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ABSTRACT 

Despite the fact that zinc oxide is a well-known transparent oxide, several recent studies on 

"black" ZnO have renewed its potential for photocatalytic applications. We report on the control of 

oxygen deficiency in ZnO thin films grown at 300 ºC on c-cut sapphire single-crystal substrates by 

pulsed electron beam deposition (PED) through a slight variation of argon pressure in PED. At a 

pressure of 2 10-2 mbar transparent, stoichiometric (ZnO) and crystalline films are obtained, while 

at 9 10-3 mbar black, oxygen-deficient (ZnO0.85) and amorphous films result. Stoichiometry, 

structural and optoelectronic properties of transparent and black ZnO thin films were comparatively 

analysed as function of oxygen deficiency. The black ZnO thin films exhibit enhanced absorption 

in the visible and near-infrared due to oxygen deficiency, thus extending the range of applications 

of zinc oxide thin films from transparent electronics to solar absorbers and photocatalysis. 
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I. INTRODUCTION  

   

 Zinc oxide has attracted substantial research as n-type transparent conducting oxide due to 

its versatile physical and chemical properties, spanning the whole range from conductor to 

semiconductor behaviour, not only in the bulk but also as thin film or as various nanostructured 

morphologies for solar cells, optoelectronics, gas sensors, photocatalysis, etc. [1-4]. On the other 

hand, amorphous oxide semiconductors like In-Ga-Zn-O are widely employed in recent years as 

transparent thin film transistors for circuits, devices, display and memory applications due to their 

outstanding electrical and optical properties in the amorphous phase compared to amorphous Si [5]. 

Such amorphous films offer several advantages over crystalline films, e.g., a deposition temperature 

at or near room temperature leading to a better compatibility with flexible substrates and a 

reasonably high carrier mobility for applications due to the absence of grain boundaries [5].  

In this context, obtaining amorphous zinc oxide films would certainly be of great interest for 

a lot of applications [6-14]. However, the main impediment in the formation of amorphous ZnO 

films is the facile crystallization of the film in the hexagonal würtzite (P63mc) structure or its nano-

structuring even at or near room temperature on a wide variety of substrates [15,16]. This leads to 

polycrystalline ZnO thin films with electron mobility considerably limited by dislocations or 

impurities at the grain boundaries. Different approaches have been used to obtain the amorphous 

phase in zinc oxide films and to remove grain boundaries by deposition in chemical solution [6,7] 

growth by PLD, sputtering at cryogenic temperatures [8-10] or growth on specific substrates (paper, 

mylar) [11]. 

 While transparent zinc oxide films are currently obtained by a wide variety of growth 

methods, black zinc oxide films are not so currently observed and investigated. Recently, black (002) 

ZnO samples (powders) were obtained from solution followed by a physicochemical reduction 

technique [17]. Zn-rich ZnO black films were also obtained by a modified magnetron sputtering 

method [18]. In both references [17,18], diffraction measurements showed the formation of the 
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wurtzite ZnO structure with a weak Zn metal phase, while in [18] XPS analysis confirmed the 

existence of the Zn metal phase in the film bulk but not on the film surface. Black ZnO films were 

also obtained by electrochemical oxidation of the Zn foil [19,20], and sol-gel method [21]. Dark 

nanoporous [22] and nanostructured ZnO films were synthetized by anodic oxidation of metallic 

zinc [23], with the presence of zinc nanoparticles in the dark-colored anodic films [14].  

 The aim of the present work was to investigate black ZnO films in comparison to transparent 

ones in terms of the role of the stoichiometry on their electrical and optical properties. We have 

grown these zinc oxide films by the pulsed electron beam deposition (PED) obtaining a strong 

change in the optical appearance of the zinc oxide films with a relatively small change in the working 

pressure. 

The PED method has been already used for the successfully growth of pure or doped ZnO 

films [25-26], and other oxide films like LaSrMnO3 [27], In2O3 [28], LaFeO3 [29] and even super 

lattices [30]. PED is a growth method similar to PLD but using a pulsed electron beam instead of a 

nanosecond UV laser to ablate the target material [31, 32]. PED is a different method from electron 

beam evaporation because the electron beam in PED is pulsed and very intense, polyenergetic [31], 

having enough energy to ablate, i.e. melt, vaporize and generate an ablation plasma from a target 

[32]. Indeed, PED is a versatile technique due to the facile tuning of the deposition parameters (gas 

pressure and energy of the species) [31-34], that allows the control of the films’ composition, 

morphology, thickness, and physical properties. 

