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The piezoelectric devices made of ZnO nanowires have received a great interest in the past decade as potential 

nanogenerators and sensors. However, their characteristics are still limited significantly by the screening of the 

piezoelectric potential generated under mechanical solicitations, originating from the high density of free electrons 

in ZnO nanowires. In order to tackle that issue, we develop the compensatory Sb doping of ZnO nanowires grown 

by chemical bath deposition, both in the low- and high-pH regions using Sb glycolate and ammonia as chemical 

additives. The adsorption process of Sb(III) species on the positively charged surfaces of ZnO nanowires proceeds 

through attractive electrostatic forces, resulting in the significant incorporation of Sb dopants with an atomic ratio 

in the range of 0.11‒0.45%. The optical properties of Sb-doped ZnO nanowires exhibit additional phonon modes 

related to Sb dopants in the range of 500‒750 cm‒1 in the Raman spectra, and some specific characteristics in the 

nature and intensity of radiative recombination in the cathodoluminescence spectra. Importantly, the integration of 

Sb-doped ZnO nanowires encapsulated in PMMA and grown on PDMS into flexible piezoelectric dynamic strain 

sensors is shown to drastically boost the piezoelectric charge and voltage coefficients by a factor of 2.65 and 1.91, 

following the significant incorporation of Sb dopants. A subsequent thermal annealing under oxygen atmosphere is 

revealed to further increase the piezoelectric charge and voltage coefficients by an additional factor of 1.38 and 
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1.49, following the activation of Sb doping and engineering of hydrogen-related defects. Two figures-of-merit are 

eventually derived from the piezoelectric charge and voltage coefficients and their values for flexible piezoelectric 

composites made of annealed Sb-doped ZnO nanowires are compared to more conventional piezoelectric materials, 

showing their high potential for medical devices. The present findings highlight the strategy consisting in 

simultaneously introducing compensatory acceptors and engineering hydrogen-related defects to reduce the 

screening effect, representing an additional powerful tool to enhance the characteristics of the piezoelectric devices 

integrating ZnO nanowires. 
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1. Introduction 

The growth of ZnO nanowires (NWs) via the low-temperature and low-cost method of chemical bath deposition 

(CBD) has gained great attraction due to the existing opportunity to develop devices for the fields of chemical and/or 

biological sensing,[1-4] photovoltaics,[5] optoelectronics,[6-8] piezotronics,[9] and piezoelectricity.[10, 11] 

Among them, the piezoelectric devices made of ZnO NWs in the vertically integrated configuration are of high 

interest for converting biomechanical energy,[12] mechanical energy,[13] vibrational energy,[14] and hydraulic 

energy[15] into electrical energy for power supply and strain/stress sensing. They are supposed to exhibit several 

assets including larger piezoelectric coefficients at nanoscale dimensions, resistance to extremely large elastic strain 

without fracture, higher force-to-displacement sensitivity, high speed and lightness.[16] However, they face so far 

a critical challenge limiting the output voltage, namely the high density of free electrons in ZnO NWs resulting in 

the significant screening of the piezoelectric potential generated under mechanical solicitations.[17] Their high 

aspect ratio and the related large surface area are liable to induce their partial depletion from free electrons,[18] but 

these surface effects are commonly not sufficient. Along the CBD technique compatible with green chemistry[19] 

and flexibility,[20] ZnO NWs crystallize in a hydrogen-rich environment with other types of residual impurities 

coming from the chemical precursors in the surrounding aqueous media.[21-27] The nucleation of ZnO NWs is thus 

accompanied by the spontaneous formation of specific hydrogen- (H), nitrogen- (N), and carbon- (C) related defects 

on their surfaces and in their bulk.[28]  In recent years, a great effort has been addressed to properly understand the 

influence of these intrinsic/extrinsic point defects and defect complexes governing the electronic structure properties 

of ZnO NWs. Starting two decades ago, Van de Walle revealed by density functional theory (DFT) calculations that 

interstitial H (Hi) acts as a shallow donor over the whole range of the Fermi level.[29] Consequently, the H-related 

defects were identified as Hi in the bond-centered site (HBC),[29] and substitutional hydrogen on the oxygen lattice 

site (HO), both of them acting as shallow donors.[30] More recently, zinc vacancy-hydrogen (VZn-nH) complexes 

were also investigated, where n represents the number of Hi atoms,[31, 32] and the VZn-1H, VZn-2H, and VZn-3H 

complexes were found to act as a deep acceptor, neutral defect, and shallow donor, respectively.[33] Due to the 

verified presence of HBC, HO and VZn-3H acting as shallow donors, a high density of free electrons in the range of 

2.7 × 1018 to 3.1 × 1019 cm‒3 in spontaneously grown ZnO NWs by CBD and 6.4 × 1017 to 1.1 × 1019 cm‒3 in selective 

area grown ZnO nanorods by CBD was determined using four-point probe resistivity measurements.[33, 34] Hence, 
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these H-related defects are the major source of n-type conductivity in unintentionally doped ZnO NWs grown by 

CBD.[33, 34] Regarding the N-related defects, a recent study showed by DFT calculations and Raman scattering 

that the VZn-NO-H defect complex acts as a deep acceptor and it possesses an interesting activation mechanism by 

thermal annealing at ~500 °C via the combination of NO-H defects with VZn.[35] To reduce the density of free 

electrons in ZnO NWs grown by CBD strengthening the screening of the piezoelectric potential,[36-39] a special 

attention has recently been brought to engineer the intrinsic/extrinsic point defects and defect complexes in 

unintentionally doped ZnO NWs. This has included (i) the initial adjustment of the pH of the CBD solution to 

modify the oxygen chemical potential (µO) and consequently the formation energy of point defects,[40] (ii) the post-

deposition thermal annealing under oxygen atmosphere,[35] and (iii) the post-deposition plasma treatments.[41] 

Although these strategies have been shown to significantly affect the nature and amount of H- and N-related defects 

in ZnO NWs, they are still not sufficient to significantly boost the characteristics of piezoelectric devices.  

An alternative, additional strategy to be considered toward the fabrication of ZnO NWs with a lower density of 

free electrons consists in incorporating p-type dopants to act as compensatory acceptors.[42] Different p-type doping 

methodologies for N,[43] copper,[44] and antimony (Sb)[45, 46] have specifically been developed when using the 

CBD and hydrothermal growth techniques. Among them, Sb-doped ZnO NWs have elegantly been manufactured 

by Wang et al. using Sb glycolate (SbG ),[46] and hence Sb may be a promising dopant to deliver stable p-type 

conductivity with efficient piezoelectric properties in sensing and energy conversion applications.[46-48] 

Furthermore, it was suggested that the incorporation of Sb atoms in the wurtzite structure of ZnO could form SbZn-

2VZn defect complexes exhibiting a low formation energy and a small ionization energy.[49] More recently, it was 

also reported that the SbZn-3VZn defect complex may constitute a more stable configuration and act as a deep 

acceptor.[50] Along with theoretical studies on the formation energy of these defects, Sb atoms were found to 

substitute for the Zn lattice sites in ZnO via the analysis of β-particle emission at CERN’s online isotope separator 

facility ISOLDE.[51] However, the incorporation process of Sb dopants into ZnO NWs grown by CBD is still open 

and the physicochemical processes in the chemical bath have not been elucidated yet, while the effect on the H- and 

N-related defects for the compensatory process along with the impact on the characteristics of related piezoelectric 

devices have not been assessed. 

In the field of piezoelectric applications, ZnO NWs might act as building blocks in biosensors for the cardiac 

surgery of mitral valve.[52] Currently, the success of mitral valve repair is assessed via echocardiography, providing 
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precise real-time morphological analyses and functional parameters based on heuristic approximations. 

Unfortunately, such a technique was revealed to be insufficient to predict mid-term postoperative failure at the time 

of the repair.[53] Consequently, the development of piezoelectric dynamic strain sensors to measure new physical 

parameters, in addition to echocardiography, could allow physicians to significantly improve their abilities to 

perform effective and long-lasting repairs at a greater frequency.[54] The first prototype was built using 

piezoresistive materials, with the aim of demonstrating the possibility of measuring the force of coaptation of mitral 

valve, which is considered as a key parameter to help the understanding of mitral valve pathology.[55] The 

piezoresistive materials have been revealed to be easily processed, cost-effective, miniaturizable, and adaptable to 

printing technology,[56, 57] which make them as one of the most widely used in sensing devices, mainly as strain 

gage. However, contrarily to the piezoelectric materials, the strain gage is passive and thus needs a conditioning 

circuit to convert a resistance variation to an output voltage. The output voltage is thus relatively sensitive to noise 

owing to the poor signal-to-noise ratio. Accordingly, the signal induced from the strain gage is usually filtered to 

remove high-frequency noises, resulting in signal distortion due to harmonics alteration. Other limitations of the 

piezoresistive materials are related to drift effect (meaning derived signal in a long-time measure), and nonlinear 

response especially when being subjected to a bending excitation driven by the mitral valve.[55] Piezoelectric 

materials have nevertheless been demonstrated to be efficient not only in compression mode,[58, 59] but also in 

bending mode.[60, 61] Moreover, these materials deliver an output voltage merely in the case of dynamic 

mechanical solicitations, which in turn results in no drift effect. Such exceptional features undoubtedly make 

piezoelectric dynamic strain sensors as promising candidates for the characterization of mitral valve, which could 

overcome the technological lock of the first sensor network prototype. 

