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Abstract
Compact ZnO (wurtzite) thin films are prepared on four different substrates by (i) spray pyrolysis or (ii) pulsed reactive 
magnetron sputtering combined with a radio frequency electron cyclotron wave resonance plasma. Films are characterized 
by AFM, XRD, Kelvin probe, cyclic voltammetry, electrochemical impedance spectroscopy, and UV photoelectrochemistry. 
Film morphologies, defect concentrations, crystallite size, and orientation provided specific fingerprints for the electronic 
structure of ZnO close to the conduction band minimum. Fabricated films are referenced, if relevant, to a model system based 
on a wurtzite single crystal with either Zn-face or O-face termination. Kelvin probe measurements of the ZnO/air interface 
distinguished effects of annealing and UV excitation, which are attributed to removal of oxygen vacancies close to the surface. 
In turn, the work function, at the electrochemical interface, specifically addressed the growth protocol of the ZnO electrodes 
but not the effects of crystallinity and annealing. Finally, high photocurrents of water oxidation are observed exclusively on 
virgin films. This effect is then discussed in terms of photocorrosion, and work function changes due to UV light.

Keywords Zinc oxide · Mott-Schottky analysis · Kelvin probe · Photoelectrochemistry · Spray pyrolysis · Reactive 
magnetron sputtering

Introduction

Zinc oxide is a popular functional material for applications 
ranging from large scale industrial usage to advanced opto-
electronic, spintronic, and piezoelectronic devices [1]. ZnO 
is a direct band-gap semiconductor exhibiting n-type conduc-
tivity with high carrier mobilities (≈100  cm2  V−1  s−1). Also, 
p-doping of ZnO has been reported; however, it remains 
elusive [1]. ZnO nanomaterials and thin films are useful for 
photovoltaics (both dye-sensitized [2] and perovskite [3] solar 
cells), antimicrobial applications [4], Li-ion batteries [5], pho-
toelectrochemical water splitting [6–8], and photocatalysis 
[9]. For photoelectrochemical and photovoltaic applications, 
these films are typically deposited on conductive substrates, 
e.g., F-doped  SnO2 (FTO) or indium-tin oxide (ITO).

The rational use of ZnO thin films and electrodes requires 
knowledge of the electronic structure, particularly near the 
conduction band minimum. For this, the archetypal experi-
mental approach consists of determination of the flatband 
potential and donor concentration by Mott-Schottky analy-
sis, based on electrochemical impedance spectroscopy (EIS) 
of the semiconductor/electrolyte-solution interface. How-
ever, due to the fact that this analysis is often carried out 
on unsuitable (e.g., nano-porous) material, together with an 
oversimplified experimental approach [10, 11], reports in 
the literature are inconsistent [12].

Determination of work function and its tuning is essen-
tial for applications of ZnO in many areas. While numerous 
studies [13–15] describe the effect of doping on work func-
tion, we demonstrate that ZnO work function is also affected 
by film thickness, preparation method, and post-deposition 
treatment. Furthermore, the flatband potentials of ZnO thin 
films are reported to be almost pH-independent, which is a 
striking anomaly as compared to various other oxide semi-
conductors, e.g.,  TiO2 and  SnO2, and even compared to the 
single-crystal ZnO (wurtzite) [12]. This behavior was tenta-
tively attributed to the fact that one abundant crystal face on  
ZnO (wurtzite) is capped either by O atoms, (0001) , or by 
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Zn atoms, (0001), and these faces exhibit different surface 
polarity [16]. However, detailed studies of work functions 
of these faces are still missing.

Morphological issues associated with polycrystalline thin 
films on conductive substrates are particularly appealing 
[12]. These studies require a selection of syntheses, which 
can produce perfect non-porous dense films. They must be 
impermeable to electrolyte solutions, which is manifested by 
blocking of charge transfer reactions on the underlying con-
ductive substrate. A quality test based on suitable redox sys-
tems, such as Fe(CN)6

3−/4−, Ru(bpy)3
3+/2+, Ru(NH3)6

3+/2+, 
or spiro-OMeTAD2+/0, demonstrates rectifying behavior on 
good films, i.e., a solely cathodic charge-transfer with no 
anodic counterpart in cyclic voltammograms. Representa-
tive data are available for  TiO2 [17–19] or  SnO2 [17, 20]; 
however, ZnO thin films have not been characterized at this 
level yet. Except for a very brief note in [21], Mott-Schottky 
analysis was made on films, which were not deliberately 
tested for their blocking behavior. This presents a challenge 
for targeted optimization of the synthetic protocol to grow 
ZnO thin films of this quality.

The second general issue is the fact that the flatband 
potential and the corresponding work function (position of 
the Fermi level with respect to vacuum) are not material 
constants but complex variables depending primarily on 
the environment surrounding the investigated surface [22]. 
Model studies of  TiO2 single crystal electrodes revealed that, 
for fundamental reasons, work function measured by EIS, 
photoelectron spectroscopy (UPS, XPS), or Kelvin probe 
can vary over a broad range of nearly 1 eV [22]. This find-
ing is corroborated by the density functional theory (DFT) 
calculations for adsorption of molecular and dissociated 
water on the  TiO2 surface [23, 24]. More specifically, these 
calculations elucidate the environment-borne variations of 
the work functions in anatase/rutile  TiO2 [24].

Also, the effect of film crystallinity needs to be consid-
ered. A comparison of quasi-amorphous and crystalline thin 
films indicated that the crystallinity effect on the work func-
tion was small, or negligible in  TiO2 [19], but very signifi-
cant in  SnO2 [19, 20, 25–27]. In the latter case, enhancement 
of the work function amounted to ca. 0.3–0.5 eV following 
thermal crystallization, as indicated by Kelvin probe [19], 
UPS [25, 26], and electrochemical [20, 27] studies. To date, 
there is no similar study of ZnO thin films, therefore provid-
ing another motivation for this work.