 The zinc oxide films were grown in a narrow window of argon gas pressure, i.e. 9 10-3 mbar 

and 2 10-2 mbar denoted LP and HP respectively. Such growth conditions lead to the formation of 

amorphous oxygen deficient, black, zinc oxide film in the first case (LP), and crystalline, 

stoichiometric, transparent ZnO films in the second one (HP). The composition, morphology, 

structure and physical properties of the amorphous and stoichiometric films were investigated in 

detail and are presented and discussed comparatively. 
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II. EXPERIMENTAL SETUP 

 

 PED method uses the same deposition geometry for the thin film growth as in a typical PLD 

setup as shown in the Fig. 1. The pulsed electron beam which propagates in a self-focused way 

towards the target, interacts with the target at 45 degrees, then an ablation plasma is formed and 

propagates toward the substrate. The pulsed electron beam used for the ZnO film growth has been 

produced in a channel-spark discharge [31-34]. An external capacitor (16 nF) charged at 15 kV is 

discharged between a hollow cathode and a grounded anode (the vacuum chamber) through a 

capillary tube of 6 mm diameter and 140 mm length. The pulsed beam is produced having about 100 

ns FWHM and a fluence of about 2.5 J/cm2; and is incident on the ZnO target at 45 degrees. The 

sapphire substrate is positioned relative to the target directly below it and parallel to the target. In 

these experiments the substrate was placed at 4 cm from the target. 

The energetic electrons in the beam are generated at the beginning of the electron beam pulse 

and they are followed by beam electrons of decreasing energies, i.e. a polyenergetic electron beam 

[31]. The energy of the pulsed electron beam in interaction with a target is mainly converted in heat, 

contributing to melting, vaporization and generation of the ablation plasma [32]. A small fraction of 

the electrons interacting with the target can be scattered from the target in all directions but not 

focalized like in a beam, therefore only a very small fraction of them could hit the substrate but 

without significantly affecting the film deposition.  

 All the zinc oxide films were grown on c-cut sapphire single crystal substrates, under two 

different argon pressures, either the 9 x 10-3 mbar low pressure (LP), or the 2 x 10-2 mbar high 

pressure (HP). The substrate temperature was fixed at 300°C, and the repetition rate was about 1 Hz. 

The important advantage of the PED method is that the composition, microstructure and the 

electrical and optical properties can be tuned by the growth system partial gas pressure and energy 

of species during film growth [31-34].  
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 Physical and chemical analysis tools were used to investigate the films in a non-destructive 

way. The thickness and composition of the ZnO thin films were determined by Rutherford 

backscattering spectrometry (RBS), using the 2 MeV Van de Graaff accelerator of the INSP, 

Sorbonne Université.  

 X-ray photoelectron spectroscopy (XPS) measurements of black and transparent ZnO thin 

films were performed ex-situ by the Thermo Scientific ESCALAB Xi+ spectrometer at NILPRP 

equipped with a monochromatic Al Kα (1486.6 eV) x-ray source and using a 900 µm beam spot. 

The survey spectra were collected with pass energy of 100 and 1 eV energy step size. The high-

resolution spectra of the Zn 2p, Zn 3p, Zn LMM, O 1s, C 1s core levels were collected with 20 eV 

pass energy and 0.1 eV energy step size, while for the valence band spectra the pass energy was 1 

eV and 0.05 eV energy step size. Zn 3p and Zn LMM spectra were also recorded for a metallic Zn 

sample. All spectra were recorded before and after etching for 60 s by a 2 keV argon ion beam and 

compensate for electrical charging with the electron flood source. The Thermo Scientific Avantage 

software was used for spectra analysis.  

 The structural characterizations were carried out by X-ray diffraction (XRD) analyses using 

a four-circle diffractometer (Philips Xpert MRD) with the Cu Kα radiation (λ = 0.154 nm) The nature 

of the crystalline phases, their axes parameters and their eventual crystallographic textures were 

investigated in the symmetric Bragg-Brentano geometry.  

 The ZnO film resistivity from room T down to liquid helium was measured in the classical 

four probe geometry. The nature, mobility and density of carriers were determined using Hall 

method with a MMR Technologies, Inc. Hall setup at a magnetic field of 3300 G. The optical 

transmission of films in the range 200 - 3200 nm was measured with a Cary 5000 spectrophotometer.  

