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A B S T R A C T

This study comprehensively examines the structural, electrical, and electrochemical properties of Cu- and Ag- 
doped HfO2 thin films deposited via the co-sputtering method. The dopant concentrations were precisely 
controlled by varying the DC magnetron sputtering power, allowing a systematic evaluation of their impact on 
film characteristics. Structural analysis revealed that the monoclinic phase of HfO2 was retained, with minor 
crystallographic changes attributable to the dopants. Also, confirmed the successful incorporation of dopant ions, 
revealing variations in spin-orbital splitting values due to differences in ionic radii and electronic configurations. 
Morphological studies demonstrated that Ag doping reduced surface roughness and enhanced uniformity, 
whereas Cu doping increased roughness, resulting in a more irregular morphology.

TLM analysis highlighted improved conductivity in doped films, although the effect was limited by the 
oxidation states of dopants and the presence of oxygen vacancies. Electrochemical investigations through 
potentiodynamic polarization analysis revealed that Ag doping significantly improved corrosion resistance in 
alkaline environments, while Cu doping had the opposite effect, reducing corrosion resistance due to increased 
porosity and morphological irregularities. The results underscore the contrasting roles of Cu and Ag doping in 
modulating the functional properties of HfO2 thin films, offering insights into their potential for applications in 
advanced electronic devices, resistive switching memory, and energy storage systems.

1. Introduction

Hafnium dioxide (HfO2), with its wide bandgap, high dielectric 
constant, and thermal stability, has emerged as a critical material in 
electronic and optoelectronic devices [1–3]. These unique properties 
make it an ideal candidate for various applications, piquing the curiosity 
of researchers and scientists [4,5]. The high dielectric constant of HfO2 
makes it suitable for replacing classical low-k materials in electrostatic 
capacitors, gate dielectrics in metal-oxide-semiconductor field-effect 
transistors (MOSFETs) and thin film transistors (TFTs), and other mi
croelectronic devices, inspiring further exploration into its unique 
properties [2,6]. HfO2 also exhibits excellent optical properties, such as 
high optical transmissivity and low reflectivity in the visible and 
near-infrared regions, making it ideal for antireflection optical coatings 
[3,7]. As a ferroelectric material due to its remanent polarization 
properties, it is a promising candidate for applications in memory de
vices, sensors and energy storage systems [3,8,9]. HfO2, with its 

attractive structural properties, has been explored for its potential as a 
solid-state electrolyte in lithium-ion batteries. Its ionic conductivity of
fers the promise of higher energy density and improved safety condi
tions compared to conventional liquid electrolytes, making it a 
promising prospect for future energy storage systems [10–12].

In general, thin film growth techniques, deposition conditions and 
post-deposition treatments of HfO2 films are highly effective on all 
structural parameters and chemical properties of the films. Therefore, 
HfO2 films have been grown by many methods such as sputtering, 
physical vapor deposition (PVD), atomic layer deposition (ALD), pulsed 
laser deposition (PLD) and sol-gel etc. to control thin film parameters 
[13–21]. Also, post-deposition treatments such as annealing were 
applied to improve the HfO2 films parameters [15–18]. The advantages 
and limitations of each method allow the deposition of films with the 
desired properties. Therefore, appropriate methods are selected for 
depositing films with properties suitable for the intended use. For 
example, ALD, PLD and sol-gel are preferred for the deposition of very 
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thin and high-quality HfO2 films, sputtering technique has gained 
considerable attention due to its potential advantages such as scalability 
and high deposition yields [6,20–23]. Sputtering is an effective depo
sition technique for growing high-purity films and has advantages such 
as good adhesion, controllable thickness, elemental composition, and 
uniformity [3,13,20]. In addition, sputtering variables (e.g., background 
pressure, sputtering power, etc.) can be used to create precise growth 
conditions for the desired application [20].

In recent years, extensive research has focused on doping HfO2 with 
various metals, such as Ni, Ta, Y, Nd, Si, Al, Gd, Ce, W, and Pt, to 
enhance its properties and expand its applications [6,18,22–27]. Among 
these, doping materials with semi-noble metals like copper (Cu) and 
silver (Ag) have garnered significant attention owing to their unique 
electrical and electrochemical characteristics [8,21,28–30]. These 
unique properties are a source of curiosity and a driving force for further 
research [29–32]. Doping HfO2 with transition metals can modify its 
microstructure, phase composition, and electrical properties, potentially 
enhancing its performance in various applications. This enhancement 
potential highlights promising advancements for future HfO2-based 
devices [18,23,33–35]. Improved electrical conductivity, dielectric 
properties, and structural properties are critical for applications in 
resistive switching memory devices, nonvolatile memory devices, and 
capacitors. These properties also affect the reliability and endurance of 
HfO2-based devices, making them valuable for optimizing device per
formance [8,18,36]. In addition, doping has been shown to influence the 
electrochemical behavior of films, potentially enhancing their corrosion 
resistance and catalytic activity [27].

This study investigates the structural, electrical, and electrochemical 
properties of Cu- and Ag-doped HfO2 thin films synthesized via co- 
sputtering. The dopant concentrations were controlled by varying the 
DC magnetron sputtering power, and the resulting films were charac
terized using a range of techniques, including X-ray diffraction (XRD), X- 
ray photoelectron spectroscopy (XPS), and scanning electron micro
scopy (SEM). Cu- and Ag-doped HfO2 films were systematically fabri
cated and thoroughly characterized.