In this study, we prepare Sb-doped ZnO NWs by CBD with [SbG ] / [Zn(NO3)2] ratios of 0.0, 0.2, 1.0 %. To 

elucidate the physicochemical processes at work in the chemical bath via the influence of pH, the NWs are grown 

in the distinctive low- and high-pH regions with an initial pH (pH0) of ~6.6 and ~10.8, respectively. The 

morphological properties are investigated by field-emission scanning electron microscopy (FESEM) and X-ray 

diffraction (XRD) measurements. The incorporation process of Sb dopants is evaluated with a combined analysis 

of thermodynamic computations of the nature/concentration of Zn(II) and Sb(III) species, along with the in situ 

measurements of pH and temperature during the growth. Elemental maps performed with FESEM and scanning 

transmission electron microscopy (STEM) using energy-dispersive X-ray spectroscopy (EDS), temperature-
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dependent Raman spectroscopy and 5 K cathodoluminescence spectroscopy measurements give further evidence of 

the incorporation process of Sb dopants and of H- and N-related defects into ZnO NWs as well as of their activation 

using one-step and two-step thermal annealing conditions under oxygen atmosphere. ZnO NWs on PDMS substrates 

are eventually integrated into flexible piezoelectric devices within a vertically integrated configuration (i.e. 1-3 

connectivity pattern) as dynamic strain sensors. A drastic improvement of the characteristics of piezoelectric 

dynamic strain sensors integrating ZnO NWs grown by CBD and following the thermal annealing and Sb-doping 

strategies is shown through the determination of the piezoelectric charge (d33) and voltage (g33) coefficients. 

2. Experimental and theoretical sections 

2.1. Synthesis and Thermal Annealing of ZnO nanowires 

Substrates of silicon (100) and Corning glass 1737 were cleaned with ultrasonic bath in acetone and isopropyl 

alcohol to remove surface organic contaminants and residual dust particles. The substrates were mechanically 

dipped into a ZnO sol-gel solution and subsequently annealed following the methodology detailed in refs.[33, 62], 

to form a ZnO seed layer. As proposed by Wang et al., the Sb-dopant solution consisting of antimony 

glycolate SbG , was prepared via the dissolution of antimony (III) acetate ((CH3CO2)3Sb, Sigma-Aldrich) in a 

sodium glycolate solution at a 1:12 ratio.[46] ZnO NWs were grown by CBD in a sealed reactor at 85 °C containing 

deionized water-based solutions of zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, Sigma-Aldrich) and 

hexamethylenetetramine (HMTA) (C6H12N4, Sigma-Aldrich) mixed in an equimolar ratio of 30 mM. 

As detailed on Table 1, the initial pH of the solution (pH0), with the respective [SbG ] / [Zn(NO3)2] ratio for 

each sample, were prepared by the addition of ammonia (NH3, Sigma-Aldrich) and the Sb-dopant solution, SbG , 

respectively. Finally, two different conditions of thermal annealing under oxygen atmosphere were performed: (a) 

one-step annealing at 300 °C for 4 h, and (b) two-step annealing at 300 °C for 4 h plus a consecutive 1 h at 450 °C. 

Table 1. CBD conditions for the series of ZnO NWs grown with the respective [SbG ] / [Zn(NO3)2] ratio and pH0. 

pH region [𝐒𝐛𝐆𝟐 ] / [Zn(NO3)2] [NH3] added (mM) pH0 

Low-pH region 
0.0 % 0 6.42 
0.2 % 0 6.66 
1.0 % 0 6.65 

High-pH region 
0.0 % 690 10.84 
0.2 % 694 10.78 
1.0 % 707 10.83 
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A 0.5 mm-thick elastic silicone elastomer sheet (PDMS, Goodfellow) was employed as a flexible substrate to 

fabricate the piezoelectric sensor. A 40 nm-thick ZnO seed layer was deposited on top of a clean PDMS substrate 

via dip-coating procedure. Subsequently, the whole structure was immersed in an equimolar proportion of the CBD 

precursors, as previously detailed. After that, a 2 µm-thick poly(methyl methacrylate) (PMMA) thin film was spin 

coated as an interstitial insulating matrix between the ZnO NWs and as a top insulating layer. The [SbG ] / 

[Zn(NO3)2] ratio and thermal annealing conditions used for the ZnO NWs based piezoelectric dynamic strain sensors 

are detailed in Table 2. Finally, thin gold electrodes of 25 nm thickness and 10 mm diameter were coated on both 

sides of NWs composite films, using a sputter coater (Cressington, 208HR). 

Table 2. CBD conditions for the series of ZnO NWs based piezoelectric devices. 

Sample Thermal annealing [𝐒𝐛𝐆𝟐 ] / [Zn(NO3)2] 
PDMS/as-grown ZnO NWs Not annealed 0.0 % 
PDMS/annealed ZnO NWs 220 °C (O2 atm, 2 hours) 0.0 % 
PDMS/as-grown Sb-doped ZnO NWs Not annealed 1.0 % 
PDMS/annealed Sb-doped ZnO NWs 220 °C (O2 atm, 2 hours) 1.0 % 

 
2.2. Characterization Techniques 

During the ZnO NWs growth, the in situ measurement of pH and temperature was performed with an InLab 

Versatile Pro pH electrode from Mettler Toledo. The morphology of ZnO NWs was evaluated with a FEI Quanta 

250 FESEM instrument. FESEM-EDS spectra were recorded on single ZnO NWs using a Bruker X-ray detector 

incorporated in the FEI Quanta 250 FESEM operating at 15 kV. XRD patterns were collected with a Bruker D8 

Advance diffractometer using Cu Kα1 radiation (λ = 0.15406 nm) according to the Bragg-Brentano configuration, 

with an instrumental shift corrected by aligning the Si(400) diffraction peak to its theoretical value of 69.132°. The 

ZnO diffraction peaks were indexed according to the ICDD 00-036-1451 file. STEM specimens were prepared by 

dispersing ZnO NWs on a copper grid, using a diamond tip. STEM-EDS spectra and maps of single/dispersed ZnO 

NWs were collected with a JEOL SDD Centurio detector having a solid angle of up to 0.98 steradians incorporated 

in the JEOL 2100F field-emission-gun scanning electron microscope operating at 200 kV and having a 0.2 nm 

resolution in the scanning mode. The nature of the Sb-, N- and H-related defects was investigated by Raman and 5 

K cathodoluminescence spectroscopy. The Raman spectroscopy of ZnO NWs was performed with a Horiba/Jobin 

Yvon Labram spectrometer equipped with a liquid nitrogen-cooled CCD detector. A 514.5 nm Ar+ laser was focused 

on the sample surface to a spot size ~1 µm2 with ~0.44 mW power using a 100× objective. The integration time was 
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of 200 s per spectral window from 50 cm-1 to 3750 cm‒1. A silicon reference sample was used for spectrum 

calibration at room temperature, with the theoretical Raman line set to 520.7 cm‒1. Additionally, an in situ 

postdeposition annealing was performed under an O2 atmosphere from room temperature to 500 °C, using a 50× 

objective. The temperature control was performed using a commercial Linkam heating stage (THMS600). The 

Raman analysis was achieved in a 𝑧 , 𝑧̅ geometry, probing the array of ZnO NWs from the top. The 5 K 

cathodoluminescence acquisition was performed on top of an array of vertically aligned ZnO NWs with a FEI 

Inspect F50 FESEM instrument equipped with Gatan CF302 a liquid helium-cooled stage. An electron beam with 

low acceleration voltage of 5 kV and a small spot size (i.e., less than 10 nm) were used to probe the array of ZnO 

NWs in fast scan mode over an area of 2.5 x 2.5 µm2. A parabolic mirror controlled with nanomanipulators helped 

to collect the cathodoluminescence signal on a 550 mm focal length monochromator (Horiba iHR550) equipped 

with 600 grooves/mm diffraction grating. Cathodoluminescence spectra were recorded with a thermoelectric cooled 

silicon CCD detector (Andor Technology Newton CCD DU940-P-BU). 

The flexible ZnO NW composites were clamped in a sample holder (AMETEK, 12962a) to measure their 

dielectric spectra with the help of a spectrum analyzer (Solartron, 1255) and a dielectric interface (Solartron, 

1296A). The measurements were performed with a driven alternating voltage (VRMS = 200 mV) in a large frequency 

range of 0.1 Hz to 1 MHz. The piezoelectric characterizations were carried out in a specific test bench that has been 

described in refs. [63, 64]. In short, the samples were mechanically excited with a sinusoidal signal at 1 Hz and 

increasing amplitudes of force (F), meanwhile the generated charges (Q) were synchronously collected and 

measured in a high-sensitivity charge meter (KISTLER, Type 5015) through a short-circuit loop. The piezoelectric 

charge coefficient (d33) was estimated as follows:  

𝑑  ∗     (1) 

where 𝐴  and 𝐴 denote the surface areas of the gold electrode and the clamped surface, respectively. The d33 

piezoelectric charge coefficient in turn led to an estimation of the piezoelectric voltage coefficient (g33) based on 

the measurement of the dielectric constant (εr). To a practical point-of-view, measuring the charge (or current) 

generated by a high-impedance piezoelectric material in a short circuit condition where external perturbations are 

minimized is much easier to determine the g33 value. Inversely, measuring the voltage in an open circuit condition 
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to determine the g33 value is not applicable in a low-frequency domain because of the electrical impedance mismatch 

of the circuit. 

