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Abstract 
Ti-Cu alloy thin films exhibit considerable potential for the development of advanced antibacterial 

surfaces, particularly for biomedical applications. In this research, Ti-Cu binary alloy thin films with 
a wide range of Cu content from 25.8 at% to 77.8 at% were deposited using magnetron co-sputtering 
with pure Ti and Cu as the targets. The composition of Cu in the films can be controlled by the applied 
power of Cu targets. This study investigated the effect of Cu content on the microstructural, morphological, 
and antibacterial properties using X-ray diffraction (XRD), Field emission scanning electron microscopy 
(FESEM), Atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and plate-count 
method, respectively.  Structural analysis using XRD revealed that Ti (Cu) solid solution is formed for 
the Ti-Cu coatings with the Cu contents of 25.8 at% and the films tended to form an amorphous structure 
embedded with Cu nanocrystals when the Cu content was 77.8 at%. Surface morphology showed that 
the films with higher Cu content exhibited increased surface roughness and the presence of Cu nano-
granular features. Antibacterial evaluations against Escherichi coli showed that the films containing Cu 
in the range of 25.8 at% to 77.8 at%. This effect is attributed to both inherent antibacterial properties by 
Cu and the microstructural modifications that enhance bacterial inhibition. 

 
 

1. Introduction 
 
Titanium (Ti) has several intriguing properties, such as lightweight, 

a high melting point, and excellent biocompatibility, making it suitable 
for use in medical materials. Additionally, its high oxidation resistance 
and strength enable Ti can be used in various applications, including 
engine components and the automotive industry [1-3]. The addition 
of other metals can significantly enhance the properties of Ti. One 
well-known example is the Ti-Ni alloy, commonly referred to as 
Nitinol. This alloy is extensively studied in the medical field due to 
its unique characteristics, such as super elasticity and the shape memory 
[4-6]. Alloying Ti with niobium (Nb) can reduce its elastic modulus. 
This reduction helps to minimize stress shielding, which is a common 
problem in implant materials. Ti-Nb alloys are particularly promising 
for orthopedic applications due to their excellent biocompatibility, 
low cytotoxicity, and high corrosion resistance [7,8]. Another notable 
alloy is Ti-Zr alloy, which has gained attention for its excellent bio-
compatibility and mechanical properties. The addition of zirconium 
(Zr) to Ti improves its strength, corrosion resistance, and wear resistance, 
making it highly suitable for biomedical applications, particularly 
in dental and orthopedic implants [9,10]. 

Copper (Cu) is another element widely used to improve the 
properties of Ti alloys. Due to its good electrical and thermal conductivity, 

as well as its widely recognized antibacterial properties. Therefore, 
combining these metals in the form of a Ti-Cu thin film integrates 
their advantageous features, resulting in a multifunctional material 
that offers both mechanical strength and antibacterial benefits. This 
makes Ti-Cu alloys highly promising for medical applications [11-13]. 
ChangBo et al. [14] prepared Ti-Cu alloys by Ar-arc melting followed 
by heat treatment and they showed that Ti alloyed with a small amount 
of Cu (1 wt% to 5 wt%) exhibits suitable mechanical properties, good 
biocompatibility, and excellent corrosion resistance. Additionally, 
Ti alloys containing at least 5 wt% Cu displayed a good antibacterial 
rate (over 99%) against E. coli and S. aureus. Stranak et al. [15] 
demonstrated that Ti-Cu films produced via high power impulse 
magnetron sputtering can efficiently kill bacteria over 1 day to 10 day. 
The antibacterial mechanism of Ti-Cu alloys was multifaceted, 
involving both the released Cu ions disrupting cellular processes and 
physical effects from direct contact with the alloy surface[16,17]. 
Moreover, The antibacterial capability of Ti-Cu alloys is also related 
to the formation of the Ti2Cu phase, finer Ti2Cu phases potentially 
resulted in improved antibacterial performance [18]. 

