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Abstract 

 

ZnO has been widely studied in the last decades as an n-type semiconductor due to 

its wide application range, for example, in optoelectronics, solar cells, light-emitting 

diodes, thermoelectrics, amongst others. The material efficiency for certain applications 

is highly dependent on the presenting film morphology. Electrodeposition is well-known 

as a technique with precise control over the structural and morphological properties of 

the obtained materials. When the structural and morphological properties are tuned, it is 

possible to find a wide variety of defects in the ZnO structure. In this study, ZnO films 

were grown using pulsed electrodeposition with variation of the reduction potential. The 

crystal order, structural defects and optical emissions of the films have been analyzed by 

X-Ray Diffraction (XRD), X-ray Absorption Near-Edge Structure (XANES) and 

Extended X-ray Absorption Fine Structure (EXAFS) and Photoluminescence (PL). ZnO 

film grown at less negative reduction potential presents a stronger texture along [0001] 

by XRD, higher crystalline order, and more zinc vacancies by XANES and EXAFS. The 

films obtained at less negative potential present less OH- trapped in the ZnO structure and 

a relatively higher level of defects 𝑂𝑖
0, 𝑂𝑍𝑛

0 , 𝑂𝑖
−/2−

 and 𝑂𝑍𝑛
0/−

than those grown at higher 

reduction potentials by PL. This will be related to the fact that at less negative potentials 

there is less concentration of OH- at the film surface than at more negative potentials. The 

combination of X-ray absorption spectroscopy and photoluminescence reveals the 

complicated nature of the atomic defect in electrodeposited ZnO films. Allowing to 

evidence the preferential presence of atomic defect as a function of the reduction 
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potential. In this work, we have also compared those defects with reference compounds 

such as a Zn foil and ZnO polycrystalline powder. 

 

Keywords: electrodeposition, ZnO, reduction potential, XAS, Photoluminescence 

 

1. Introduction 
 

ZnO is an n-type semiconductor, presenting a hexagonal structure, high electron mobility, 

a direct wide bandgap of 3.36 eV, large excitation energy of 60 meV at room temperature, 

while also exhibiting an efficient emission in the ultraviolet and visible ranges. ZnO has 

been extensively studied due to the wide application range which the materials can be 

employed for optoelectronics [1], light-emitting diodes [2], batteries [3], sensors [4], 

sensitized solar cells [5], and thermoelectrics [6]. These applications are different 

depending on the ZnO morphology, among other material characteristics (or structural 

properties). Also, the fact of obtaining different morphologies and structural properties 

implies different intrinsic defects (zinc and oxygen vacancies and interstitial sites) in this 

material. These different defects can alter physical properties such as the grain boundary, 

the electronic and optical properties of ZnO [7]. Interstitial zinc atoms contribute to the 

electrical conductivity [8, 9], depending on the values of the electrical conductivity the 

application of ZnO is different, can be used, for example, for batteries or solar cells. 

Another application is for sensing, the sensing process to the chemical environment is 

controlled by oxygen vacancies that influence the electronic properties and the optical 

response. Depending on the sensing molecule, the electrical conductivity is higher or 

smaller [7].”   

ZnO films can be fabricated through several different physical growth methods, such 

as RF magnetron sputtering [10], pulsed laser deposition [11], or chemical growth 

techniques as chemical bath deposition [12], dry dispersion process [13, 14], or DC 

electrodeposition [15]. One of the most interesting routes to control the morphological 

and structural features of ZnO films is electrodeposition. This technique allows the 

growth at room temperature, fast deposition rates, and excellent control over the 

crystallographic structure and morphology. Besides, it is a low-cost method and scalable 

to industry requirements. It is known that by pulsed electrodeposition different 
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morphologies of ZnO (hexagonal columns, hexagonal platelets, needles, or planar 

growth) are favored depending on the applied reduction potential [16]. The mechanism 

behind these morphologies changes is ascribed to the concentration of OH− generated by 

reaction (1), the local pH at the electrode surface, to the Faradaic efficiency of the process 

for each electrodeposition conditions, and the amount of Zn2+ available [16]. According 

to the general reactions: 

