as the ratio of relative change in electrical resistance 

or current to the mechanical strain based on the electromechanical performance33, 34. 

guage factor =
∆𝑅𝑅/𝑅𝑅free

∆𝜀𝜀
=
𝑅𝑅strain − 𝑅𝑅free

𝑅𝑅free∆𝜀𝜀
 

(25) 

Or, we also write the definition expression with current as output similarly here: 

guage factor =
𝐼𝐼strain − 𝐼𝐼free

𝐼𝐼free∆𝜀𝜀
 

(26) 

where 𝑅𝑅free is the initial resistance under no strain, 𝑅𝑅strain is the resistance at the 

strain of 𝜀𝜀, ∆𝜀𝜀, 𝐼𝐼strain, and 𝐼𝐼free denote the strain applied to the sensor, the final 

current at the strain of ε, and the initial current with no strain, respectively.  

The current on-off ratio reflects the ability of the device to regulate the current, 

which was defined as the ratio of the current in the on state to the current in the off 

state of the sensor. 

on/off ratio = 𝐼𝐼strain/𝐼𝐼free 

(27) 
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Supplementary Note 11 | Theory of Piezotronic Effect on the 

Metal-Insulator-Semiconductor Junction 

According to the theoretical model coupling with piezotronics, as schematically 

shown in Supplementary Fig. 15. Along with the applied voltage, there will be a 

voltage drop on the insulator, and the potential difference of the insulator can be 

written as 

 ∆=
𝐸𝐸g
𝑞𝑞

+ 𝜒𝜒S − 𝜙𝜙m − 𝜙𝜙p − 𝜓𝜓S + 𝑉𝑉 

                  (28) 

here 𝐸𝐸g is the semiconductor bandgap, 𝜒𝜒S is the affinity of the semiconductor, 𝜙𝜙m 

represents the metal work function,  𝜙𝜙p  is the potential difference between the 

majority-carrier Fermi level and the valence band, 𝜓𝜓S is the potential across the 

semiconductor and 𝑉𝑉 represents the applied voltage.  

For the sake of simplicity, surface conditions, work function differences and 

other anomalies are ignored. The semiconductor is grounded, and a positive voltage is 

applied to the metal side. It is assumed that the semiconductor works under thermal 

equilibrium, and direct tunneling is the main tunneling mechanism at the interface. 

Therefore, the difference between the quasi-Fermi levels of electrons and holes is 

ignored. Thus, 

∆= −𝜓𝜓S + 𝑉𝑉                            

(29) 

Based on the Gauss’s law, we can have 

∆= 𝐸𝐸i𝑑𝑑i = 𝑑𝑑i
𝑄𝑄M
𝜀𝜀i

  

(30) 

where 𝐸𝐸i is the electric field inside the insulator, 𝑄𝑄M is the charge on the metal, 𝑑𝑑i 

is the insulator thickness and εi  is the permittivity of the insulator. For charge 

neutrality, it is required that  

𝑄𝑄M + 𝑄𝑄S + 𝑄𝑄piezo = 0 

(31) 

where 𝑄𝑄S is the charge on the semiconductor surface due to the ionized acceptor and 

𝑄𝑄piezo is the piezoelectric charge. Thus, equations can be given by 
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Δ = −𝑑𝑑i
�𝑄𝑄S + 𝑄𝑄piezo�

𝜀𝜀i
 

(32) 

Q𝑆𝑆 = −𝑞𝑞𝑁𝑁A𝑊𝑊DP 

(33) 

Qpiezo = 𝑞𝑞𝜌𝜌piezo𝑊𝑊piezo 

(34) 

According to the assumption of the depletion approximation and completed 

ionization inside the depletion region, the field and potential distribution can be 

calculated. By solving the one-dimensional Poisson’s equation, the potential ψS(𝑥𝑥) 

inside the semiconductor as a function of distance can be expressed as  

 
𝑑𝑑2𝜓𝜓S(𝑥𝑥)
𝑑𝑑𝑥𝑥2

= −
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −
𝜌𝜌(𝑥𝑥)
𝜀𝜀

= −
𝑞𝑞�𝑝𝑝(𝑥𝑥) − 𝑛𝑛(𝑥𝑥) − 𝑁𝑁A(𝑥𝑥) + 𝜌𝜌piezo(𝑥𝑥)�

𝜀𝜀
 

(35) 

where 𝜌𝜌(𝑥𝑥) is the charge density, 𝑁𝑁A(𝑥𝑥) is the density of the acceptor, 𝜌𝜌piezo(𝑥𝑥) is 

the density of the piezoelectric charges. By integrating the Poisson equation, we can 

obtain the electric field distribution inside the semiconductor. 

𝐸𝐸(𝑥𝑥) = −
𝑞𝑞𝑁𝑁A�𝑥𝑥 −𝑊𝑊Dp�

𝜀𝜀S
+
𝑞𝑞𝜌𝜌piezo�𝑥𝑥 −𝑊𝑊piezo�

𝜀𝜀S
     (0 ≤ 𝑥𝑥 ≤ 𝑊𝑊piezo) 

(36) 

𝐸𝐸(𝑥𝑥) = −
𝑞𝑞𝑁𝑁A�𝑥𝑥 −𝑊𝑊Dp�

𝜀𝜀S
     �𝑊𝑊piezo ≤ 𝑥𝑥 ≤ 𝑊𝑊Dp� 

(37) 

By setting  ψS(𝑁𝑁A)  =  0, we can get the potential distribution across the MIS 

contact. 