In recent years, Ti-Cu alloys have been successfully fabricated 
in the form of thin films. Ti-Cu alloy thin film fabrication approach 
offers several advantages, particularly for the development of anti-
bacterial surfaces [13,15,19]. Magnetron sputtering is frequently used 
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to make thin films of Ti-Cu alloy. This method is preferred for its 
ability to produce thin films with high density, excellent surface 
uniformity, and strong adhesion to the substrate. Magnetron sputtering 
can be performed using various types of targets, such as a single alloy 
target or through co-sputtering from multiple targets. The single alloy 
target method offers many advantages such as improved uniformity 
of the thin film and operational simplicity, the composition of the 
deposited film closely matches with the target material [20]. However, 
this method has limitations in compositional flexibility due to the 
fixed alloy content of the target. As a result, creating a new target for 
each desired film composition can be both costly and time-consuming. 
In contrast, co-sputtering involves simultaneously sputtering from 
different targets. This method provides significant flexibility in adjusting 
alloy composition by independently controlling the amount of each 
element from the targets through varying the power applied to each 
target [21]. 

    In this research, Ti-Cu alloy thin films were deposited on substrates 
using the magnetron co-sputtering technique with pure Ti and Cu 
as the targets. The Cu content in the films was controlled by varying 
the power applied to the Cu target. The effect of Cu content on the 
microstructure, surface morphology, and antibacterial performance 
of the Ti-Cu films was investigated.  

 
2.  Experimental 

 
2.1  Thin film preparation 

 
 The Ti-Cu alloy thin films were deposited onto silicon wafers 

and aluminum substrates using a DC magnetron co-sputtering system, 
with Ti (99.99%) and Cu (99.97%) as targets. Prior to deposition, 
the chamber was evacuated to a base pressure of 5.0 × 10‒5 mbar using 
a diffusion pump backed by a rotary vane pump. Ultra-high purity 
argon (99.999%) was introduced into the chamber at a constant 
flow rate of 4.0 sccm to maintain a working pressure of 5.0 × 10‒3  mbar. 
The Ti and Cu targets were pre-sputtered for 5 min to eliminate 
surface contamination. The deposition duration was consistently set 
at 10 min for all films. The composition of the Ti-Cu alloy thin films 
was varied by adjusting the Cu magnetron sputtering power within 
the range of 12 W to 162 W, while the Ti target was sputtered at 
a constant power of 250 W for all conditions. The parameters used 
for the deposition of the Ti-Cu thin films were summarized in Table 1. 
 
2.2  Thin film characterization 

 
A grazing incidence X-ray diffractometer (GIXRD, Rigaku 

SmartLab) with a Cu Kα X-ray source (1.54 Å) was used to analyze 
the crystalline structure of Ti-Cu alloy thin films at an incident angle of 
1.0 degrees. The cross-sectional and surface morphology of the thin 
films was visualized using a Field emission scanning electron microscope 
(FESEM, Hitachi SU-8030). The elemental composition of the thin 
films was determined through Energy-dispersive x-ray spectroscopy 
(EDX). The surface roughness of the thin films was measured with 
an Atomic force microscope (AFM, Hitachi Hi-Tech SPA400). The 
chemical states of the obtained films were assessed using an X-ray 
photoelectron spectrometer (XPS, Kratos AXIS Ultra DLD). The 
antibacterial activity of the Ti-Cu thin film against Escherichia coli 

(E. coli) was tested using the plate count method (JIS Z2801:2000 
standard) and compared to an aluminum plate. Samples were incubated 
at 37℃ with a bacterial suspension of 105 CFU∙mL‒1 to 106 CFU∙mL‒1 
for 24 h. After incubation, the samples were serially diluted with PBS 
101, 102, 103, 104, and 105-fold and 100 µL of each dilution was plated 
onto Muller-Hinton Agar (MHA) for 24 h at 37℃. The viable bacteria 
were quantified by counting the colonies on the MHA plates. 

 
3.  Results and discussion  

 
The elemental composition of the sputtered Ti–Cu alloy thin films 

was presented in Table 2. The results demonstrated that the Cu content 
increased with heightened power levels applied to the Cu target. In 
particular, the Cu content in the thin films was 25.8 at%, 44.5 at%, 
64.5 at%, and 77.8 at% at the power settings of 12 W, 27 W, 93 W, 
and 162 W for the Cu target, respectively. Notably, even though the 
power applied to the Cu target (93 W) was lower than the power 
applied to the Ti target (250 W), the Cu content in the film exceeded 
that of the Ti content. This phenomenon was explained by the fact 
that Cu has a higher sputtering yield (~2.3) than Ti (~0.6).  