 

III. RESULTS AND INTERPRETATIONS 

 

A. Composition 
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 The zinc oxide films grown under 9 10-3 mbar (LP) and 2 10-2 mbar (HP) present a drastic 

difference in their optical appearance, as shown in Fig. 2, where illustrative photographs are shown. 

Indeed, the zinc oxide films grown under the higher-pressure HP are transparent, while those grown 

at the lower pressure LP is black, indicating that their optical absorption changes significantly. 

 RBS was used to determine the composition and thickness of the transparent and black zinc 

oxide films. Fig. 3 shows the two representative RBS spectra corresponding to the LP and HP ZnO 

films. This RBS analysis demonstrates that both films have a uniform in-depth distribution of Zn 

and O species, without any measurable amounts of other elements. In addition, interdiffusion was 

not observed between the film and substrate.  

 The use of RUMP software revealed several insights about the films. Firstly, the thickness 

and composition of the films were deduced and are presented in the Table I together with electrical 

measurements. A first noticeable difference between these films concerns their thickness, i.e. 120 

nm for the LP film, and 47 nm for the HP film. This approximately 2.5-fold difference in film 

thickness is significant, despite the limited difference in growth pressure and is due to the pressure 

dependence of the pulsed electron beam generation and gas scattering [28, 31]. Secondly, an 

important difference was observed in terms of film composition. For the HP film, a composition 

close to the stoichiometry (ZnO1.02) was obtained within the precision of the RBS analysis. A 

stoichiometric zinc oxide film is grown in these conditions, as it has been generally observed [25]. 

On the contrary, the LP film shows a large oxygen deficiency: ZnO0.85. This high oxygen deficiency, 

about 15%, is at the origin of its black (dark) colour, as shown in Fig. 3, and is present throughout 

the thickness of the film, as deduced from the interpretation of the RBS spectrum. Indeed, both the 

gradual decrease of the oxygen content of an oxide film and its thickness leads first to a grey, dark 

grey and then to a black colour, as observed in various oxide films obtained by different methods 

[17-24].  

 The LP film shows a large oxygen deficiency (ZnO0.85), while zinc oxide is a material which 

does not present any thermodynamically stable sub-oxides. This means that the LP film with a 
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ZnO0.85 composition is not stable. In fact, such a large sub-stoichiometry will lead to a phase 

separation with Zn clusters embedded in a stoichiometric ZnO matrix as it was previously described 

in other systems [35 - 45]. The disproportionation reaction leading to the complete phase separation 

is the following: 

𝑍𝑛𝑂0.85 → 0.85 𝑍𝑛𝑂 + 0.15 𝑍𝑛 (1) 

Since the most stable phase is the stoichiometric ZnO, this phase will grow at the expense of 

the remaining ZnOx sub-oxide which becomes more and more deficient, and in the complete phase 

separation Zn clusters are created in the stoichiometric matrix [45]. In our present case, the 

disproportionation is probably not complete and a partial disproportionation in the LP film would 

be characterized by the following reaction: 

ZnO0.85 → aZnO + bZnOy + cZn  (2) 

with a + b + c = 1 and (a + by) = 0.85. 

 Three phases will be present in the film: stoichiometric ZnO, oxygen deficient ZnOy, and Zn 

clusters. It must be noticed that the presence of metallic clusters in largely oxygen deficient oxide 

films have been already reported in Ga2Ox [35], ITO [38 - 41] and ZnO [45]. The phase separation 

occurs in largely oxygen deficient oxides which do not possess stable sub-oxides. 

 An interesting point is to compare the deposition rate at two pressures, which is higher for 

the ZnO black films (0.06 nm/s) than for those transparent (0.02 nm/s). One possible explanation is 

related to a specific characteristic of PED, namely that the electron energy distribution of the pulsed 

electron beam plays an essential role for the ablation of the target material [31-34]. This electron 

energy distribution of the beam depends on the working pressure for a fixed high voltage: at a higher 

pressure, HP, the density of low-energy electrons in the beam increases significantly at the expense 

of the high-energy electrons [31,32], leading to a smaller ablated volume of the target, leading to a 

lower deposition rate. In contrast, at a lower pressure, LP, the number of high-energy electrons 

increases relative to the low energy electrons leading to a higher deposition rate.  
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Even though irradiating the ZnO target with a high fluence UV laser (in the case of PLD) or 

pulsed electron beam (in the case of PED) could lead to a darkening of the ZnO target surface, not 

only the target atoms carried by the ablation plasma but also the oxygen atoms in the gas contribute 

to film formation on the substrate, leading to stoichiometric or oxygen deficient films, depending on 

the growth pressure. 