𝜓𝜓(𝑥𝑥) =
𝑞𝑞𝑁𝑁A�𝑥𝑥 −𝑊𝑊Dp�

2

2𝜀𝜀S
−
𝑞𝑞𝜌𝜌piezo�𝑥𝑥 −𝑊𝑊piezo�

2

2𝜀𝜀S
     (0 ≤ 𝑥𝑥 ≤ 𝑊𝑊piezo) 

(38) 

          𝜓𝜓(𝑥𝑥) = 𝑞𝑞𝑁𝑁A�𝑥𝑥−𝑊𝑊Dp�
2

2𝜀𝜀S
     �𝑊𝑊piezo ≤ 𝑥𝑥 ≤ 𝑊𝑊Dp� 

(39) 

Thus, the band bending of the semiconductor valence band can be given by  

𝜓𝜓S = 𝜓𝜓(0) =
𝑞𝑞

2𝜀𝜀S
(𝑁𝑁A𝑊𝑊Dp

2 − 𝜌𝜌piezo𝑊𝑊piezo
2 ) 
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(40) 

where 𝜀𝜀S is the permittivity of the semiconductor, 𝑁𝑁A is the acceptor concentration, 

𝜌𝜌piezo  is the density of the piezoelectric charges, 𝑊𝑊piezo  is the width of the 

piezoelectric charges distribution region and 𝑊𝑊Dp is the depletion layer width in the 

semiconductor. 

Based on the depletion assumptions of the analytical model, most of the carriers 

have been removed in the depletion region. Therefore, the piezotronic charge will not 

be screened by free carriers. For the piezotronic MIS structure, piezoelectric charges 

change the energy band and building-in potential in the junction region. 

In simplified analysis model, the carrier redistribution is ignored. According to 

typical tunneling current model, the hole and electron tunneling currents can be 

written as 

𝐽𝐽nt = 𝐴𝐴n∗ 𝑇𝑇2 exp�−𝛼𝛼Tn𝜑𝜑Tn
1/2𝑑𝑑i� �exp �−

𝐸𝐸c0 − 𝐸𝐸fm
𝑘𝑘𝑘𝑘

� − exp �−
𝐸𝐸c0 − 𝐸𝐸fs

𝑘𝑘𝑘𝑘
�� = 

𝐴𝐴n∗ 𝑇𝑇2exp �−𝛼𝛼Tn𝜑𝜑Tn
1/2𝑑𝑑i�exp �−

𝐸𝐸g
𝑘𝑘𝑘𝑘
� exp (

𝑞𝑞𝜙𝜙p + 𝑞𝑞𝜓𝜓S
𝑘𝑘𝑘𝑘

) � exp �
𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘
� − 1� 

(41) 

𝐽𝐽pt = 𝐴𝐴p∗ 𝑇𝑇2 exp�−𝛼𝛼Tp𝜑𝜑Tp
1/2𝑑𝑑i� �exp �−

𝐸𝐸fs − 𝐸𝐸v0
𝑘𝑘𝑘𝑘

� − exp �−
𝐸𝐸fm − 𝐸𝐸c0

𝑘𝑘𝑘𝑘
�� = 

𝐴𝐴p∗𝑇𝑇2exp �−𝛼𝛼Tp𝜑𝜑Tp
1/2𝑑𝑑i�exp (−

𝑞𝑞𝜙𝜙p + 𝑞𝑞𝜓𝜓S
𝑘𝑘𝑘𝑘

) � 1 − exp �−
𝑞𝑞𝑞𝑞
𝑘𝑘𝑘𝑘
�� 

(42) 

where 𝐴𝐴n∗   and 𝐴𝐴p∗   are effective Richardson constants for electrons and holes, 𝛼𝛼Tn 

and 𝛼𝛼Tp equal to 2�2𝑞𝑞𝑚𝑚n
∗/ℏ and 2�2𝑞𝑞𝑚𝑚p

∗/ℏ (𝑚𝑚n
∗  and 𝑚𝑚p

∗  are the effective mass 

of electrons and holes, ℏ is reduced Planck constant), respectively,  𝜑𝜑Tn and 𝜑𝜑Tp 

are effective barrier heights for electrons and holes tunneling into metal. The total 

current density can be given by  

𝐽𝐽t = 𝐽𝐽pt + 𝐽𝐽nt 

(43) 

 It illustrates that the induced piezoelectric charges can modulate the tunneling 

current 𝐽𝐽t by changing the surface potential ψS of semiconductor upon mechanical 

stimuli. 
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Supplementary Fig. 15 | Ideal metal-insulator-piezoelectric semiconductor 

contact with the presence of piezoelectric charges when applying positive voltage 

to metal. a, Charge distribution. b, Electric field. c, Potential distribution. 
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Supplementary Note 12 | Piezotronic Effect on the Barrier Width of 

Ag/HfO2/n-ZnO Tunneling Junctions 

Based on the band theory, the energy profile of the Ag/HfO2/n-ZnO tunneling 

junction can be illustrated as Supplementary Fig. 16. A wide depletion layer (yellow 

area in Supplementary Fig. 16) will be formed in the n-ZnO under strain-free state. 