ZnO thin films are often prepared by plasmatic methods. 
The low-temperature plasma contains ions and electrons 
with specific concentrations and energetic distributions [28]. 
This type of plasma is used, inter alia, for surface treatment 
of various semiconducting oxides [29]. Recently, ZnO and 
ZnO:Al films were prepared by magnetron sputtering of a 
ceramic ZnO target at different conditions, and their optical 
and electrical properties were studied [30]. The ZnO films 

prepared by radio frequency (RF) reactive magnetron sput-
tering from Zn metallic target and ZnO ceramic target in 
Ar +  O2 gas mixture were presented, e.g., in [31].

The current paper describes an original method for fabri-
cation of ZnO thin films using a new hybrid physical vapor 
deposition (PVD) source combining reactive pulse sputter-
ing of Zn metallic target and the radio frequency electron 
cyclotron wave resonance (ECWR) plasma. To the best of 
our knowledge, this technique is used here for the first time 
to grow ZnO thin films. For comparison, we synthesized the 
ZnO thin films by a more common method of spray pyroly-
sis too. In both cases, the deposition conditions were opti-
mized to grow high-quality (pinhole-free) thin films.

This study employs an array of characterization methods: 
X-ray diffraction (XRD), atomic force microscopy (AFM), 
Kelvin probe (KP), and several photo/electrochemical tech-
niques. It allowed for concerted investigation of relations 
between synthesis, structure, and properties of ZnO thin 
films. The photoelectrochemical studies are addressing open 
problems of the efficiency of photon-to-electron conversion. 
More specifically, ZnO thin films are unique because the 
classical diffusion-drift (Gärtner) model is insufficient to 
describe their photoelectrochemical behavior [32]. The devi-
ations were attributed to the unusually large exciton binding 
energy (≈60 meV), causing long-range backward diffusion 
of excitons in the ZnO/electrolyte interface [32]. The cur-
rent paper further discloses interestingly high photocurrents, 
which are observed in all virgin films, independent of their 
synthetic history.

Experimental section

Materials and electrodes

FTO glass (TEC-8, Dyesol) was cleaned ultrasonically in 
ethanol (96%), acetone, and isopropyl alcohol. These sol-
vents were of analytical grade quality, purchased from Penta 
Chemicals Unlimited. Flat (100) Si/SiO2 with 300 nm  SiO2 
(Silicon Quest International, USA) were used for AFM stud-
ies. Pure Si substrates (without  SiO2) were from Univer-
sityWafer, Inc. USA. The amorphous  SiO2 substrates were 
purchased from UVC Servis, s.r.o., Czech Republic.  SiO2 
substrates are denoted by “Q” to avoid the problematic term 
“optical quartz glass.” ZnO single crystal (5 × 5 × 0.5  mm3; 
wurtzite (0001)/(0001)  orientation) was from SurfaceNet, 
GmbH (Germany).

Thin films were deposited by spray pyrolysis (SP) [33] 
in air using a solution of 0.1 M Zn-acetate + 0.1 M ammo-
nium acetate in 2-methoxyethanol, with a substrate tempera-
ture of 350 °C. The optimal deposition protocol consisted 
of repeated cycles of spraying of ca. 50 mL aerosol with 
1 min relaxation time between cycles. Layer thickness was 
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controlled by the number of spray cycles (from 25 to 100) 
and determined by ellipsometry or AFM profile analysis of a 
step formed on a Si/SiO2 substrate following removal of the 
ZnO film by scratching (cf. Figure S1 in Supporting Info). 
Four samples were prepared with average ZnO-layer thick-
nesses of approximately 35 nm (SP1), 65 nm (SP2), 105 nm 
(SP3), and 120 nm (SP4).

Alternatively, ZnO thin films were deposited by a com-
bination of pulsed reactive magnetron sputtering (MS) and 
radio frequency ECWR plasma. This deposition method was 
previously used for the deposition  CuFeO2 [34],  Fe2O3 [35], 
and  TiO2 [36]. A circular planar magnetron with a pure zinc 
(99.99%) target (50-mm diameter and 6-mm thickness) was 
reactively sputtered in an Ar +  O2 gas mixture. The gas flow 
of argon was QAr = 15 sccm, and of oxygen was QO2 = 10 
sccm, with a gas pressure p = 0.3 Pa. A pulsed frequency 
fp = 40 kHz was used for the magnetron discharge excitation, 
and an RF power supply with frequency 13.56 MHz and 
power PRF = 200 W was used for ECWR plasma genera-
tion. Substrates were heated during the deposition process to 
300 °C. Three samples were prepared in this way with layer 
thicknesses of 35 nm (MS1), 75 nm (MS2), and 110 nm 
(MS3). Thicknesses were determined using the same meth-
ods as for the SP films. For subsequent heat treatment, if 
relevant, the as-grown films were annealed for 1 h in air at 
450 °C; the heating ramp was 5 °C/min.

Non‑electrochemical methods

X-ray diffraction (XRD) was measured using an Empyrean 
diffractometer (Malvern Panalytical) with CuKα radiation 
(wavelength, λ = 0.154 nm), in a grazing incidence configu-
ration with an incidence angle of 1 deg and a step size of 
0.02 deg. The crystallite size (coherent domain size), D, 
was calculated from the full width at half-maximum height 
(FWHM) using the Scherrer formula:

K is a constant related to crystallite shape (here, K = 0.9); βw 
is the peak width (in radians) of the diffraction peak profile 
at half-maximum height (FWHM), and θ is the diffraction 
angle. The diagnostic reflection (0002) of ZnO wurtzite (2θ 
≈ 34 deg) was used for the analysis.

Kelvin probe measurements were carried out in air using 
a KP020 instrument (KP Technology Ltd). A gold probe was 
positioned close to the sample surface, and contact potential 
difference was measured. Electrical connection to the sam-
ple surface was made by indium tape. Work functions were 
calibrated using freshly peeled-off highly oriented pyrolytic 
graphite, with work function set to 4.6 eV [37]. In some cases, 
samples were illuminated by UV light (365 nm, 6 W/cm2, 

(1)D =
K ⋅ �

�
w
⋅ cos�

Bluepoint LED lamp, Hönle UV Technology) for 10 min. 
Morphology of films was characterized by tapping mode 
atomic force microscopy (AFM) (Dimension Icon, Bruker, 
USA) with a silicon cantilever VTESPA-300 (resonant fre-
quency ≈ 300 kHz, spring constant k = 42 N/m, nominal tip 
radius 5 nm, Bruker, USA). Gwyddion software (v. 2.53) was 
utilized for processing of AFM image data. Surface roughness 
is expressed by the roughness factor (Rf) and the roughness 
average (Ra). Rf is a ratio of the three-dimensional surface 
area and the two-dimensional footprint area of the image. Ra 
is defined as the arithmetic average of absolute values of the 
surface height deviations (Zj) measured from the mean plane 
according to equation:

Roughness parameters (Rf, Ra) were calculated from AFM-
height (5 × 5 µm2) images.