2.3. Thermodynamic Computations 

Thermodynamic simulations were performed with the Visual MINTEQ software to determine the speciation 

diagrams of Zn(II) and Sb(III) species as well as the theoretical solubility plots of ZnO at 25 °C and 85 °C at each 

NH3 concentration. For the present conditions, the Zn2+ cation in aqueous solution is capable of forming hydroxide, 

amine, glycolate and/or acetate complexes with the possible ligands (HO‒, NH3, G‒ and CH3COO‒) denoted as L. 

The Sb3+ cation in aqueous solution is capable of complexing with hydroxide and glycolate ligands. Given the 

general reactions nMx+ + iL ↔ MnLi
 n⋅x+, where MnLi

 n⋅x+ is the complex considered with i as the coordination 

number. The related stability constants 𝛽  associated with each reaction are given by 𝛽
⋅

. These 

constants at room temperature were taken from the National Institute of Standards and Technology (NIST) database 

and the constants at 85 °C were deduced from Van’t Hoff relation. To calculate the theoretical solubility plots for 

each condition, Zn- and Sb-related oxides and hydroxides were considered. 

3. Results and discussion 

3.1. Effect of Sb-Doping on the Growth Mechanism of ZnO Nanowires 

Description of the Structural Morphology of ZnO Nanowires 

The heterogeneous formation of vertically aligned, unintentionally doped and Sb-doped ZnO NWs was 

performed on polycrystalline ZnO seed layers oriented along the polar c-axis. The grains with semipolar and polar 

orientations act as preferential sites for the homo-epitaxial nucleation of ZnO NWs.[62, 65, 66] The morphological 

properties of ZnO NWs as-grown by CBD with [SbG ] / [Zn(NO3)2] ratios of 0.0%, 0.2%, and 1.0% in the low-pH 

and high-pH regions are shown in Figure 1a using FESEM imaging. The resulting axial growth rate, radial growth 

rate, aspect ratio, and apparent density of ZnO NWs as defined in ref. [40] are presented for each CBD condition in 

Figure 1b. 

The unintentionally-doped ZnO NWs as-grown by CBD in standard conditions used in the low-pH region present 

the characteristic wide-hexagonal shape of their wurtzite structure,[40, 67] as well as the typical axial and radial 

growth rates of about 298 and 26 nm/h, respectively.[33, 40] Their aspect ratio is accordingly of about 11. The 

morphology of Sb-doped ZnO NWs grown with [SbG ] / [Zn(NO3)2] ratios of 0.2 % and 1.0 % in the low-pH region 
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shows no change in their wide-hexagonal shape when nucleated under the presence of SbG  ions. The moderate 

decrease in the apparent density and slight increase in the aspect ratio may suggest a preferential interaction of the 

SbG  ions with the polar c-plane. Furthermore, a slight change in the axial and radial growth rates occurs following 

the introduction of SbG  species in the chemical bath. The undoped ZnO NWs as-grown by CBD in the high-pH 

region present a tapered hexagonal tip with a drastic increase in the axial and radial growth rates up to about 2053 

and 36 nm/h, respectively. Their aspect ratio is consequently of about 57. Further increasing the [SbG ] / [Zn(NO3)2] 

ratios from 0.0 % to 1.0 % along the high-pH region results in a significant increase in the axial growth rate of Sb-

doped ZnO NWs up to 2524 nm/h and a much more pronounced increase in their radial growth rate up to 64 nm/h. 

The aspect ratio accordingly decreases down to a value of about 40, which may indicate a preferential interaction 

of the SbG  ions with the non-polar m-planes. Additionally, the increase in the radial growth rate accounts for the 

coalescence of Sb-doped ZnO NWs grown with [SbG ] / [Zn(NO3)2] ratios of 0.2 % and 1.0 % in the high-pH 

region and the resulting formation of a columnar film structure at their bottom. Overall, the present investigation is 

in agreement with Li et al. showing that the increase of the amount of Sb-dopants promotes the formation of tapered 

ZnO nanocones with faceted terraces due to an increase in the radial growth and the modified kinetics from the 

adsorption of SbOX species.[68]  
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Figure 1. Cross-sectional- and top-view FESEM images of ZnO NWs as-grown by CBD with [SbG ] / [Zn(NO3)2] 

ratios of 0.0 %, 0.2 %, and 1.0 % in the low-pH (first row) and high-pH regions (second row). The scale bars for 

the cross-sectional view and top-view images are 500 nm and 100 nm, respectively. Evolution of the (b1) axial 

growth rate, (b2) radial growth rate, (b3) aspect ratio, and (b4) apparent density of ZnO NWs grown by CBD as a 

function of the [SbG ] / [Zn(NO3)2] ratio in the low-pH and high-pH regions. (c) Speciation diagram of the main 

Zn(II) species and Sb(III) species present in the chemical bath at 25 °C as a function of pH with a [SbG ] / 

[Zn(NO3)2] ratio of 1.0 %, as computed with Visual MINTEQ software. The initial concentration of Zn2+ and Sb3+ 

ions corresponds to 30 mM and 0.3 mM, respectively. The solid lines represent the Zn(II) species expected to form 

in a standard CBD growth,[35] while the dashed lines represent the additional Zn(II) and Sb(III) species formed 

owing to the incorporation of SbG  species in the chemical bath. (d) In situ measurements of the pH during the 

CBD of ZnO NWs using pH0 values in the range of 7.00 – 11.07. The solid lines represent the pH of the chemical 

bath at a given growth time. The schematic diagrams show the surface electrical charge of the different 

crystallographic planes of ZnO NWs according to the expected PZC values as reported in refs.[26, 69-71]. 

Physicochemical and adsorption processes related to Sb(III) species and its dependence on the pH 
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The spontaneous growth of unintentionally-doped ZnO NWs by CBD has mostly been studied using standard 

conditions with Zn(NO3)2 and HMTA in the low-pH region, namely without the addition of ammonia.[23, 24, 33, 

35] Following the addition of ammonia, the influence of the pH of the chemical bath has been studied for 

unintentional doping[24, 40] and intentional doping of ZnO NWs with Al, Ga, and Cu through successive adsorption 

and incorporation processes.[44, 72-74] Aiming at the intentional doping with Sb, the influence of the pH of the 

chemical bath and of the amount of Sb(III) species is assessed by thermodynamic computations using Visual 

MINTEQ software. A [SbG ] / [Zn(NO3)2] ratio of 1.0 % was used for the thermodynamic computations along with 

an initial concentration of Zn  and Sb  ions set to 30.0 mM and 0.3 mM, respectively, and the concentration of 

NH  varying up to 1600 mM. A speciation diagram of Zn(II) and Sb(III) species at 25 °C is presented in Figure 1c 

and shows the nature of the pH-dependent species at equilibrium. As discussed in ref.[40], Zn  ions and 

Zn NH  ion complexes are the main Zn(II) species in the low-pH and high-pH regions, respectively. The 

incorporation of the Sb(III) species promotes the formation of additional Zn(II)-acetate and Zn(II)-glycolate 

complexes, which are expected to have a negligible effect on the CBD of ZnO NWs.[46] The Sb  ions are 

prevented from hydrolyzing in neutral un-dissociated Sb(OH)3 species via the complexation process with 

α-hydroxycarboxylate ions.[46, 75] Hence, the Sb(III) species present in the chemical bath are primarily SbG  

complexes with a concentration of ~0.3 mM along the wide pH range of 6.5 to 11.0. Interestingly, Sb OH  

complexes start to get more significant at a pH value higher than 11.0, for which ZnO NWs do not form anymore 

owing to the high solubility of ZnO at this high pH.[40, 74] To further understand the growth of ZnO NWs and 

complement the thermodynamic computations, in situ pH measurements of the chemical bath are shown in Figure 

1d. A duration of around 20 min is required for the sealed reactor to reach a temperature of ~65 °C and promote the 

elongation of ZnO NWs.[24] As discussed in refs. [26, 40, 46, 68, 76], specific physicochemical processes and 

thermodynamic considerations related to surface energy minimization, kinetically-controlled diffusive mechanisms 

and electrostatic forces are needed to fully understand the behavior of SbG  complexes along the nucleation and 

elongation processes of ZnO NWs. The selected pH0 values for the low-pH region (~6.6) and high-pH region (~10.8) 

lead to the nucleation and elongation of ZnO NWs by CBD under intermediate supersaturation conditions, where 

the metastable domain with both heterogeneous and homogeneous growths occur.[27, 77] These deposition 

mechanisms in the low-pH and high-pH regions have been shown to follow the mechanisms discussed by D. 
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Lincot.[27, 40] The right section of Figure 1d depicts the sign of the pH-dependent surface electrical charge of 