The free electrons on the conduction band need high energy to pass through the 

barrier with a thick width. The thin blue arrow denotes the electron transport 

characters. When applying a stress/strain, the strain-induced positive piezoelectric 

polarization charges at the interface of HfO2/n-ZnO will bend the interface energy 

band downward (Supplementary Fig. 16b). In this situation, the width of the depletion 

layer on the n-ZnO side will become narrower, so that the electrons on the conduction 

band can pass through the decreased barrier with a smaller energy, as indicated by the 

thick blue arrow in Supplementary Fig. 16b.  

In order to verify the above analysis, we use the WKB approximation to simulate 

the potential distribution of the Ag/HfO2/n-ZnO tunneling junction15, as shown in 

Supplementary Fig. 17. It can be found that when the fixed bias voltage is 0.5 V, as 

the strain increases, the potential distribution will gradually shift from the 

semiconductor (n-ZnO) toward the metal (Ag), resulting in the voltage drop gradually 

concentrates on the insulating layer (HfO2). The voltage drop of n-ZnO decreases 

with the increase of strain, indicating that the effective width of the barrier on the 

semiconductor side is decreasing. Therefore, the strain-induced positive piezoelectric 

charges will decrease the effective barrier width of the tunneling junction, which can 

be seen directly from the simulation results. These results are consistent with the band 

analysis in Supplementary Fig. 16. 

To further confirm that the width of the tunneling barrier can be modulated by 

strain and give a convincing demonstration, we investigate the C-V characteristics of 

the tunneling junction under different strains. Supplementary Fig. 18 shows the 

regulation mechanism of the C-V characteristics by the piezotronic effect. The energy 

profiles of Metal-Insulator-Semiconductor (MIS) tunneling junction under strain-free 

and strain conditions in thermal equilibrium state (left), flat-band state (middle) and 

weak inversion state (right) are exhibited in Supplementary Fig. 18a. The 

strain-induced positive piezoelectric charges will reduce the barrier height and barrier 

width in the state of thermal equilibrium. To achieve the same energy band state, the 
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required bias voltage is different15. For example, the relationship of the flat band 

voltage 𝑉𝑉FB  and the weak inversion voltage 𝑉𝑉min  under strain and strain-free 

follows: 

𝑉𝑉FB,piezo = 𝑉𝑉FB + ∆𝜑𝜑piezo 

𝑉𝑉min,piezo = 𝑉𝑉min + ∆𝜑𝜑piezo 

(44) 

where, ∆𝜑𝜑piezo is the barrier height change induced by piezoelectric charges. Similar 

analysis and conclusion can also be done for other energy band states like the strong 

inversion state, which is omitted here. 

When the MIS barrier width changes, the ratio of the capacitance of the 

tunneling junction 𝐶𝐶 to the capacitance of the insulating layer 𝐶𝐶i will change15, 

which satisfies the relationship: 
𝐶𝐶
𝐶𝐶i

=
1

1 + 𝜀𝜀i𝑑𝑑s
𝜀𝜀s𝑑𝑑i

 

(45) 

where 𝜀𝜀i  and 𝜀𝜀s  are the dielectric constants of insulator and semiconductor 

respectively, 𝑑𝑑i  and 𝑑𝑑s  are the effective width of insulator and semiconductor 

respectively. 

Supplementary Fig. 18b schematically shows the C-V curves under strain (red) or 

strain-free (black) corresponding to Supplementary Fig. 18a. The strain-induced 

positive piezoelectric polarization charges will enable the C-V characteristics of 

piezotronic tunneling junction shift to the upper right. As shown in Supplementary 

Fig. 18b, the barrier height change will cause a shift ∆𝜑𝜑piezo of the C-V curve in the 

horizontal direction; while the change of barrier width, which determines the value of 

𝐶𝐶 𝐶𝐶i⁄  by the equation (45), will cause a shift ∆(𝐶𝐶 𝐶𝐶i⁄ ) of the C-V curve in the 

vertical direction15. Supplementary Fig. 18c shows the measured C-V curves of 

Ag/HfO2/n-ZnO with insulator thickness of 1.8 nm under different strains. The C-V 

curve shifts to the upper right (red) as the tensile strain increases; while shifts to the 

lower left (blue) as the compressive strain increases. It can be seen from the shift in 

capacitance direction of the curve that the tunneling barrier width is effectively 

modulated by the strain. 

Therefore, through the above theory, simulation and experiment, we can confirm 

that the strain can regulate the effective barrier width of the tunneling junction 
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(Ag/HfO2/n-ZnO) through the piezotronic effect. 

 

 

Supplementary Fig. 16 | Barrier profiles. The barrier profiles of the 

Ag/HfO2/n-ZnO piezotronic tunneling junction under (a) strain-free and (b) strain. 

The yellow areas present the depletion layer and the blue arrows denote the transport 

characters. 

 

 

Supplementary Fig. 17 | Potential distribution of the tunneling junction. 