2. Materials and methods

2.1. Materials and synthesis

Cu- and Ag-doped HfO2 films were grown by RF and DC magnetron 

sputtering onto boron-doped and thermally oxidized Si wafers. The 
oxide layer was 285 nm thick and provided good electrical insulation 
against the conductive substrate. Before deposition, the thermally 
oxidized p-silicon substrates were cleaned using standard RCA cleaning 
(i.e., a 10 min boil in NH4OH + H2O2 + 6H2O followed by a 10 min boil 
in HCl + H2O2 + 6H2O and rinsed by deionized water and dried with 
high-purity nitrogen) [37]. Substrates were then dipped in 10 % HF 
solution, rinsed in deionized water, and dried under nitrogen flow. 
Subsequently, the substrates were immediately placed in the NVTS-400 
deposition chamber (Fig. 1), and 30-nm high-purity gold was evapo
rated on the Si substrate. This Au layer was used as the back contact of 
the working electrode in order to minimize the effects of the Si substrate 
during electrochemical measurements.

Copper-bonded and 2-inch-diameter HfO2 sputtering targets (99.95 
%, Kurt J. The Lesker Company) for RF sputtering and Cu (99.99 %, Kurt 
J. Lesker Company) and Ag (99.995 %, Kurt. The Lesker Company) was 
positioned in the DC sputtering gun order. The growth process of the 
doped HfO2 films was carried out in a 5 N high-purity argon flow (flow 
rate was 4 sscm). The constant RF power (for HfO2 targets), substrate 
temperature, background pressure and substrate-cathode distance were 
100 W, 30 ◦C, 8 mTorr, and 21 cm, respectively. The RF and DC sputter 
targets were arranged horizontally 25 cm apart, and both guns faced the 
substrate at a certain angle (~50◦). The DC magnetron sputtering 
powers of the Cu and Ag dopants were 5, 10, and 20 W, respectively. The 
film thickness was monitored using a quartz crystal microbalance (QCM) 
thickness monitoring system and was fixed at 300 nm using an auto- 
shutter system. The continuous rotation speed of sample holder was 
10 rpm for all deposition process.

TLM patterns were created using thermally evaporated high-purity 
gold contacts in a steel shadow mask. Data management for the SMU 
(Keithley, B2912A), and all calculations were conducted using the VEE 
Pro-based SeCLaS software [38,39].

2.2. Characterization

Field-emission scanning electron microscopy (FE-SEM) (Zeiss 
Gemini 500) was used to observe surface morphology and obtain in
formation on the film’s chemical composition. Mappings and X-ray 
energy-dispersive spectroscopy (EDS) results were analyzed using the 
FE-SEM Energy-Dispersive Spectroscopy software (FE-SEM-EDS) (EDAX 
Inc.). Atomic force microscopy (AFM-VeeCo Multimode 8) was used in 

Fig. 1. Schematic illustration of the experimental setup for deposition and electrical and electrochemical measurements of Ag- or Cu-doped HfO2 thin films.
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tapping mode, during at 10 × 10 μm and 1 × 1 μm scan areas. 2D and 3D 
AFM images were recorded and mean surface roughness parameters 
were determined by using the NanoScope 3D Analysis software.

X-ray diffraction (XRD) patterns were recorded by a Pan Analytical 
Inc. X-ray diffraction (XRD) unit with (45 keV, 40 mA) in the scan range 
from 10◦ to 90◦ (2θ) and scan rate of 2◦/min using Cu Kα radiation (λ =
1.5406 Å) as an X-ray source. Specs-FlexMod recorded X-ray photo
electron spectroscopy (XPS) measurements. Before survey scans of (Ag 
or Cu) doped HfO2 films, they were slightly etched with Ar ions to 
minimize the effect of contamination on their surface. An XPS spec
trometer was operated at 15 kV and the Al Kα radiation (with energy of 
1486.7 eV). The Hf 4f, O 1s, Cu 2p, and Ag 3d plots were obtained by 
taking the average spectra of five scans for each element and using 
Gaussian–Lorentzian line shapes for deconvolution of the spectra.

The transfer length method (TLM) was used to determine the DC 
resistivity and contact properties. Current-voltage measurements (I–V) 
were conducted via a computer-controlled Agilent B2912A SMU. All 
measurements and calculations were performed using the VEE Pro- 
based SeCLaS software [38,39]. Potentiodynamic polarization tests of 
Cu- or Ag-doped HfO2 thin films were conducted using a ZIVE SP1 
Compact Potentiostat. The counter electrode was platinum wire, and the 
reference electrode was an Ag/AgCl (3 M NaCl) electrode. The working 
electrode probe was connected and immersed in a 0.1 M KOH electrolyte 
solution. Polarization tests were performed between a potential range of 
±0.4 V and a scan rate of 1 mV/s.