 

B. X-ray diffraction 

 The crystalline structure of the films was investigated by XRD and Fig. 4 presents θ-2θ 

patterns recorded on the LP and HP films. For comparison purpose, the XRD pattern of a zinc oxide 

film grown on a c-cut sapphire substrate at 500°C under similar 2 10-2 mbar argon pressure is also 

presented (Fig. 4). Indeed, these growth conditions, at HP and higher substrate temperature, lead to 

an epitaxial film as it can be seen in the pole figure presented in inset of the Fig. 4. This X-ray pattern 

will be useful to characterize the two other diagrams. In order to compare the crystalline structure 

of these three films, the XRD patterns have been normalized to the film thickness. For the HP film, 

a peak is present at 33.8°, corresponding to the (002) ZnO, i.e., the classical texture of ZnO film 

grown on c-cut sapphire. In comparison to the film grown at 500°, it can be concluded that this HP 

film is only partially crystallized.  

 The X-ray diffraction diagram of the LP film does not show any reflection peak characteristic 

of the ZnO würtzite indicating that this film can be considered as nanocrystalline or amorphous. 

This point is a priori rather surprising by considering the growth conditions. Indeed, the ZnO thin 

films were grown on c-cut sapphire substrates because those are known to favour a (002) growth for 

the ZnO film [16, 25, 26] even at room temperature. Despite these favourable conditions for a 

crystalline growth, the black LP ZnO thin films are nanocrystalline or amorphous. The increase of 

the film non-stoichiometry could contribute to the reduction of the crystallinity of films until 

amorphization. 
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The reason of the difference between the structure of LP and HP films, is related to the film 

growth process in PED. In PED, the kinetic energy of the species emitted by the target can be tailored 

in the range of tens of eV depending on the growth parameters. A lower deposition rate and kinetic 

energy of the species will allow the formation of crystalline material, as observed in the HP film. A 

deposition rate more than 2.5 times higher and a species kinetic energy higher than in the HP case 

may not be sufficient to explain amorphous film formation in the case of LP film. An obvious factor 

would be the high oxygen deficiency of the LP film (ZnO0.85), which does not allow the formation 

of pure ZnO crystallites, leading to significant deformation of the structure.  

 

C. Resistivity 

 The resistivity ρ, carrier density n and mobility  of the LP black HP transparent Zn oxide 

films were determined by Hall measurements at room temperature, and summarized in Table I. 

All the films have a n-type behaviour, as anticipated for un-doped zinc oxide films, and the 

slight difference in the growth pressure leads to evident differences in the measured Hall data. The 

polycrystalline and transparent ZnO films have a resistivity about ten times lower, the carrier density 

is two times lower while the mobility of the electron carriers is five times higher than those 

corresponding to the amorphous black film. The low value of mobility for the LP film would be due 

to the formation of a nanocomposite film with Zn clusters embedded in the oxygen-deficient oxide 

matrix. Some oxygen deficiencies and metal clusters could act as electron donors but also as free 

electron scattering centers in such a nanocomposite LP film that will lead to a large decrease of their 

mobility by comparison to that of the HP film. The lower carrier free mobility value for the LP film 

may also be indicative of the limited percolation-like network of Zn clusters. Moreover, studies on 

the effect of the atomic structure on the electron transport properties of ZnO thin films have proved 

that the electron mean free path that contribute to electrical conduction are rather limited in 

amorphous ZnO films compared to crystalline ZnO films due to the structural disorder as seen by 

X-ray absorption near edge structure (XANES) measurements [12,13]. The decrease in mobility can 
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also be explained by the decrease in the hybridization power of the Zn-4s and O-2p orbitals and this 

may limit the electron mean free path [12,13].  

 In the Table I are also given the values of the parameter kFΛ for these films described by 

formula (3): 

𝑘𝐹Λ = ℏ(3𝜋2)
2

3/(𝑒2𝜌𝑛
1

3)  (3) 

with Λ the electronic mean free path, kF the Fermi momentum, n carrier density, ρ resistivity and ħ 

reduced Planck constant [28, 46, 47]. The value of kFΛ allows to characterize the nature of the 

electrical conduction in a film. If kFΛ << 1 the film stands on the insulating side of the Mott metal-

insulator transition (MIT) with strongly localized electrons, whereas kFΛ >> 1 the film stays on the 

metallic side of the MIT [28, 46, 47]. The Table I shows that the HP film is on the metallic side of 

the MIT with kFΛ about 7. On the other hand, the kFΛ value equal to 0.27 for the LP film means 

that this film is close to the MIT transition.  