Calculated potential distribution of the Ag/HfO2/n-ZnO under different strain ranged 

from 0.0 to 1.0 ‰ along c-axis. The potentials of Ag and n-ZnO are respectively 

biased to be 0 V and 0.5 V. 
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Supplementary Fig. 18 | Piezotronic modification of C-V characteristics of MIS 

tunneling junction. a, Energy profiles of MIS tunneling junction with strain free 

(black) and strain applied (red) in thermal equilibrium state (left), flat-band state 

(middle) and weak inversion state (right). b, The schematic diagram of C-V curves 

corresponding to the MIS tunneling junction with strain free (black) and strain applied 

(red). c, The C-V characteristics of Ag/HfO2/n-ZnO under different strains. 
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Supplementary Note 13 | How to Decouple Piezotronic Modifications of Barrier 

Height and Barrier Width on the Current Change 

For the MIS tunneling junction like piezotronic tunneling junction, the tunneling 

current 𝐼𝐼  and the effective barrier height (𝐵𝐵𝐵𝐵)eff  approximately satisfy the 

following relationship15, 

𝐼𝐼 ∝ exp [−
(𝐵𝐵𝐵𝐵)eff
𝑘𝑘𝑘𝑘

] 

(46) 

where 𝑘𝑘 is Boltzmann constant, and 𝑇𝑇 is the absolute temperature. 

Based on the piezotronic theory23, the strain-induced piezotronic polarization 

charges at the interface will linearly change the interface barrier by the following 

equation, 

∆(𝐵𝐵𝐵𝐵)eff =
1
2
∆𝜑𝜑piezo = −

𝑞𝑞2𝜌𝜌piezo𝑊𝑊piezo
2

4𝜀𝜀S
  

(47) 

where 𝑞𝑞 is the absolute value of the unit electronic charge, 𝜌𝜌piezo is the density of 

the polarization charge (in the unit of electronic charge), 𝑊𝑊piezo is the width of the 

piezoelectric charge distribution on the junction interface, 𝜀𝜀S is the permittivity of 

the piezoelectric semiconductor material. 

As the strain 𝜀𝜀33 is applied along the c-axis of ZnO nanowire, the ∆(𝐵𝐵𝐵𝐵)eff 

can be also expressed as the equation23: 

∆(𝐵𝐵𝐵𝐵)eff =
1
2
∆𝜑𝜑piezo = −

𝑞𝑞𝑒𝑒33𝜀𝜀33 𝑊𝑊piezo

4𝜀𝜀S
 ∝ strain 

(48) 

According to the above relation (46) and (48), the current influenced by the 

change of barrier height satisfies: 

∆[−𝑘𝑘𝑘𝑘 ∙ ln(𝐼𝐼)]∆𝐵𝐵𝐵𝐵 = −𝑘𝑘𝑘𝑘 ∙ [ln (𝐼𝐼strain/𝐼𝐼free)]∆𝐵𝐵𝐵𝐵 ∝ strain 

(49) 

where 𝐼𝐼strain  and 𝐼𝐼free  represent the current under strain and strain-free state, 

[ln (𝐼𝐼strain/𝐼𝐼free)]∆𝐵𝐵𝐵𝐵 represents the part of the current change caused by the barrier 

height change. 

In fact, the effective barrier width ∆(𝐵𝐵𝐵𝐵)eff will also have an effect on the 

current. Thus, we can obtain a qualitative formula, 
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−𝑙𝑙𝑙𝑙(𝐼𝐼strain 𝐼𝐼free⁄ ) = −{[ln(𝐼𝐼strain 𝐼𝐼free⁄ )]∆𝐵𝐵𝐵𝐵 + [ln(𝐼𝐼strain 𝐼𝐼free⁄ )]∆𝐵𝐵𝐵𝐵}

= 𝛼𝛼∆𝐵𝐵𝐵𝐵 ∙ strain − [ln(𝐼𝐼strain 𝐼𝐼free⁄ )]∆𝐵𝐵𝐵𝐵 

(50) 

where 𝛼𝛼∆𝐵𝐵𝐵𝐵  is coefficient, and [ln (𝐼𝐼strain/𝐼𝐼free)]∆𝐵𝐵𝐵𝐵  represents the part of the 

current change caused by the barrier width change. 

Therefore, the part in ln(𝐼𝐼strain 𝐼𝐼free⁄ ) that has a linear relationship with strain is 

induced by the change of barrier height ∆(𝐵𝐵𝐵𝐵)eff; the other part is induced by the 

change of barrier width ∆(𝐵𝐵𝐵𝐵)eff. 

From the results of the finite element simulation in Supplementary Fig. 17, we 

can find that, with the increase of the tensile strain, the electric potential distribution 

first appears a large shift to the metal (Ag) and gradually reach saturation when the 

tensile strain increases to a certain degree. It means that the reduction of the effective 

barrier width will gradually slow down with the continuous increasement of positive 

piezoelectric charges at the interface. Thus, the effect of barrier width on current 

mainly occurs at small tensile strain. When the tensile strain is large enough, the 

change of the barrier height plays a major role. 