3. Results and discussion

3.1. Morphological properties

3.1.1. FE-SEM-EDS characterization
Fig. 2a and 2b–d shows an FE-SEM image of the pure HfO2 and Ag- 

doped HfO2 thin films, respectively. As can be seen, Ag doping was 
observed to significantly change the surface morphology. The presence 
of Ag contributed to shaping the film’s structure. Fig. 2c–e shows the FE- 
SEM images of the Cu-doped HfO2 thin films. In this image, the Cu 
contribution caused noticeable morphological changes. So, Cu addition 
resulted in a more irregular and cracked structure. As a result, we 
observed that the Ag and Cu additives have different effects on the 
surface morphology of HfO2 thin films. While the Ag additive improves 
the surface morphology and smoother structure, the Cu additive created 
an irregular and more brittle structure.

Further investigation of the distribution of doping atoms over the 
entire film is essential for depositing homogeneous films. The EDS 
mapping results for undoped and Ag- or Cu-doped HfO2 thin films were 

homogeneous (Fig. 3). These data are essential for understanding the 
variation in the composition of thin films at different doping levels.

Table 1 presents the weights and atomic percentages of Ag and Cu in 
HfO2 thin films doped at various power levels, as obtained by energy- 
dispersive spectroscopy (FE-SEM-EDS). The weights and atomic per
centages of both elements were given at different power levels (5 W, 10 
W, 20 W).

Atomic percentages values of Ag and Cu doped HfO2 films indicate 
that co-sputtering was successfully applied to HfO2 films. The weight 
percentage change caused by the increase in the sputtering power of the 
targets was more noticeable for Cu than for Ag. The atomic percentage of 
the dopants was determined from the EDS results and was 2.81 ± 0.51 % 
and 4.60 ± 1.73 % for Ag and Cu, respectively.

The weight percentage of Ag increased 15.38 ± 2.18 % to 16.52 ±
1.97 % with increasing sputtering power (5 W–20 W). Similarly, the Ag 
atomic percentage slightly increased from 2.81 ± 0.51 % to 2.96 ± 0.43 
%. Despite the increased Ag targets’ DC sputtering power, the atomic 
percentage increase remains limited. Similarly, the weight percentage of 
Cu increased from 9.32 ± 1.68 % to 16.92 ± 0.30 %, and the atomic 
percentage increased from 4.60 ± 1.73 % to 5.88 ± 0.15 % with 
increasing sputtering power. This shows that Cu sputtering seems more 
sensitive to sputtering power. Cu atoms are more integrated into the 
HfO2 structure during doping due to their cluster formation tendencies, 
mean free path lengths of sputtered particles, sputtering yields, etc. [40,
41].

3.1.2. AFM characterization
Surface morphology is an essential criterion for device applications 

because it can affect the electrical properties of thin films, especially 
when dielectric films used as interlayer smoothness can provide uniform 
contacts for electrical conductivity and prevent undesirable phenomena 
such as leakage current. Thus, the surface morphology of the metal- 
doped HfO2 thin films should be as smooth as possible. The AFM im
ages of undoped and Ag- or Cu-doped HfO2 thin films were smooth 
without indistinguishable features (Fig. 4). The average surface rough
ness (Sa) and ten-point height (Sz) values of the grown materials were 
related to the differences in the surface structure. The surface roughness 
parameters of Ag- or Cu-doped HfO2 thin films are presented as func
tions of the DC sputtering power (Table 2). The root mean square (RMS) 
roughness values and morphological structure of deposited films were 
remarkably similar to those reported in the literature [18,23,42–44].

As shown in Table 2, the root mean square (RMS) roughness value 
and the Sz value for undoped HfO2 films are relatively low and indicate 
the Frank-van der Merwe (layer-by-layer) type growth mechanism [45]. 
However, the RMS and Sz values for HfO2: Ag (5 W) thin films are quite 

Fig. 2. For different DC sputtering power values, FE-SEM images of un-doped (a), Ag-doped (b,d), and Cu-doped HfO2 (c,e) thin films.
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high. This indicates island (Volmer-Weber) type growth considering the 
growth method and film parameters (e.g. relatively thick films and 
sputtering method) [41,46,47]. As the Ag doping increased (at 5 W and 
10 W), the surface roughness increases and island growth was the 
dominant mechanism. However, the roughness decreases at HfO2: Ag 
(20 W). In fact, the change in surface energy caused by increasing Ag 
content indicates a return to a uniform structure (layer and island type). 
Similarly, at low Cu doping (at 5 W–10 W), the surface remains rela
tively smooth. However, when the sputtering power is increased (20 W) 
the roughness increases significantly, indicating that island type growth 
is dominant [20,48]. Furthermore, unintentional collisions (secondary 
collisions) in the sputtering chamber due to the more energetic particles 
traveling from the target toward the substrate may contribute to the 

change in these growth mechanisms [49,50].

3.2. Structural properties

3.2.1. XRD measurements
XRD characterizations were conducted to investigate the crystal 

structure of Ag- or Cu-co-doped HfO2 thin films. Fig. 5a and b shows the 
XRD patterns recorded as a function of the HfO2 films at different doping 
conditions. The XRD patterns of undoped HfO2 and HfO2:Ag (5 W) thin 
films showed a broadened diffraction peak around 31.8◦. As seen in 
Fig. 5a–b, a few peaks of crystalline phases are observed in undoped 
HfO2 and HfO2:Ag (5 W) thin films. In this case, the film is not entirely 
amorphous and is a mixture of amorphous and crystalline phases with a 
small amount of crystals. The crystallite size of particles was determined 
using Debye–Scherrer’s formula, and it was found to be 12 Å (for 2Θ =
31.8◦) [20,25,51,52]. In this situation, crystallite size was close to the 
typical value for sputtered particles, indicating that HfO2 was deposited 
on the substrate in a granular form [18,53].