ZnO NWs according to the point-of-zero-charge (PZC) values.[26, 69-71] The growth in the low-pH region occurs 

when both the polar c- and non-polar m-planes are positively charged. In contrast, the growth in the high-pH region 

occurs when the pH curves cross the PZC of the non-polar m-planes, leaving the m-plane positively charged and 

the c-plane negatively charged. These conditions require the consideration of two specific pH-dependent processes 

for the adsorption of Sb(III) species on the surfaces of ZnO NWs: (i) the electrostatic interactions between the 

negatively charged SbG  complexes and the positively/negatively charged planes, and (ii) the magnitude of the zeta 

potential. The zeta potential, also known as the electrokinetic potential, defines the potential difference between the 

external surfaces of the ZnO NW and the surrounding liquid.[69, 78] In Figure 1d, the magnitude of the zeta 

potential increases as the pH values get farther from the PZC.[69] In the low-pH region, SbG  complexes are 

electrostatically attracted by both the polar c- and non-polar m-planes, and the magnitude of the zeta potential is 

large, as reported by Degen et al.[69] In contrast, in the high-pH region, the magnitude of the zeta potential  is 

considerably smaller and the adsorption process of SbG  complexes exclusively proceeds on the positively charged 

non-polar m-planes, hence promoting the drastic increase in the radial growth of ZnO NWs as in the case of Ga(III) 

species[74] and the formation of faceted terraces as observed in Figure 1. Then, by comparing the low- and high-

pH regions, we may elucidate that the adsorption of SbG  complexes at low-pH mainly occurs through the polar c-

plane located on the tip of ZnO NWs. This can be supported by (i) the promoted development of ZnO NWs with a 

moderate increase in the axial growth rate, and (ii) the slower growth rate of the non-polar m-planes could favor a 

more efficient adsorption process of SbG  complexes on the polar c-plane, which is known to be highly reactive.[76] 

Additionally, the adsorption process of SbG  complexes could also affect the capping process operating with 

HMTA molecules on the non-polar m-planes.[25]  

3.2. Effect of Sb-Doping on the Incorporation Mechanism of Dopants into ZnO Nanowires 

To reveal the presence of Sb dopants within the ZnO NWs, FESEM-EDS and XRD measurements are presented 

in Figure 2. The presence of Sb atoms was assessed by FESEM-EDS measurements in Figure 2a,b, where all the 

spectra were normalized with respect to the Zn Kβ line at 9.57 keV and recorded under identical conditions. ZnO 

NWs grown by CBD with [SbG ] / [Zn(NO3)2] ratios of 0.2 and 1.0 % exhibit the specific peaks pointed at 3.604 

and 3.842 keV, which are assigned to the Sb Lα1 and Sb Lβ1 lines, respectively, both in the low-pH and high-pH 
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regions. In contrast, the two Sb-related peaks do not occur in unintentionally-doped ZnO NWs, regardless of the pH 

region. Following a semi-quantitative analysis performed on the Sb Lα1 line in the FESEM-EDS spectra, the Sb/Zn 

element ratio in the low-pH (high-pH) region is equal to 0.16 and 0.45 % (0.11 and 0.21 %) for the 0.2 and 1.0 % 

[SbG ] / [Zn(NO3)2] ratios, respectively. This reveals that a larger amount of Sb atoms has been incorporated into 

ZnO NWs when grown in the low-pH region as compared to those grown in the high-pH region. The higher 

incorporation of Sb atoms in the low-pH region strongly agrees with the enhanced adsorption process of SbG  

complexes on both the polar c- and non-polar m-planes of ZnO NWs, which originates from the attractive 

electrostatic forces. It should be noted here that increasing further the [SbG ] / [Zn(NO3)2] ratio above 1 % in the 

low-pH region would not result in a significant increase in the Sb/Zn element ratio beyond 0.45 % in Sb-doped ZnO 

NWs owing to Sb solubility-related considerations.  

The XRD patterns as presented in Figure 2c,d reveal the characteristic wurtzite structure for all the c-axis 

oriented unintentionally-doped and Sb-doped ZnO NWs through the strong intensity of the (0002) diffraction peak 

at 34.4°. A higher magnification around the (0004) diffraction peak is presented in Figure 2e,f to make a comparison 

with its theoretical value of 72.56°. The unintentionally-doped ZnO NWs as-grown by CBD in the low-pH region 

have the (0004) diffraction peak centered at 72.61° with a shift of +0.05° from the theoretical value. In contrast, 

when grown in the high-pH region, the (0004) diffraction peak is centered at 72.54° and exhibits a shift of ‒0.02°. 

Using the XRD data, the incorporation of Sb atoms was assessed through the calculated c-lattice parameter as seen 

in Figure 2g,h, which increases from 5.204 to 5.206 Å (5.208 to 5.209 Å) for the [SbG ] / [Zn(NO3)2] ratio of 0 

and 1 % in the low-pH (high-pH) region. In both pH regions, the c-lattice parameter increase with the [SbG ] / 

[Zn(NO3)2] ratio has been attributed to the lattice expansion due to the incorporation of Sb dopants into the Zn 

lattice sites.[79-81] However, the unintentionally-doped ZnO NWs grown by CBD in the low- and high-pH regions 

are in a compressive and tensile strain state, respectively. The compressive strain state in the low-pH region 

elucidates a relaxed structure and the moderate formation of intrinsic and extrinsic point defects within the crystal 

structure. In contrast, the tensile strain state in the high-pH region correlates with the significant formation of VZn-

related defects, as reported in ref.[40]. More importantly, the significant difference in Sb-doped ZnO NWs could 

elucidate the preferential incorporation of Sb dopants in either substitutional Zn or interstitial sites.[49, 50] 

Moreover, the Sb-doped ZnO NWs grown in the low-pH region exhibit a larger increase in the c-lattice parameter 

with the [SbG ] / [Zn(NO3)2] ratio, which is associated with the more significant incorporation of Sb dopants as 
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detected by FESEM-EDS spectra. The smaller increase in the c-lattice parameter of Sb-doped ZnO NWs grown in 

the high-pH region with the [SbG ] / [Zn(NO3)2] ratio suggests a challenged incorporation of Sb dopants. 

Remarkably, no additional diffraction peaks related to any residual phases coming from Sb oxides, Sb hydroxides 

and Sb oxide-hydroxides are detected in the XRD patterns. 

The STEM-EDS spectrum and maps shown in Figure 2i give further evidence of the homogeneous incorporation 

of Sb atoms, which is illustrated here when ZnO NWs are grown with a [SbG ] / [Zn(NO3)2] ratio of 1 % in the 

high-pH region. The Sb Lα1 and Sb Lβ1 lines are clearly shown in the inset of the Sb elemental map. The higher 

incorporation of Sb atoms as seen in ZnO NWs grown by CBD with a [SbG ] / [Zn(NO3)2] ratio of 1 % in the low-

pH region does not affect further the structural quality of their wurtzite structure as depicted in Figure 2j, where no 

specific extended defects are formed. 
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Figure 2. FESEM-EDS spectra of unintentionally-doped and Sb-doped ZnO NWs grown by CBD with [SbG ] / 

[Zn(NO3)2] ratios of 0.0 %, 0.2 % and 1.0 % in the (a) low-pH region and (b) high-pH region. The dashed lines 

represent the Sb Lα1 and Sb Lβ1 theoretical lines. XRD patterns of unintentionally-doped and Sb-doped ZnO NWs 

grown by CBD with [SbG ] / [Zn(NO3)2] ratios of 0.0 %, 0.2 % and 1.0 %, showing the characteristic (c-d) (0002) 

and (e-f) (0004) diffraction peaks. The dashed lines represent the theoretical position of the labeled ZnO diffraction 

peaks according to the ICDD 00-036-1451 file and Si diffraction peak according to ref.[82]. (g-h) Evolution of the 

c-lattice parameter as a function of the [SbG ] / [Zn(NO3)2] ratio. The inset dashed line corresponds to the bulk c-

lattice parameter as reported in ref.[83]. (i) Bright-field TEM image of dispersed Sb-doped ZnO NWs as grown by 

CBD in the high-pH region with a [SbG ] / [Zn(NO3)2] ratio of 1.0 %, along with the respective STEM-EDS 



17 
 

elemental maps of the Zn (red), O (green), and Sb (white) elements. The inset shows the related STEM-EDS 

spectrum with an emphasis placed on the Sb Lα1 and Sb Lβ1 lines. (j) High-resolution TEM image of a single Sb-

doped ZnO NW as-grown by CBD with a [SbG ] / [Zn(NO3)2] ratio of 1.0 % in the low-pH region. 

3.3. Raman Spectroscopy of Unintentionally-Doped and Sb-Doped ZnO Nanowires 

Given the effective incorporation of Sb atoms into ZnO NWs as shown by the chemical analysis, temperature-

dependent Raman scattering measurements collected in the low wavenumber range were performed to investigate 

in an in situ manner the activation of Sb dopants. They are presented in Figure 3 in the illustrative case of ZnO 

NWs grown by CBD with a [SbG ] / [Zn(NO3)2] ratio of 1.0 % in the high-pH region. In the low wavenumber range 

of 50 – 900 cm‒1, the Raman lines at 99 (E2
low), 438 (E2

high), and 574 (A1(LO)) cm‒1 correspond to the optical phonon 

modes for the wurtzite structure of ZnO NWs.[84] The Raman lines at 203 (2TA/2E2
low) and 333 (E2

high- E2
low) cm‒

1 are assigned to the typical second-order modes. Interestingly, two additional modes (AMs) occur at ~525 cm‒1 

(AM1(Sb)) and ~690 cm‒1 (AM2(Sb)), which are notably the two specific Sb-related vibrational modes as reported 

in ref.[85] in the case of Sb-doped ZnO thin films grown by pulsed-laser deposition. 