As shown in the Supplementary Fig. 19, by plotting the curve ln(𝐼𝐼strain 𝐼𝐼free⁄ ) 

as a function of strain, we can find that ln(𝐼𝐼strain 𝐼𝐼free⁄ ) changes approximately 

linearly with strain in the red region (strain >0.02%) and changes drastically and 

nonlinearly with strain in the blue region (strain<0.02%, Supplementary Fig. 19b). 

According to the previous analysis, we can determine that when the strain is large 

enough (red region in Supplementary Fig. 19a), the effect of the barrier height 

dominant the regulation; while when the strain is small (blue region in Supplementary 

Fig. 19a), the effect of the barrier width plays a leading role. 

Additionally, as the previous discussion (Supplementary Fig. 18), we can also 

decouple the effects of barrier height and width by measuring the C-V curve of the 

tunneling junction under different strain. The effect of barrier height will cause the 

C-V curve to shift in the horizontal direction; while the effect of barrier width will 

cause the C-V curve to shift in the vertical direction. In this way, we can intuitively 

observe the influences of the barrier height change and the barrier width change by 

piezotronic effect on the MIS tunneling junction. 

Through the above analysis, we have respectively given the methods to decouple the 

effects of barrier height and width based on the I-strain curve (Fig. 3 in the manuscript 
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and Supplementary Fig. 19) and the C-V curve (Supplementary Fig. 18). 

 

 

 

 

 

 

 

Supplementary Fig. 19 | ln(𝐼𝐼strain 𝐼𝐼free⁄ )  as a function of strain. (a) 

ln(𝐼𝐼strain 𝐼𝐼free⁄ ) -strain curves derived from I-strain curves. (b) Enlarged 

ln(𝐼𝐼strain 𝐼𝐼free⁄ )  of device under a small strain range from 0 to 0.1‰. Inset: 

ln(𝐼𝐼strain 𝐼𝐼free⁄ ) as a function of strain presented in semilog form. 
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Supplementary Fig. 20 | Current response-recovery time curve for 

Ag/HfO2/n-ZnO PTSS. a, b and c represent the detailed response current under the 

tensile strains of 0.067%, 0.033% and 0.00%, respectively. d, e and f represent the 

detailed response current under the compressive strains of 0.067%, 0.033% and 

0.00%, respectively. 
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Supplementary Fig. 21 | Current response-recovery time curve for Ag/n-ZnO 

SSS. a, b and c represent the detailed response current under the tensile strains of 

0.067%, 0.033% and 0.00%, respectively. d, e and f represent the detailed response 

current under the compressive strains of 0.067%, 0.033% and 0.00%, respectively. 
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Supplementary Fig. 22 | The statistical distribution of the response time for 

Ag/HfO2/n-ZnO PTSS. a, b and c represent the response time statistics under the 

tensile strains of 0.10%, 0.067% and 0.033%, respectively. d, e and f represent the 

response time statistics under the compressive strains of 0.033%, 0.067% and 0.10%, 

respectively. 
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Supplementary Fig. 23 | The statistical distribution of the recovery time for 

Ag/HfO2/n-ZnO PTSS. a, b and c represent the recovery time statistics under the 

tensile strains of 0.10%, 0.067% and 0.033%, respectively. d, e and f represent the 

recovery time statistics under the compressive strains of 0.033%, 0.067% and 0.10%, 

respectively. 
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Supplementary Fig. 24 | The statistical distribution of the response time for 

Ag/n-ZnO SSS. a, b and c represent the response time statistics under the tensile 

strains of 0.10%, 0.067% and 0.033%, respectively. d, e and f represent the response 

time statistics under the compressive strains of 0.033%, 0.067% and 0.10%, 

respectively. 
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Supplementary Fig. 25 | The statistical distribution of the recovery time for 

Ag/HfO2/n-ZnO PTSS. a, b and c represent the recovery time statistics under the 

tensile strains of 0.10%, 0.067% and 0.033%, respectively. d, e and f represent the 

recovery time statistics under the compressive strains of 0.033%, 0.067% and 0.10%, 

respectively. 
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Supplementary Fig. 26 | The statistical distribution of the on-state and off-state 

current for Ag/HfO2/n-ZnO PTSS. a, b and c represent the on-off current statistics 

under the tensile strains of 0.10%, 0.067% and 0.033%, respectively. d, e and f 

represent the on-off current statistics under the compressive strains of 0.033%, 0.067% 

and 0.10%, respectively. 
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Supplementary Fig. 27 | The statistical distribution of the on-state and off-state 

current for Ag/n-ZnO SSS. a, b and c represent the on-off current statistics under the 

tensile strains of 0.10%, 0.067% and 0.033%, respectively. d, e and f represent the 

on-off current statistics under the compressive strains of 0.033%, 0.067% and 0.10%, 

respectively. 
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Supplementary Note 14 | Ag/HfO2/n-ZnO Tunneling Junctions with Various 

Insulator Thicknesses 

In order to characterize the nature of the Ag/HfO2/n-ZnO tunneling junctions with 

various insulator thicknesses, we have measured the barrier height change induced by 

insulator thickness, and the on/off ratio of the tunneling junction under strain-free and 

strain. 