Furthermore, the increase in doping resulted in an increase in crys
tallinity and this phase became the dominant phase with a small crys
talline structure instead of remaining amorphous. Depending on the 
growth conditions, HfO2 can exhibit several polymorphs, such as 
monoclinic (m-), orthorhombic (o-) and tetragonal (t-) phases [18,54,
55]. So, peaks at 2θ = 50.2◦ and 54.9◦ are assigned to t-(022) (JCPDS 

Fig. 3. EDS results for un-doped, Ag-doped, and Cu-doped HfO2 thin films for different DC sputtering power values.

Table 1 
Measured weighted and atomic percentages of simultaneously (Ag or Cu) doped 
HfO2 films at various power levels by EDS.

Dc sputtering 
power

Ag-doped HfO2 Cu-doped HfO2

Weight % Atomic % Weight % Atomic %

5 W 15.38 ± 2.18 2.81 ± 0.51 9.32 ± 1.68 4.60 ± 1.73
10 W 16.09 ± 1.94 2.88 ± 0.43 15.12 ± 1.97 5.65 ± 0.91
20 W 16.52 ± 1.97 2.96 ± 0.43 16.92 ± 0.30 5.88 ± 0.15

A. Akkaya et al.                                                                                                                                                                                                                                 



Journal of Physics and Chemistry of Solids 202 (2025) 112686

5

Fig. 4. 2D and 3D AFM images of un-doped, Ag-doped HfO2 (left side) and Cu-doped HfO2 (right side) films over a scan area of 10 × 10 μm and 1 × 1 μm.

Table 2 
Surface parameter measurement results for simultaneously doped HfO2 films.

DC sputtering power Ag-doped HfO2 Cu-doped HfO2

RMS (nm) Sa (nm) Sz (nm) RMS (nm) Sa (nm) Sz (nm)

– 2.45 ± 0.53 1.84 ± 0.41 8.14 ± 2.04 2.12 ± 0.43 1.58 ± 0.37 7.31 ± 1.45
5 W 7.41 ± 1.32 5.35 ± 0.89 24.94 ± 9.27 3.21 ± 1.17 2.32 ± 0.89 10.65 ± 3.85
10 W 5.99 ± 0.98 4.25 ± 0.84 19.99 ± 5.44 2.68 ± 0.68 2.01 ± 0.55 9.03 ± 2.62
20 W 2.92 ± 1.17 2.10 ± 0.80 10.15 ± 3.85 4.77 ± 1.60 3.38 ± 1.07 17.47 ± 7.96

Fig. 5. XRD patterns of Ag- and Cu-doped HfO2 thin films for different DC sputtering power values.
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card no. 00-043–1017) and m-(202) (JCPDS card no. 00-08–342) of 
HfO2, respectively [52,54–56]. These peaks may indicate the existence 
of a crystalline fraction and a mixture of monoclinic and tetragonal 
phases in the amorphous film [18,22,52,57,58].

Peaks from the Au layer just below the HfO2 layer also exist in the 
spectrum, and these peaks are more clearly observed in Ag- or Cu-doped 
films (Fig. 5a). The peaks at 38.5◦, 44.6◦, 64.8◦, 77.6◦, and 82.0◦ also 
belong to Au (JCPDS card no. 00-002-1095), c-(111), c-(200), c-(220), c- 
(311), and c-(322) and mixed with the HfO2 peaks, respectively. Fig. 5b 
shows that peaks related to metallic or oxide compounds of Cu could not 
be observed directly. Also, similar to the Ag-doped film’s XRD results, 
diffraction patterns from the Au layer just below the HfO2 layer exist 
here, too.

The diffraction patterns of Ag (JCPDS card no. 00-004-0783) and Au 
are similar, so we cannot interpret definitively whether Ag is crystalline 
or amorphous from our data. However, Cu was amorphous and probably 
sputtered Ag under similar conditions. The presence of this amorphous 
phase can be explained by the effects of parameters such as sputtering 
power and background pressure [59]. In other words, smaller grains and 
structures with more vacancies appear when the sputtering power is 
low, and the background pressure is high. Moreover, as observed here, 
high deposition pressures lead to a phenomenon known as the 
self-shadowing effect [59,60]. This effect causes atoms to impact at 
oblique angles instead of reaching the surface at a straight angle, leading 
to distortion of the crystal structure and a lower crystal quality. 
Furthermore, low sputtering power and high background pressure cause 
atoms to have reduced energy when reaching the surface, reducing their 
ability to diffuse at the surface. As a result, atoms arrive at the surface 
with insufficient energy, leading to a disordered arrangement that pre
vents the growth of an ordered crystalline structure.