 

NO3
- + H2O +2e-→ NO2

- + 2OH-                              (1) 

Zn2+ + 2OH-→ Zn(OH)2→ ZnO + H2O                      (2) 

 

Consequently, the growth rate and morphology of the films prepared by 

electrodeposition can be controlled by the growth conditions. However, the fact that 

different morphologies can be obtained by the different electrodeposition conditions must 

imply that different defects and mechanisms are involved during growth. These defects 

can be investigated using several techniques. Specifically, a study combining X-ray 

Absorption Near-Edge Structure (XANES) and Extended X-ray Absorption Fine 

Structure (EXAFS) measurements are useful to analyze the oxidation state and the local 

structure (first neighbors) around the Zn absorbing atoms [17]. This structural information 

can help to understand the global defects observed using Photoluminescence (PL). PL 

emission provides data on the deep and shallow energy levels for different vacancies or 

interstitials inside the ZnO structure. To date, studies in which the defects of ZnO are 

analyzed combining X-ray Absorption Spectroscopy (XAS) and PL techniques are 

limited in literature [17, 18]; even-though these characterization techniques are 

complementary and allow a semi-quantitative analysis of the defects in ZnO. To 

understand the influence of the electrodeposition conditions and the local pH to improve 

the final properties of the ZnO, it is important to characterize the defects found in ZnO 

films and relate these to the morphology and growth conditions. The novelty of this work 

is based on the combination of both techniques (XAS and PL) to reveal the complex 

nature of crystal defect in ZnO films grown by electrodeposition. 

 

The aim of this study is therefore to analyze the defects of different ZnO 

morphologies grown by pulsed electrodeposition through XAS and PL measurements as 

a function of the reduction potential. First, the crystallographic structure and morphology 

of the ZnO films are analyzed by X-Ray Diffraction (XRD) and Scanning Electron 
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Microscopy (SEM), respectively. From XRD measurements, the Harris texture 

coefficient was calculated to quantify the degree of preferred orientation of the films. A 

deep study of ZnO film defects based on the reduction potential is performed here using 

both XANES and EXAFS measurements.  This work opens a new line to investigate the 

defects found in ZnO films grown using electrochemical techniques, from which it is 

possible to have control over the morphologies found in these films. 

 

2. Experimental methods 

 

2.1.  Fabrication of the ZnO films 
 

The electrodeposition of ZnO films was performed in 0.1 M Zn(NO3)2 aqueous 

solution at 80 ± 1 ºC in similar conditions to previous studies [16, 19, 20]. The growth 

was carried out in a conventional electrochemical cell of three electrodes: a platinum 

mesh, Ag/AgCl, and 150 nm Au/5 nm Cr/Si were used as a counter electrode, reference 

electrode, and working electrode, respectively. The cell was controlled with an Autolab 

302.0 bi-potentiostat. ZnO films were electrodeposited using pulsed deposition between 

a reduction potential and oxidation potential to obtain different concentrations of OH- 

respect to Zn2+. The reduction potential was changed, -1.5 V, -1.3 V, -0.9 V, and -0.6 V 

for 2 s, while the oxidation potential was fixed to +0.9 V for 1 s, in all the cases. The total 

cycle number was 1800 for all the films.  