Electrochemical methods

An Autolab 302N potentiostat (Metrohm) equipped with a 
frequency response analyzer was used for cyclic voltammetry 
(CV) and EIS studies. The counter electrode was a platinum 
wire (Metrohm 6.0301.100). The homemade Pt mesh electrode 
1 × 1  cm2 (Goodfellow 0.06 mm wire dia, 82 × 82 wires/in) 
was used for impedance measurements. The reference elec-
trode was Ag/AgCl (3 M KCl) from Metrohm (WOC SGJ 
60724140). The electrolyte solution was 0.5 M KCl saturated 
with ZnO; its pH was between 5.4 and 5.9 (pH Meter 913 
from Metrohm). To account for casual pH fluctuations, poten-
tials in all electrochemical measurements were recalculated, 
quoting the reversible hydrogen electrode (RHE) as a refer-
ence. In accord with a general practice, the Nernstian pH-
dependence (−59 mV/pH) is assumed for the RHE potential 
[12, 38]. However, for the analysis of flatband potentials, the 
ZnO-specific pH-dependence is assumed, viz., −4.8 mV/pH 
for ZnO thin films and −67 mV/pH for single crystals, respec-
tively [12]. All electrochemical measurements were made in 
an Ar atmosphere.

Electrochemical impedance spectroscopy was investigated 
over a frequency range from 100 kHz to 0.1 Hz (modulation 
amplitude 10 mV) at varying potentials. Spectra were evalu-
ated using Zview (Scribner) software by fitting to a Randles-
type circuit. Here, RCT is the charge-transfer resistance, which 
is parallel to constant phase element (CPE) to account for non-
ideal capacitive behavior [17, 18, 20, 22]. The impedance of 
CPE equals [10, 19, 22]

with ω being the EIS circular frequency and B (admittance 
pre-factor) and β (exponent) are the frequency-independent 

(2)Ra =
1

N

∑
N
j=1

|
|
|
Zj
|
|
|

(3)ZCPE = B
−1(i�)−�
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parameters of the CPE (0.8 ≤ β ≤ 1; experimental values 
were from 0.8 to 0.9). The interfacial capacitance, C, is cal-
culated from:

The source data (RCT, B, and β) were determined by fit-
ting of the complete impedance spectra (measured at each 
applied potential from 100 kHz to 0.1 Hz) [10, 12, 17].

Photoelectrochemical measurements were performed 
under Ar in 0.5 M  Na2SO4 solution saturated with ZnO (pH 
7). The cell was equipped with a fused silica optical window. 
The photoelectrochemical cell was placed in a dark room and 
controlled by a Zahner workstation. Films were illuminated 
from the front side by a 365-nm UV LED diode (LS365-2, 
Zahner) with an intensity of 10 mW/cm2. Photoexcitation 

(4)C =
(RCT ⋅ B)1∕�

RCT

was applied with 5 s dark/light intervals. Electrolytes, sol-
vents, and other chemicals were of standard quality (p.a. or 
electrochemical grade) purchased from Aldrich or Merck. 
Figure 1 shows schematically the complete procedure of film 
preparation and characterization.

Results and discussion

Structural studies by AFM and XRD

Figure 2 shows the nanomorphology of ZnO films with 
medium thickness (≈ 70 nm) fabricated by spray pyroly-
sis (SP2) or by magnetron sputtering (MS2). Reference 
images of blank substrates are presented in Fig. S2 (Sup-
porting Info). AFM-height images demonstrate the uni-
form polycrystalline texture of dense films deposited by 

Fig. 1  Flow chart of all per-
formed synthetic procedures 
and characterization methods
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both techniques on flat substrates (Si/SiO2) (Fig. 2A, B; cf. 
Fig. S2B). A roughness average, Ra, of 0.4 nm was found 
for MS2 film, whereas SP2 film showed a higher roughness 
average, by a factor of 4–5, (Ra = 1.8 nm), the latter also 
exhibited larger ZnO nanograins. Table 1 summarizes the 
calculated Ra and Rf parameters for all samples.

The overall surface structure of FTO-supported thin 
films is, as expected, related to the FTO support (Fig. 2C–F 
and Fig. S2A). This quantitatively confirms that Ra values, 
which range between 30 to 33 nm, are independent of the 
sample nature, i.e., SP@FTO, MS@FTO, or blank FTO 
(Table 1). The roughness factors, Rf, of blank FTO is 1.26, 
which agrees with earlier studies [20, 39, 40]. The coverage 

of FTO by ZnO films seems to be more homogenous for the 
spray-pyrolyzed process, although the surface roughness is 
like that of magnetron-sputtered films (Fig. 2C, D).

XRD patterns in Fig. 3 confirm a hexagonal wurtzite 
structure for all films. To minimize perturbations caused 
by substrates, diffractograms of the thickest films, MS3 and 
SP4 (≈110–120 nm), are presented. Practical applications of 
ZnO [2, 3] and other [17, 20] oxide thin films, e.g., in pho-
tovoltaics, often require post-annealing (typically at 450 °C 
in air for 1 h) which, reportedly, improves crystallinity and 
removes carbonaceous impurities from previous prepara-
tive steps. Hence, we also show in Fig. 3 diffractograms of 
annealed ZnO films.