 

Figure 3. Raman scattering spectra of ZnO NWs grown by CBD with a [SbG ] / [Zn(NO3)2] ratio of 1.0 % in the 

high-pH region. The spectra were collected along an in situ thermal annealing under oxygen atmosphere from room 

temperature to 500 °C and after cooling down to 30 °C. They are plotted in the low wavenumber range of 50 – 900 

cm‒1. The inset labels show the assigned vibrational frequencies according to refs.[84-86]. 
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While performing the in situ thermal annealing under oxygen atmosphere, the appearance of standard AMs in 

the Sb-doped ZnO NWs progressively proceeds. These standard AMs have also been reported for unintentionally 

doped[40] and intentionally Al- and Ga-doped ZnO NWs grown by CBD.[72-74] They are related to the presence 

of extrinsic impurities and attributed to dopant-induced defects in the host ZnO lattice.[85] Recently, these standard 

AMs have been observed in annealed ZnO NWs grown in the high-pH region and attributed to disorder-activated 

Raman B1 silent modes.[40, 86, 87] Hence, the additional B1 silent modes at 276 (AM1 - B1
low), 510 (AM2 - 2B1

low), 

581 (AM3 - A1(LO), B1
high), 644 (AM5 - TA+B1

high), and 856 (AM6 - B1
low +B1

high) cm‒1 occur from an annealing 

temperature of ~200 °C. Following the thermal annealing, we can observe that the AM1(Sb) line is still pointed at 

~525 cm‒1, but in close proximity to the Raman lines assigned to AM2 (2B1
low) and AM3 (A1(LO), B1

high). In contrast, 

the AM2(Sb) line is shifted and mainly centered at ~715 cm‒1, while exhibiting a shoulder at its initial position of 

~690 cm‒1. Table 3 gives an overview of the Sb-related vibrational modes reported in the wurtzite structure of ZnO 

grown as thin films and NWs by different deposition techniques.[80, 85, 88-90] It is shown that the AM2(Sb) lines 

have typically been reported at ~685 cm‒1 in as-grown ZnO, but at ~712 cm-1 in annealed ZnO. As a result, we 

proceed to define the two components of the AM2(Sb) line as AM2(Sb)-α (~690 cm‒1) and AM2(Sb)-β (~715 cm‒1). 

Table 3. Wavenumber of the AM2(Sb) lines measured in as-grown and annealed ZnO NWs grown by CBD with a 

[SbG ] / [Zn(NO3)2] ratio of 1.0 % in the high-pH region. For comparison, Sb-related vibrational modes reported 

for different Sb-doped ZnO with the wurtzite structure are listed.  

 Our data Literature  

Mode 
𝛚𝐞𝐱𝐩 

(cm‒1) 

𝛚 

(cm‒1) 
Structure, Growth method (Annealing conditions) Ref. 

AM1(Sb) 525 531  Thin film, Pulsed-laser deposition (not annealed) [85] 

AM2(Sb)-α 690 685 Thin film, Pulsed-laser deposition (not annealed) [85] 

AM2(Sb)-β 715 

709 

713 

712 

716 

Film, Sol-gel (750 °C, 2 h, air) 

NW, Hydrothermal (950 °C, 30 min, air) 

Pellet, Solid State Reaction (1000 °C, 3 h, air) 

Nanobelt, Thermal evaporation (880 °C, 25 min, Ar/O2) 

[88] 

[89] 

[80] 

[90] 

The Raman scattering spectra collected in the low wavenumber range of unintentionally-doped and Sb-doped 

ZnO NWs grown by CBD with [SbG ] / [Zn(NO3)2] ratios of 0.0 %, 0.2 %, and 1.0 % in the low-pH and high-pH 

regions are presented in Figure 4a-f. Three different conditions defined as the as-grown series, one-step annealing 
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series (300 °C for 4 h), and two-step annealing series (300 °C for 4 h as a first step, followed by 450 °C for 1 h as a 

second step) were investigated to reveal their effects on the Sb-doping.  

The unintentionally-doped and Sb-doped ZnO NWs grown in the low-pH region as presented in Figure 4a-c 

show the characteristic optical phonon modes of the wurtzite structure as previously discussed. The as-grown and 

annealed unintentionally-doped ZnO NWs show the typical Raman spectra already reported in refs.[33, 35] for 

similar CBD and annealing conditions without any Sb-related vibrational modes. Some lines are less visible after a 

two-step thermal annealing due to the occurrence of a strong fluorescence process in the Raman spectra. The as-

grown Sb-doped ZnO NWs present a prominent broad band from ~460 to ~560 cm‒1, which could be related to the 

incorporation of Sb atoms into ZnO NWs. The Sb-doped ZnO NWs grown with a [SbG ] / [Zn(NO3)2] ratio of 0.2% 

show no evident AM1(Sb) and AM2(Sb) lines on any of the as-grown and one-step annealing conditions, but the 

AM2(Sb) line slightly occurs in the two-step annealing condition. In contrast, the Sb-doped ZnO NWs grown with 

a [SbG ] / [Zn(NO3)2] ratio of 1.0 % exhibit the AM2(Sb) line in any of the as-grown and annealing conditions. 

Interestingly, the as-grown Sb-doped ZnO NWs with a [SbG ] / [Zn(NO3)2] ratio of 1.0 % present the same behavior 

as shown in Figure 3, where the AM2(Sb)-α line is centered at ~690 cm‒1 and then it shifts to the AM2(Sb)-β line 

at ~715 cm‒1 following the one-step and two-step annealing conditions.  

The unintentionally-doped and Sb-doped ZnO NWs grown in the high-pH region as presented in Figure 4d-f 

also exhibit the characteristic optical phonon modes of the wurtzite structure as previously discussed. The as-grown 

and annealed unintentionally doped ZnO NWs show the typical Raman spectra already reported in refs.[40] for 

similar CBD and annealing conditions without any Sb-related vibrational mode, as in the low-pH region. No 

significant fluorescence process occurs in the Raman spectra related to the two-step annealing condition. The 

standard AMs related to the B1 silent modes appear after thermal annealing, as previously reported for 

unintentionally doped ZnO NWs grown in the high-pH region.[40] The AM1(Sb) lines are observed in as-grown 

and annealed Sb-doped ZnO NWs and show a similar intensity, regardless of the [SbG ] / [Zn(NO3)2] ratio. In 

contrast, the intensity of the AM2(Sb) lines strongly increases as the [SbG ] / [Zn(NO3)2] ratio is increased from 0.2 

to 1.0 %, indicating the effective incorporation of Sb atoms into ZnO NWs. Again, the as-grown Sb-doped ZnO 

NWs with [SbG ] / [Zn(NO3)2] ratios of 0.2 and 1.0 % present the same behavior as shown in Figure 3, where the 

AM2(Sb)-α line is centered at ~690 cm‒1 and then it shifts to the AM2(Sb)-β line at ~715 cm‒1 following the one-

step and two-step annealing conditions. The existence of the two AM2(Sb)-α and AM2(Sb)-β lines suggests an 
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effective change of the neighboring electronic potential of Sb atoms within the ZnO NWs,[91, 92] promoting a 

change of the phonon frequencies of the crystal structure.[86, 92, 93]  

 
Figure 4. Raman scattering spectra plotted in the low wavenumber range of ZnO NWs grown by CBD with [SbG ] 

/ [Zn(NO3)2] ratios of 0.0 %, 0.2 % and 1.0 % in the low-pH and high-pH regions. (a,d) as-grown series, (b,e) one-

step annealing series (300°C for 4 h) under oxygen atmosphere, and (c,f) two-step annealing series (300 °C for 4 h 

as a first step, followed by 450 °C for 1 h as a second step). The inset vertical lines represent the E2
high mode (grey 

solid line)[84], the Sb-related vibrational modes (purple solid lines)[85], and the standard AMs related to B1 silent 

modes (black dashed lines).[40, 86, 87]  

The presence of C-, N-, and H-related defects is shown in the Raman scattering spectra collected in the high 

wavenumber range of 2600 – 3750 cm‒1, as presented in Figure S1. Within the 2850–3000 cm-1 range, the 

vibrational modes of the C‒HX groups (X = 1, 2, 3) adsorbed on the nonpolar m-planes and coming from residual 

HMTA molecules are clearly observed in unintentionally-doped ZnO NWs grown in the low-pH region.[25, 94-96] 

Interestingly, no relevant C‒HX modes are detected in Sb-doped ZnO NWs grown in the low-pH and high-pH 

regions, namely in the presence of SbG  ions. This indicates a competitive adsorption process between the SbG  

ions and residual HMTA molecules, where the dominant adsorption of SbG  ions leads to the efficient incorporation 

of Sb atoms and to the considerable reduction of the adsorbed C‒HX groups on the nonpolar m-planes. The Raman 

line centered at 3078 cm-1 is attributed to the VZn-NO-H defect complex acting as a deep acceptor in ZnO and its 

presence is detected in all unintentionally-doped and Sb-doped ZnO NWs.[35, 97] Other N-related defects with a 

lower intensity are located at ~3121 and ~3160 cm‒1 and are attributed to the ABN┴ and ABN|| configurations of the 
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NO‒H bonds, respectively.[35, 98] The well-defined Raman line at 3575 cm‒1 is assigned to HBC acting as a shallow 

donor,[99, 100] and it possesses an asymmetric shape due to vibrational modes related to O‒H bonds located at 

3500 cm‒1.[97, 99, 101] The contribution of VZn-nH (n = 1, 2, 3) defect complexes within the 3300 – 3418 cm‒1 

range is also crucial for the analysis and comparison between unintentionally-doped and Sb-doped ZnO NWs grown 

in the low-pH and high-pH regions.[40, 99, 102, 103] Generally, the HBC line is the most prominent Raman line of 

the H-related defects along with the VZn-nH lines. Here, the Raman lines assigned to HBC and VZn-nH defect 

complexes do not occur in Sb-doped ZnO NWs grown in the low-pH region, as shown in Figure S1a. This supports 

the fact that the incorporation of Sb atoms in the low-pH region affects the formation of H-related defects. In 

contrast, the Raman lines assigned to HBC and VZn-nH defect complexes are well pronounced in Sb-doped ZnO NWs 

grown in the high-pH region, as revealed in Figure S1b. It was further reported that the intensity of the VZn-nH lines 

increases when growing ZnO NWs in the high-pH region, where the O-rich environment promotes the formation of 

VZn-related defects.[40] Sb atoms are also supposed to be incorporated into the wurtzite structure of ZnO as SbZn-

2VZn [49] or SbZn-3VZn [50] defect complexes, resulting in the significant formation of VZn. Accordingly, the 

incorporation of Sb-related defects together with the H-rich environment accounts for the prominent increase in the 

intensity of the Raman lines assigned to VZn-nH defect complexes in Sb-doped ZnO NWs grown in the high-pH 

region with a [SbG ] / [Zn(NO3)2] ratio of 1.0%. In particular, the formation of the lower coordinated VZn-H defect 

complexes exhibiting a Raman line at ~3420 cm‒1 is expected following the significant formation of VZn.  