 To further analyse, the temperature resistivity curves ρ(T) were measured for the HP and LP 

films respectively and presented in Fig. 5 and 6.  

 In the Fig. 5 the ρ(T) of the HP transparent and stoichiometric ZnO film shows a temperature 

coefficient of resistance (TCR) slightly positive between 300 K and 280 K, indicating a metallic 

behaviour. Then in the following region (T < 280 K) a negative TCR is observed, representative of 

a semiconducting behaviour. However, the large values of kFΛ and density of charge carriers (see 

Table I) higher than the Mott critical charge density (~ 1019 cm-3) indicates that the HP film presents 

a metallic character. This kind of ρ(T) curve is typically explained by the quantum corrections to 

conductivity (QCC) [28, 48, 49], i.e., the weak localization (WL) and electron-electron interaction 

effects (EEI) which occur in disordered metallic oxide systems. This feature of the ρ(T) has been 

widely reported for pure or doped Zn oxide films [46, 48, 49], and other oxide films presenting a 

structural disorder and a high density of carriers [28].  

 The least-squares fit of the ρ(T) (solid line) in the region between 275 to 15 K range was 

performed using the three-dimensional QCC formula described in [46, 48, 49] and their fitting 
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parameters are presented in Table II. For HP films the parameter a1 is very small compared with a2, 

and it is a clear indication that the EEI is the main contributor for the transport in HP films. 

 In the lower range of temperature (4 - 15 K) the ρ(T) curve cannot be correctly fitted by the 

QCC formula. In the inset of the Fig. 5, a linear fit of the resistivity in this region as function of the 

logarithmic variation of temperature matches the 2D weak localization effect (2D WL) [50].  

 In the Fig. 6 the LP, film shows a ρ(T) curve with a negative TCR between 300 K and 5 K. 

However, as in the case of the HP film, the large carrier density (Table I) of the LP films indicates 

that this film also presents a metallic character and the semiconducting-like shape observed in Fig. 

6 is the result of the large disorder in a metallic-like material. In the same way as for the transparent 

HP film, the least-squares fit of the resistivity (solid line) was carried out by QCC model in the 

region between 100 and 300 K and the corresponding parameters are shown in Table II. In contrast 

to the HP film, for p=3 (electron-phonon interactions) the a2 coefficient controls the QCC suggesting 

that the WL is the main contributor for the transport in LP films, EEI being negligible in respect 

with the WL term. 

 At temperatures lower than 100 K the best fit is obtained by using the Mott variable range 

hopping (VRH) transport model [51] based on the strong localization of carriers, as shown in Fig. 6 

(blue solid line), i.e., a fit based on the following formulae (4): 

     𝜌(𝑇) = 𝜌0𝑒(
𝑇𝑀𝑜

𝑇
)

1
4⁄

  (4) 

 Since the role of high oxygen deficiency is reflected in the X-ray diffraction amorphous 

structure of LP black films, this structural disorder selectively reduces the hopping probability, 

which leads to conduction band localization and explains the degradation of electrical properties 

compared to crystalline zinc oxide HP films [13]. Moreover, while it could be expected that the 

presence of Zn clusters in the LP film will induce a decrease of its resistivity, this is not the case. 

Indeed, the resistivity increase of the LP film may be due to the semiconducting or even insulating 

properties of the Zn clusters of small size which has been already reported [52, 53]. 
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D. Optical Properties 

 The films grown under HP and LP conditions present a colour change from transparent to 

almost black (Fig. 2) and Fig. 7a shows their transmission in the 200-3200 nm range. The 

transparency of the double polished c-cut sapphire single crystal substrate is also shown in the same 

Fig. 7a. 

 Compared with HP film, which shows values of the transparency over 85%, including that 

of the substrate, the LP black film exhibits a drastic decrease of the transparency, less than 40% in 

the visible and near-infrared regions. Similar colour changes were reported for black hydrogenated 

titania for which the band gap decreased from 3.3 to 1.54 eV by the introduction of interstitial 

hydrogen [54] and for the black zirconia whose band gap was reduced from 5.09 to 1.52 eV [55]. 