Fig. 2  AFM images of ZnO 
films produced by spray pyroly-
sis (SP2, 65 nm) and magnetron 
sputtering (MP2, 70 nm) on 
various substrates. A SP2 films 
on flat Si/SiO2, B MP2 film on 
flat Si/SiO2, C, E SP2 films 
on FTO, and D, F MP2 films 
on FTO. A–D are AFM height 
images. E, F are AFM phase 
images. Black bars represent 
500 nm
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Table 2 lists crystallite sizes, D, calculated from the 
Scherrer formula (Eq. 1). Following annealing, D values 
increase for MS3 films but remain virtually unchanged for 
SP4 films. This could be due to a higher deposition tem-
perature (350 °C instead of 300 °C) for the as-received 
(as-rec) SP4 samples and their less pronounced orientation 
(see below). Crystallite sizes (from 12 to 26 nm) are much 
larger than the surface roughness of flat supports, which 
are in the Å range, cf. Table 1. This shows that the fabri-
cated ZnO films have a high-quality compact morphology. 
Crystal sizes are comparable to the thickness for SP1 and 
MS1 films (35 nm). More specifically, all films (thicknesses 
35–120 nm) appear to consist of only ≈2–10 monolayers of 
single crystallites, which, nevertheless perfectly sinter into 
a pinhole-free thin film (except for the SP1 film, see below).

Detailed analysis of XRD patterns (Fig. 3) reveals the 
significant preferential orientation of films, deposited by 
magnetron sputtering on amorphous  SiO2 (Q) and Si sub-
strates, independent of post-annealing. In both cases, the 

Table 1  Roughness factors, Rf, and average roughness, Ra, for ZnO 
films produced by spray pyrolysis (SP1-SP4) and magnetron sput-
tering (MS1-MS3) on FTO and Si/SiO2 substrates. All roughness 
parameters were calculated from AFM height (5 × 5 µm2) images. 
Reference data for uncoated substrates are also shown

a Difference of surface and projected area is within statistical errors 
(≪ 1%)

Film Rf @ FTO Ra @ 
FTO 
[nm]

Rf @ Si/SiO2 Ra @ 
Si/SiO2 
[nm]

SP1 1.28 33 1.02 1.8
SP2 1.24 33 1.02 1.8
SP3 1.29 32 1.07 3.9
SP4 1.26 30 1.03 3.1
MS1 1.30 31 - -
MS2 1.27 30 1.00a 0.4
MS3 1.21 31 1.00a 0.5
Si/SiO2 (reference) - - 1.00a 0.2
FTO (reference) 1.26 32 - -

Fig. 3  X-ray diffraction patterns of ZnO films on various substrates: 
FTO, amorphous  SiO2 (Q) and Si. The symbol HT indicates heat 
treatment in air at 450 °C for 1 h (red line). Left chart shows diffrac-

tograms of SP4 film; right chart shows diffractograms of MS3 film. 
Dashed lines mark the main peaks of ZnO wurtzite
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diffractogram is dominated by the (0002) peak at ≈34.5 deg 
(2θ) and by the (1013) peak at ≈63 deg; however, features  
at ≈32 and ≈36.5 deg, assigned to (1010) and (1011) dif-
fractions of ZnO wurtzite, respectively, are strongly attenu-
ated. A preferred orientation of crystallites is often observed 
for ZnO thin films prepared by reactive sputtering methods 
[41–43]. This effect also occurs in other materials  (Fe2O3 and 
 TiO2) prepared by the hybrid system of pulsed sputtering and 
ECWR plasma [35, 36]. Currently, it is assumed that crystal 
orientation in these sputtering methods is dependent on the 
substrate material, temperature, kinetic energy of sputtered 
particles, intensity, and energetic distribution of ion-bombard-
ment of the substrate during the growth process [35, 36, 41]. 
Čada et al. [41] also presents reference diffraction intensities 
of randomly-oriented hexagonal polycrystalline ZnO.

In general, the significant preferential orientation, 
observed for MS3 films on Si and amorphous  SiO2 (Q), is 
not reproduced for films produced by spray pyrolysis (SP4) 
on any substrate. In this case, all expected diffraction lines 
for wurtzite are detected, though with varying intensities, 
where relative intensities change with substrate type and 
presence/absence of heat treatment. When comparing SP4 
and MS3 films on FTO, a preferential (0002)-orientation 
for MS3 on FTO is clear. In this case, it is proposed that 
the anisotropic nature of spray-pyrolyzed films is responsi-
ble for the uniform decoration of FTO grains as opposed to 
magnetron-sputtered films, which keep preferential orienta-
tion along the c-axis, including on FTO (cf. AFM and XRD 
data in Figs. 2 and 3, respectively).

Figure 3 further confirms the presence of the FTO-related 
peaks in all relevant plots for both samples, i.e. SP4 and 
MS3 on the FTO substrates (FTO and FTO-HT; the symbol 
HT means heat treatment). Other impurities are not detect-
able, except for weak features between 52 and 56 deg, which 
are assigned to  SiO2 cristobalite on Si-supported films. Cris-
tobalite is apparently formed by air oxidation of Si during 
film growth. As expected, its signal is stronger in the SP4 
film, which was grown by spray pyrolysis in air, as opposed 
to the MS3 film, which was grown in vacuum with a small 
 O2 concentration (see Experimental Section for details).

Electrochemical methods (CV and EIS)

As mentioned in the “Introduction”, dense films are  
mandatory for their proper characterization using, e.g., the  
EIS [12]. The cyclic voltammetry of the Fe(CN)6

3-/4- redox  
couple was used as quality test (Fig. 4). ZnO films grown 
by spray pyrolysis (SP2-SP4) exhibit almost ideal rectifying 
behavior, i.e., reduction of ferricyanide at potentials nega-
tive to ca. 0.4 V vs. RHE is selectively enabled, but reverse 
anodic oxidation of ferrocyanide, even at highly positive 
potentials, is completely blocked. Only the thinnest film 
(SP1; 35 nm) contains some pinholes, which can be classi-
fied as “defect B.” In this defect, voltammetric peaks, attrib-
uted to a reaction on the supporting FTO, appear, albeit, with 
larger peak-to-peak splitting [17]. From corresponding peak 
currents, a relative pinhole area of 22% for SP1 film can 
be estimated, whereas this value is ≈1% for the remaining 
thicker SP-films (Fig. 4, left chart).