3.2.2. XPS measurements
The XPS survey spectra show characteristic peaks for HfO2:Ag and 

HfO2:Cu thin films. Figs. 6 and 7 show the XPS survey spectra of HfO2: 
Ag and HfO2: Cu thin films. These spectra were recorded in the spectral 
range of 0–1400◦eV after etching the surfaces of the films with Ar+ to 
remove surface contaminants. The elemental analysis of the samples 
showed a series of characteristic peaks of Hf, O, and dopant atoms (Ag, 
Cu) and Auger peaks of O and dopant atoms (Ag, Cu). However, no 
substrate peak was observed, and a weak C1s peak was attributed to 
surface contamination, indicating incomplete Ar+ sputtering.

The collected core-level elemental spectra of the Hf 4f peaks were 
fitted to two peaks at 16.61 and 18.20 eV, which correspond to the spin- 
orbital splitting of Hf 4f7/2 and Hf 4f5/2, respectively (Fig. 8.). The Hf 
4f7/2 and Hf 4f5/2 peaks were separated by 1.6 eV each other, which 

confirms that Hf is present as Hf4+ and Hf–O bonding exists [35,61–63]. 
When silver was introduced to HfO2 films, the spin-orbital splitting 
value slightly increased to 1.7 eV and remained constant for all doping 
powers. However, Cu doping did not change the spin-orbital splitting 
value, remaining almost constant (~1.61 eV) for all HfO2: Cu samples 
(Fig. 9).

This phenomenon can be explained by the different ionic radii of the 
dopant atoms [61,64]. Spin-orbit splitting results from an electron’s spin 
interaction with the magnetic moment generated by the electron’s 
orbital motion. Therefore, a change in the electric or magnetic field 
affecting the electrons in the valence band causes polarization effects 
and local electric field changes, resulting in a change in the value of 
spin-orbit splitting energy. Here, the Ag+ ion has a larger ionic radius 
and a higher electron density than the Cu+1 ion. Therefore, it can lead to 
more significant polarization effects and changes in the local electric 
field. Moreover, Cu atoms with smaller ionic radii are likely to have a 
more limited interaction with the outer orbital electrons of Hf atoms, 
and their effect on the spin-orbital splitting value is too limited to be 
observed. The ionic/covalent character of oxides has a great influence 
on the electronic structure and properties of materials [65,66]. When 
two oxides are mixed, the cation of the more ionic metal oxide is ex
pected to become even more ionic after the formation of the complex 
oxide due to charge transfer [66]. Due to the significant amounts of 
cations (Ag and Cu), doping causes the charge of Hf to be lost, and the Hf 
4f peak shifts to a higher binding energy.

The binding energies (BEs) of core-level electrons are significantly 
affected by the chemical environment of atoms, a phenomenon often 
referred to as chemical shift, and its quantification allows the identifi
cation of bond structure and its variations [67]. Thus, the binding en
ergy shift is usually associated with many structural factors, such as 
charge transfer, charge density distribution, and hybridization [18,64,
68]. The charge transfer effect is regarded as the dominant mechanism 
causing this shift.

Fig. 10 shows the deconvoluted core-level peaks of HfO2: Ag thin 
films for different DC sputter powers. As can be seen, the spin-orbital 
splitting energy was constant for all DC sputtering powers of the 
dopant atoms, and the peak positions of Hf 4f slightly changed (Fig. 10
a). This change may have originated from Ag doping into the film, which 
caused by a change in the oxidation states of Hf [18,66,69]. Fig. 10 (b)
show deconvoluted O 1s spectra of HfO2: Ag thin films. The deconvo
luted peaks have two parts, and the binding energies correspond to 
lattice oxygen (O 1sA) and non-lattice oxygen (O 1sB) [18]. The calcu
lated area ratio (at. %) of the O 1s peaks and non-lattice oxygen ratio 
increased with increasing Ag doping ratio (Table 3). This increment was 
related to oxidation of Ag dopant atoms and formation of Hf’s suboxide. Fig. 6. Survey XPS spectra of the un-doped and HfO2: Ag thin films. The spectra 

also show Auger peaks for Ag (MN1-4) and O (KL1-2).

Fig. 7. Survey XPS spectra of un-doped and HfO2: Cu thin films. The spectra 
also show Auger peaks for Cu (LM 1–5) and O (KL 1–2).
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This was also evidenced in the core-level spectra of the Ag 3d and XRD 
peaks.

Fig. 10 (c) shows the deconvoluted Ag 3d spectra of HfO2: Ag thin 
films. The Ag 3d peaks were fitted to two peaks located at 367.80 and 
373.80 eV, which correspond to the spin-orbital splitting of Ag 3d5/2 and 
Ag 3d3/2, respectively. The binding energy peak positions and spin- 
orbital splitting energy values were constant for all DC sputtering 
power values (367.80 eV for Ag 3d5/2, 373.80 eV for Ag 3d3/2 and 5 eV, 
respectively). These binding energy values confirm the presence of Ag 
ions in Ag2O (Ag+) and/or AgO [70–72]. This oxidized state of Ag is also 
confirmed by the binding energy values (~530.50 eV) of non-lattice 
oxygen [70,72].