 

2.2. Films characterization 
 

The crystallographic structure of the film was analyzed using XRD with a Philips X-

Pert Cu X-Ray transmitter four circle diffractometer. The morphological 

characterization was obtained using a Hitachi S-800 Scanning Electron Microscopy 

(SEM) with a 25 kV accelerating voltage. To investigate the oxidation state and the local 

structure effects induced by the different reduction potential during the electrodeposition 

of the films, X-Ray Absorption Spectroscopy (XAS) experiments were performed. Both 

X-Ray Absorption Near-Edge Structure (XANES) and Extended X-ray Absorption Fine 

Structure (EXAFS) measurements were carried out at the Spanish CGR beamline BM25-

SpLine at The ESRF- The European Synchrotron, Grenoble (France). The beamline 

monochromator is a pseudo-channel-cut type with two Si(111) crystals refrigerated at 200 

K by a homemade ethanol cooling system. XAS spectra of films were collected at the Zn 



 

 

5 
 

K-edge (9659 eV) at room temperature in fluorescence mode using a 13-elements Si(Li) 

detector. The reference ZnO polycrystalline micrometric powder, from Asturiana de Cinc 

S.A. (Spain), and the Zn foil were measured in transmission detection configuration using 

two ionization chambers. The XAS data were analyzed with a standard procedure using 

Athena and Artemis software [21]. Photoluminescence (PL) measurements were 

performed to analyze the defects of ZnO films. The films were excited with a pulsed 

Nd:YAG tripled laser (355 nm wavelength, 15 ns pulse, 20 kHz repetition rate) modulated 

in intensity with an optical modulator (177 Hz). The light emitted in the ultraviolet and/or 

visible range was filtered by suitable long-pass filters and dispersed by a monochromator 

with a 300 mm focal length (diffraction grating: 1200 lines/mm) and detected through a 

cooled photomultiplier, connected to a lock-in amplifier. 

 

3. Results and discussion 

3.1.  Structural and morphological characterization of ZnO films 
 

The crystallographic structure of the ZnO films grown at different reduction potential 

was studied using XRD, whose patterns are shown in Fig. 1A. All the films present (002) 

as maximum diffraction peak, indicating that the films are strongly oriented along [0001] 

direction with the c-axis perpendicular to the substrate.  
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Fig. 1 (A) X-ray diffractograms of the different ZnO films on the logarithmic scale. (B) Texture 

coefficient (TC) as a function of the reduction potential of ZnO films. (C) SEM images of the 

surface morphology for the different ZnO films. The color around the SEM pictures corresponds 

to the color in XRD. 
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Harris's texture analysis [22] was performed to quantitatively obtain a degree of 

preferred orientation. The equation of the texture coefficient is: 

                                                         𝑇𝐶(ℎ𝑘𝑙) =

𝐼(ℎ𝑘𝑙)  

𝐼(ℎ𝑘𝑙)
0

1

𝑁
∑

𝐼(ℎ𝑘𝑙) 

𝐼(ℎ𝑘𝑙)
0

                                  (1) 

where: I(hkl) and 𝐼(ℎ𝑘𝑙)
0

 – is the intensity of a generic peak observed in the experimental 

XRD and the literature value from the database (JCPDS 76-0704), respectively, and N – 

number of reflections considered in the analysis. In this case, the number of reflections 

used for the calculation of the texture coefficients were five corresponding to the 

following diffraction peaks: (100), (002), (101), (110), and (103); see supporting 

information. 

The standard deviation (σ) indicates the deviation intensity of the experimental 

XRD from published values of JCPDS and is calculated as: 

                                                                         𝜎 = √∑(𝑇𝐶(ℎ𝑘𝑙) −1)
2

𝑁
              (2) 

The values of the texture coefficient and its standard deviation are shown in Table 1 

and the texture coefficient along crystallographic direction [0001] for the different films 

is shown in Fig. 1B. The values of the texture coefficient along the [0001] direction are 

3.99, 4.91, 4.88, and 5.00 for -1.5 V, -1.3 V, -0.9 V, and -0.6 V, respectively. The texture 

coefficient is higher for the film grown at the less negative reduction potential (-0.6 V); 

while the lower value is obtained for the films deposited at more negative potential (-1.5 

V). In conclusion, the film which presents a higher texture along [0001] direction is the 

one grown at -0.6 V.  

 
Table 1. Harris texture coefficient, standard deviation, FWHM of (002) diffraction peak, and 

crystalline size for the different ZnO films obtained from the XRD measurements. 