Interestingly, thicker ZnO films (SP2-SP4) keep their good 
blocking function even after thermal annealing at 450 °C. This 
is reminiscent of the behavior of  SnO2 [20] and some (but 
not all [17])  TiO2 [19] thin films fabricated by atomic layer 
deposition (ALD). However, spray-pyrolyzed  TiO2 films usu-
ally contain a large proportion of defects in the as-received 
state and are very sensitive to subsequent cracking following 
heat treatment [17]. ZnO produced by magnetron sputtering 
(MS1-3) exhibits a good blocking function for Fe(CN)6

3-/4- 
redox couple in all investigated thicknesses (35–110 nm), and 
this behavior is not much impaired by annealing (Fig. 4 right 
chart). Deeper inspection of cyclic voltammograms (Fig. 4) 
reveals a somewhat stronger sensitivity to cracking for MS1-3 
films, as opposed to SP2-4 films. It is tempting to propose that 
this is caused by the pronounced thermal growth of crystallites 
in MS-films, compared to the crystallites in SP-films, which 
are virtually unaffected by annealing (see Fig. 3, Table 2 and 
discussion thereof).

For MS films, relative pinhole areas are from 1 to 3%. 
Hence, selected thin films (SP2-4 and MS1-3) are of appro-
priate quality to be investigated by Mott-Schottky analysis, 
to determine the flatband potential (Vfb), work function (φfb), 

Table 2  XRD peak shift (2θ), 
FWHM, and crystallite size 
(D) for (0002) ZnO thin films 
on three different substrates 
(FTO, Si, Q) as-deposited 
samples and samples annealed 
at 450 °C (HT). Q denotes 
amorphous  SiO2 substrate (see 
Experimental Section)

Reflection (0002)

As-deposited HT (450 °C)

Peak shift 
(2θ) [deg]

FWHM [deg] D [nm] Peak shift 
(2θ) [deg]

FWHM [deg] D [nm]

MS3 @ FTO 34.18 0.718 12 34.36 0.336 25
MS3 @ Si 34.24 0.554 15 34.44 0.354 23
MS3 @ Q 34.20 0.394 21 34.47 0.354 23
SP4 @ FTO 34.38 0.372 22 34.36 0.382 22
SP4 @ Si 34.44 0.315 26 34.44 0.315 26
SP4 @ Q 34.47 0.315 26 34.47 0.315 26
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and donor concentration (ND) in well-defined conditions [12]. 
Fitting of a complete impedance spectrum (measured from 
100 kHz to 0.1 Hz) is used here. The fit is further processed 
to get the interfacial capacitance (C) from CPE (see Experi-
mental section). Though in certain cases (e.g., in amorphous 
thin films), the single-frequency measurements provide use-
ful information too [44]; the deconvolution of complete EIS-
spectrum is a robust evaluation method, which is generally 
preferable for the high-quality crystalline thin film and single 
crystal electrodes [10]. Figures 5 and 6 show Mott-Schottky 
plots from electrochemical impedance spectroscopy of all 
films. The linear parts of the plots tend to grow with layer 
thickness and can be described by the equation:

e is the electron charge, ε0 is the permittivity of free space, 
εr is the dielectric constant (εr value for ZnO is 7.8 [7]), Vapp 
is the applied potential, kB is the Boltzmann constant, and T 
is temperature. The Helmholtz capacitance, CH, is assumed 
to be in the order of tens of µF/cm2 [45], i.e., much larger 
than the space-charge capacitance and consequently causing 
negligible contribution to Eq. 5. The second approximation 

(5)
1

C2
=

(
2

e�
0
�rND

)(

Vapp − Vfb −
kBT

e

)

+
1

C2

H

consists of assuming the AFM-determined roughness factor 
for the calculation of capacitance (C). More specifically, 
the roughness factor (Rf) from atomic force microscopy 
(Table 1) is used for correcting the projected electrode areas.

Within these approximations, the flatband potential is 
close to 0.2 V vs. RHE for all ZnO films produced by 
spray-pyrolysis and close to 0.3 V vs. RHE for all ZnO 
films deposited by magnetron sputtering. In all cases, the 
effect of annealing is small, if any. Individual values are 
collated in Table 3. It should be noted that a comprehen-
sive statistical analysis (223 complied entries) by Patel 
et al. [12] showed that the most common value for Vfb was  
0.203 V vs. RHE (despite the spread of literature data 
exceeding 1 V). Zhang et  al. [46] reported Vfb values  
of 0.20 or 0.23 V vs. RHE for the O-terminated or Zn-
terminated, (0001) or (0001), respectively, faces of single 
crystal ZnO (wurtzite). These values are in good agree-
ment with flatband potentials reported here (Table 3). 
Therefore, it is reasonable to say that films investigated 
here behave as high-quality semiconductor electrodes. 
Small fluctuations in Vfb values reported in Table 3 are 
caused by experimental and fitting errors (e.g., pH effect 
of referencing potentials against RHE). Consistently lower 
flatband potential values are observed for films produced 

Fig. 4  Cyclic voltammogram of an uncoated FTO electrode (dashed 
line) and coated by ZnO thin films either by spray pyrolysis (left 
chart) or by magnetron sputtering (right chart). Black lines indicate 
as-prepared films; red lines indicate the same film following heat 

treatment at 450 °C for 1 h. Scan rate 50 mV/s. Electrolyte solution 
is 0.5  mM  K4Fe(CN)6 + 0.5  mM  K3Fe(CN)6 in aqueous 0.5  M KCl 
saturated with ZnO. Voltammograms are offset for clarity. Current 
density scale is the same for all voltammograms
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by spray pyrolysis. This even holds for SP1 films, which 
contained ≈22% pinholes, see above, and hence, its analy-
sis is unreliable. Blank FTO has Vfb ≈ 0.1 V vs. RHE and 
ND ≈  1021  cm−3 [17, 18]. (FTO shows depletion behavior 
with a linear Mott-Schottky plot [10, 12], demonstrat-
ing that a thin space charge layer could exist even on the 
degenerate semiconductor.)