Similarly, deconvoluted core-level peaks of HfO2: Cu thin films are 
observed in Fig. 11 (a). As mentioned, the spin-orbital splitting energy 
was constant (~1.61 eV) for all HfO2: Cu samples. This indicates that Hf 
exists as Hf4+ and Hf–O bonding exists, and Cu doping does not change 
the chemical state of Hf [35,61–63]. In general, the electron configu
ration of metallic copper (Cu0) consists of a filled 3d band and a partially 
filled Cu 4s band. In such a case, the binding energy of metallic copper is 
932.5 eV [73–75]. In the case of Cu2+, namely for CuO, this causes the 
Cu 2p3/2 peak to shift to a higher binding energy of 1.1 eV, resulting in 
the appearance of a weak satellite peak at 943 eV [73,76,77]. As can be 
seen in Fig. 11 (c), satellite peak is remarkably low and the Cu 2p3/2 
binding energy shifted towards higher values. Also, Fig. 11 (c) shows the 
deconvoluted Cu 2p spectra of HfO2: Cu thin films. Here, Cu 2p3/2 
binding energies at a DC sputtering power at 5 W, 10 W and 20 W were 
933.30 eV, 933.40 eV and 933.02 eV, respectively. So, the shift in Cu 
2p3/2 binding energies to higher values and the absence of the satellite 
peak indicate the presence of Cu1+ phase in Cu2O. Similarly to Ag, 
deconvoluted O 1s spectra of HfO2: Cu thin films peaks at ~530 eV (O 
1sA) also associated with the formation of Cu1+ [77].

Although no significant changes, due to the dopant atoms, were 
observed in the Hf environment, changes in the binding energies of both 
the dopant atoms and oxygen were observed. Doping HfO2 films with 
metals increased the number of oxygen vacancies in the films. These 
oxygen-deficient dopant metal oxides significantly contribute to the 
conductivity of films and discussed in following section.

3.3. Electrical properties

3.3.1. Transfer length method
The transfer length method (TLM) was applied to Ag- and Cu-doped 

HfO2 thin films. Unlike bulk materials, current flow occurs just below 
the surface in thin films, causing a current crowding phenomenon 
(Fig. 12). TLM considers this phenomenon and, in particular, enables the 
determination of thin films’ DC characteristics (conductivity/resistivity) 
[78–80].

The following equation gives the total resistance (RT) between the 
TLM patterns [79,80]: 

RT =
2RSKLT

w
+

2RSHl
w

(3) 

where, w and l are the pad width and length, respectively, RSH, RSK 
modified sheet resistance outside the contact, and sheet resistance under 
the contact, respectively. RT values are determined from the experi
mental I–V data (given in Table 4.). RT versus gap spacing plots give a 
straight line and slope, and intercepts can be used to calculate the 
contact resistance (RC) and transfer length (LT), respectively (Fig. 13.). 
Also, under the condition d ≫ LT and RT = 0, the following equation can 
be written for the specific contact resistance (ρc) [80]; 

ρc =RSHL2
T . (4) 

Fig. 8. Core-level XPS spectra of the Hf 4f (a), O 1s (b) and Ag 3d (c)regions of HfO2: Ag thin films for different DC sputter power.

Fig. 9. Core-level XPS spectra of the Hf 4f (a), O 1s (b) and Cu 2p (c) Cu 2p regions of HfO2: Cu thin films for different DC sputter power.
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The specific contact resistivity, effective transfer length contact, and 
contact resistance of the undoped HfO2 films was 1092.362 Ω□, 
703.354 μm and 44.733x106 Ωcm2, respectively. These values dramat
ically changed when the HfO2 films were doped with silver (Table 4.). 
Silver ions significantly contribute to film conductivity by controlling 
the oxidation states of HfO2 and affecting the non-lattice oxygen content 
(discussed later). As observed in the EDS results, increasing the DC 
sputtering power caused an increase in the dopant content; this dopant 
content change slightly increased the contact parameters. The de
pendency on the doping percentage of Ag can be explained by the in
fluence of some morphological parameters and an increase in local 
tension due to the ionic radius of Ag+ [81].

Similarly, copper doping caused a drop in contact parameter values, 
but these drops were limited compared to silver doping. In addition, 

contrary to the increase in contact parameters observed in the case of the 
silver doping ratio, the increase in doping ratio causes a decrease in 
contact parameters in copper-doped thin films.

These two contradictory behaviors observed in HfO2 films deposited 
and doped using the same method can be explained by the different 
behaviors of Ag and Cu in the chemical structures of HfO2 films. Many 
parameters, such as the number of valence electrons [82], electroneg
ativity, work function, and Gibbs free energy of the alloys that may form, 
are effective for chemical changes such as oxygen vacancy, non-lattice 
oxygen, and oxidation of dopant atoms, which affect the conductivity 
of films. Also, as we know, the current conduction mechanism could 
raise the trap-assisted tunneling (due to the oxygen vacancy) [83–87] 
and/or donor (due to dopant atoms) related mechanism [18,88].

