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Harnessing nanomaterials and the piezo-phototronic effect, we engineered 

a high-performance ultraviolet (UV) photodetector (PD), unveiling a new 

frontier in optoelectronics. This novel device seamlessly integrates zinc 

oxide nanorods (ZnO NRs) onto a flexible polyethylene terephthalate- 

indium tin oxide (PET-ITO) substrate through a straightforward and 

efficient hydrothermal process. This unique nanostructure design 

outshines its competitors, producing significantly higher current under UV 

illumination despite a comparable detection area. The plot thickens with 

the intriguing "piezo-phototronic effect," where applying pressure under 

UV light amplifies the current and overall device efficiency. This 

groundbreaking discovery paves the way for cutting-edge optoelectronic 

applications, where nanomaterials and the piezo-phototronic effect join 

forces to redefine performance. 
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1. Introduction  

The ability to detect light within the ultraviolet-

visible (UV-Vis) range is essential for diverse 

applications, including optical communication [1], 

flame detection [2], remote control [3], 

optoelectronic circuits [4], UV radiation detection 

for skin cancer prevention [5], and chemical gas 

sensing [6]. Furthermore, UV PDs have several 

applications in smart cars, including: a) sun glare 

detection: UV PDs can monitor the amount of UV 

radiation entering the cabin, detecting potential sun 

glare that could impair the driver's visibility. This 

information can trigger the automatic activation of 

the sun visor or the adjustment of the vehicle's 

interior lighting to reduce glare and enhance 

visibility, b) auto-dimming mirrors: UV PDs are 

used in auto-dimming mirrors to adjust the mirror's 

brightness based on the amount of headlight glare 

from oncoming vehicles. When the UV PDs senses 

intense UV light, it triggers the mirror to dim 

automatically, reducing the driver's exposure to 

dazzling headlights and improving nighttime 

visibility, c) advanced driver assistance systems 

(ADAS): UV PDs are being explored for use in 

ADAS features such as adaptive cruise control 

(ACC) and lane departure warning systems (LDW) 

[7, 8]. By detecting UV light from the vehicle's 

surroundings, these systems can enhance their 

performance by better understanding the 

environment and making more informed decisions 

[7, 8]. 

One-dimensional nanostructures, characterized 

by large surface-to-volume ratios and precisely 

engineered surfaces, have emerged as highly 

promising candidates for high-performance PDs 

due to their heightened sensitivity to light [9,10]. 

ZnO nanostructures exhibit characteristics of n-

type semiconductors with a wide direct band gap of 

3.34 eV and a notable exciton binding energy of 60 

meV [11,12]. Flexible PDs have made noteworthy 
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advancements, overcoming the constraints of 

traditional optoelectronic concepts [13,14]. 

PET-ITO, renowned for its flexibility, high 

conductivity, cost-effectiveness, and resistance to 

external mechanical forces, is often employed as a 

substrate for flexible PDs [15]. Wurtzite 

semiconductors such as ZnO display anisotropic 

properties along the c-axis and perpendicular to it 

[15]. The crystal structure of ZnO comprises 

tetrahedrally coordinated Zn2+ cations and O2- 

anions, generating a dipole moment under pressure 

[16]. The accumulation of these dipole moments 

within the crystal gives rise to a piezoelectric field 

along the strain direction, known as the piezo-

potential [16]. 

The exploration of the interplay between 

semiconductors, photoexcitation, and piezoelectric 

properties has given rise to the field of piezo-

phototronics, allowing for the manipulation of 

carrier generation, separation, transportation, and 

recombination processes at interfaces or junctions 

[16]. 

In this study, we fabricated flexible ZnO NRs-

based PDs, to systematically and comprehensively 

investigate their piezo-phototronic effects. 

Remarkably, the ZnO NRs-based UV PD exhibited 

substantial enhancements in photocurrent and 

photoresponsivity UVA region. Moreover, the 

application of a compressive strain of -0.20% to the 

PD resulted in an increased photocurrent, 

demonstrating the capability of the piezo-

phototronic effect to enhance PD performance. 