 

Reduction 

potential 

Intensity 

XRD 

Intensity 

JCPDS 

Texture 

coefficient 

(TC(002)) 

Standard 

deviation (σ) 

FWHM 

(002)  

Crystallite 

size (nm) 

-1.5 V 84 415 3.99 1.49 0.13 62.7 

-1.3 V 4461 415 4.91 1.95 0.15 57.1 

-0.9 V 2416 415 4.88 1.94 0.14 61.8 

-0.6 V 3428 415 5.00 2.00 0.15 55.4 

 

To determine the crystallite size in the (002) diffraction peak was calculated using 

the Debye-Scherer equation:  

                                                𝐷 =
0.9 ∙𝜆

𝛽∙𝑐𝑜𝑠𝜃
                                                   (3) 
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where: D – crystallite size, 𝜆 – radiation wavelength, 𝛽 – broadening of Full-Width-Half-

Maximum (FWHM) of the intense peak and 𝜃 – Bragg angle. As is shown in table 1, the 

crystallite size was found to be 55.4, 61.8, 57.1, and 62.7 nm for -0.6 V, -0.9 V, -1.3 V, 

and -1.5 V, respectively, and any trend is identified. 

Fig. 1C shows the scanning electron microscopy images of the different ZnO films.  

The films morphology changes depending on the reduction potential applied during the 

electrodeposition. In agreement with a previous study [16], different morphologies were 

identified depending on the reduction potential: hexagonal columns, hexagonal platelets, 

flowers, and 2D growth for -1.5 V, -1.3 V, -0.9 V and -0.6 V, respectively. The origin of 

these different morphologies was related to the OH-/Zn2+ ratio, the local pH at the 

electrode surface, and the Faradaic efficiency of the process for each potential [12]. For 

this reason and considering the different morphological characteristics and texture 

coefficients of the films, the defect structure of ZnO is expected to be different according 

to the differences in crystal growth. Therefore, a deep local structural analysis and defects 

characterization of ZnO films grown under these specific electrodeposition conditions are 

followed in detail.  

 

3.2. XANES and EXAFS characterization of ZnO films 

 
Fig. 2 shows the XANES results obtained for ZnO films depending on the growth 

conditions, which implies the applied reduction potential, in this case. XANES 

measurements of ZnO polycrystalline powder and Zn foil references are presented for 

comparison. Fig. 2A shows the Zn K-absorption edge for XANES spectra of films where 

the peaks named as A, B, and C can be differentiated correspondingly to electron 

transitions from the occupied Zn-1s to unoccupied Zn-4p states along the axes of the ZnO 

unit cell [23], following a similar absorption signal than the ZnO standard. From the main 

characteristics of these main peaks, several works have analyzed the effect of different 

Zn and O vacancy positions [23-25]. In our case, a decrease of the intensity in the peak B 

as the applied reduction potential is more negative during the growth of ZnO films is 

identified, which may indicate a reduction of the concentration of Zn vacancies, 𝑉𝑍𝑛.  Zinc 

vacancies are acceptor native defects of the ZnO structure that can exist in neutral, 𝑉𝑍𝑛
𝑥 , 

singly ionized, 𝑉𝑍𝑛
′ , or doubly ionized forms, 𝑉𝑍𝑛

′′ . In equilibrium, the chemical balance 

between the concentration of such vacancies is maintained [26]. However, the 

predominant n-type nature of the ZnO structure is governed by the presence of oxygen 
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vacancies. As can be observed in Fig.2A, the ZnO film electrodeposited at -0.6 V presents 

more zinc vacancies than the film grown at -0.9 V, and that one more than the film 

obtained at -1.3 V. Being the film grown at -1.5 V the one with less concentration of zinc 

vacancies. Concerning the peak A and C, not significant variations are noted. Besides, 

changes in the energy position at the absorption edge of XANES spectra are also 

identified. Specifically, the ZnO polycrystalline powder reference with an oxidation state 

of 2+ shows a shift towards larger energy values for the Zn foil with a valence of 0 (at 

absorption edge energy of 9659 eV), a similar trend to other transition metals [27, 28]. 