3.4. Cathodoluminescence Spectroscopy of Unintentionally-Doped and Sb-doped ZnO nanowires 

Given the effective incorporation of Sb dopants into ZnO NWs, its activation following thermal annealing, and 

its influence on the formation of H-related defects as shown by Raman spectroscopy, 5K cathodoluminescence 

measurements were performed to investigate the related radiative transitions in the near-band edge (NBE) and 

visible emission regions. The 5 K cathodoluminescence spectra of unintentionally-doped and Sb-doped ZnO NWs 

grown by CBD with [SbG ] / [Zn(NO3)2] ratios of 0.0 %, 0.2 %, and 1.0 % in the low-pH and high-pH regions are 

presented in Figure 5, along with a zoom-in in the NBE emission region in Figure S2. The two different conditions 

defined as the one-step annealing series (300 °C for 4 h), and two-step annealing series (300 °C for 4 h as a first 

step, followed by 450 °C for 1 h as a second step) were again investigated to reveal their effects on the Sb-doping. 
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Figure 5. 5 K cathodoluminescence spectra of annealed ZnO NWs grown by CBD with [SbG ] / [Zn(NO3)2] ratios 

of (a,d) 0.0 %, (b,e) 0.2 %, and (c,f) 1.0 % in the low-pH and high-pH regions. Two spectra are presented for each 

annealing condition under oxygen atmosphere: 300 °C for 4 h (red curve) and 300 °C for 4 h plus a consecutive 1 

h at 450 °C (blue curve). The insets represent the emission energy of optical transitions as inferred from DFT 

calculations in refs.[33, 35, 102, 104]. 

The unintentionally doped ZnO NWs grown by CBD show a NBE emission with predominant radiative 

transitions involving neutral donor-bound A-excitons (D°XA) at 3.362 eV.[33, 35, 40] Other contributions to the 

NBE emission are expected from HO (I4), VZn-3H defect complex (I5) and HBC lines at 3.3628, 3.3614, and 3.360 

eV, respectively.[33, 105-107] As shown in Figures 5a,d and Figure S2a,d, the one-step annealed unintentionally-

doped ZnO NWs exhibit a strong NBE emission centered around the D°XA lines at ~3.359 eV and ~3.361 eV when 

grown in the low-pH and high-pH regions, respectively. The two-step annealed unintentionally-doped ZnO NWs 

exhibit a significant line centered at ~3.249 eV and attributed to donor-acceptor pair (DAP) transitions[108-110] 

with the respective first and second phonon replicas located at ~3.176 eV and ~3.103 eV, respectively. These DAP 

transitions were detected following the thermal activation of VZn-NO-H defect complexes in ZnO NWs grown by 

CBD in the high-pH region and annealed at 450 °C.[40] Additionally, the D°XA transitions are damped and two 

emission lines appear at ~3.327 eV and ~3.336 eV, typically in the energy range of the two-electron satellite (TES) 

transitions from the I4 lines.[106] The incorporation of Sb dopants into ZnO NWs results in a strong influence on 

the intensity of the NBE emission with an important difference between ZnO NWs grown in the low-pH and high-
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pH regions. The NBE intensity of Sb-doped ZnO NWs grown in the low-pH region as seen in Figures 5b,c and 

Figures S2b,c shows an important dampening as the [SbG ] / [Zn(NO3)2] ratio is increased. In contrast, the NBE 

intensity of Sb-doped ZnO NWs grown in the high-pH region as seen in Figures 5e,f and Figures S2e,f reveals no 

relevant dampening effect as the [SbG ] / [Zn(NO3)2] ratio is increased. The reduction of the NBE emissions in Sb-

doped ZnO NWs grown in the low-pH region could be related to the following reasons: (i) the high density of 

vacancies in the surface region, (ii) the competition with the radiative recombination of defects in the visible spectral 

region, and/or (iii) the presence of non-radiative recombination centers.[111] As presented in Figures 5c and S2c, 

the two-step annealed Sb-doped ZnO NWs with a [SbG ] / [Zn(NO3)2] ratio of 1.0 % and grown in the low-pH 

region exhibit a prominent DAP emission at ~3.245 eV with a 1LO phonon replica at ~3.173 eV. This DAP emission 

additionally shows a high energy asymmetry which could reveal the contributions from several deep acceptors 

present in ZnO NWs grown by CBD, including VZn-H, VZn-NO-H, and Sb-related defects and defect complexes.[33, 

35, 49, 50] As presented in Figure 5e,f and Figure S2e,f, the two-step annealed Sb-doped ZnO NWs with [SbG ] 

/ [Zn(NO3)2] ratios of 0.2 and 1.0 % and grown in the high-pH region exhibit a dampened D°XA emission and an 

increased red-shifted NBE emission centered at ~3.31 eV. This broad NBE is suggested to be related to neutral 

acceptor-bound A excitons (A°XA),[112] free electron-to-acceptor (FA) transitions,[113] and DAP emissions.[108-

110, 114]  

Along the visible spectral region, different emissions are assigned as i) the red-orange band, ii) the yellow-green 

band, and iii) the green-blue band, as shown in Figure 5. The red-orange emission band is attributed to the VZn-H 

ε(0,‒1) and VZn-NO-H ε(‒1,‒2) transition levels, both with an emission energy of 1.82 eV.[33, 35] The yellow-green 

emission band is attributed to the neutral VZn-2H ε(+1,0) transition level at 2.29 eV and to the VZn-NO-H ε(0,‒1) transition 

level at 2.27 eV.[33, 35] The green-blue emission band is attributed to N- and H-related defects including VZn-H 

ε(+1,0), VZn-H ε(+2,+1), VZn-2H ε(+2,+1), VZn-NO-H ε(+1,0), VZn
 ε(+1,0), and VZn

 ε(+2,+1).[33, 35] Additionally, the green-blue 

emission band is labeled as surface-related effects, since it is attributed to unexpected charge states generated from 

the recombination of electrons with the high density of holes that migrate to the ZnO NW surfaces upon the 

irradiation under electron beam.[33, 115] The second order of the NBE emissions also occurs at ~1.68 eV.[116] 

From the different cathodoluminescence acquisitions, it is evident that the overall intensity of the defect visible 

band is also damped with the increase in the [SbG ] / [Zn(NO3)2] ratio for both ZnO NWs grown in the low-pH and 

high-pH regions. The prominent phonon replica suggest a strong coupling of the A1(LO), and/or B1
high polar phonons 
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(~580 cm‒1) with the photo-generated electrons.[114] As shown in Figure 4, the incorporation of Sb dopants 

increases the phonon modes located at ~580 cm‒1, which act as non-radiative recombination centers. Hence, the 

strong dampening observed for the doped ZnO NWs grown in the low-pH region is due to the non-radiative 

recombination centers caused by the Sb-doping. In contrast, the moderate dampening observed for the doped ZnO 

NWs grown in the high-pH is due to the competitive non-radiative and radiative recombination centers (i.e. high 

density of Sb-related and VZn-related defects). 

3.5. Effect of Sb-Doping on the Piezoelectric Properties of Flexible Devices 

The incorporation of Sb dopants into ZnO NWs grown by CBD on a rigid substrate as shown by XRD, FESEM-

EDS, STEM-EDS, Raman spectroscopy, and cathodoluminescence spectroscopy offers a powerful tool to improve 

the piezoelectric properties of nanocomposites in addition to the thermal annealing under oxygen atmosphere. In 

order to estimate the individual and combined effects of the Sb-doping of ZnO NWs and of the thermal annealing 

treatment, the fabrication of flexible devices were made of four composites as described in Figure 6a-d. A 0.5 mm-

thick elastic silicone elastomer sheet (PDMS) was used as a flexible substrate, on top of which a 40 nm-thick 

polycrystalline ZnO seed layer was deposited by dip coating. The unintentionally-doped ZnO NWs grown in the 

low-pH region were deposited by CBD as a reference and subsequently annealed at 220 °C for 2 hours under oxygen 

atmosphere. The Sb-doped ZnO NWs grown with a [SbG ] / [Zn(NO3)2] ratio of 1.0 % in the low-pH region, where 

the incorporation of Sb dopants is the most important, were also deposited by CBD and annealed under the same 

conditions. The unintentionally-doped and Sb-doped ZnO NWs were then encapsulated by a PMMA polymer matrix 

of 2 µm-thickness deposited by spin coating to ensure the mechanical stability and the electromechanical coupling. 