 

2. Experimental 

The vertically growth of ZnO nanorod arrays on 

PET-ITO substrate involves a sequential two-step 

process: 

a) Coating of ZnO seed layer on the substrate: 

A seed layer was produced on a 1.5×1.5 cm2 

flexible PET-ITO substrate using a sol-gel-based 

spin coating technique. To commence the process, 

the substrate underwent a thorough cleaning 

procedure to ensure a pristine surface. 

Subsequently, 1 M ZnO sol was synthesized by 

meticulously combining absolute ethanol, zinc 

acetate dehydrates and, triethylamine under 

continuous stirring at 50°C for 20 minutes, 

resulting in a clear and homogeneous ZnO 

solution. The sol was then applied to the substrate 

with a spin coater, spinning it at 3000 rpm for 30 

seconds to uniformly deposit a thin seed layer. 

Finally, to eliminate the solvent and precursor, the 

substrate was dried at 70°C. 

b) Growth of well-aligned ZnO NRs arrays: 

The intricate process of fabricating vertically 

aligned ZnO NRs arrays unfolded through a 

carefully orchestrated hydrothermal synthesis. To 

initiate this transformative journey, a synergistic 

blend of zinc nitrate hexahydrate, deionized water, 

and hexamethylenetetramine was carefully 

prepared. Two aqueous solutions, each containing 

0.01M of zinc nitrate and HMTA, were prepared 

separately. Both solutions were then vigorously 

stirred together using magnetic agitation for 30 

minutes at room temperature. This thorough 

mixing ensured the formation of a uniform and 

homogeneous mixture. This carefully crafted 

precursor solution was then delicately transferred 

into a stainless-steel Teflon-lined autoclave, 

depicted in Figure 1a. The stage was now set for 

the transformative hydrothermal treatment. As the 

autoclave was heated to a balmy 90°C, the samples, 

now poised for their metamorphosis, were 

horizontally immersed in the solution. This 

transformative phase lasted for a meticulous 4 

hours, allowing the zinc ions to react with the 

hexamethylenetetramine and H2O, resulting in the 

formation of vertically aligned ZnO NRs. 

Following this transformative phase, the samples 

underwent a cleansing ritual, meticulously rinsed 

with DI water multiple times to effectively 

eliminate any lingering reactants or solution 

remnants. This thorough rinsing step ensured the 

removal of impurities and ensured the purity of the 

synthesized ZnO NRs. Finally, the rinsed samples 

were air-dried, completing their metamorphosis 

into towering ZnO NRs arrays. The production of 

ZnO NRs UV PDs entailed a meticulously 

coordinated procedure that transformed ZnO NR 

arrays into operational devices. The initial step 

involved depositing a 150 nm-thick thin film of 

ITO onto the ZnO NRs, as the n-type contact for 

the device, using a technique called RF magnetron 

sputtering. For the establishment of the 

complementary contact, silver ink was precisely 

administered onto the PET-ITO substrate, forming 

a conductive path. This precise lithographic step 

ensured the accurate alignment of the silver 

contacts with the ZnO NRs, thereby establishing 

the essential electrical connection for the device. 

Figure 1b presents a schematic illustration of the 

fabricated ZnO NRs-based UV PD. 
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Figure 1: (a) stainless-steel Teflon-lined autoclave, (b) the schematic representation of the fabricated UV PD. 

3. Result and discussion 

3.1. Structural analysis 

Figure 2a presents a top-view image obtained 

using scanning electron microscopy (SEM). It 

showcases the ZnO seed layer deposited on the 

PET-ITO substrate in impressive detail. The image 

reveals a densely packed and uniform layer, 

indicating successful preparation. The image 

reveals an average grain size of around 50 nm, 

showcasing the homogeneity and compactness of 

the seed layer. 