From the linear relationship between the absorption edge and the valence, it is possible 

to estimate the average oxidation state in each film. As Fig. 2B shows, at the more 

negative reduction potential (-1.5 V) the films present a lower average oxidation state 

(lower energy value at the absorption edge) towards the position of Zn foil. The films 

prepared at -0.9 and -1.3 V presents very close values of energy at the Zn absorption edge 

to that of the ZnO polycrystalline powder reference. For the specific case of ZnO film 

fabricated at the less negative reduction potential (-0.6 V), a larger average oxidation state 

is identified with the absorption edge position falling at larger energy values than the ZnO 

reference.  

Fig. 2 (A) XANES spectra at the Zn K-absorption edge and (B) energy at the absorption edge of 

ZnO films grown at different reduction potential. XANES results of ZnO polycrystalline powder 

and Zn foil reference are also presented, indicating the oxidation state in each case. 

 

In conclusion, ZnO film grown at the more negative reduction potential (-1.5 V) 

exhibits less oxidation state than the films electrodeposited at the less negative reduction 

potential. The Zn is +2 for the films grown at -1.3 V and -0.9 V. While, the oxidation 

state of the Zn is higher than 2 for the film grown at -0.6 V. This conclusion is in 

agreement to the results obtained from the peak B of XANES spectra, where the ZnO 
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films grown at the less negative reduction potential (-0.6 V) present more zinc vacancies 

concentration, a deficit of Zn in the ZnO structure, than the films electrodeposited at the 

more negative reduction potential (-1.5 V). 

 

The applied reduction potential conditions of ZnO films may also modify the vacancy 

concentration during the growth process, altering the local structure. To evaluate the first 

neighbors, EXAFS measurements were performed on the ZnO films at the Zn K-edge. 

Fig. 3A shows the EXAFS signal in the k-space for the different films prepared in the 

interval from 2.5 to 10.5 Å-1 with a k weight of 2, which were taken using the FEFF 

software [21, 29] and ZnO reference [30]. Slight variations in the intensity of oscillations 

are identified while phase modifications are not noted, suggesting a similar overall 

structure between the films. 

 

 
Fig. 3(A) k2·χ(k) EXAFS spectra and (B) FT modulus of the EXAFS signal at Zn K-edge for the 

different ZnO films. The black dots represent the experimental data, and the color continuous 

lines show the best fitting simulations of the first and second peaks. 

 

The back Fourier Transform (FT) of the oscillations gives the radial distribution 

function of the local structure of the films within a reasonable compromise of signal to 

noise ratio. As Fig. 3B displays, finding the best EXAFS fitting for the ZnO films grown 

at -1.5 V. The radial distribution functions have been fitted within the real space interval 

between 1 and 3.6 Å (R range marked on Fig. 3B). The adjustment has been done by 

considering a three-shell model with one first shell of O atoms (Zn-O), and two-second 
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shells composed by Zn atoms (Zn-Zn(1) and Zn-Zn(2)), based on a hexagonal ZnO 

reference [30]. This three-shell model considers one shell of O neighbors at circa 1.98 Å 

from the scattering atom (Zn), and two-second shells composed by Zn atoms, at distances 

around 3.21 and 3.25 Å. The fitting, fixing the E0 (shift of edge energy) to 5 eV, gave the 

rest of EXAFS parameter values: R (bond length), N (mean number of neighbors) and 

DW (Debye-Waller) factor, σ2, which are summarized in Table 2 for all ZnO films and 

ZnO polycrystalline powder references for their corresponding modeled shells.  

