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Abstract: Zinc oxide (ZnO) exhibits piezoelectric properties due to its asymmetric structure,
making it suitable for piezoelectric devices. This experiment deposited Fe-doped ZnO
films on silicon substrates using a dual-target magnetron co-sputtering system. The films
achieved a high c-axis orientation, and the piezoelectric coefficient of the film reached its
optimal value of 44.35 pC/N when doped with 0.5 at% of Fe. This value is approximately
three times that of undoped ZnO films with a piezoelectric coefficient of 13.04 pC/N.
The study utilized a diffractometer, scanning electron microscopy, transmission electron
microscopy, and atomic force microscopy to evaluate the crystal structure evolution of the
zinc oxide films and employed X-ray photoelectron spectroscopy to assess the valence state
of the Fe ions.
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1. Introduction
ZnO nanomaterials, which crystallize in either cubic zinc blende or hexagonal wurtzite

structures or exist in various forms such as nanowires, nanofilms, nanopowders, etc. [1,2],
have been widely investigated for a variety of functional applications. These electronic
or energy-related functional applications primarily stem from the ease of manufacturing
ceramic nanomaterials and controlling their physical properties by adjusting crystal struc-
tures. A deeper look reveals that the root of the crystal structure or phase stability of these
ZnO nanomaterials lies in the type of chemical bonds. The difference in electronegativity
between the oxygen anion and zinc cation is equal to 3.44 − 1.65 = 1.79, determining the
nature of Zn-O bonding is ionic [3] (i.e., the electronegativity range of 1.6 to 2.0 is consid-
ered to exhibit a high degree of ionic character and a smaller portion of polar covalent
character). Furthermore, if the size of a solute cation is similar to that of a Zn ion, the
solute cation would enter into a ZnO crystal, thus forming a substitutional solid solution.
As ZnO is a host material, its morphology and properties can be controlled by inserting
impurities/dopants or by various synthesis routes. Among these synthesizing strategies,
the magnetron sputtering technique enables the preparation of well-crystallized ZnO thin
films with the desired thickness at a scale of several µm [4]. ZnO films are suitable for
various technological domains, such as transparent conducting films or electrodes in solar
energy cells [5,6], acoustic wave devices [7], pressure sensors [8], photodetectors [9], etc.

Piezoelectricity is the conversion between mechanical energy and electricity. Piezo-
electric materials are dielectric materials that rely on molecular polarization to exhibit
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piezoelectric properties. In thin film materials, each crystal generates surface charges, and
the amount of polarization results from summing the contributions from each wurtzite
crystal with the polarization component along the c-axis. The concept of doping wurtzite
piezoelectric structures started with Sc-doped AlN in 2009 [10]. Subsequently, Cr [11]
or Yb [12] dopants can effectively improve the piezoelectric performance of aluminum
nitride films, thus directly enhancing the sensitivity and efficiency of the devices. Several
research groups have also attempted to analyze results using computer simulations to
identify potential alternatives to the costly Sc dopant [13,14]. The development of ScAlN
piezoelectric film is highly suitable for applications in surface acoustic wave devices for
fifth-generation mobile communication technology [15]. Although AlN films are suitable
for high-temperature operating environments and exhibit excellent stability, making them
ideal for high-frequency filters, their high manufacturing cost limits their application.
When considering manufacturing costs, ZnO films are more suitable than AlN films for
low-end biosensors or low-frequency filter applications. ZnO exhibits superior piezoelectric
properties, making it highly effective for fabricating high-sensitivity liquid sensors [16].
However, ZnO films are prone to forming defects, negatively affecting their piezoelectric
performance and stability. Therefore, improving film deposition techniques to minimize
defects is a critical research topic, as this would further accelerate the application of ZnO
piezoelectric films in 5G technology.

The piezoelectric coefficient describes the materials’ response to the piezoelectric
effect, represented by d33 (C/N) [17]. The typical d33 value for undoped ZnO with a
wurtzite structure is 8 pC/N determined by experiments [18] or 12.84 pC/N determined
by simulation [19]. The d33 values of ZnO films with various dopants have been reported.
ZnO films containing Mn [20], Mg [21], Cr [22], Y [23], Eu [24], and V [25] dopants have d33

values of 86, 59.1, 120, 49.6, 43.38, and 85 pC/N, respectively. The piezoelectric coefficient
of ZnO nanomaterials is enhanced due to piezoelectric polarization and lattice distortion of
the ZnO lattice by differences in ionic radii of various dopants that might lead to variations
in electronegativity and chemical bonding strength [26]. In addition to these dopants, iron
is earth-abundant and cost-efficient and can achieve the piezoelectric enhancement of ZnO
thin films with a doping amount of less than 2% [27]. In this work, we will discuss the
phase stability and structural evolution of Fe-doped ZnO films and investigate the critical
structural factors contributing to the enhancement of the piezoelectric coefficient.