The found Vfb is equal to the Fermi level position at zero 
band bending. For Vfb expressed against the standard hydro-
gen electrode (SHE), the corresponding “electrochemical 
work function,” φfb, equals:

where V0
SHE is the potential of SHE in the absolute scale, 

V0
SHE ≈ −4.44 V [47]. This approach works reasonably 

well in the case of  TiO2, in which Nernstian dependence 
of Vfb on pH (−59 mV/pH) is proven [12], and the work 

(6)�fb = −eVSHE
0

+ eVfb

function is calculated from Eq. 6 for a pH corresponding to  
the point of zero charge [22]. The latter is reported to be 
between 8 to 9.5 for ZnO (average value is 8.8) [12]; but 
it should also be considered that Vfb for ZnO thin films are 
surprisingly insensitive to pH of electrolyte solution. More 
precisely, the statistical analysis of bulky data (223 entries) 
gave (−4.8 ± 2.3) mV/pH for ZnO thin films, (−43 ± 15) 
mV/pH for all morphologies, and (−67 ± 21) mV/pH for 
all morphologies excluding thin films [12]. By selecting 
the last value as the most probable one for the ZnO single 
crystals and assuming the  pHPZC ≈ 8.8 (see above), Eq. 6 
provides the electrochemical work functions, φfb, of 4.11 eV 
and 4.14 eV for the faces (0001) and (0001), respectively  
(i.e., for the O-terminated and Zn-terminated faces, respec-
tively) (Table 4).

Adopting the same evaluation routine for Vfb of thin films 
(from Table 3) provides the corresponding electrochemical 
work functions, φfb, for all the as-received and heat-treated 

Fig. 5  Mott-Schottky plots for ZnO thin films produced by spray 
pyrolysis: SP1 (chart A), SP2 (chart B), SP3 (chart C), and SP4 (chart 
D). Black markers (lines) as-prepared film; red markers (lines) the 

same film after annealing at 450 °C. Electrolyte solution is aqueous 
0.5  M KCl saturated with ZnO. Potentials were measured with Ag/
AgCl reference electrode and are recalculated against RHE
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ZnO thin films. Table 4 lists the specific data. In summary, 
the φfb values of ca. 4.3 eV are obtained for all the SP films 
and ca. 4.4 eV for all MS films, in all cases nearly independ-
ent of the subsequent heat treatment.

Similar values of φfb were recently reported for ZnO 
nanorod electrodes (4.4 to 4.6 eV) [45], and the value of 
4.6 eV can be also estimated from the “universal aver-
age” (Vfb = 0.203 V) mentioned above [12]. (However, 
in this case, the experimental pH is unknown for obvious 
reasons: 223 entries in statistical analysis.) The minimal 
annealing effect in ZnO resembles the behavior of  TiO2 
thin films [19] but differs markedly from  SnO2 thin films, 
which exhibited a substantial increase in flatband poten-
tial (work function) following thermal treatment [19, 20].

Table 3 further presents donor concentrations (ND) cal-
culated from Eq. 5. Absolute values need to be considered 
with care, due to uncertainty in physical surface areas, and 

the fact the Mott-Schottky analysis tends to overestimate 
the donor concentrations [12, 20], particularly in materi-
als with a small effective electron mass (m* = 0.215⋅m0 for 
ZnO [48]). The density of conduction-band states (NC) in 
ZnO (wurtzite) is:

(h is the Planck constant). The offset of Fermi level from the 
edge of conduction band equals [47]:

Hence, ZnO is expected to be degenerate for ND >  
2⋅1018  cm−3. This, however, contradicts our finding that good ZnO 
films provide a rectifying electrochemical interface (cf. Fig. 4). A 
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Fig. 6  Mott-Schottky plots for ZnO thin films produced by magnetron 
sputtering: MS1 (chart A), MS2 (chart B), and MS3 (chart C). Black 
markers (lines) as-prepared film; red markers (lines) the same film 

after annealing at 450 °C. Electrolyte solution is aqueous 0.5 M KCl 
saturated with ZnO. Potentials were measured with Ag/AgCl refer-
ence electrode and are recalculated against RHE
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similar paradox follows from many literature values of ND [11, 12]. 
More specifically, out of the 190 values of Vfb, which were com-
piled in [12], in only 8 cases, Eq. 8 provided plausible values for ζnb.

The width of depletion layer (W) equals:

Vapp is the applied potential. For the ≈1 eV band bend-
ing (which is roughly the fitted region in Fig. 6) and ND =  
2⋅1018  cm−3, Eq. (9) predicts W = 21 nm. This is an estimate 
for the minimal ZnO film thickness to fully accommodate 
the space charge layer. This condition is obviously met in all 
films reported in this study.

(9)W =

(
2�

0
�r

eND

)1∕2(

Vapp − Vfb −
kBT

e

)1∕2

Despite absolute values of ND being uncertain, relative 
comparison of the two synthetic techniques shows that MS 
films have significantly lower (by two orders of magnitude) 
donor concentrations than SP films. Calcination causes a 
small decrease in ND for SP films, but an increase for MP 
films; the effect of annealing is less pronounced for thicker 
films, which also exhibit broader linearity interval in Mott-
Schottky plots (Figs. 5 and 6). We assume that magnetron 
sputtering produces ZnO films with a lower concentra-
tion of defects acting as donors (presumably O-vacancies) 
because oxygen vacancies in reactively sputtered ZnO films  
can be compensated by the flux of oxygen atoms (O) created 
in the ECWR plasma due to  O2 dissociation by collisions 
with energetic electrons.

Table 3  Data obtained from electrochemical (ND, Vfb) and Kelvin 
probe (φK) measurements of ZnO films on FTO substrates. as-rec, as-
received; HT, after heat treatment at 450 °C for 1 h; UV, exposure to 

UV light (see Experimental Section for details). Reference data for 
wurtzite single crystal (0001) and (0001) are also shown

a Average value from 500 measurements over 25 min (as in Fig. 7)
b Initial value immediately after UV treatment (cf. Fig. 7)
c Referred to RHE (pH ≈ 5.4–5.9)
d Data from Ref. [46]; Vfb is referred to RHE (pH = 6.84)

Sample ND as-rec  [cm−3] ND HT  [cm−3] Vfb as-rec [V] Vfb HT [V] φK as-reca [eV] φK as-rec/UVb [eV] φK (HT)a [eV] φK HT/UVb [eV]