 

Table 2. Fits parameters from EXAFS analysis (interatomic distance, R, the coordination number 

of neighbors, N(Zn) and N(O), and Debye-Waller (DW) factor, σ2) of first Zn-O and Zn-Zn 

distances for the ZnO films and ZnO polycrystalline powder. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 shows the coordination numbers of first neighbors, N(O) and N(Zn), and the 

DW factors, σ2(Zn-O) and σ2(Zn-Zn), obtained from the EXAFS fittings of two first peaks 

for the ZnO films as a function of the reduction potential. As Fig. 4A presents, a decrease 

of the coordination numbers, both N(O) and N(Zn), is obtained as the reduction potential 

decreases (is more negative), except for N(Z) in the film grown at -1.3V. In this way, 

considering a homogeneous distribution of O atoms along the lattice, the oxygen 

 

Shell 

Interatomic 

distance, R 

(Å) 

Coordination 

 number, N 

Debye-Waller 

factor,  σ2 

(Å2) 

ZnO 

polycrystalline 

powder 

Zn-O 1.98 (1) 4.0 (8) 5.5 (7) ·10-3  

Zn-Zn(1) 3.22 (2) 
6.0 (9) 11.5 (7)·10-3  

Zn-Zn(2) 3.26 (4) 

- 1.5 V 

Zn-O 1.98 (1) 1.8 (4) 6.3 (7)·10-3  

Zn-Zn(1) 3.21 (2) 
2.4 (5) 12.3 (7)·10-3 

Zn-Zn(2) 3.25 (3) 

- 1.3 V 

Zn-O 1.98 (1) 2.6 (6) 3.6 (5)·10-3  

Zn-Zn(1) 3.21 (2) 
5.1 (9) 15.5 (5)·10-3  

Zn-Zn(2) 3.25 (2) 

- 0.9 V 

Zn-O 1.98 (1) 3.1 (7) 4.7 (5) ·10-3  

Zn-Zn(1) 3.22 (2) 
3.7 (7) 10.2 (5) ·10-3  

Zn-Zn(2) 3.26 (4) 

-  0.6 V 

Zn-O 1.98(1) 4.6 (9) 4.0 (7)·10-3 

Zn-Zn(1) 3.22 (2) 
6.4 (3) 10.7 (7)·10-3  

Zn-Zn(2) 3.26 (4) 
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deficiency in the structures as a function of the reduction potential is semi-quantified by 

obtaining the number of neighbors. Results agree with the average oxidation state of ZnO 

films obtained from the XANES measurement (see Fig. 2). Specifically, for the films 

grown at -0.6 V, the coordination number is greater than for the ZnO polycrystalline 

powder reference as Table 2 indicates, which can be corroborated with the highest 

crystallinity of the films measured by XRD. 

 

Fig. 4. (A) Coordination number, N(Zn) and N(O) and (B) Debye-Waller factor, σ2 (Zn-O), and 

σ2(Zn-Zn), for ZnO films grown at different reduction potentials.  

 

DW factors for the first and second shell, Zn-O and Zn-Zn layers, of the different 

ZnO films, are shown in Fig. 4B. On average, this factor is lower for the Zn-O than the 

Zn-Zn shells. Comparing both DW factors the film with the lowest values, on balancing 

and considering the errors of the DW factors, are the films grown at a more negative 

potential, -0.6 V. This indicates that these films exhibit the greater structural order.  Out 

of this trend is the film grown at -1.3 V, both in the coordination values and the DW 

parameters calculated. Table 3 shows the lattice parameters (c and a) and the ratio c/a of 

the ZnO structure for each ZnO film, obtained according to the model of reference [2]. 

These crystallographic parameters are calculated from the bond length distances Zn-O 

and Zn-Zn to be similar for all the ZnO films independently on growth conditions.  
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Table 3. Lattice parameters (a, c, u, and c/a) obtained from the Zn-O and Zn-Zn distances of 

EXAFS results for the different ZnO films and polycrystalline powder. 

 a (Å) c (Å) U c/a 

ZnO 

polycrystalline 

powder 

3.26 (1)  5.23 (1) 0.38 (2)  1.60 (4) 

- 1.5 V 3.25 (1) 5.21 (7) 0.38 (7) 1.60 (1) 