2. Results
2.1. Article Content
2.1.1. Deposition Behavior of the Fe-Doped ZnO Films

The compositions of each Fe/ZnO film were measured by energy dispersive spec-
trometer (EDS) in atomic % (at%). As the RF power of the Fe2O3 target increases during
sputtering, the Fe concentration of the films gradually increases while the Zn concentration
slightly decreases. It was noted that the total concentration of Fe and Zn remained almost
constant. In this co-sputtering system, since argon is used as the working gas, the resulting
ZnO film is expected to be an n-type semiconductor. The formation of oxygen vacancies is
accompanied by the generation of two free electrons, thereby enhancing the conductivity
of this piezoelectric material. The XRD patterns of pure ZnO and Fe-doped ZnO films
deposited onto Si (100) substrates were shown in Figure 1a. These oxide films exhibited a
wurtzite structure with a strong preferred orientation along the [0002] direction. According
to the literature [28,29], a single Bragg diffraction peak was observed, indicating a ZnO
crystal structure with a high c-axis orientation. The ZnO with a zinc blende structure does
not exhibit any characteristic peaks within this diffraction angle range. In ZnO thin film
materials, a shift in the diffraction peak position is typically associated with film strain
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induced by heterojunctions [30] or doping effects in the ZnO material [31]. Furthermore,
according to the Scherrer equation, broadening of the diffraction peak is related to the
refinement of ZnO crystallite size [32]. In this study, the ZnO thin films grown along the
[0002] plane exhibited an a-axis lattice constant of 0.325 nm, while the a-axis lattice constant
of the Si substrate with a (100) plane was 0.543 nm. Thus, when the two materials were
joined, the interface experienced tensile stress, leading to an increase in the lattice constant.
Consequently, the [0002] diffraction peak angle slightly shifts to a higher value compared
to the theoretical value (i.e., the theoretical angle of the [0002] diffraction peak is 34.228◦

based on the JCPDS no. 36-1451) as shown in Figure 1b. When a small amount of Fe ions
was doped, including the three samples with “<0.1 at% Fe (5W)”, “<0.1 at% Fe (10W)”,
and “0.5 at% Fe”, the Bragg angle of the [0002] diffraction peak slightly increased, while
the diffraction peak shape remained unchanged. This phenomenon indicated that a small
amount of Fe ion doping reduced the lattice constant of ZnO. However, when a higher
amount of Fe ions was doped, including the two samples with “1.8 at% Fe” and “4.7 at%
Fe”, the Bragg angle of the [0002] diffraction peak began to decrease, and the diffraction
peak broadened. This suggested that higher levels of Fe ion doping increase the lattice
constant of ZnO and indicate the possibility of crystallite refinement. The current shift in
the XRD diffraction peaks may be related to the doping of Fe ions, which will be further
discussed in terms of changes in the oxidation state of Fe ions. The broadening of the
XRD diffraction peaks may be associated with the grain morphology, and this will be
corroborated with subsequent FESEM analysis results. However, we will still assess the
relationship among cation radii, lattice volume, and Bragg angle. Based on the effective
ionic radii table for the selected six-coordinated ions proposed by Shannon [33], the ionic
radii of Fe3+, Fe2+, and Zn2+ are 78 pm, 92 pm, and 88 pm, respectively. Consequently,
when Fe3+ substitutes Zn2+ in ZnO materials, the lattice volume contracted, leading to a
rightward shift in the diffraction angle. Conversely, when Fe2+ substituted Zn2+ in ZnO
materials, the lattice volume underwent a slight expansion, resulting in a leftward shift in
the diffraction angle.
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Figure 1. The XRD diffraction curves of pure ZnO and Fe/ZnO films deposited by RF magnetron
sputtering, ranging (a) 20◦–60◦ and (b) 32.5◦–35.5◦ with a slow scanning rate.

