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Abstract 

We have successfully synthesized highly dense and well aligned zinc oxide (ZnO) 

nanowires (NWs) on the two sides of a PEDOT: PSS substrate by a single step low temperature 

hydrothermal method. The grown sample was used to fabricate a double sided piezoelectric 

nanogenerator (NG). The maximum harvested output power density from the fabricated double 

sided NG configuration was about 4.44 mW/cm2. The results obtained from the present double 

sided NG were approximately double the output from a single side. In addition to that, the 

voltage polarity of the harvested voltage from the two sides of the NG has been investigated. 

The results showed that upon bending, an anisotropic voltage polarity is generated on the two 

sides. Indicating that, this double sided NG can be used as a self-powered voltage polarity 

based direction sensor. The results of the present flexible double sided NG is very promising 

for harvesting energy from irregular mechanical energy sources in the surrounding 

environment. In addition, the fabricated configuration showed stability for sensing and can be 

used in surveillance and security applications. 
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1. Introduction 

      Since the past decade harvesting energy has attracted increasing attention. This 

increased interest is due to the potential applications in developing self-powered systems based 

on nanostructures. The ambient mechanical energy is one of the sources that are abundant and 

hence different energy harvesting devices and configurations have been reported [1]. 

Nanogenerators (NGs) using piezoelectric nanowires (NWs) have been developed as a key of 

technology for converting mechanical energy into electricity. In 2006 Wang et al. introduced 

the first zinc oxide (ZnO) NG based on NWs using atomic force microscopy (AFM) 

nanoindentation technique and the harvesting piezoelectric potential produced was around 8 

mV with an output power density of 10 pW/mm2 [2]. Then in 2007 Xudong et al. reported a 

piezoelectric NG based on vertically aligned ZnO NWs arrays which relies on zigzag top 

electrode. This act like an array of AFM tips that force the NWs to bend in response to external 

mechanical agitation caused by ultra-sonic wave [3]. Since then various NGs for ultrasonic, 

vibration, air pressure and body movement energy harvesting have been developed [3, 4]. 

Never the less until now for scavenging energy from mechanical movement, especially human 

activity, it has been important to explore wearable and sustainable technologies that function 

efficiently at low frequencies. Most of the developed NGs based on flexible substrates have 

shown enhancement in the amount of output power generated under mechanical deformation 

and can have many applications at low frequency. Beside the relatively high output power 

performance, flexible substrates do offer multi functionality, e.g. high sensitivity, full 

flexibility, stretchability, and multi-shape transformability. Therefore, developing piezoelectric 

energy harvesters with high performance, sensitivity and stretchability is extremely important 

in order to convert various kinds of mechanical energies available in nature into electricity for 

the realization of systems operating in self-power mode [5]. The mechanical deformation which 

causes an output from a NG can be used either as output electric power or as a sensor signal 

for detecting magnitude and/or the rate of the mechanical deformation. Since no power is 

applied in the signal detection, sensors based on NGs are called active or self-powered sensors. 

They have been demonstrated for monitoring heart-pulse, tire pressure, cantilever vibration 

frequency, ambient wind-velocity detection, transportation, and skin deformation [6].          

Among the different piezoelectric materials utilized, one-dimensional ZnO NWs have 

potential for many different technological applications. The attraction to ZnO 

nanowires/nanostructures is due to many reasons such as the wide band gap (3.37 eV) combine 

with relatively large exciton binding energy (60 meV). Zinc oxide also possesses excellent 

chemical stability, electrical, optical, piezoelectric and pyro-electric properties [7-9]. Among 
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the different methods of synthesis of ZnO NWs, the low temperature hydrothermal method is 

considered as a promising technique. This is due to the fact that the morphology, structure, and 

hence properties, can all be controlled by tuning the growth conditions. This is addition to the 

low cost and ease of fabrication and in addition the low temperature enables the growth on any 

flexible and foldable substrate [10-11]. However, the morphology of nanomaterials has 

influence on their properties and the corresponding potential application [12-13]. In particular 

to piezoelectric nanogenerators, well aligned NWs play an important role in improving the 

power output [9]. Therefore, to grow nanowires with controlled size, orientation, distribution, 

and uniformity on any substrates with low cost is of high interest.  