 
Table 1.  Deposition parameter of  Ti-Cu alloy thin films. 
 
Parameters Details 
Sputtering target  Ti, Cu 
Substrate Si wafer 
Target-substrate distance 13 cm 
Base pressure 5.0 × 10‒5 mbar 
Total pressure 5.0 × 10‒3 mbar 
Argon flow rate 4.0  sccm 
Ti Target Power 250 W 
Cu Target Power 12 W to 162 W 
Deposition time 10 min 
 
Table 2.  The EDX composition of Ti-Cu thin films with deposited at different 
powers of Cu target. 
 
Sample Target power [W]  EDX [atomic%] 
 Ti Cu  Ti Cu 
1 250 12  74.2 25.8 
2 250 27  55.5 44.5 
3 250 93  35.5 64.5 
4 250 162  22.2 77.8 
 

 

Figure 1. FESEM images of Ti-Cu alloy thin films at different powers of 
Cu target. 
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Figure 1 showed the surface morphologies and cross-sectional 
FESEM images of Ti-Cu thin films deposited at different Cu target 
power. The results indicated that the surface morphology of the 
coatings was greatly impacted by increasing the Cu target power. 
The Cu content increased in the film as a function of Cu target powers. 
At a Cu target power of 12 W, the film surface was uniform with evenly 
distributed nanoscale grains that showed a Cu content of 25.8%. As 
the Cu target power was increased to 27 W, it resulted in a composition 
of 44.5 at% Cu with increasing grain size. When the Cu content reached 
64.5 at% at a Cu target power of 162 W, the film surface appeared 
denser and smoother, suggesting an amorphous structure. At 77.8 at% 
Cu, nano-granular Cu was dispersed throughout the film surface. The 
average thickness of the Ti-Cu alloy thin films was 100 nm, 140 nm, 
190 nm, and 250 nm for films deposited at Cu target powers of 12 W, 
27 W, 93 W, and 162 W, respectively. The increase in thickness was 
due to the higher deposition rate when increasing the input power to 
the Cu target. 

Figure 2  showed the 3D AFM images of Ti-Cu alloy thin films 
prepared by varying Cu target powers ranging from 12 W to 162 W. 
Table 3 summarized the root mean square (RMS) roughness of the 
thin films. According to the AFM images, all thin films exhibited 
smooth and crack-free surfaces. The roughness increased as the Cu 
target power rose. This event was attributed to the effects of higher 
sputtering power, which could increase the kinetic energy and surface 
mobility of adatoms that arrived at the substrate. Enhanced mobility of 
these adatoms was essential for the formation of continuous films and 
encouraged the development of larger grains and other morphological 
features. Additionally, the increase in sputtering power improves the 
surface diffusion of these adatoms by providing additional momentum 
transfer to the expanding surface. 

Figure 3 presents the GIXRD patterns of Ti-Cu alloy thin films 
deposited at different Cu target powers. For the thin film deposited at 
12 W Cu target power, a prominent peak was observed at approximately 
38°, corresponding to the (002) plane of hexagonal close-packed (hcp) 
Ti (JCPDS no. 44-1294). When the Cu target power was increased 
to 27 W, the XRD patterns remained similar, with no detectable Cu 
phase, indicating the formation of a solid solution of Cu and Ti within 
the hcp structure. A broad XRD peak between 35° and 47° at a 93 W 
Cu target indicated lattice distortions brought on by variations in 
atomic size, which reduce the crystallinity of the film. Demonstrating 
that the thin film was predominantly amorphous.  It agreed with the 
characteristics of amorphous metallic alloys containing a high content 
of Cu [22,23]. At a Cu target power of 162 W, the amorphous structure 
persisted, but a new peak emerged at approximately 49°, corresponding 
to the (200) plane of crystalline Cu (JCPDS Card No. 85-1326). At 
higher Cu concentrations, it appeared that nanocrystalline Cu formed 
within the thin film. This phenomenon occurred because the mobility 
of adatoms on the surface improved with increasing power applied 
to the Cu target. The higher energy of the adatoms led to the formation 
of larger Cu crystallites. As a result, this process produced highly 
crystalline Cu films. The absence of intermetallic phases such as 
Ti2Cu or Ti3Cu in the deposited Ti-Cu alloy thin film was attributed 
to the low-energy nature of the deposition process, particularly in 
the absence of external heating or thermal treatment [24,25]. Under 
these conditions, the adatoms deposited on the substrate lack sufficient 

mobility and energy to diffuse and rearrange into the long-range 
ordered structures required for intermetallic phase formation. 