Top-view SEM images of the well-aligned ZnO 

NRs grown on the flexible PET-ITO substrate with 

100 and 20 nm magnitude are presented in Figure 

2b and, Figure 2c, respectively. The SEM images 

highlight an exceptionally dense and uniformly 

spread network of ZnO NRs covering the entire 

surface of the PET-ITO substrate. 

These NRs display a distinctive hexagonal 

morphology, with a diameter measuring 

approximately 40-50 nm, thereby providing 

additional confirmation of their successful growth. 

The cross-sectional SEM image depicted in Figure 

2d validates the vertical growth of ZnO NRs on the 

substrate, exhibiting an average diameter of 

approximately 564 nm. 

Figure 3a and, Figure 3b illustrates the X-ray 

diffraction (XRD) pattern of the ZnO seed layer 

and, the ZnO NRs, respectively. Indexing and 

comparison the XRD pattern with JCPDS cards 

(No. 36-1451 cards) and, (No. 75-1526) validate 

the wurtzite structure of the ZnO seed layer and 

ZnO NRs, respectively [12,17]. In Figure 3b, the 

increased intensity of the (002) reflection peak, 

along with the clear observation of (101) and (100) 

peaks, signifies a favored growth along the polar 

planes of the ZnO NRs, oriented perpendicular to 

the substrate [18,19]. This observation aligns with 

the SEM findings, providing additional support to 

this conclusion. 

3.2. Optical analysis 

UV-Vis spectra, depicted in Figure 4a, provide 

clues about the samples' optical properties, 

confirming their unique characteristics. Observing 

changes in these properties helps unravel the 

mechanisms governing electron transfer between 

the valence and conduction bands. The ZnO NRs 

exhibit a singular absorption peak centered around 

356 nm [20]. A higher density of ZnO NRs 

enhances light exposure, maximizing the 

interaction of light with the underlying material. 

Furthermore, the perpendicular orientation of the 

nanorods, achieved through controlled vertical 

growth, significantly enhances light trapping 

compared to less vertically aligned nanorods. 
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Figure 2: The top view SEM image of the (a) ZnO seed layer, and well-aligned ZnO NRs arrays with (b) 100 nm (c) 

20 nm magnitudes. (d) cross-sectional SEM image of ZnO NRs 

This is because the light travels a longer path 

within the nanorods, as schematically illustrated in 

Figure 4b. This efficient light trapping is crucial for 

maximizing the device's light absorption and 

overall performance [21]. In (1), a clear correlation 

is depicted between the light absorption (denoted 

as A) and optical path length traversing nanorods 

(denoted as x). Consequently, the increased optical 

path length in vertically aligned nanorods directly 

amplifies their capacity for light absorption [22]. 

𝐴/𝐼0 = (1 − 𝑒𝛼𝑥)                                                              (1) 

    Note that intensity of the incident light and the 

absorption coefficient denoted as I0 and α, 

respectively. The transmission spectra of the 

prepared sample are shown in the inset of Figure 

4a. According to the results, the prepared sample 

showed high transparency in the visible region. 

    The room-temperature photoluminescence (PL) 

spectra, as illustrated in Figure 5, reveal distinctive 

features for the ZnO NRs. Notably, there are dual 

emission peaks, one in the UV region (indicating 

near-band-edge (NBE) emission and free exciton 

transitions) and another in the visible region 

(associated with deep-level defect (DLD) 

transitions) that dominate the spectrum [9,20].  
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Figure 3: The XRD patterns of the (a) ZnO seed 

layer (b) well-aligned ZnO NRs arrays. 

The strong dominance of UV emission over 

visible emission in the ZnO NRs, evident from the 

high ratio of their peak intensities, points towards 

minimal defects and superior crystal quality in the 

grown nanostructures [23]. 