Some research on the use of ZnO nanostructures, including nanowires and nano-

hemisphere; have been reported for vibration and/or direction detection [14, 15, 16]. A. Yu et 

al developed a vibration sensor based on ZnO NWs grown on a cantilever suitable for detecting 

natural vibrations [14]. While J. Chun et al developed a more complicated configuration based 

on ZnO/PZT hemispheres [15]. In both papers the piezoelectric output voltage observed from 

an upward or downward bending was having the same polarity but showing different values. 

The difference between the values obtained from the upward or downward bending was utilized 

as direction sensor. Another configuration based on four layers of vertically aligned ZnO NWs 

arrays grown on flexible plastic was reported by B. Saravanakumar et al [16]. Although this 

configuration could have been utilized for developing direction sensor utilizing the harvested 

output voltage polarity, such investigation was not carried out. This NG was rather realized as 

an eco-friendly biomechanical energy harvesting device [16].   

In the present work we developed a NG with configuration consisting of ZnO NWs 

grown on both sides of a flexible PEDOT: PSS plastic substrate. By measuring the harvested 

piezoelectric output voltage from the two sides separately, such configuration would be 

expected to yield different voltage polarities upon bending from the two sides. Since the ZnO 

NWs on one side will be compressed while they are stretched on the other side. The 

morphology and structural properties of the grown ZnO NWs was investigated by scanning 

electron microscopy (SEM) and x-ray diffraction (XRD), respectively. The output performance 

of our double sided NG has been studied under different mechanical deformations by using 

Keithley 2602A, Digital storage oscilloscope DSO-X 2012A and FET Station 4200-SCS 

Semiconductor Characterization System. Based on the voltage polarity harvested from the 

different sides of the NG, we propose this configuration as a sensitive self-powered direction 

sensor. Moreover the double sided piezoelectric NWs configuration was used to prove the 
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possibility of maximizing the output voltage or current when coupling the two sides with 

different polarity.  

2. Experimental procedure 

2.1. Growth method 

         Zinc nitrate hexahydrate [Zn(NO)3)26H2O], hexamethylenetetramine (HMT) 

(C6H12N4), methanol, ethanol and KOH were used for synthesis of the ZnO NWs in this study. 

All chemicals were purchased from Sigma-Aldrich and where used without further 

purification. The growth procedure of well aligned and uniform distributed ZnO NWs is 

described briefly. Firstly, an aqueous solution of Zn ions is prepared by mixing of 0.05 M of 

Zinc nitrate hexahydrate in deionized water. Another separate equimolar solution of HMT is 

homogenous dissolved in deionized. Both solutions were left under stirring for one hour. 

Secondly, both homogenous solutions were mixed under further stirring at room temperature 

for another 1 hour. After the growth solution is prepared, a seed solution containing zinc acetate 

was spun coated on both sides of the substrate at 3000 rpm for 30s and then the samples were 

annealed at 100oC for 5 minutes. Finally, the homogenous seed coated substrates were placed 

vertically in the growth solution and kept in a preheated oven for 5 hours at 70oC. When the 

growth duration was completed, the samples were washed with deionized water and dried at 

for further characterization and device fabrications. 

2.2. Device Fabrication and measurements 

            By stacking nanogenerators in series and parallel, higher output piezoelectric power 

can be achieved [17-18]. Therefore, we grow ZnO NWs on both sides of the substrate and 

fabricate double layers of ZnO NWs on both sides of the substrate in order to increase the 

output power. The fabrication of the present NG is described as the follows: after successfully 

growing ZnO NWs on both sides of the substrates a thin aluminum foil is attached on a top of 

the ZnO NWs on both sides and used as ohmic contact. The conducting aluminum sheet was 

used as the ohmic contact due to it’s work function is close to electron affinity of ZnO and it 

provides almost ideal ohmic contact with n-ZnO [19]. The schematic diagram of the present is 

shown in Figure 1 (a) and a digital photograph of the NGs under bending is shown in Figure 1 

(b). To investigate the energy harvesting process and the energy conversion efficiency of a 

ZnO NWs NG, we measured the output voltage and current signal generated from the device 

during mechanical deformation. The measurement of the performance of the two sided NG was 

performed by separately measuring the harvested voltage/polarity and also when connecting 

the two sides either in series or investigated separately. Two different NGs were fabricated, 
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both are having ZnO NWs on both sides, but the first (Type I) is on PEDOT: PSS plastic 

substrate, while the other (Type II) is on silver coated plastic. 