 

(1) C-V of Ag/HfO2/n-ZnO Tunneling Junctions with Various Insulator 

Thicknesses 

Supplementary Fig. 28 schematically shows the influence of insulator thickness 

on the C-V characteristics. The energy profiles of Metal-Insulator-Semiconductor 

(MIS) tunneling junction with different insulator thickness in thermal equilibrium 

state (left), flat-band state (middle) and weak inversion state (right) are exhibited in 

Supplementary Fig. 28a. Different insulating layer thickness will change the potential 

distribution of the tunneling junction, and thus make the energy profile of the 

tunneling junction different. 

In the thermal equilibrium state (Supplementary Fig. 28a, left), a thick insulating 

layer will withstand more voltage drop; meanwhile, the semiconductor will bear the 

smaller voltage drop15, 35. As in a weak inversion state (Supplementary Fig. 28a, right), 

the tunneling junction with a thick insulating layer will need a larger bias voltage 

𝑉𝑉min,thick  to achieve the same semiconductor energy band bending as the one 

(𝑉𝑉min,thin) of tunneling junction with thin insulating layer. These two required bias 

voltages follow: 

𝑉𝑉min,thick = 𝑉𝑉min,thin + ∆𝑉𝑉insulator 

(51) 

where ∆𝑉𝑉insulator represents the voltage drop of the insulating layer due to the 

change in the thickness of the insulating layer. Therefore, as shown in Supplementary 

Fig. 28b, the change in the thickness of the insulating layer will cause the bottom 

(corresponding to the weak inversion state) of the C-V curve to shift in the horizontal 

direction. According to the MIS energy band theory35, the barrier height change 

(∆𝐵𝐵𝐵𝐵weak inversion) caused by the insulator thickness of the tunneling junction in the 

weak inversion state satisfies: 
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∆𝐵𝐵𝐵𝐵weak inversion ≈ −
1
2
�𝑉𝑉min,thin−𝑉𝑉min,thick� = −

1
2
∆𝑉𝑉insulator 

(52) 

However, it should be noted that tunneling junctions with different insulating 

layer thicknesses require the same bias voltage 𝑉𝑉BF to achieve a flat band state 

(Supplementary Fig. 28a, middle). The points in the C-V curves corresponding to the 

flat belt state should have the same bias voltage as shown in Supplementary Fig. 20b. 

In this condition, the barrier height change (∆𝐵𝐵𝐵𝐵flat−band) caused by the insulator 

thickness of the tunneling junction in the weak inversion state satisfies: 

∆𝐵𝐵𝐵𝐵flat−band = 𝑉𝑉BF−𝑉𝑉BF = 0 

(53) 

Furthermore, the change in the thickness of the insulating layer will change the 

ratio of the capacitance of the tunnel junction 𝐶𝐶 to the capacitance of the insulating 

layer 𝐶𝐶i, which satisfies the following equation (12), thereby causing the C-V curve to 

shift up and down as illustrated in Supplementary Fig. 28b. 
𝐶𝐶
𝐶𝐶i

=
1

1 + 𝜀𝜀i𝑑𝑑s
𝜀𝜀s𝑑𝑑i

 

(54) 

where 𝜀𝜀i  and 𝜀𝜀s  are the dielectric constants of insulator and semiconductor 

respectively, 𝑑𝑑i  and 𝑑𝑑s  are the effective width of insulator and semiconductor 

respectively. 

Supplementary Fig. 29 exhibits the measured C-V curves and the derived barrier 

height of Ag/HfO2/n-ZnO tunneling junctions with different insulator thickness (0 nm, 

0.4 nm, 1.1 nm, 1.8 nm, 2.5 nm, 3.6 nm and 7.3 nm). It can be found in 

Supplementary Fig. 29a that as the thickness of the insulating layer increases, the C-V 

characteristics gradually shift to the upper right. This trend is consistent with the 

above theoretical analysis, and also consistent with the typical ideal C-V curves for 

silicon-based MIS tunneling junctions36, which in turn indirectly indicates the good 

interface quality of Ag/HfO2/n-ZnO tunneling junction. Basing on the equations (52) 

and (53), we can derive the barrier height change of the tunneling junction with 

different HfO2 thickness, as shown in Supplementary Fig. 29b. It can be seen that the 

barrier height of MIS tunneling junction gradually decreases as the thickness 

increases in the weak inversion condition; while remains unchanged in the flat-band 
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condition. The absolute value (2.26 eV) of the barrier height (the right axis of 

Supplementary Fig. 29b) is calculated by the electron affinities of Ag (~4.26 eV37) 

and HfO2 (~2.0 eV38). Therefore, the relationship between the barrier height and the 

thickness of insulating layer is related to the state of the junction. 

 

(2) On/Off Ratio of Ag/HfO2/n-ZnO Tunneling Junctions with Various Insulator 

Thicknesses 

To explore the influence of insulator thickness on the performance of piezotronic 

tunneling devices, we have fabricated the Ag/HfO2/n-ZnO devices with HfO2 

thicknesses of 0 nm, 0.4 nm, 1.1 nm, 1.8 nm, 2.5 nm, 3.6 nm and 7.3 nm, respectively, 

and studied their piezotronic modifications of electrical transport of 140 devices (20 

devices for each thickness) under a tensile strain of 0.1%. Supplementary Fig. 30 

shows the statistical distribution of the current on/off ratio of these devices. It can be 

found that the devices with 1.8 nm HfO2 exhibit the highest current on-off ratio. 