3.3. Electrical characteristic 

Figure 6 illustrate the current-voltage (I-V) 

characteristics of ZnO NRs under both dark and 

UV illumination conditions. Upon exposure to UV 

light, exhibit an increase in current at identical bias 

voltages. This phenomenon is ascribed to the 

photoexcitation of electrons in ZnO, prompting 

their transition from the valence band to the 

conduction band and the subsequent formation of 

free excitons [24]. The photocurrent can be 

determined using (2) [20]: 

IPhoto current = IUndr UV illumination − IDark condition   (2) 

    Where IUndr UV illumination is the current under 

UV illumination and IDark condition is the current in 

dark condition. Figure 6 shows ZnO NRs PDs with 

photocurrents exceeding dark currents by ~3 orders 

of magnitude. Photoresponsivity (R), a measure of 

light sensitivity, is calculated using (3) [20]: 

R(A W⁄ ) = IPhoto current/ Pincident                         (3) 

    Here the power of the incident light denoted as 

Pincident. 

    The notion of detectivity (D*), a fundamental 

measure assessing a photodetector's ability to 

distinguish subtle light signals amidst background 

noise, is quantifiable through (4) [25]:  

D∗ = (RA1/2)/(2𝑞𝐼𝐷𝑎𝑟𝑘 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛)1/2                  (4)

 

Figure 4: (a) Absorption spectra of the ZnO NRs. The inset shows the transmission spectra of the ZnO NRs. (b) the 

optical path traversing through nanorods 
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Figure 5: The room-temperature photoluminescence 

(PL) spectra of the ZnO nanorods 

 

 

Figure 6: (a) I-V curves of the ZnO device under 

dark condition and UV illumination with 365 nm 

UV light 

    Table 1 summarizes the calculated values for key 

performance metrics of the device, including 

photocurrent, responsivity (R), and detectivity 

(D*). 

Table 1. The specifications of fabricated PDs 

Device 𝝀 
Photo-

current  
Responsivity 

Detectivity 

(Jones) 

ZnO NRS 365 nm 0.43 mA 0.46 (A/W) 11×1010 

    This research investigates the effects of 

externally applied different external strains (tensile 

and compressive form) on the transport of charge 

carriers in ZnO NRs-based UV PDs. This 

phenomenon, termed the piezo-phototronic effect, 

offers a novel avenue for manipulating the 

performance of these devices. A specifically 

designed setup, utilizing a stationary XYZ linear 

translation stage (Figure 7) allows for precise strain 

application, enabling a systematic analysis of its 

impact on the performance of the devices [26]. The 

strain values are determined using (5) [27]: 

Strain =
ts+2r

2R
× 100                                          (5) 

Where ts is the substrate thickness, r and R are the 

radius of the ZnO NRs, and the bending radius, 

respectively. A schematic depiction of the bending 

apparatus is presented in the inset of Figure 7 [27]. 

This methodology facilitates characterization and 

analysis of strain's impact on PD performance, 

elucidating the mechanisms and potential 

applications of the piezo-phototronic effect. 

    Figure 8 reveals the current-voltage (I-V) 

characteristics of the ZnO NRs PD under different 

levels of stress and UV illumination with 365 nm. 

This informative diagram sheds light on the 

device's performance and its response under 

varying strain and light conditions. Interestingly, 

the application of compressive strain enhances the 

photocurrent, increasing it from 0.43 mA to 0.54 

mA within the -0.36% strain range. In contrast, 

tensile strain results in a decrease in photocurrent, 

dropping from 0.43 mA to 0.23 mA at a tension of 

0.36%. These findings underscore a tangible 

correlation between strain and photo-response. 

Further insights are provided in Table 2, offering a 

comprehensive view of the device's performance 

through parameters such as responsivity, 

detectivity, and sensitivity. 

    Table 2 illustrates the significant impact of 

external forces on the photocurrent, responsivity, 

and detectivity of the device. 