SP1 8.8⋅1020 3.9⋅1020 c0.22 c0.20 4.26 4.66 4.41 4.75
SP2 6.9⋅1020 3.1⋅1020 c0.20 c0.20 4.17 4.59 4.28 4.82
SP3 6.2⋅1020 4.7⋅1020 c0.18 c0.19 4.18 4.51 4.36 4.76
SP4 5.1⋅1020 4.2⋅1020 c0.21 c0.22 4.21 4.86 4.38 5.00
MS1 2.5⋅1018 1.6⋅1019 c0.30 c0.30 4.10 4.61 4.36 4.78
MS2 2.7⋅1018 6.6⋅1018 c0.28 c0.27 4.18 4.59 4.37 4.77
MS3 4.5⋅1018 6.1⋅1018 c0.26 c0.27 4.19 4.45 4.43 4.83
Single cryst. (O-term.) d2.51⋅1018 - d0.20 - 4.13 4.54 - -
Single cryst. (Zn-term.) d4.79⋅1017 - d0.23 - 3.99 4.58 - -

Table 4  The electrochemical 
work functions calculated  
from flatband potentials of  
ZnO films on FTO substrates. 
as-rec, as-received, HT, after 
heat treatment at 450 °C for  
1 h. Reference data for wurtzite  
single crystal (0001) and (0001)  
are also shown

a pH-dependence of the flatband potential; average value from statistical analysis [12]
b The actual pH in the respective experiment (EIS measurement)
c Data from Ref [46]

Sample Vfb(pH)a 
[mV/pH]

pH (exp)b as-rec φfb as-rec [eV] pH (exp) HT φfb HT [eV]

SP1 −4.8 5.6 4.31 5.8 4.28
SP2 −4.8 5.9 4.28 5.8 4.28
SP3 −4.8 5.9 4.26 5.4 4.29
SP4 −4.8 5.4 4.32 5.5 4.33
MS1 −4.8 5.5 4.40 5.9 4.38
MS2 −4.8 5.5 4.38 5.9 4.35
MS3 −4.8 5.8 4.34 5.4 4.38
Single cryst. (O-term.) −67 c6.84 4.11 - -
Single cryst. (Zn-term.) −67 c6.84 4.14 - -
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Kelvin probe measurements

Work function was alternatively determined using Kel-
vin probe measurements on the same ZnO thin films, see 
Table 3. (These work functions are coded φK to distinguish 
them from electrochemical work functions, φfb discussed 
above.) In general, we observe the following trends: (i) 
φK values are similar for SP and MS as-received (as-rec) 
films but (ii) systematically larger (by ca. 0.1–0.2 eV) for 
annealed films. The latter finding agrees perfectly with φK 
values reported by Yeh et al. [49] for amorphous and crys-
talline ZnO grown by pulsed laser deposition, where crys-
talline films exhibited φK values ca. 0.1 eV larger than for 
amorphous films. In contrast, φfb values are nearly intact by 
annealing (Table 3, and Eq. 6).

We also investigated changes in φK caused by UV irra-
diation in air (Fig. 7). In general, in all cases, work func-
tion values were markedly enhanced by UV excitation, with 
the effect persisting for > 10 min after switching off the 
UV light. Photoexcitation of ZnO in air reportedly causes 
chemisorption of ionic oxygen through the reaction of pho-
togenerated electrons [50]. The observed enhancement in 
work function in UV-activated ZnO is reminiscent of the 
same behavior of  SnO2 and ITO [49] but opposite the behav-
ior of nanocrystalline  TiO2 thin films [51, 52]. In titania 
films, Kelvin probe measurements indicated a drop in work 
function with a markedly faster relaxation to initial values 
over several minutes. This was attributed to recombination 
of photogenerated charge carriers and slow diffusion (trap-
ping/de-trapping) of electrons through the network of  TiO2 
nanoparticles [52].

In the reported compact ZnO films, effects at grain 
boundaries are assumed to be less important thanks to the 
dense morphology of nanocrystals and to the higher carrier 
mobility of ZnO compared to  TiO2. Obviously, UV activa-
tion of ZnO and its relaxation cannot be explained by slow 
electron diffusion in a polycrystalline skeleton. This is cor-
roborated by a model experiment on ZnO (wurtzite) single 
crystal, in which the particle–particle charge transfer is natu-
rally absent. Yet, the single crystal still exhibits a significant 
enhancement in φK with UV treatment: from 4.13 to 4.54 eV 
(for O-terminated wurtzite crystal) or from 3.99 to 4.58 eV 
(for Zn-terminated wurtzite crystal); see Table 3.

Notably, values for  ZnO single crystal agree with the 
measurements of flatband potentials of the same faces 
of ZnO single crystal after photoetching under an anodic 
bias [46]. The observed enhancement of φK of the as-
received crystals (by 0.04 V for O-terminated face com-
pared to the Zn-terminated face) is not reproduced by 
electrochemical work functions, φfb, of the same faces, 
exhibiting decrease by 0.03 eV (see above and [46]). Nev-
ertheless, the trend of electrochemical and Kelvin probe 
work functions is  identical, if we consider the φK values 

for the UV-treated single crystals (Table 3). In this case, 
the φK and φfb values equal 4.54 and 4.11 eV, respec-
tively, for the O-terminated face and 4.58 and 4.14 eV, 
respectively, for the Zn-terminated face. The rationale for 
this observation is that Zhang et al. [46] actually reported 
their Vfb values for crystals, which were subjected to pho-
toetching prior to their Mott-Schottky measurement. They 
noted that photoetching removes deep surface states in  
the band gap of ZnO, which could result in non-linear 
Mott-Schottky plots [46].

A similar study of  SnO2 and ITO reported a consistent 
increase in φK (by 0.4–0.5 eV) following UV/ozone treatment 
and attributed it to removal of near-surface oxygen vacancies 
[49]. This effect was not permanent, as after re-equilibration 
with air, the film released oxygen, while O-vacancies re-
appeared. This effect was reproduced with the reported ZnO 
films, where φK values for UV-treated samples (Table 3) 
returned to their original values within several weeks of stor-
age in ambient conditions (data not shown).