When the thickness of the insulating layer is larger than 1.8 nm, the regulation of 

the tunneling junction by the piezoelectric polarization charge will be limited. The 

strain-induced positive piezoelectric bound charges at the HfO2/ZnO interface can 

attract electrons to move toward the semiconductor surface and lower the barrier’s 

height and width via piezotronic effect. This profile modification of energy-band 

redistributes the potential drops across the piezotronic tunneling junction and 

improves the electric-field inside the insulator layer, which can be seen from the 

energy band bending of the insulating layer in the weak inversion condition. As the 

insulator thickness increased, the change of electric-field in the insulating layer will 

become smaller than the one with thinner insulator thickness. Thus, a thicker 

insulating layer will have negative effect on the performance of piezotronic tunneling 

junction. 

When the thickness of the insulating layer is smaller than 1.8 nm, the leakage 

current will become large. Hence the tunneling junction will degenerate into a 

Schottky junction, and the current on/off ratio will be relatively small. In addition, the 

tunneling junction may be easily damaged if the insulating layer is too small, since the 

devices need to be deformed repeatedly under dynamic stress. 
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Supplementary Fig. 28 | C-V characteristics of MIS tunneling junctions with 

various insulator thicknesses. a, The energy profiles of MIS tunneling junction with 

a thin insulating layer (black) and a thick insulating layer (blue) in thermal 

equilibrium state (left), flat-band state (middle) and weak inversion state (right). b, 

The schematic diagram of C-V curves corresponding to the MIS tunneling junctions 

with a thin insulator (black) and a thick insulator (blue). 
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Supplementary Fig. 29 | Measured C-V characteristics of Ag/HfO2/n-ZnO 

tunneling junctions for various insulator thicknesses. a, The C/Ci of the tunneling 

junction with various insulator thicknesses as a function of bias voltage. C and Ci 

represent the capacitances of the tunneling junction as a whole and the insulating 

layer, respectively. b, The change of barrier height in flat-band condition and weak 

inversion condition derived from figure a. The absolute value of the barrier height 

(right axis) is calculated by the electron affinities of Ag and HfO2. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 56 / 67 
 

 

 

 

 

 

Supplementary Fig. 30 | The on/off ratio of Ag/HfO2/n-ZnO tunneling junctions 

with various insulator thicknesses. a-g, The statistical distribution of current on/off 

ratios of the Ag/HfO2/ZnO devices with 0 nm, 0.4 nm, 1.1 nm, 1.8 nm, 2.5 nm, 3.6 

nm and 7.3 nm thick HfO2 (20 devices for each thickness). h, The on/off ratio as a 

function of HfO2 thickness. Error bars denote standard deviations of the mean. 
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Supplementary Table 1 | Response Time for Some Strain Sensing Works. 

The response times of piezotronic devices are shown in Supplementary Table 1 and 

Supplementary Fig. 31. Since the application of force takes time, and the time of 

applying force of linear motor equipment is about 500 ms, the response times of our 

sensor devices are longer than that of ordinary piezotronic devices. 

Materials Morphology Device Type Work Type Response Ref.       

Ag/HfO2/n-
ZnO NW, single Device Piezotronic 250-650 

ms 
This 
work 

ZnO NW, single Device Piezotronic 250-650 
ms 

This 
work 

ZnO NW, single Device Piezotronic 10 ms [10] 

ZnO NW, cluster Device Piezotronic 150 ms [20] 

GaN/Al2O3/
Pt Film Based on AFM Piezotronic <4.38 ms [39] 

ZnO Nanobelts Device Piezotronic 600 ms [46] 

ZnO Nanobelts Device Piezotronic 120 ms [47] 

ZnO NW, single Based on AFM Piezotronic 10 ms [48] 

GaN NW, single Based on AFM Piezotronic <5 ms [51] 

ZnO NW, array Device Piezotronic 90 ms [55] 

ZnO Twin 
Nanoplatelet Device Piezotronic <5 ms [56] 

Ti3C2 Film Device Piezoresisti
ve <30 ms [62] 

Si/Ge and Polyimide Device Piezoresisti
ve <100 ms [69] 

Carbon Nanotube 
film Device Piezoresisti

ve 14 ms [72] 

Carbon Nanotube 
Foam Device Piezoresisti

ve <100 ms [73] 

Carbon Black Device Piezoresisti
ve <20 ms [74] 
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Supplementary Fig. 31 | The statistical distribution of the response time of this 

work (including Ag/HfO2/n-ZnO PTSS and Ag/n-ZnO SSS) and some other 

sensors. The downward arrow represents the actual data value less than the point, the 

purple represents the piezoelectric mechanism, and the yellow represents the 

piezoresistive mechanism.   
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Supplementary Table 2 | Comparison of Strain Sensing Works.  