- 1.3 V 3.25 (1) 5.21 (5) 0.38 (6) 1.60 (1)  

- 0.9 V 3.26 (1) 5.23 (4) 0.38 (6) 1.60 (1) 

- 0.6 V 3.26 (1) 5.23 (6) 0.38 (7) 1.60 (1) 

 

In conclusion, the ZnO films grown at the less negative reduction potential (-0.6 V) 

exhibits more zinc vacancies concentration and more average oxidation state than the 

films obtained at the more negative reduction potential, being the other extreme the films 

grown at -1.5 V. Moreover, a greater coordination number and a lower crystalline 

disorder, in both Zn-O and Zn-Zn shells, in the ZnO structure for the film prepared at -

0.6 V was identified. These results can be related to the crystallographic structure of the 

studied films, indicating a greater structural order for the films with larger textured 

coefficient along [0001] direction, which means in the ZnO films grown at -0.6 V. 

 

3.3.  Photoluminescence of ZnO films 
 

The structural changes identified in the ZnO films depending on reduction potentials 

can be affected by the defects incorporated into the structure during the growth process. 

Therefore, the intrinsic defects of electrodeposited ZnO films under different reduction 

potentials were analysed using PL measurements. Fig. 5A and 5B show the PL intensity 

as a function of wavelength and the relative weight of the different emissions, 

respectively, as a function of applied reduction potential in the visible range.  
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Fig 5. (A) Photoluminescence and Gaussian deconvolution of emission and (B) the relative 

weight of the different emissions in the visible range for the ZnO films obtained at different 

applied reduction potentials. The total area is normalized to the unit.  
 

To describe the different emissions in the visible range of the ZnO films the PL 

emission was deconvoluted in four emissions using a Gaussian function according to a 

PL model previously proposed [19]. These four emissions are green, yellow, orange-red, 

and infrared emission. Green and yellow emissions are due to a transition from the donor 

OH- to the acceptor zinc vacancies and to interstitial oxygen (𝑂𝑖
0), respectively. Orange-

red emission is probably due to transitions from the conducting band to 𝑂𝑖
− and 𝑂𝑍𝑛

0  

defects and the infrared emission to transition from 𝑂𝑖
−/2−

 and 𝑂𝑍𝑛
0/−- defects to the 

valence band. To quantify the different contributions, the relative weight of the different 

emissions in the visible range as a function of reduction potential was calculated (see Fig. 

5B). From the PL measurements, it can be concluded that green and yellow emissions are 

higher in the films deposited at the more negative reduction potential (-1.5 V and -1.3 V) 

than in the films grown at the less negative reduction potential (-0.9 V and -0.6 V). Due 

to both emissions are due to transitions from OH- to the acceptor zinc vacancies for green 

emission or interstitial oxygen (𝑂𝑖
0) for yellow emission, the films obtained at a less 

negative potential (-0.9 V and -0.6 V) present less OH- trapped in the ZnO structure. This 

conclusion fits very well with the conclusion extracted from the pH model proposed in a 

previous study [16]. Consequently, considering the complementary information, it can be 

concluded that the film grown at less reduction potential (-0.6 V) presents less OH- 

trapped in the structure (since it is also produced at lower pH) and exhibits more zinc 

vacancies according to XANES measurements. While the orange-red and infrared 

emissions are higher in the films deposited at less negative reduction potential than in the 

films grown at more negative reduction potential. In this case, both emissions (orange-
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red and infrared emissions) are due to transitions from the conduction band to 𝑂𝑖
− and 

𝑂𝑍𝑛
0  defects or from 𝑂𝑖

−/2−
and 𝑂𝑍𝑛

0/−
defects to the valance band, respectively; and then for 

the films grown at less negative reduction potentials (-0.9 V and -0.6 V) these kinds of 

defects (𝑂𝑖
0, 𝑂𝑍𝑛

0 , 𝑂𝑖
−/2−

 and 𝑂𝑍𝑛
0/−

) are higher than in the case of the films deposited at 

the more negative reduction potentials (-1.5 V and -1.3 V).  