Also, it allowed to form an insulating top layer favorable for the capacitive configuration of piezoelectric devices. 

Two gold electrodes of 25 nm-thickness and 10 mm-diameter were eventually deposited with a sputter coater on 

both sides of the composites. The main objective consists here in both reducing and compensating for the high 

density of free electrons in ZnO NWs, which is typically measured regardless of the deposition techniques 

used.[117, 118]   
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Figure 6. (a) Photograph and (b) top-view FESEM image of ZnO NWs grown on a flexible PDMS substrate by 

CBD with a [SbG ] / [Zn(NO3)2] ratio of 1.0 % in the low-pH region. (c) Schematic of flexible PDMS/ZnO NW 

array composites, and (d) photograph of flexible PDMS/as-grown Sb-doped ZnO NW array composite. 

(e) Dielectric constant and (f) loss tangent tan 𝛿  as a function of frequency for different samples. (g) Time 

evolution of stress and charge density of the PDMS/as-grown ZnO NW array composite at a 0.15 MPa peak-to-

peak. (h) Dynamic charge density versus dynamic stress for different samples. The piezoelectric characterization 

was performed under a 1 Hz dynamic stress. 

The dielectric constant measurements of flexible PDMS/ZnO NW array composites in the different as-grown, 

Sb-doped, and annealed configurations are presented in Figure 6e,f. Compared to the flexible PDMS/as-grown ZnO 

NW array composite (black curve) exhibiting a typical behavior,[64] a large difference in the dielectric constant 

and in the loss tangent peak of the flexible PDMS/Sb-doped ZnO NW array composites (blue and green curves) 
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was found. This phenomenon is supposed to arise from the significant incorporation of Sb dopants into ZnO NWs. 

In contrast, the thermal annealing has a smaller impact on the dielectric properties, where a similar behavior is 

observed between the flexible PDMS/as-grown (black curve) and PDMS/annealed (red curve) ZnO NW array 

composites. The loss tangent tan 𝛿  of all flexible ZnO NW array composites measured at low frequencies (i.e. 

below 1 Hz) was found to be smaller than 1, indicating, to some extent, a relevant dielectric behavior (without any 

leakage effect).[119, 120]  

The piezoelectric properties of flexible PDMS/ZnO NW array composites in the different as-grown, Sb-doped, 

and annealed configurations are presented in Figure 6g,h. A periodic variation of the charge density of the 

PDMS/as-grown ZnO NW array composite in response to a periodic mechanical stress with 0.15 MPa magnitude 

and 1 Hz frequency is shown in Figure 6g. This confirms the linear piezoelectric effect operating in the PDMS/as-

grown ZnO NW array composite, where the charge density is revealed to be in phase and expose a similar trend 

with respect to the applied mechanical stress. As depicted in Figure 6h, the specific dynamic charge density (D) 

was measured with respect to the increasing dynamic mechanical stress (ΔT), allowing to compute the d33 value for 

the flexible ZnO NW array composites in the different as-grown, Sb-doped, and annealed configurations. D linearly 

increases with ΔT, from which the d33 value can be estimated from the slope of the D-ΔT curves as reported in Table 

4. It is worth noticing that the d33 value of the flexible PDMS/as-grown ZnO NW array composite of ~0.288 pC/N 

is far lower than that of the rigid Si/as-grown ZnO NW array composite of ~1.21 pC/N as developed in our previous 

study.[64] No matter the top layer or the bottom substrate, the polymer stacked layer acts as an insulating component 

to couple the piezoelectric and electrostatic effects. Therefore, according to classical electrostatics, the increased 

thickness of the polymer could reduce the output potential and therefore the effective d33 piezoelectric charge 

coefficient which has been proved by experimental data and COMSOL simulations.[64] Adding a flexible PDMS 

dielectric substrate, instead of the semiconductor Si substrate, absolutely results in a lower d33 piezoelectric charge 

coefficient. However, for the application perspective, the flexible composites, despite their lower piezoelectric 

sensitivity, exhibit further advantages in terms of implementation and reliability. More interestingly, the d33 value 

of the flexible PDMS/annealed ZnO NW array composite (~0.338 pC/N) is somewhat higher than that of the flexible 

PDMS/as-grown ZnO NW array composite, which was previously confirmed by the fact that there is no significant 

change in their dielectric properties. The improvement induced by the thermal annealing of as-grown ZnO NWs is 

related to the decrease in the concentration of H-related defects acting as shallow donors, specifically HBC and VZn-
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3H defect complexes as reported in ref.[35]. More importantly, the flexible PDMS/as-grown Sb-doped ZnO NW 

array composite achieves an almost threefold improvement (~0.763 pC/N) of the d33 value as compared to the 

flexible PDMS/as-grown ZnO NW array composite, and even an almost fourfold increase (~1.055 pC/N) when the 

thermal annealing has been implemented. First-principle calculations have shown that the formation energy of SbZn 

is high such that their concentration is low.[49, 50] Instead, the large-size-mismatched impurity doping with Sb 

preferentially form SbZn-2VZn[49] and Sbi-3VZn[50] defect complexes with a relatively low formation energy and 

acting as acceptors with an ionization energy of around 0.15 and 0.28 eV, respectively. In the flexible PDMS/as-

grown Sb-doped ZnO NW array composite, a significant proportion of the Sb-related defects is thus expected to be 

ionized and to provide free holes, recombining with the free electrons provided by the H-related defects and in turn 

reducing the screening of the piezoelectric potential. In the flexible PDMS/annealed Sb-doped ZnO NW array 

composite, the expected proportion of Sb-related defects that are ionized is even greater to more strongly reduce the 

screening of the piezoelectric potential. The decrease in the concentration of H-related defects acting as shallow 

donors is also superimposed after the thermal annealing of Sb-doped ZnO NWs. As a consequence, the d33 value of 

flexible PDMS/ZnO NW array composites is considerably enhanced by the Sb-doping and thermal annealing under 

oxygen atmosphere, drastically reducing the screening of the piezoelectric potential that is essentially caused by the 

high density of free electrons in ZnO NWs. The piezoelectric voltage coefficient (g33) was then computed for the 

different as-grown, Sb-doped, and annealed configurations as follows:[121, 122] 

𝑔                                                                    (2) 

where 𝜀  is the dielectric constant and 𝜀  is the vacuum permittivity (𝜀 8.854 10 𝐹/𝑚). The g33 piezoelectric 

voltage coefficient, indicating the electric field generated by a piezoelectric material per unit of mechanical stress 

applied, is relevant to assess the suitability of a piezoelectric material for sensing and energy harvesting applications. 

Also, g33 is a widely used parameter to compare the properties of piezoelectric materials, as it incorporates both its 

d33 piezoelectric charge coefficient and its 𝜀  dielectric constant. The values of g33 (mVm/N) at 1 Hz and 1 kHz of 

the flexible PDMS/ZnO NW array composites in the different as-grown, Sb-doped, and annealed configurations are 

reported in Table 4. In the application of cardiac surgery, a low-frequency sensor device working at 1–1.5 Hz is 

required as the heart rate of a normal adult lies in the range of 60‒100 times per minute. A higher-frequency sensor 

device working at 1 kHz could be involved in other applications such as impact detection and vibration 
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measurements. The flexible PDMS/annealed Sb-doped ZnO NW array composite leads to the highest g33 value of 

14.91 and 33.14 mVm/N at 1 Hz and 1 kHz, respectively, with respect to the other configurations. Regardless of 

the configuration, the g33 value increases as the frequency is increased from 1 Hz to 1 kHz, which is due to the 

decrease in the dielectric constant at higher frequency as indicated in Figure 6e.  

Table 4. d33 and g33 values determined for flexible PDMS/ZnO NW array composites in the different as-grown, Sb-

doped, and annealed configurations from experimental measurements. 

Sample d33 (pC/N) 
g33 (mVm/N)  

at 1 Hz 
g33 (mVm/N)  

at 1 kHz 

PDMS/as-grown ZnO NWs 0.288 ± 0.020 5.25 8.14 

PDMS/annealed ZnO NWs 0.338 ± 0.018 6.83 9.56 

PDMS/as-grown Sb-doped ZnO NWs 0.763 ± 0.046 10.03 23.97 

PDMS/annealed Sb-doped ZnO NWs 1.055 ± 0.035 14.91 33.14 

To better assess the sensing characteristics of the developed flexible PDMS/ZnO NW array composites, a direct 

comparison of its d33 and g33 piezoelectric coefficients with those of other typical piezoelectric composites was 

carried out, as reported in Table 5. Two categories related to the different architectures were defined as follows. 