2.1.2. Crystal Structure of the Fe-Doped ZnO Films

Figure 2 demonstrated the FESEM plan view and cross-sectional images of Fe-doped
ZnO thin films (i.e., pure ZnO for (a,b), ZnO film with Fe concentration of 0.5 at% for (c,d),
1.8 at% for (e,f), and 4.7 at% for (g,h)). The surface morphology of pure ZnO was charac-
terized by large aggregates of rounded particles (Figure 2a). However, after doping with
0.5 at% of Fe, these large aggregates disappeared, and the size distribution of the rounded
particles became more uniform (Figure 2c). With the increase in the Fe concentration, the
grain size became smaller as shown in Figure 2e,g. This is because the doped Fe atoms
raised the activation energy for grain growth, thereby inhibiting grain coarsening [34].
The grain refinement observed in the FESEM analysis is consistent with the broadening
of the [0002] diffraction peak observed in the XRD analysis. The cross-sectional images in
Figure 2b,d,f,h suggested that all films grew with a columnar nanorod-like microstructures
with thicknesses around 1 µm, implying RF magnetron sputtering is suitable for the prepa-
ration of films with preferred orientation. The cross-sectional images also demonstrated a
sharp interface between the Si substrate and the Fe/ZnO films. In addition, the ZnO films
exhibit a smooth surface compared to a rougher texture in the doped ZnO films with Fe
concentrations of 0.5 and 1.8 at%. As Fe concentration was 4.7 at%, the observed roughness
of the Fe/ZnO film was similar to that of pure ZnO film.

Figure 3 demonstrates the bright-field TEM cross-sectional microstructure of the (a)
pure ZnO and (d) Fe/ZnO (1.8 at% Fe) films. As observed from the two images, both
of the deposited films had a thickness of about 1 µm and exhibited straight and parallel
nanorod morphology that grew perpendicular to the Si substrate. Figure 3b,e show the
typical selective area diffraction (SAD) patterns with zone axis [1010] recorded at the tip
of one nanorod-like grain in pure ZnO and Fe/ZnO films, respectively (as marked by a
solid-line circle), verifying that each nanorod is single-crystalline. Figure 3c,f represent
[1010] SAD patterns recorded from a large area (as marked by dash-line circles) that were
covered with several nanorods. These areas have a similar crystallographic orientation to
the single nanorod. At the same time, the splitting diffraction spots can be observed. The
results strongly suggest that pure ZnO and Fe/ZnO films are polycrystals.
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Figure 2. FESEM images of the sputtered films. (a,b) Pure ZnO film and Fe/ZnO films with
(c,d) 0.5 at%, (e,f) 1.8 at%, (g,h) 4.7 at%. Among these figures, (a,c,e,g) are plane-view images, and
(b,d,f,h) are cross-sectional images.

Figure 4 shows the representative surface morphologies and roughness as probed
by AFM. The pure ZnO film exhibited large island-like grains (Figure 4a). As Fe content
reached 0.5 at%, the surface grains became needle-like (Figure 4b). As Fe concentration is
1.8 at%, nanorod-like morphology became more distinct, probably due to the formation
of bigger grains in the Fe-doped ZnO phase (Figure 4c). However, if too much Fe was
incorporated, the needle-like structure reverted to a large island-like structure. Figure 4d is
the surface roughness of the films with different Fe concentrations. When the Fe content
increased, the film’s roughness gradually increased. The increase in roughness may be due
to the higher power used for the Fe2O3 target. Higher power gives the sputtered atoms
higher energy, allowing them a greater chance of diffusing and moving upon adsorption
to the substrate, resulting in an overall increase in roughness [35]. It is apparent that the
results of this AFM experiment are consistent with the conclusions drawn from the SEM.
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Figure 3. Cross-sectional TEM bright-field images of (a) ZnO and (d) Fe/ZnO film with Fe content of
1.8 at%. (b,c) are the selected area diffraction patterns of the circled area as shown in (a). (e,f) are the
selected area diffraction patterns of the circled area, as shown in (d).
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2.1.3. Piezoelectric Properties of the Fe-Doped ZnO Films

Figure 5 displays the binding energy analysis of the Fe 2p orbital using XPS in the
energy section of 700~740 eV for the Fe-doped ZnO films with Fe concentrations of 0.5 at%
and 1.8 at% and considering the thin film with 0.5 at% Fe content peaked at 710.50 eV, close
to the Fe3+ 2p3/2 peak value of 710.7 eV in Fe2O3, as reported in the literature [36]. On
the other hand, the thin film had 1.8 at% Fe content had a peak at 708.9 eV, close to the
Fe2+ 2p3/2 peak value of 709.3 eV in FeO. Therefore, it could be inferred that the Fe ion in
the doped ZnO film containing 0.5 at% Fe has a +3 oxidation state, while the Fe ion in the
doped ZnO film containing 1.8 at% Fe has a +2 oxidation state. Liu et al. [37] utilized XPS
analysis to investigate the changes in binding energy states of Fe-doped ZnO nanoparticles.
The analysis revealed that the Fe ions predominantly existed in the form of Fe3+, with a
small amount of Fe0, while the zinc ions were primarily in the chemical state of Zn2+. The
results indicated that the doping of Fe ions altered the surface chemical environment of
the ZnO material and affected its electronic structure. The results of this study are highly
consistent with the analysis conducted by Liu et al. [37].
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Figure 5. The binding energy analysis by XPS for representative Fe/ZnO films.