(a)                                                                                                      (b) 

  

Figure 1 (a) Schematic diagram showing the double sided NG and (b) shows a digital 

photograph of the NGs under bending. 

 

3. Results and discussion 

3.1. Surface morphology and structure characterization 

             The surface morphology of the ZnO NWs has been investigated by using SEM. Figure 

2a shows a typical SEM image of a grown ZnO sample. From Figure 2 (a), the SEM image of 

the ZnO NWs indicates a homogeneous and highly dense and well aligned ZnO NWs. The 

diameter was around 300 nm and the NWs were almost perpendicular to the surface of the 

substrate. Figure 2 (b) shows representative XRD patterns of the ZnO nanowires. All peaks 

obtained from the grown ZnO NWs samples were indexed to the hexagonal wurtzite structure 

of ZnO and were consistent with the JCPDS No. 36-1451file. Moreover, the high and sharp 

appearance of the 002 diffraction peak demonstrates that the grown samples have well 

crystalline nature, and providing evidence that the ZnO NWs grow along the c-axis [12, 20-

21]. 

 

3.2 Performance of the double sided NG 

We first investigated the polarity of the harvested voltage from both sides of the ZnO NG. 

To perform this measurement the NG is connected as shown in Figure 1a. When the NG sample 

is bended, the ZnO NWs on one side will be stretched while they will be compressed on the 

other side. A piezo-potential will then be produced on both sides. This is illustrated in Figure 

3a. As it is well known, stretching and compression will lead to different voltage polarity [6, 

15]. According to Alzahrani et al. [22], the bending distortion range of 0 to 360 nm created on 

a NW by an atomic force microscope tip induced deflection. The analysis shows that the 

increasing tip force lead to increase of the piezoelectric polarization and subjecting to the 

bending angles [22]. Therefore, our experiment presents the relation between the response 
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potential and bending angle instead of applied force and we suggest that this nanogenerator can 

be utilized as a direction sensor rather than a pressure sensor. Hence in our double sided NG 

and by bending both positive and negative voltage are expected to be produced on the two 

different sides [18, 19]. Since the ZnO NWs were vertically grown onto the substrate, the top 

of the ZnO NWs has a positive potential when the NW layer is compressively strained or a 

negative potential when the NW layer is tensile strained. Therefore, if the decrease of the output 

voltage was caused by the screening effect from the current leakages and from the impurities 

according to our assumption, the screening effect should vary with the bending direction. The 

output voltage and the current were about three times higher when the NW layer was 

compressively strained than when it was tensile strained, as shown in Figure 3 a [6]. Here the 

bending is performed by applying a force by hand pressure as shown in Figure 1b i.e. this NG 

operates at low frequency. 

(a)                                                      (b) 

       

Figure 2 (a) SEM image of the ZnO nanowires grown on silver coated plastic and (b) XRD 

patterns of the ZnO nanowires grown on PEDOT: PSS plastic substrate. 

 

     A digital storage oscilloscope DSO-X 2012A was used to measure the output voltage at low 

frequency when bending the device. Both the top and bottom ZnO NWs have led to a harvested 

voltage of +1 V and -1 V, respectively as shown in figure 3 (b). Hence when measuring the 

harvested voltage from both sides separately, a different voltage polarity is observed as 

expected. This implies that connecting the two sides of the present NG in series will lead to 

add up the harvested output. This is consistent with previous published results on connecting 

many NGs in series [23]. The obtained results are considered as improvement when compared 

to the harvested output voltage observed from single-sided ZnO NWs NG [6, 14]. Then a FET 