 The optical bandgap (Eg) was calculated from Tauc’s plot (Fig. 7b), i.e. (E)2 vs. E, where 

E is the photon energy. The optical band gap values are 3.28 eV for transparent HP films and 2.95 

eV for the black LP films respectively. The reducing of band gap for the black LP films is correlated 

to the enhancement of the optical absorption in the visible and near-infrared regions, which is 

favourable to the catalytic activity for hydrogen production [18]. If we consider that the Zn clusters 

in LP film have a size of 5 nm and few up to 30 nm as already reported for other oxides with large 

oxygen deficiency [39], then the Mie scattering tends to Rayleigh approximation in our case, with 

no significant dependence on the cluster size, because they are much smaller than the wavelength of 

the light, thus the Tauc formalism could be used. 

 The typically reported band gap values for transparent, crystalline and stoichiometric ZnO 

lies between 3.25 and 3.30 eV [1, 2], in good agreement with the present work. Concerning the 

amorphous and stoichiometric zinc oxide thin films, the values of the band gap were reported higher 

than 3.3 eV for films grown at cryogenic temperatures, some other films being highly transparent in 

the visible light range (≈87%) with an optical bandgap of 4.65 eV and an additional band edge 

absorption feature at 3.50 eV [9] or with a value of 3.78 eV [10]. For the black ZnO films reported 
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in [17] a bandgap reduction from 3.15 to 2.52 eV for white and black (002) ZnO samples was 

obtained from Tauc plots. In [18] the values of the bandgap were 3.18 eV for the stoichiometric ZnO 

thin films and decreased to 3.09-3.18 eV for films with intermediate optical transmission, while no 

bandgap could be measured for black samples. In the present work, the 2.95 eV band gap value is 

probably not due to the amorphous structure of the LP film. The origin of this narrow band gap is 

likely related to the large oxygen deficiency in the film as it has been previously reported [3, 56] 

and metal clusters, as both may be a source of subgap states as shown by density functional theory 

calculation in the case of In2Ox [65].  

 

E. X-ray photoelectron spectroscopy 

 XPS spectra were recorded for characterization of chemical bonding states of elements in 

near-surface regions (i.e., up to depths of about 10 nm) of ZnO thin films. The survey spectra of 

films deposited under HP and LP are very similar (not shown here) and exhibit typical peaks related 

to elements of ZnO and no sample contamination was found apart from a small adventitious C 1s 

and Ar (from etching process) emission detected. To gain more insights, high resolution core level 

spectra of Zn 2p, Zn LMM and O 1s and valence band (VB) spectra, were measured on HP and LP 

thin films and presented in Fig. 8 and 9.  

M.C. Biesinger et al [58] observed that the binding energy of the Zn 2p3/2 zinc oxide peak 

(1021.7 eV) is too close to the binding energy of the Zn(0) metal peak (1021.4 eV), which 

complicates the interpretation of XPS spectra in mixed metal-oxide systems. For comparison, Fig. 

8a shows Zn 2p spectra for transparent HP and black LP zinc oxide thin films, while a spectrum of 

a metallic Zn sample has also been recorded and plotted in the bottom graph for reference. In the 

case of HP and LP films, the doublet corresponds to the Zn 2p3/2 and 2p1/2 core levels of the zinc 

oxide. A very slight shift of 0.08 eV is observed between the HP (1022.09 eV) and LP (1022.17 eV) 

Zn 2p3/2 peaks, while the corresponding peak of the Zn metallic sample is shifted to the binding 

energy value of 1021.73 eV. In addition, the oxide peaks generally have higher FWHM than the 
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metal peaks, which is the case here for the Zn 2p3/2 peaks of the HP and LP films compared to the 

metal peak (1.60 eV LP vs 1.64 eV HP vs 0.71 eV for the Zn metallic sample). 

 High-resolution Zn L3M45M45 (Zn LMM) Auger-transition spectra were recorded because 

Zn LMM is more sensitive than the Zn 2p spectra to changes in the oxidation state of zinc atoms 

[59, 60] and are shown in Fig. 8b. The Auger peaks of ZnO for LP and HP thin films have a main 

peak at ∼498 eV (A) and a shoulder at ∼495 eV (B). The binding energy of the peak A decreased 

from 498.5 eV to 498.4 eV with increasing the oxygen deficiency from HP to LP films. A major 

difference appears in the spectrum of the metallic Zn sample, peak A decreased and peak B increased 

significantly at ∼495 eV, being a signature of the metallic Zn (Zn0) [54].  