Figure 6 shows the variation in the piezoelectric coefficient with Fe concentration. It
can be seen that the piezoelectric coefficient of the pure ZnO thin film deposited using
our experimental equipment is 13.04 pC/N (compared to 12.4 pC/N for undoped pure
zinc oxide thin films reported in the literature [19]). As the power of the Fe2O3 target
increases, the Fe content in the film increases, resulting in an initial rise followed by a sharp
decrease in the piezoelectric coefficient of the Fe-doped ZnO thin film. The maximum
piezoelectric response occurred when the Fe content was 0.5 at% in the doped ZnO film.
The highest piezoelectric coefficient is 44.35 pC/N. When the Fe content reaches 1.8 at%, the
piezoelectric coefficient drops sharply to a low value of 10.43 pC/N. As the Fe concentration
increases to 4.7 at%, the piezoelectric coefficient decreases to 7.83 pC/N.
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3. Discussion
The change in piezoelectric coefficients is closely related to the variation in the ma-

terial’s nanostructure. The following are some causes that may degrade piezoelectric
properties: (1) As shown in XRD patterns in Figure 1, it is observed that for the sample with
Fe concentration of 1.8 at%, the relative intensity of the peak in the [0002] plane of ZnO be-
gan to decrease. This appearance of the (1011) plane might decrease the degree of preferred
orientation along the c-axis, thus reducing the effective dipole moment, thereby leading to
a decrease in the material’s piezoelectric coefficient; (2) considering grain characteristics
as demonstrated by SEM, TEM, and AFM, the samples with the optimal piezoelectric
coefficient exhibit a more uniform grain distribution, while excessive Fe ion doping leads
to excessive grain refinement and generates an increased number of grain boundaries. The



Condens. Matter 2025, 10, 6 8 of 11

high density of grain boundaries might impede electron transfer, thereby reducing the
piezoelectric coefficient; (3) as observed from XPS results (Figure 6), it can be confirmed
that a significant enhancement of the piezoelectric coefficient is due to the smaller radii
of Fe ions with a +3 oxidation state, facilitating lattice distortion originating from bond
rotation. In contrast, the larger radii of Fe ions with a +2 oxidation state make bond rotation
more complex, decreasing piezoelectric performance.

ZnO thin films are generally prone to oxygen vacancies, which result in the formation
of n-type semiconductors [38]. By appropriately doping with trivalent ions such as Fe
or Al [39], the electron concentration in ZnO films can be enhanced. On the other hand,
doping with monovalent ions such as Li [40] allows for tuning the carrier type in ZnO films.
With regard to relevant defect chemistry, the doping elements under sputtering conditions
can lead to the formation of different kinds of defects. The following uses Fe2O3-doped
ZnO materials in this work as an example:

(I) Under conditions of higher oxygen partial pressure:

Fe2O3 → 2Fe·Zn + 3O×
O + V′′

Zn

(II) Under conditions of lower oxygen partial pressure:

Fe2O3 → 2Fe·Zn + 2O×
O + V··

O + 4e−

Condition I occurs when the oxygen partial pressure is relatively high, forming Zn
vacancies in ZnO films. Condition II occurs when the oxygen partial pressure is relatively
low, forming oxygen vacancies and free electrons in ZnO films. The co-sputtering system
used in this study belongs to condition II. When the Fe ion concentration was less than
2 at%, the valence state was 3+, resulting in a significant increase in the concentration of
free electrons, thereby enhancing the piezoelectric properties. It can be noted that these
defects can introduce additional free electrons, which enhance the sensitivity and efficiency
of piezoelectric thin films or alter the bandgap width of ZnO materials. Due to the influence
of these defects, ZnO has been widely utilized in piezoelectric semiconductors, sensing
elements, and optical materials. Kumar and Kim [41] reported that ZnO can be used in
piezoelectric energy harvesters to convert mechanical energy from the environment into
electrical energy. Bui et al. [42] noted that controlling the grain size and crystal orientation
of ZnO thin films can improve their piezoelectric performance. Shiang et al. [21] demon-
strated that Mg-doped ZnO thin films could modulate the bandgap width, making them
suitable for ultraviolet photodetectors. Al- or Ga-doped ZnO thin films, used as window
layers in solar cells, enhance ultraviolet absorption properties and improve photovoltaic
conversion efficiency [43,44]. Additionally, Song et al. [45] revealed that Al-doped ZnO
films could adjust the refractive index and bandgap width, enabling the fabrication of
high-performance anti-reflective coatings for optical lens surfaces. In LED applications,
Pearton and Ren [46] indicated that heterostructures formed between n-type ZnO films and
p-type materials could effectively increase the recombination efficiency of free electrons
and defects, enhancing light emission performance. When used as photocatalytic materials,
Zayed et al. [47] and Cwik et al. [48] also noted that doped ZnO thin films improve visible
light absorption, thereby increasing the efficiency of photocatalytic water splitting or degra-
dation of organic pollutants. In summary, doped ZnO thin films enhance the reliability of
semiconductor sensing devices and strengthen the applications of various optical materials,
contributing to the sustainable development of the global environment.

4. Materials and Methods
The Fe/ZnO thin films were grown on p-type Si substrate with an orientation of (100)

using the radio frequency magnetron co-sputtering technique with ZnO (99.99% purity,



Condens. Matter 2025, 10, 6 9 of 11

two inches in diameter) and Fe2O3 (99.99% purity, two inches in diameter) as targets. The
substrates were cleaned sequentially with acetone, isopropanol, and D.I. water for 10 min.
The working pressure was evacuated to 4.0 × 10−2 torr using a diffusion pump. The
deposition gases of Ar (purity > 99.9995%) were introduced into the chamber at a flow rate
of 30 sccm. The substrate rotation speed was controlled at 15 rpm. The distances between
the substrate and targets (ZnO and Fe2O3) were about 5 cm, respectively. The targets were
pre-sputtered for 5–10 min to remove surface contamination. A constant power of 100 W
was maintained at the ZnO target, while the applied powers of Fe2O3 were tuned to adjust
Fe concentration in Fe/ZnO films. All the depositions were conducted at room temperature,
and the film thickness was controlled at about 1 µm.

X-ray diffractometer (XRD, Multiflex DD3517, Rigaku, Tokyo, Japan) and field-
emission scanning electron microscopy (FESEM, Zeiss Auriga, Carl Zeizz AG., Jena, Ger-
many) were used to examine the crystal phase and microstructure of Fe-doped ZnO thin
films. The atomic percent (at%) of individual elements, including Fe, Zn, O, etc., in the
thin films was determined by an EDS equipped with FESEM. An atomic force microscope
(AFM) was also used to observe the surface morphology of the films and determine their
roughness. X-ray photoelectron spectroscopy (XPS) was employed to confirm the binding
energy of Fe and Zn. The piezoelectric coefficient was measured by a piezoresponse force
microscope, which includes a commercial scanning probe microscope (SPM, Bruker multi-
mode, Bruker, Billerica, MA, USA.) equipped with a Veeco Nanoscope V controller (Veeco
Instruments Inc., Plainview, NY, USA).

5. Conclusions
The highly c-axis-oriented, wurtzite-structured Fe/ZnO films were deposited on Si

substrates using the magnetron co-sputtering technique. The XRD results showed that as
Fe content is smaller than 1 at%, only the [0002] plane is present. When Fe concentration
in the doped ZnO films is 1~5 at%, the (1011) plane gradually appears. The SEM and
TEM images also confirmed that pure ZnO and Fe-doped ZnO films mainly comprise
nanorod-like single crystals grown along the [0002] direction. The thin film with the best
piezoelectric performance comes from the doped ZnO film with an Fe concentration of
0.5 at%. Its piezoelectric coefficient (44.35 pC/N) is four times higher than that of pure
ZnO film. The XPS results indicate that the Fe3+ substitution mechanism is the leading
cause of enhancing the piezoelectric performance of doped ZnO film with Fe concentration
less than 1 at%. The degradation mechanisms for piezoelectric performance of doped ZnO
film containing 1.8 and 4.7 at% of Fe concentration come from the appearance of the (1011)
plane (deduced from XRD results), grain refinement (deduced from SEM and AFM results),
and Fe2+ substitution (deduced from XPS data).
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