The diffraction peak of the thin films was fitted using a Gaussian 
function to extract the peak position (2θ) and Full width at half maximum 
(FWHM). These parameters were subsequently used to estimate the 
average crystallite size via the Scherrer equation. The variations in 2θ, 
FWHM, and crystallite size as a function of the applied Cu target 
power are shown in Figure 4. With increasing input power to the Cu 
target, the diffraction peak position shifts toward higher 2θ values, 
indicating a reduction in the average interatomic spacing within the 
amorphous phase. This behavior can be explained by the difference in 
atomic radii between Ti (≈1.47 Å) and Cu (≈1.28 Å). The replacement 
of larger Ti atoms with smaller Cu atoms results in a more compact 
atomic packing, thereby decreasing the average interatomic distance. 

 

 

Figure 2. AFM images of Ti-Cu alloy thin films at different powers of Cu target. 
 

 
Figure 3. GIXRD patterns of the Ti-Cu thin films at different powers of the 
Cu target. 

 
Table 3. RMS roughness of Ti-Cu thin films at different powers of Cu target. 
 
Cu target power [W] RMS roughness [nm] 
12 1.5 
27 3.7 
93 7.5 
162 9.1 
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Figure 4.  Peak position , FWHM and crystallite size value of of the Ti-Cu 
thin films at different powers of the Cu target. 

 
Consistently, the FWHM exhibits a pronounced increase at a Cu 

target power of 27 W, accompanied by a reduction in the calculated 
crystallite size, which can be ascribed to the structural transition from 
crystalline Ti to an amorphous configuration. The incorporation of Cu 
atoms disrupts the long-range order of the Ti lattice and promotes the 
formation of a glassy phase.When the Cu target power was increased 
to 93 W and 162 W, the FWHM decreased and the calculated crystallite 
size became larger. This behavior may be related to the effect of Cu 
addition, which promotes short-range order and the formation of 
nanoscale atomic clusters, leading to a narrowing of the diffraction 
peak and an increase in the apparent crystallite size, even though the 
films largely retain their amorphous character. 

Film structure and properties of Ti–Cu metallic glass thin films 
are strongly influenced by sputtering power. Higher Cu target power 
increases Cu content and film thickness induces nanoscale Cu 
clustering and slight local ordering and raises the proportion of 
metallic Cu. Grain size, surface density, and roughness are also enhanced, 
promoting morphological evolution. 

The chemical state of Ti-Cu alloy thin films deposited at different 
Cu target powers was analyzed using XPS, as shown in Figure 5. 
High-resolution XPS spectra of the Cu 2p signals and the relative 
curve-fitting analysis for the thin films deposited at Cu target powers 
of 12 W and 162 W were shown in Figure 5(a-b). Three peaks were 
observed in the Cu 2p3/2 region at 932.6 ± 0.1 eV, 933.6 ± 0.2 eV, 
and 934.8 ± 0.1 eV. Metallic Cu (Cu(0)) was represented by the first 
peak (932.6 ± 0.1 eV) [26,27]. CuO was represented at the second peak 
(933.6 ± 0.2 eV), while Cu(II) in the hydroxide state was associated 
with the third peak (934.8 ± 0.1 eV). The formation of CuO in the 
Ti-Cu thin films was primarily attributed to the oxidation of Cu upon 
exposure to ambient air.  In contrast, the Cu(II) hydroxide phase was 
considered a metastable phase that may convert into the more thermo-
dynamically stable CuO under ambient or aqueous conditions [28]. 
The detection of the Cu(II) hydroxide phase on the film surface 
indicated that it likely formed as a result of Cu's inherent reactivity, 
specifically through oxidation and hydration processes upon exposure 
to environmental oxygen and moisture. According to the results, the 
intensity of Cu(0) increases with increasing Cu target power because 
the enhanced Cu deposition rate  and promotes metallic bonding and 
cluster formation at the thin film surface, which further contributes to 
the higher intensity of Cu(0) observed in the XPS spectra. 