3.4. Electrochemical measurement

3.4.1. Potentiodynamic polarization evaluation
HfO2 thin films have been investigated in electronic applications 

owing to their dielectric properties [89] and in corrosion research owing 
to their protective properties [90,91]. Many scientific studies use po
larization tests and coated surface Tafel curves to elucidate electro
chemical behavior [92–94]. Potentiodynamic polarization analyses 
investigated the potential corrosion of the deposited undoped HfO2, 
Ag-doped, and Cu-doped HfO2 thin films. Polarization measurements of 
the thin films were performed in 0.1 M KOH solution in the potential 
range − 0.4 to +0.4 V at a scan rate of 1 mV/s. The experiments were 

Fig. 10. Deconvoluted core-level spectra of the Hf 4f (a), O 1s (b), and Ag 3d (c) regions of HfO2: Ag thin films prepared at different DC sputter powers.

Table 3 
The calculated area ratio (at. %) of the O 1sA and O 1sB peaks.

Sample 
name

Ag-doped HfO2 Cu-doped HfO2

Lattice 
oxygen (O 
1sA) (at. %)

Non-lattice 
oxygen (O 1sB) 
(at. %)

Lattice 
oxygen (O 
1sA) (at. %)

Non-lattice 
oxygen (O 1sB) 
(at. %)

undoped 87.7 12.3 84.9 15.1
5 W 56.8 43.2 53.3 46.7
10 W 42.7 57.3 81.5 18.6
20 W 35.2 64.8 50.9 49.1
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conducted in a three-electrode measurement system using thin film 

samples with an active surface area of 1 cm2 as the working electrode, a 
Pt wire counter electrode, and an Ag/AgCl reference electrode. The Tafel 
curves are shown in Fig. 14. The corrosion potential (Ecorr) of the HfO2 
thin film was − 50 mV, and the corrosion potential shifted toward pos
itive with the addition of Ag and toward more negative with the addition 
of Cu. A positive shift in the Ecorr value (higher potential) is generally 
considered to indicate that the surface is more resistant to corrosion 
[95]. Ecorr values indicate that the Ag-doped thin-film surface is more 
corrosion-resistant than HfO2. On the contrary, upon the addition of Cu, 
the resistance of the HfO2 thin film to corrosion attack decreased [96]. 
The more negative corrosion potential of the Cu-doped HfO2 thin films 
compared to the Ag-doped thin films indicates that the Cu-doped HfO2 
films are more prone to corrosion. The larger grain boundaries observed 
in the FESEM surface images of Cu-doped HfO2 films may provide an 
effective path for corrosion. The larger grain boundaries observed in the 
FESEM surface images of Cu-doped HfO2 films may provide an effective 

Fig. 11. Deconvoluted core-level spectra of the Hf 4f (a), O 1s (b), and Cu 2p (c) regions of HfO2: Cu thin films for different DC sputter power.

Fig. 12. Schematic representation of TLM patterns and current crowding in 
thin films. Four identical contacts at a certain distance from each other, and the 
total resistance (RT) calculated from I–V measurements between them.

Table 4 
Resistance measurements and TLM results of HfO2: Ag and HfO2: Cu thin films.

Sample name Ag-doped HfO2 (HfO2: Ag) Cu-doped HfO2 (HfO2: Ag)

LT (μm) ρc (Ω□) Rc (Ωcm2) LT (μm) ρc (Ω□) Rc (Ωcm2)

undoped – – – 703.354 1092.362 44.733x106

5 W 8.582 8.945x10− 5 4.427 33.727 203.499 8.425x106

10 W 28.521 1.151x10− 4 4.792 38.490 208.004 8.583x106

20 W 94.101 1.229x10− 4 5.025 11.058 118.475 5.465x106
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path for corrosion. These results regarding the effects of grain bound
aries on corrosion were also consistent with the literature [97].

Corrosion current density (Jcorr) values of the samples are important 
parameters for evaluating corrosion behavior. Moreover, polarization 
resistance (Rp) is an essential parameter for detecting and evaluating the 
anti-corrosion behavior of the protective layer on the sample surface. Rp 
value was calculated using the help of Equation (5) [98] below; 

Rp =
βa × βc

(βa + βc ) × 2.3 × Jcorr
(5) 

where βa and βc are the slopes of the anodic and cathodic sides obtained 
from the Tafel plots, respectively. Jcorr and Rp values of the thin films are 
shown in Fig. 15. By comparing the Jcorr values, it can be seen that the 
value tends to decrease with Ag doping and increases with Cu doping 
compared to the HfO2 sample. Cu-doped HfO2 films, which are prone to 
corrosion as seen with their corrosion potential also have a higher 
corrosion rate, as further evidenced by corrosion current density values. 
The highest Jcorr value of 5.28 μA/cm2 was obtained for the HfO2: Cu 
(20 W) sample, whereas the lowest value of 0.92 μA/cm2 was obtained 

for the HfO2: Ag (20 W) sample. Thus, Ag doping to HfO2 can increase 
the protection against corrosion attacks, whereas Cu doping can reduce 
this protection. A comparison of Rp values shows that Rp tends to in
crease with Ag doping and decreases with Cu doping, which supports the 
current density results. The highest and lowest Rp values were obtained 
as 40.91 kΩ for HfO2: Ag (20 W) thin film and 10.03 kΩ for HfO2: Cu (20 
W), respectively.