In this case the determination of the chemical state is made typically using the modified 

Auger parameter αA of the Zn element in a compound (ZnO) between the Zn 2p3/2 and Zn LMM 

peaks [61], which is defined as the sum of the kinetic energy of the Auger-transition line Zn LMM, 

EK(LMM), and the binding energy of the core-level photoelectron line, Zn 2p3/2, EB [62]: 

𝛼 = 𝐸𝐾(𝐿𝑀𝑀) + 𝐸𝐵 (𝑍𝑛𝑝3/2
)  (5) 

The αA values of films were determined using the peak A of Zn LMM to be 2010.33 eV (HP) 

and 2010.35 eV (LP), indicating the Zn (II) oxide. For the Zn metallic sample αA was 2013.61 eV, 

corresponding to the metallic Zn, Zn (0). The lower αA values indicates the higher oxidation state 

[62], as in the case of LP and HP films. Taking into account the shoulder B of both films, the values 

of αA of these peaks increase towards approximately 2013 eV values, thus a mixed system of Zn 

metal and ZnO could not be excluded [58-60]. For example, the appearance of the metallic Zn phase 

in the bulk of a ZnO film was evidenced by XPS in Zn-rich ZnO films grown by magnetron 

sputtering [18], which exhibited the würtzite structure with existence of small fraction of metallic 

Zn phase as evidenced by X-ray diffraction analysis, while the XPS analysis confirmed the existence 

of the Zn metal phase in the film bulk but not on the film surface. 

 The asymmetric peak of the O 1s core level emission, shown in Fig. 9a is dominated by two 

contributions, A and B. The O1 s peak shows a low binding energy component (B) at 530.73 eV 

https://www.sciencedirect.com/topics/physics-and-astronomy/line-spectra
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(HP) and at 530.79 eV (LP) due to bulk oxygen, i.e., O atoms tetrahedrally coordinated to four Zn 

atoms. The higher energy component (A) located at 532.52 (HP) and 532.47 eV (LP), respectively 

is attributed to the surface defective oxygen [17-23]. The A component is more significant for black 

films (15.63 %) than for the transparent ones (7.94 %), and is accompanied by the decrease of the 

peak FWHM from 1.27 eV (HP) to 1.22 eV (LP), which means a more defective surface state for 

the black zinc oxide films, as already reported [17-24]. 

 The near-surface electronic structure of n-type doped HP and LP ZnO thin films was 

investigated by XPS. VB-XPS spectra were recorded for HP and LP thin films and are shown in Fig. 

9 b. The VB-XPS of the HP film has an overall intensity slightly higher than that of the LP film and 

a more pronounced ratio between peaks I and II. The VB-XPS spectra consist of Zn 3d core peak at 

~11 eV (not shown), a peak I at ~7-8 eV consistent to the O 2p bonding states that hybridize mainly 

with the Zn 4s orbitals and a peak II at ~5.0 eV, which has been ascribed to nonbonding O 2p orbitals 

[12, 13, 64]. Comparative studies between amorphous and a würtzite ZnO revealed a decrease in the 

Zn 4s-O 2p hybridization strength and the localization of Zn 4s band as a consequence of local 

structural disorder, indicating limited electron mean free path in amorphous ZnO and thus decreasing 

the electron conduction in amorphous films than in crystalline ones, as we also noticed by electrical 

measurements presented above [12, 13]. 

 For the HP film the peak I is less intense than the peak II, signifying that the transparent 

würtzite ZnO films present the Zn-polar face [64]. For the LP film the difference between these two 

peaks is very slight, indicating that the Zn- surface termination but could not be attributed to a 

crystallographic polarity due to the X-ray diffraction amorphous structure of the LP film, as shown 

in the XRD pattern (Fig. 4). As already observed [12, 13, 64], the crystallographic polarity with 

cationic surface termination improves the electronic transport properties compared with oxygen 

surface termination face or disordered terminations. 

 The energetic separation E =EV − EF between the valence band maximum (EV) and the Fermi 

level (EF) in the near-surface region of films was extracted using the Kraut method [63]. The values 
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are about 2.96 eV for LP film and 2.94 eV for HP film. Taking the estimated energy of the optical 

bandgap (Eg) of 3.28 eV for HP film (Table I), the band bending (Ebb) value given by Ebb=Eg-E-EC 

, where EC is the energy difference between Fermi level and the conduction band minimum in the 

bulk, is 0.34 eV for the HP film, indicating the upward band bending. 

 Applications of black LP zinc oxide thin films result mainly from the poor performance of 

transparent, crystalline and stoichiometric ZnO in photocatalysis due to its wide band gap, which 

implies insufficient use of visible light. Therefore, a narrow band gap would be more advantageous 

for photocatalysis, and the first applied results of black zinc oxide for photocatalysis, electrocatalytic 

activity for the hydrogen evolution reaction, photoanodes for photoelectrochemical water splitting 

are promising [17-24]. Moreover, the results reported in recent years concerning the development 

and applications of nanomaterials may be a source of inspiration for new applications of black zinc 

oxide in the future [66 -76]. 