 

 

Figure 5.  High resolution XPS spectra of Cu 2p signals of Ti-Cu alloy thin 
films at Cu target  power (a) 12 W, and (b) 162 W. 

 

 

Figure 6. Photos of colony forming units of  Escherichia coli after contact 
with control and Ti-Cu alloy thin films for 24 h. 

 
Figure 6 illustrated the colonization of E. coli on the Ti-Cu alloy 

thin film after 24 h of incubation. The control sample (aluminum plate) 
displayed numerous E. coli colonies, while the Ti-Cu sample showed 
no colonies at all, indicating the powerful antibacterial activity of the 
Ti-Cu thin film against E. coli. The addition of Cu to alloy thin films 
significantly enhanced antibacterial properties through various 
interacting mechanisms. One primary mechanism involved the release 
of Cu ions when bacteria contacted a surface of sample containing the 
Cu. These Cu ions are released from the surface of a thin film and 
moved to the bacterial cell wall via electrostatic forces. This interaction 
limited bacterial activity, interfered with metabolic processes, and 
led to bacterial cell death [16]. The prepared Ti-Cu alloy thin films 
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often exhibited nanocrystalline Cu or Cu nanoparticles, which provided 
a high surface-area-to-volume ratio. The increase in surface area could 
enhance the release of Cu ions, especially in moist environments or 
upon contact with bacterial cells [29]. Moreover, Cu can induce the 
generation of reactive oxygen species (ROS), including superoxide 
anions (•O2‒), hydrogen peroxide (H2O2), and hydroxyl radicals (•OH), 
primarily via redox reactions such as Haber-Weiss reactions. These 
ROS possess strong oxidative properties and can cause severe bacterial 
damage. An increase in metallic copper (Cu(0)) in Ti–Cu thin films 
significantly influences both the ion release behavior and antibacterial 
efficiency. XPS analysis confirms the presence and valence states of 
copper near the surface, which are critical for antibacterial mechanisms. 
Embedded Cu(0), often located beneath the surface, acts as a stable 
reservoir that continuously replenishes surface Cu ions consumed 
during antibacterial reactions, ensuring long-term efficacy. Surface-
exposed Cu(0) promotes rapid and concentrated release of Cu ions 
through oxidation to Cu(I) and Cu(II), facilitating reactive oxygen 
species (ROS) generation and immediate bacterial inactivation. High 
Cu(0) content also supports the formation of highly active phases, 
such as Cu(OH)2 and Cu2O, essential for ROS-mediated contact killing. 
Additionally, the nano roughness of the prepared film increased the 
effective surface area and enhanced physical contact between bacteria 
and the film. This intimate interaction exposes bacterial cells to more 
Cu-containing regions and strengthens the local ion-exchange interface. 
As a result, the rough surface promotes a higher local concentration 
of released Cu ions at the bacteria–surface interface, thereby intensifying 
membrane disruption and improving antibacterial efficiency [13,16,30].  

 
4.  Conclusions 

 
Ti–Cu alloy thin film with Cu content in the range of 25.8 at% to 

77.8 at% were successfully prepared by DC magnetron co-sputtering. 
This process involved varying the power applied to the Cu target from 
12 W to 163 W. The Cu content in the alloy thin films had a significant 
impact on their crystal structure, morphology, and antibacterial 
properties. Adding Cu generally increased the surface roughness of 
the thin films. Antibacterial tests demonstrated that Ti–Cu alloy thin 
films containing more than 25.8 at% of Cu exhibited good antibacterial 
properties and are effective in killing E. coli bacteria. These results 
suggested that the incorporation of Cu not only modifies the micro-
structure and surface characteristics but also plays a critical role in 
improving the antibacterial performance of thin films, making them 
promising candidates for biomedical surface coatings. 
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