 

Figure 7: the experimental setup employed to 

generate compressive and tensile forces on the 

sample. The inset highlights the design of the 

bending apparatus.  
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Figure 8: The I-V curves of the ZnO NRs-based PD 

were examined under UV illumination, with applied 

strains ranging from -0.36% to +0.36% 

 

Table 2: The operational features of the manufactured 

ZnO nanorods-based photodetector were assessed 

under diverse strain conditions. 

Sample Photo-current Responsivity Detectivity (Jones) 

-0.36% 0.54 mA 0.62 A/W 1.71× 1010 

-0.18% 0.51 mA 0.58 A/W 1.49× 1010 

Free 

strain 
0.43 mA 0.46 A/W 1.18× 1010 

0.18% 0.26 mA 0.29 A/W 0.74× 1010 

0.36% 0.23 mA 0.25 A/W 0.65× 1010 

    The application of tensile or compressive strain 

induces the generation of negative or positive 

piezoelectric charges at the ZnO/ITO interface. 

These charges, in turn, modulate the barrier height 

at the junction, influencing the migrate of the 

photo-generated carriers. These findings 

underscore the robust correlation between external 

forces, the ensuing piezo-phototronic effect, and 

the performance parameters of the device [26]. The 

major contribution likely arises from the 

generation of piezo-charges at the interface 

between the ITO and ZnO, triggered by the applied 

strain [26]. During inward bending (compressive 

strain), negative piezo-charges arise at the 

ITO/ZnO interfaces. Equation (6) defines a 

quantitative correlation between the creation of 

negative piezo-charges and the consequent 

elevation in barrier height (BH), presumably driven 

by their impact on the interfacial potential profile 

[16]. 

φB = φB0 −
q2ρpiezoWpiezo

2

2εs
                                  (6) 

    In the given context, φB and, φB0 represent the 

BH in the presence and absence of piezo-charges at 

the ZnO NRs /ITO interface, respectively. Here, q, 

εs, Wpiezo and, ρpiezo denotes the electric charge, 

the permittivity of the ZnO NRs, the width of the 

depletion layer in the presence of piezo-charges 

and, the polarization charge density, respectively. 

Squeezing the device (compressive strain) 

amplifies the built-in electric field within the 

material. This acts like a superhighway, efficiently 

separating and collecting the electron-hole pairs 

generated by light absorption [28, 29]. 

Additionally, the pressure induces negative 

charges at the interfaces, further widening the 

"depletion zone" where light absorption is most 

likely. This double whammy leads to more charge 

carriers reaching the electrodes, boosting the 

photocurrent (converted light into electricity) and 

overall light sensitivity [16]. On the other hand, 

stretching the device (tensile strain) has the 

opposite effect. Positive charges form at the 

interfaces, shrinking the depletion zone and 

weakening the electric field. This traffic jam 

hinders the separation and collection of charges, 

resulting in a weaker photocurrent and reduced 

light sensitivity [28, 29]. 

 

4. Conclusion 

    The primary aim of this investigation was to 

explore the impact of the piezo-phototronic effect 

on the performance of a UV PD utilizing ZnO NRs, 

cultivated on a PET-ITO substrate through 

hydrothermal deposition. Experiments 

demonstrated the developed photodetector's 

exceptional and consistent photoresponsivity, 

paving the way for its use in some application such 

as smart vehicles. Additionally, the study delved 

into the influence of the piezo-phototronic effect on 

the performance of the UV photodetector. 

Applying compressive and tensile strains emerged 

as an effective means to manipulate the transport 

properties of photo-generated electron-hole pairs, 

notably affecting their separation and 

recombination process. This finding opens exciting 

avenues for tailoring the performance of 

optoelectronic devices based on piezo-phototronic 

effects. Intriguingly, applying compressive strain 

led to a significant boost in photoresponsivity and 

overall PD performance. This finding highlights 

the potential of strain engineering for enhancing 

device performance, paving the way for the 

development of next-generation, high-efficiency 

UV PDs with improved flexibility and cost-

effectiveness
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