 

To conclude the encounters found in ZnO films analyzed by different techniques, 

XANES, EXAFS, and PL, are collected in Table 4.  

 
Table 4. Summary of the findings identified in the electrodeposited ZnO films as a function of 

the reduction potential. The lowest and the highest values are shown in red and green, 

respectively, as the colour bar indicates.  

 

Reduction 

potential 

Crystalline 

order 

Oxidation 

state  
VZn 

N(O) and 

N(Zn) 

σ2  

(Zn-O) 

σ2  

(Zn-Zn) 
VZn 

𝑂𝑖
0, 𝑂𝑍𝑛

0 ,  

𝑂𝑖
−/2−

, 𝑂𝑍𝑛
0/−

 

Technique XRD XANES XANES EXAFS EXAFS EXAFS PL PL 

-1.5 V  > + 2       

-1.3 V  ~ + 2       

-0.9 V  ~ + 2       

-0.6 V  < + 2       

 

 

 

Revealing the nature of the intrinsic defects is not easy, but here different 

experimental techniques have allowed some findings. For the ZnO films grown at -0.6V 

an oxygen deficiency is identified by XANES in agreement with the PL results and a 

lower structural disorder and a larger coordination number (EXAFS) that corroborate 

with a lower proportion of intrinsic defects (PL), while for the sample prepared at -1.5 V 

the  trend is the opposite. 

 

4.  Conclusions 
 

This study analyses the local structure and deep-level defects presenting in ZnO films 

grown using pulsed electrodeposition. The growth was performed between different 

reduction potential and fixed oxidation potential to change the ratio between OH- and 

Zn2+ in the films.  Films grown at -0.6 V presents a stronger texture along [0001] based 

on the extracted texture coefficient calculated from the XRD measurements. Besides, a 

larger average valence and a higher crystalline order in the ZnO structure was also 

identified for the films prepared at -0.6 V, by combining XANES and EXAFS 

The lowest value 

 

The highest value 
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measurements. It is also concluded that ZnO films grown at a less negative reduction 

potential (-0.6 V) exhibit more zinc vacancies, 𝑉𝑍𝑛. The PL emission is also affected by 

the growth conditions, the films obtained at less negative potential (-0.9 V and -0.6 V) 

present less OH- trapped in the ZnO structure than those grown at higher reduction 

potentials, and present a relatively higher level of defects 𝑂𝑖
0, 𝑂𝑍𝑛

0 , 𝑂𝑖
−/2−

 and 𝑂𝑍𝑛
0/−

 than 

for films deposited at more negative reduction potentials (-1.5 V and -1.3 V). This work 

opens a new line to investigate the intrinsic defects found in ZnO films grown using 

electrochemical techniques by the combination of XAS and PL techniques. 
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Table S1. Harris texture coefficient, standard deviation, FWHM, and crystalline size for the 

different ZnO films obtained from the XRD measurements. 

 

Reduction 

potential 

Peak 

(hkl) 

Intensity 

XRD 

Intensity 

JCPDS 

Texture 

coefficient 

(TC(hkl)) 

Standard 

deviation (σ) 

FWHM 

(002)  

Crystallite 

size (nm) 

-1.5 V 

100 6 569 0.20 

1.49 0.13 62.7 

002 84 415 3.99 

101 8 999 0.16 

110 3 308 0.19 

103 6 265 0.45 

-1.3 V 

100 16 569 0.01 

1.95 0.15 57.1 

002 4461 415 4.91 

101 38 999 0.02 

110 7 308 0.01 

103 27 265 0.05 

-0.9 V 

100 18 569 0.03 

1.94 0.14 61.8 

002 2416 415 4.88 

101 34 999 0.03 

110 14 308 0.04 

103 10 265 0.03 

-0.6 V 

100 0 569 0 

2.00 0.15 55.4 

002 3428 415 5.00 

101 0 999 0 

110 0 308 0 

103 0 265 0 

 

 