The summarized gauge factor and response of PTSS, SSS, some existing ZnO 

nanowire or nanobelt based sensors, and other material-based sensor shows that the 

PTSS based on the structure of Ag/HfO2/n-ZnO shows obvious advantages among 

other sensors (including SSS), demonstrating its great potential applications in strain 

sensing. NW: Nanowire; Single: The device is based on a single nanomaterial. Array: 

The device is based on a nanomaterial array. Here, pressure (Pa), strain (%) and force 

(N) are used as parameters of devices’ work range. 

Materials Morphology Type Gauge 
factor Work Range Ref. 

Ag/HfO2/n
-ZnO NW, single Piezotronic ~4.8×105 0.00%~0.10% This 

work 

ZnO NW, single Piezotronic ~2.7×104 0.00%~0.10% This 
work 

GaN/Al2O
3/Pt Film Piezotronic <2.6×108 0.03-0.53‰ [39] 

ZnO NW, single Piezotronic ~1250 -0.8%~1.2% [10] 

ZnO NW, single Piezotronic ~435 0.48%~0.96% [14] 

ZnO NW, single Piezotronic ~129.3 0%~0.8% [40] 

ZnO MW, single Piezotronic ~1010 1.14% [41] 

ZnO NW, single Piezoresistive ~33.8 1% [42] 

ZnO Nanobelts Piezotronic ~4.29 1%~5% [43] 

ZnO  Piezoresistive ~29.2 1%~5% [44] 

ZnO NW, single  Piezoresistive ~19 0.58%~1.75% [45] 

ZnO Nanobelts Piezotronic ~1000 0%~0.2% [46] 

ZnO Nanobelts Piezotronic ~135 0.4% [47] 

ZnO NW, single Piezotronic ~175 0%~5% [48] 

ZnO NW, single Piezotronic ~1832 0%~1.31% [11] 

ZnO NW, single Piezotronic ~10625 0%~0.12% [49] 
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GaN NW, single Piezotronic ~1126 0.9~1.3 μN [50] 

GaN NW, single Piezotronic  <300 nN [51] 

CdSe NW, single Piezotronic ~1590 420~700 nN [52] 

ZnO NW, cluster Piezotronic ~784 0~80.33 MPa [53] 

ZnO NW, cluster Piezotronic ~2×106 0~40 kPa [20] 

ZnO Nanoplatelet Piezotronic ~1.5 
×107 0.02~3.64 MPa [24] 

ZnO NW, array Piezotronic ~1813 0%~0.8% [54] 

ZnO NW, array Piezotronic ~1803 -0.15%~0% [55] 

ZnO Twin 
Nanoplatelet Piezotronic 2.9~9.4 

×109 24~153 kPa [56] 

ZnO Bulk Piezotronic 
150~800 
0.7~1.4 

kV 
50~250 MPa [57] 

ZnSnO3 NW, single Piezotronic ~3740 0.08%~0.32% [58] 

InAs NW, single Piezotronic/ 
Piezoresistive 2820 0%~2.71% [59] 

ZnO NW Piezoresistive 7.64 3.5%~6.2% [60] 

MoS2 Thin layer Piezoresistive 56.5 
~72.5 

0~100 kPa 
-1.98%~1.98% 

[61] 

Ti3C2 Film Piezoresistive 45.9 
~180.1 0~13 kPa [62] 

SiC NW Piezoresistive ~6.9 0%~9.35% [63] 

3C-SiC/Si Film Piezoresistive ~5.8×104 0.01%~0.07% [64] 

Si Whisker Piezoresistive ~225 0%~2% [65] 

p-Si NW Piezoresistive ~130 0%~3% [66] 

Si 
(depleted) NW Piezoresistive ~3000  [67] 

Ge NW Piezoresistive ~5000 0%~2.1% [68] 

Si/Ge and Polyimide Piezoresistive  0~15 kPa [69] 
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Au NW Piezoresistive 7.38 0~3 kPa [70] 

Carbon Nanotube Piezoresistive 600 
~1000 0%~0.6% [71] 

Carbon Nanotube 
film Piezoresistive 0.06 

0.82 
0%~40% 

60%~200% 
[72] 

Carbon Nanotube 
Foam Piezoresistive 0.49 

~2.63 1~100(+) kPa [73] 

Carbon Black Piezoresistive 2.2 91 Pa~64 kPa 
0.2%~60% 

[74] 

50wt% Carbon Black 
+ 50wt%TPE Piezoresistive 20 0%~80% [75] 

Graphene Piezoresistive 2~4 0%~30% [76] 

Graphene Film Piezoresistive ~300 0%~0.3% [77] 

Graphene Film Piezoresistive 15 0%~1.7% [78] 

Graphene Ribbon Piezoresistive ~1.9 0%~1% [67] 

Graphene-Nanocellulose Piezoresistive 7.1 
~2427  [79] 

Graphite Nanoplatelet Piezoresistive ~6.1 0%~1% [80] 

SWCNT/Graphite 
Nanoplatelet Piezoresistive ~5.44  [81] 

PEDOT: PSS–SWCNT Piezoresistive 0.13 
~0.26  [82] 

PDMS Film Piezoresistive 550 
~5500 0.2~20 kPa [83] 

Polyurethane Acrylate Piezoresistive ~11.45 0~1.5 kPa [84] 

Carbonized Silk Fabric Piezoresistive 9.6 
37.5 

0%~250% 
250%~500% 

[85] 
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