Station 4200-SCS Semiconductor Characterization System was used for the same NG with 
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measurements duration of up to sixty seconds. When applying a downward bending the top 

side (with bending angle approximately from 30 ͦ to 45 ͦ) has a compressive strain with positive 

charge polarity at the top of the NWs, while the bottom side has a tensile strain leading to 

negative charge polarity at the top of the NWs on the bottom side. So when the NGs is under 

bending followed by releasing, the response of the output voltage vary between positive and 

negative polarity for the top and bottom sides, respectively, as shown in figure 3 (c). Also the 

value and the polarity of the output voltage obtained from the top and bottom NWs are opposite 

to each other. In addition to that this NG shows stability and reproducibility. The different 

polarity is due to the different strain on the two sides, while the difference in the value of the 

observed harvested output voltage is due to the different resistance of the two sides. When 

bending (figure 3a II) during the bending/releasing we have three different parts. The first part 

is between 0 to 4 second here we have negative voltage value from the bottom and a positive 

value from the top side, respectively. The second part is between 5 to 36 second. Here we have 

higher and lower values in the top-ground and bottom-ground. Finally the third part is between 

37 to 60 seconds. Here we observed a negative value in the bottom and a positive value in the 

top sides, respectively. These observations were stable and reproducible, and it indicates that 

this double sided NG can be used as a self-powered direction sensor yielding different voltage 

polarity from the two sides when bended.    

Furthermore, in order to investigate the highest energy harvested from the device, we measured 

the maximum harvested output power from the device at different bending angles  (2θ from 0 

to 90o) as shown in the schematic diagram of figure 4 (a). The measurement was performed for 

bending (red curves) and releasing (blue curves). This investigation was performed for different 

connections as shown in the inserts. In general and for all configurations (figure 4b, c, and d) 

the results revealed that the highest harvested output voltage is obtained at a bending angle of 

about 40o. This is because the smaller the bending angle, the larger the applied strain is on the 

ZnO NWs, therefore generating more enhanced output [24]. On other hand, the inordinately 

high bending angle (above 40o) of piezoelectric NWs can lead to the degradation of 

electromechanical coupling effect and these behaviors will yield low output performance. [25]. 

It is important to note that the values shown in Figure 4b, c, and d, are corresponding to the 

absolute value of the harvested voltage with no consideration of the polarity. In Figure 4b, and 

by bending upward (the top NWs are under tensile strain while the bottom NWs are under 

compressive strain), the maximum harvested output voltage was observed to be 0.06 V. The 

corresponding value for the bottom NWs (Figure 4c) was observed to be 0.125 V. The 

difference in value is due to the different resistance between the ground and the bottom and top 
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NWs, respectively. Figure 4d shows the harvested output voltage when connecting the top NWs 

to the bottom NWs. The value obtained for this case was about 0.175 V. Since the geometry of 

the whole device is actually representing the case of two NGs connected in series the value of 

the measured output voltage for the case of Figure 4d should be expected to be the sum of the 

values obtained from the separate top and bottom NGs. Indeed the value of 0.175 V is quite 

close to the sum which would be 0.185 V. This observation is expected from two NGs 

connected in series and is also consistent with other published results [23].  

    (a) 

 

       (b)                                                                            (c)      

 

Figure 3 (a) The polarity of the output voltages under bending for case of (I) no bending, (II) 

downward bending, and (III) upward bending, (b) The measured output voltage for a period of 
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millisecond obtained from the top side NWs (green) and bottom side (blue), the inserts show 

the corresponding measurement side and (c) The generated output voltage from the both sides 

during compressing and releasing for a period of about 60 seconds. 

 (a)                                                                                   

 

(b)  

 

(c) 

 

(d) 



10 
 

 

Figure 4: (a) Schematic diagram showing the bending angle measurement configuration. (b-

d) the maximum output voltage as a function of the bending angle (from 0 to 90 degrees) for 

the different connections as shown in the inserts of each curve.  