 

 

IV. CONCLUSION 

 

In the paper, we have reported on the composition, structure, electrical and optical properties 

of zinc oxide films grown at 300 ºC on c-cut sapphire single-crystal substrates using a slight variation 

of the argon pressure in the PED method. Black and amorphous LP zinc oxide thin films with about 

15% oxygen deficiency were obtained for the first time by PED, and their properties compared to 

those of HP transparent ones. Both films present a structural disorder (amorphous vs. 

polycrystalline) and a high density of carriers, leading to a temperature dependent resistivity 

behaviour specific to disordered metal oxide systems, explained by metallic conductivity and QCC 

(HP) or Mott VRH (LP) models. The low value of mobility of the LP films could be due at least 

partly by the presence of Zn clusters in this film, as also deduced from modified Auger parameter 

of the Zn element that indicated a mixed system of Zn metal and ZnO.  
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TABLE CAPTION 

 

Table I: Stoichiometry, thickness, deposition rate, electrical properties and band gap values of ZnO 

thin films grown at LP and HP, respectively 

 

Table II: The parameters obtained from the fitting of the temperature dependent resistivity curves 

using the QCC model. 
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TABLES 

 

 

 O/Zn Thickness 

(nm) 

Deposition 

rate 

(nm/s) 

ρ 

(Ωcm) 

µ  

(V/cm2s) 

n  

(cm-3) 

kFΛ Eg 

(eV) 

ZnO black 

(LP) 

0.85 120 0.06  2.164 10-2 0.91 5.53 1020 0.27 2.95 

ZnO 

transparent 

(HP) 

1.02 47 0.02  3.941 10-3 5.75 2.76 1020 7.1 3.28 

 

Table I 

 

 

ZnO Fit range σ0 (Ω-1cm-1) a1 (Ω-1cm-1K-3/2) p a2 (Ω-1cm-1K-1/2) b (Ω-1cm-1K-2)  

HP 15 – 275 K 218.72 0.00059 3 2.19 8.32 10-10 

LP 100 – 300 K 23.55 0.0053 3 4.14 10-16 2.16 10-8 

 

Table II 
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FIGURE CAPTION 

 

Fig. 1: Sketch of the PED deposition geometry 

 

Fig. 2: Photos of the ZnO thin films grown on c-cut sapphire single-crystal (10 x 10 mm) at 300 °C 

and (a) HP (transparent) and (b) LP (black) pressures together with a centimeter scale-marker 

 

Fig. 3: RBS spectra recorded for a LP ZnO thin film (black squares) and a HP film (red circles) 

grown by PED on c-cut sapphire substrate at 300 °C. The black and red line represent the fitting of 

the spectra. 

 

Fig. 4 XRD patterns for the ZnO films grown by PED at LP (black line), HP (red line) at 300 °C 

and at HP and 500 °C (blue line) respectively on c-cut sapphire single crystalline substrates. In the 

inset is shown the pole figure of the (10.3) family planes of the ZnO thin film grown c-cut sapphire 

substrate at HP and 500 °C.  

 

Fig. 5 Temperature dependent resistivity of the HP film (open squares). The fit (red solid line) was 

performed by using the QCC model. The inset shows the resistivity curve as a function of 

temperature in logarithmic scale and the resultant fit (solid line) 

 

Fig. 6: Temperature dependent resistivity of the LP film (open squares). The fit (red solid line) of 

the resistivity curve was performed by using the QCC model. The fit (blue solid line) was performed 

by using the Mott VRH model 
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Fig. 7: (a) Optical transmittance spectra of the HP, LP zinc oxide thin films and c-cut sapphire single 

crystal substrate, respectively. (b) The Tauc’s plot of the HP and LP zinc oxide thin films. The linear 

fit for the band gap estimation is presented as solid line.  

 

Fig. 8: High-resolution X-ray photoelectron spectra of the Zn 2p region (a) and Zn L3M45M45 Auger 

region (b) as recorded from HP (top), LP (middle) zinc oxide thin films and metallic Zn sample 

(bottom). 

 

Fig. 9: X-ray photoelectron spectroscopy O1s core levels (a) and valence band spectra (b) of the HP 

and LP ZnO thin films.  
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