Data reported here, together with earlier literature, illus-
trate the rich complexity of problems associated with the 
measurement of the electronic structure of ZnO thin films 
near the conduction band minimum. In general, Kelvin probe 
measurements made in air specifically highlight the effect 
of annealing. It can be hypothesized that annealing in air 
decreases the number of oxygen vacancies near the surface 
(similarly to the UV-effect discussed in the previous para-
graph), thus decreasing the concentration of free electrons 
in the conduction band. This enhances the offset of Fermi 
level from the conduction-band minimum, i.e., increases 
the work function [53]. On the other hand, at the electro-
chemical interface, the dominating mechanism controlling 
the Fermi level position is the effect of double-layer on the 
ZnO surface, e.g., the surface dipole associated with orienta-
tion of water molecules [12] or their dissociative adsorption 
[22]. We also note that annealing of the reported ZnO films 
does not significantly influence the crystallinity of the layers 
(see Fig. 3 and discussion thereof), which qualitatively sup-
ports the assumption that, in general, interfacial effects are 
primarily responsible for the control of Fermi level position 
(work function).

Photoelectrochemistry

Figure 8 shows photoelectrochemical current/voltage plots 
under intermittent UV irradiation. Unusually large photo-
currents are observed in fresh ZnO films, which rapidly 
disappear (already during the first scan), and this attenu-
ation progresses in repeated measurements. We are not 
aware of reporting this effect in any of the earlier ZnO 
photoelectrochemical studies [1, 6, 7, 12, 54], though sev-
eral authors noted an instability in ZnO photoelectrodes. 
It was attributed to photocorrosion [6, 45], caused by 
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dissolution of ZnO and  O2 evolution under action of the 
photogenerated holes  (h+):

Extreme peak photocurrents, in the order of mA/cm2 (cf. 
Fig. 8), were observed for all virgin films (SP1-4 and MP1-
3) independent of their preparation and post-calcination 
history (data not shown). This could be explained by the  

(10)ZnO + 2h+ → Zn2+ + 1∕2 O
2

contribution of charge carriers beyond the space charge 
region (Gärtner model) in agreement with [32]. A better 
performance for annealed films was always apparent, but 
the drop of the initial “super-photocurrent” (cf. Fig. 8) 
could be caused by simultaneous electrode degradation (cf. 
Eq. 10). It should be noted that previously studied  TiO2 and 
 SnO2 films on FTO provided photocurrents of ca. tens of 
µA/cm2 only at the same illumination intensity and with 
similar experimental conditions [19]. Bakhtiargonbadi 

Fig. 7  Relative enhancement of work function caused by UV illu-
mination (ΔφK). Work function was measured by Kelvin probe 
on ZnO thin films, of comparable thickness (≈105  nm for SP3 and 
110 nm for MS3), deposited on FTO. As-prepared samples (chart A). 

Annealed samples (chart B). Chart C shows corresponding data for 
ZnO (wurtzite) single crystals (0001) with two terminations: Zn- or 
O-face, respectively. Values for ΔφK are referenced to the work func-
tion of blank (non-illuminated) samples
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et al. [55] observed photocurrents in range of µA/cm2 under 
simulated sunlight for ZnO thin films fabricated by electro-
spinning method. Hence, the ZnO thin films reported here 
obviously appear to be very promising photoelectrochemi-
cal materials, if the stability issues are solved.

An alternative explanation of fading of super-photocurrents  
(Fig. 8) could be the work-function enhancement by UV 
light (cf. Fig. 7 and discussion thereof). Obviously, both 
the drop in O-vacancy concentration and the associ-
ated drop in conductivity [49], as well as work-function 
enhancement, would logically impede electrochemi-
cal water reduction on photoexcited ZnO. However, the 
repeated photoelectrochemical testing of our “weeks-
relaxed” electrodes did not provide any enhancement 
in the photocurrent (Fig. S3 in Supporting Info). At this  
stage of our research, we must leave this question open  
for deeper studies in the future.

Conclusions

High-quality dense ZnO (wurtzite) thin films (35–120 nm) were 
prepared by (i) spray pyrolysis (SP) and (ii) pulsed reactive mag-
netron sputtering combined with radio frequency electron cyclo-
tron wave resonance plasma (MS). Four different substrates were 
used: FTO, amorphous  SiO2, Si, and Si/SiO2. For comparison, 
macroscopic single crystals with either O- termination (0001)  
or Zn- termination (0001) were investigated too.

ZnO (wurtzite) crystallite sizes range from 12 to 26 nm, 
indicating that the thin films consist of ≈2–10 monolayers 
of single crystallites. Crystals are sintered into a virtually 
non-porous compact body for all MS films (35–110 nm) and 
for the SP films (≥ 65 nm). These films exhibit nearly ideal 
rectifying function on an electrochemical interface. On all 
types of substrates, SP films are more anisotropic. The Si 
substrate is prone to air oxidation during spray pyrolysis.

Fig. 8  Linear sweep voltamme-
try under intermittent UV light. 
(Upper chart) MS1 sample, 
(lower chart) SP2 sample (nar-
row lines, 1st sweep; bold lines, 
2nd sweep). Black lines as-
received film; red lines the same 
film after annealing at 450 °C. 
Photoexcitation is applied 
with 5 s dark/light intervals. 
Electrolyte solution is aqueous 
0.5 M  Na2SO4, saturated with 
ZnO pH 7
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Work functions for ZnO/electrolyte interfaces (φfb) are 
≈4.3 eV for SP films and ≈4.4 eV for MS films. Changes 
due to annealing are small, if any. Donor concentrations are, 
by two orders of magnitude, smaller for MS films compared 
to SP films. This is attributed to quenching of O-vacancies 
in the ECWR plasma.

Work functions for the ZnO/air interface determined by 
Kelvin probe (φK) are ≈4.2 eV for all films but systemati-
cally larger (by 0.1–0.2 eV) for annealed films. Work func-
tion values are strongly enhanced by UV-excitation (by ca. 
0.2–0.6 eV), which persists after switching-off UV illumi-
nation. The UV effect is omnipresent in all films including 
ZnO single crystal.

Photoelectrochemical water oxidation demonstrated unu-
sually large photocurrents on both MS- and SP- virgin films. 
The subsequent fading of photocurrents is discussed in terms 
of photocorrosion and work function changes by O-vacancies.
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