Silver coated plastic nanogenerator based on ZnO NWs grown on both side was 

fabricated (type II) and used for comparison with the NG based on PEDOT: PSS coated plastic 

(type I). The study of the output power density for both double sided NGs is shown in figure 

5. We measured both the harvested current and voltages for both NGs. Here the bending angle 

used was chosen to yield the maximum harvested electrical power i.e. 2θ was around 40o. The 

current measurements was performed using Keithley 2602A, Keithley's with software that 

allows automatic data acquisition and make it easy to download recorded data from the 

instrument. A 100 ohms resistor is connected between the two electrodes and the voltage across 

the resistor is measured continuously. Then the short circuit current was calculated by using 

ohm’s law. Figure 5 show both instantaneous open circuit voltage and short circuit current from 

both NGs. Finally, the harvested output power density of the device is estimated according to: 

𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑃𝑜𝑢𝑡
𝐴

=
𝐼𝑜𝑢𝑡 × 𝑉𝑜𝑢𝑡

𝐴
=
𝐼2 × 𝑅

𝐴
=

𝑉2

𝑅 × 𝐴
 

Where 𝐼𝑜𝑢𝑡 (A) and 𝑉𝑜𝑢𝑡 (V) are instantaneous short circuit current and open circuit voltage, 

respectively. A (cm2) is the area of the device, 𝑃𝑜𝑢𝑡 (W) is instantaneous output power and 

𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦  (mW/cm2) is instantaneous output power density from the device. Figure 4 (a, b) 

shows the experimental results of type I NG (with PEDOT: PSS). The maximum harvested 

voltage and current are 2.0 V and 1.6 mA, respectively with power density amount of 4.44 

mW/cm2. While the maximum generated open circuit voltage, short circuit current and power 

density of the NG type II were 1.5 V, 1.3 mA and 2.5mW/cm2, respectively. The experimental 

results of type II NG are shown in Figure 4 (c, d). The output results of top-bottom connections 

shown as a summation of the output between top-ground and bottom-ground connections.        
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Many different techniques for the growth of the ZnO NWs have been used in previous 

studies of piezoelectric NGs under differ bending. S. Lee et al. generate power density of about 

0.011 µW/cm2 from a NG based on ZnO grown on one side of anodic aluminum oxide substrate 

[6].  J. Chun et al. generate power density of 1.2 µW/cm2 from a highly-stretchable composite 

NG based on stacking three-layers of hemispheres composite in a soft PDMS matrix [15]. 

Additionally, B. Saravanakumar et al. generate 1.46 µW/cm2 power density under 

folding/releasing a NG based on ZnO NWs grown on double side PET substrate [16]. Here we 

used growth of ZnO NWs on both sides of the flexible substrate and the technique shows an 

improvement of the harvested output potential compared to other studies using single sided 

ZnO NWs growth [19, 26]. One sided NGs have been reported in different studies, the polarity 

of the harvested voltage depends on the pending direction [6, 14, 15]. Furthermore, from the 

present double sided NG we have obtained anisotropic voltage polarity from the two sides 

when bending the NG independently of the direction of bending. Hence, the present double 

sided NG can act as a self-powered direction sensor to determine the direction of bending.  

(a)                                                                       (b) 
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Figure 5: The instantaneous output voltages and current of NG type I (a, b) and NG type II (c, 

d). 
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4. Conclusion 

We have fabricated a flexible nanogenerator based on ZnO NWs, hydrothermally grown 

through a single step on the two sides of a flexible plastic substrate. PEDOT:PSS or silver 

coated plastic were used, and no pronounced difference in the piezoelectric harvested energy 

was noted. The energy harvested under different bending angles for the two devices 

configurations generated 4.44 mW/cm2 and 2.5 mW/cm2, from the PEDOT:PSS and silver 

coated plastic, respectively. Further, the demonstrated results of harvesting mechanical energy 

from a double sided NG indicated that the output harvested power is doubled compared to the 

output power harvested form a single side, and is consistent with previously published results 

of connecting more than one NG in series. The harvested power from each side was found to 

increase with the bending angel until a maximum bending and upon any further increased 

bending the harvested powers starts to decrease. This observation was symmetric in nature for 

bending or releasing procedures. Further, upon bending, each side is either under 

compressional or tensile strain and this leads to simultaneously generates anisotropic voltage 

polarity on the two sides. Finally, these results indicate that the present piezoelectric double 

sided NG can be used as a simple and low cost and stable self-powered direction sensor for 

many applications, e.g. in safety and security surveillance systems.  
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