The electrochemical parameters of the thin-film samples were ob
tained from Tafel analysis using IVMAN™ Main Software (WonATech 
Co., Ltd.) and are summarized in Table 5. In addition, porosity can be 
considered a parameter that should be considered in corrosion behavior. 
The porosity of the thin-film coatings was estimated using the following 
empirical formula [99] given in Equation (6) below; 

Porosity=
Rp (substrate)

Rp (thin film)

× 10

{
− |ΔEcorr |

βa (substrate)

}

(6) 

here, ΔEcorr is the difference in corrosion potentials obtained from the 
Tafel plot. βa value is the slope of the anodic side in the Tafel plot for 
bare SiO2 used as the substrate. It was obtained as 297 mV. The results 
show that the porosity increased from 0.79 to 0.89 (for 20 W) with Cu 
addition, and the increase in particle size may have increased the 
porosity, thus resulting in a more porous, thin film and decreased 
corrosion resistance.

In the literature, it was reported by Mahendra, N. et al. [100] based 

Fig. 13. RT versus gap-spacing (d) plots of HfO2: Ag and HfO2: Cu thin films.

Fig. 14. Tafel plots of Ag-doped HfO2 and Cu-doped HfO2 thin film samples.

Fig. 15. Jcorr and Rp values of doped and undoped HfO2 thin films were ob
tained from Tafel plots.
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on HR-TEM analysis, that Cu doping with HfO2 increases particle size. 
The results of our study also support this electrochemical situation. In 
addition, the XRD analysis also supported the porosity results. As a 
result, polarization analyses showed that adding Cu to the HfO2 thin film 
reduced the corrosion resistance in alkaline environments, whereas 
adding Ag increased the corrosion resistance. This may be due to 
morphological and structural changes in the thin-film structure (such as 
porosity, grain formation and size) or the electrochemical behavior of 
the dopant elements. In addition, the higher presence of non-lattice 
oxygen detected from the XPS peaks of Ag-doped samples may pro
vide passivation of HfO2: Ag films in solution and thus reduced their 
electrochemical activity.

In summary, this study investigated the structural, electrical, and 
electrochemical properties of Cu- and Ag-doped HfO2 thin films depos
ited via co-sputtering. The findings revealed that the dopant concen
tration, controlled by varying the DC magnetron sputtering power, 
significantly influenced the surface morphology, crystalline structure, 
and electrical behavior of the films. AFM and FE-SEM analyses demon
strated that Ag doping led to relatively smooth and uniform films, while 
Cu doping resulted in more irregular and rougher morphologies, 
particularly at higher sputtering powers. XPS analysis confirmed the 
successful incorporation of dopants, with Ag causing a slight shift in the 
spin-orbit splitting of Hf, whereas Cu did not induce significant changes. 
Electrical measurements indicated an increase in conductivity for both 
dopants, albeit with distinct underlying mechanisms. Additionally, 
potentiodynamic polarization analysis demonstrated that Ag doping 
improved corrosion resistance, while Cu doping reduced it. These results 
provide a comprehensive understanding of the impact of Cu and Ag 
doping on HfO2 films, paving the way for optimized applications in 
electronic and electrochemical devices.

4. Conclusion

The study of HfO2: Ag and HfO2: Cu thin films deposited via co- 
sputtering has provided significant insights into their structural, elec
trical, and electrochemical properties. Precise control of dopant con
centration through varying DC magnetron sputtering power enabled a 
systematic evaluation of their impact on film characteristics.

Experimental findings highlight the crucial role of dopant type and 
sputtering power in determining film properties. AFM and FE-SEM an
alyses indicated that increasing Ag content initially led to island-type 
(Volmer-Weber) growth, transitioning to a more uniform structure at 
higher power levels, whereas Cu-doped films exhibited increased 
roughness, signifying a dominant island type growth mechanism. Ag 
doping improved surface smoothness, while Cu doping resulted in a 

more irregular and brittle structure. XRD results confirmed that the 
primary HfO2 phase remained monoclinic, with Ag and Cu doping 
inducing minor structural modifications without major phase transi
tions. Increased doping enhanced crystallinity, leading to a transition 
from an amorphous to a predominantly small-crystalline phase. XPS 
analysis verified dopant incorporation, showing Ag influenced spin- 
orbit splitting and non-lattice oxygen content, while Cu affected 
oxidation states without significantly altering the Hf environment.

Electrical characterization using the transfer length method (TLM) 
demonstrated enhanced conductivity for both doped films. Silver doping 
significantly increased contact parameters by influencing oxidation 
states and non-lattice oxygen content, whereas copper doping reduced 
them. The nonlinear relationship between conductivity and dopant 
concentration suggested complex charge transport mechanisms driven 
by oxidation states and film morphology. Electrochemical analysis 
showed that Ag doping improved corrosion resistance, while Cu doping 
decreased it due to differences in film porosity and oxidation states. 
These findings underscore the tunability of HfO2 thin films for appli
cations like resistive switching memory, gate dielectrics, and corrosion- 
resistant coatings.

Overall, this study demonstrates the effectiveness of co-sputtering in 
tailoring HfO2 thin film properties through controlled doping. The in
sights gained contribute to the broader understanding of metal-doped 
oxides, potentially guiding the development of next-generation elec
tronic and electrochemical devices. Future research may focus on opti
mizing deposition parameters and post-deposition treatments to further 
enhance film performance and stability.
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