Category 1 is composed of vertically aligned annealed Sb-doped ZnO NW arrays grown by CBD on flexible PDMS 

and vertically aligned as-grown ZnO NW arrays grown by CBD on rigid Si substrate [64]. Category 2 consists of 

quasi-spherical particles of ZnO,[63] BaTiO3,[123] and PZT [124] of 10 µm, 0.5 µm, and 4 µm diameter, 

respectively, with a 24% volume fraction incorporated into PDMS matrix using a casting method. To create a chain-

like structure along the thickness direction of the composite, the particles were aligned within the polymer matrix 

by dielectrophoresis. In the case of Category 1, the rigid piezoelectric composites made of as-grown ZnO NWs 

exhibit higher d33 and g33 values than the flexible piezoelectric composites made of annealed Sb-doped ZnO NWs, 

but they are more fragile and their integration into medical devices is much more difficult. In the case of Category 

2, the weaker intrinsic piezoelectric property of ZnO as compared to the conventional piezoelectric materials such 

as BaTiO3 and PZT results in the fabrication of flexible piezoelectric composites made of ZnO particles with very 

low d33 and g33 values. A couple of important statements arise from the direct comparison of the characteristics of 

the different architectures between Category 1 and Category 2. First, the piezoelectric composites made of ZnO 

NWs have much higher d33 and g33 values than the piezoelectric composites made of ZnO particles. Second, thanks 

to its ultimately low dielectric constant, the piezoelectric composites made of ZnO NWs achieve a g33 value that is 

comparable to the g33 value of the piezoelectric composites made of other lead-free piezoelectric materials such as 
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BaTiO3 [123] and PZT,[124] although their d33 values are much lower than the ones of BaTiO3 and PZT. It is worth 

noticing here that the main advantages of ZnO over other conventional piezoelectric materials are related to the fact 

that no poling process is needed prior to its use and that a higher temperature stability is offered. To some extent, 

the poling process of almost all piezoelectric materials could be suffered from the ageing effect, which strongly 

depends on the environment conditions. The engineering of Sb dopants and H-related defects in ZnO NWs grown 

by CBD thus appears as a valuable route to improve their piezoelectric properties and thus their applicability, for 

instance in piezoelectric dynamic strain sensors for medical devices. 

Table 5. d33, g33 (at 1 kHz), V, Y, FoM_d, and FoM_g values for different piezoelectric composites. 

 Materials 
d33  

(pC/N) 
g33  

(mVm/N) 
V 

(%) 
Y 

(MPa) 

FoM_d  
(pC N–1 

MPa–1) 

FoM_g 
(mV m 

N–1 

MPa–1) 

Ref. 

Category 1 

PDMS/annealed Sb-
doped ZnO NWs 

1.055 33.14 0.2 2 263.8 8285.0 
This 
Work 

Si/as-grown ZnO NWs 3.40 96.13 0.2 10000 0.2 4.8 [64] 

Category 2 

PDMS/ZnO 0.45 4.24 24 6 0.3 2.9 [63] 

PDMS/BaTiO3 9.53 60.00 24 6 6.6 41.7 [123] 

PDMS/PZT 12.00 88.50 24 6 8.3 61.5 [124] 

To assess more deeply the characteristics of the developed flexible PDMS/ZnO NW array composites, a figure-

of-merit (denoted FoM) that not only considers the piezoelectric coefficients, but also the volume fraction (denoted 

𝑉) in the different architectures, was defined. To fulfill the requirement of medical devices, the flexibility figured 

by the Young’s modulus (denoted Y) is also a relevant parameter to be considered. The two FoMs of the dynamic 

strain sensors including 𝐹𝑜𝑀_𝑑 and 𝐹𝑜𝑀_𝑔 respectively related to d33 and g33 are thus expressed as: 

𝐹𝑜𝑀_𝑑      ,        𝐹𝑜𝑀_𝑔   (3) 

In the case of Category 1, the volume fraction of ZnO NWs can be approximated as the ratio between the length of 

ZnO NWs (~ 1 µm) and the PDMS thickness (~ 500 µm), which equals 0.2 vol%. Note that the ZnO seed layer is 

neglected as its thickness of around 40 nm is sufficiently small with respect to the length of ZnO NWs. The 

mechanical properties of piezoelectric composites can be predicted using different theoretical models. For a two-

phase material as in the case of Category 1, the rule of mixture is the simplest way to predict the Young’s modulus 

based on the arrangement of phases. The effective Young’s modulus of composites (Yeff) made of ZnO NWs is given 

by a parallel model as follows:[125] 
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𝑌 𝑌 𝑉 𝑌 𝑉     (4) 

where Y and V represent the Young’s modulus and volume fraction, respectively. The subscripts 𝑓 and 𝑚  denote 

the two phases corresponding to the active filler and polymer matrix, respectively. As 𝑉 ≪ 𝑉 , 𝑌  for the 

piezoelectric composite made of ZnO NWs is close to the Young’s modulus of the matrix phase. In the case of the 

flexible piezoelectric composite, 𝑌  can be approximated to the Young’s modulus of the PDMS 

(𝑌  ~ 𝑌  ~ 2 MPa) principally contained in the matrix phase. The 2 µm-thick top PMMA layer is neglected 

with respect to the 500 µm-thick PDMS substrate. In the same way, in the case of the rigid piezoelectric composite, 

𝑌  can be approximated to the Young’s modulus of the Si substrate (𝑌  ~ 𝑌  ~ 10 GPa). In the case of Category 

2, the Young’s modulus (𝑌  of the piezoelectric composite made of ZnO particles was measured equal to around 

6 MPa.[126] The piezoelectric composites made of BaTiO3 and PZT particles with the same volume fraction are 

expected to exhibit a similar 𝑌  value (𝑖. 𝑒. , 𝑌  ~ 6 MPa). Indeed, their Young’s modulus (i.e., 25-260 GPa for 

PZT [127, 128] and 60- 120 GPa for BaTiO3 [129]) is somehow revealed to be of the same order of magnitude as 

the one of ZnO (i.e., ~ 144 GPa [130, 131] and 61-125 GPa [132, 133]). Following that procedure, the FoM values 

for all piezoelectric composites are shown in Table 5. The annealed Sb-doped ZnO NWs integrated into the flexible 

piezoelectric composites exhibit the highest FoM values as compared to the other piezoelectric composites made of 

more conventional materials. In contrast, the as-grown ZnO NWs integrated into rigid piezoelectric composites 

exhibit much lower FoM values as poor as the ones of ZnO particles, despite its higher d33 and g33 piezoelectric 

coefficients. The present findings clearly demonstrate that the flexible piezoelectric composites made of ZnO NWs 

when combined with innovative and optimized processing conditions to reduce the screening effect could pave the 

way for their applications as dynamic strain sensors in medical devices.  

4. Conclusions 

In summary, the incorporation of Sb dopants into ZnO NWs spontaneously grown by CBD via the use of Sb 

glycolate and ammonia as chemical additives has been developed both in the low- and high-pH regions to proceed 

with their compensatory doping aiming at reducing the high density of free electrons in their center and hence at 

limiting the detrimental screening effect in piezoelectric devices. The selected [SbG ] / [Zn(NO3)2] ratios were 0.0, 

0.2 and 1.0 % while the pH0 value was set to ~6.6 and ~10.8 for the low- and high-pH regions, respectively. By 

combining thermodynamic calculations with chemical and structural analyses, the incorporation of Sb dopants into 
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the wurtzite structure of ZnO NWs has been found to proceed through the adsorption process of SbG  ion complex 

stabilized in the chemical bath on the positively charged surfaces from attractive electrostatic interactions. In the 

case of the low-pH region, both the nonpolar m-plane sidewalls of ZnO NWs and their polar c-plane top facet are 

positively charged, resulting in (i) the moderate axial growth promoting the formation of NWs with a flat hexagonal 

face and (ii) the significant incorporation of Sb dopants in the range of 0.16‒0.45% as deduced from FESEM-EDS 

measurements. In contrast, in the case of the high-pH region, only the nonpolar m-plane sidewalls of ZnO NWs are 

positively charged, leading to (i) an increased radial growth promoting the formation of NWs with faceted terraces 

and (ii) the less significant incorporation of Sb dopants in the range of 0.11‒0.21 % as inferred from FESEM-EDS 

measurements. Additionally, no residual Sb-based oxides, hydroxides and oxide-hydroxides phases have been 

detected using XRD and Raman scattering measurements. Interestingly, the spatial distribution of Sb dopants into 

ZnO NWs has been shown to be homogeneous by STEM-EDS mapping and no extended defects have been detected 

by HRTEM images. The Sb-doped ZnO NWs grown in the low-pH region with a 1.0 % [SbG ] / [Zn(NO3)2] ratio 

show a strongly dampened NBE emission with a prominent DAP emission line when treated with the two-step 

thermal annealing using cathodoluminescence spectroscopy. They further show the occurrence of AMs related to 

Sb dopants in the range of 500‒750 cm‒1 using Raman scattering, the AM2(Sb) undergoing a shift from 690 to 715 

cm-1 following the thermal annealing. This has revealed the combined effect of thermal annealing, reducing the 

concentration of hydrogen-related defects (i.e., HBC and VZn-3H) acting as shallow donors, activating the VZn-NO-H 

defect complexes acting as acceptor, and enhancing the compensatory doping with Sb. Eventually, the fabrication 

of flexible piezoelectric devices incorporating ZnO NWs grown on PDMS and encapsulated in a PMMA matrix to 

form a nanocomposite has been achieved using the vertically integration configurations. Importantly, the d33 and 

g33 piezoelectric coefficients have been found to jump from ~0.288 pC/N and 5.25 mVm/N when using 

unintentionally-doped ZnO NWs to ~1.055 pC/N and 14.91 mVm/N when using annealed Sb-doped ZnO NWs. 

Two FoMs have eventually been derived from the d33 and g33 piezoelectric coefficients and their values for flexible 

piezoelectric composites made of annealed Sb-doped ZnO NWs are compared to more conventional piezoelectric 

materials, showing their high potential for medical devices. The present findings report the efficient strategy 

consisting in reducing the detrimental screening effect in piezoelectric devices made of ZnO NWs by simultaneously 

introducing compensatory acceptors and engineering hydrogen-related defects, which represents an additional step 

forward to boost their characteristics as nanogenerators and sensors in the field of piezoelectric applications. 
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