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ABSTRACT
The antimicrobial properties of W-Ge nanocomposite thin films as a function of Ge concentration were investigated within the scope
of this study. The films were deposited on an AZ61Mg substrate using a magnetron sputter source with a co-deposition technique.
Structural analyses showed that all coatings had a composite crystal structure. Additionally, the morphological investigation
indicated that films had goosefoot-type structures at low Ge concentrations (5% and 10%), while Ge-rich films (40% and 60%)
had cauliflower-type structures. The 20% Ge concentration coating had both structures. Regarding the surface morphology, the
root mean square roughness of the surface reached its maximum value at a Ge concentration of 60% while the surface roughness
and wettability of all the films showed an opposite trend. The antimicrobial activity of the W-Ge nanocomposite films against
gram-negative (Salmonella typhimurium NRRLE 4413, Escherichia coli ATCC 25922) and gram-positive (Staphylococcus aureus
6538 P., Bacillus subtilis IM 622) bacteria was investigated via disc diffusion antibiotic sensitivity assay. Based on the antibacterial
activity test, it was concluded that although all the films had antimicrobial efficiency against gram-negative and gram-positive
bacteria, they were more effective against gram-positive bacteria. Moreover, with the increased surface roughness of the films,
the number of grain boundaries, which cause an increase in the intensity of the oxide phases of the metals, increases, resulting in
better antibacterial activity.
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1. INTRODUCTION

Metallic composite thin films find extensive application across
various fields such as environmental sensing, gas sensing, and
water purification due to their enhanced performance, extended
functionality as well as low cost, and given performance not at-
tainable with bulk materials (Martin 2009; Zboun et al. 2020).
Additionally, there are several studies focusing on the antimi-
crobial efficiency of metallic composite thin films. For in-
stance, Menazea & Awwad (2020) reported on the antimicro-
bial efficiency of TiO2 doped ZnO thin film, which was pro-
duced by pulsed laser ablation in liquid. Chuang et al. (2017)
studied the effects of Ag2O on the antibacterial efficiency of
ZnO/Ag2O composite thin film produced via magnetron sput-
tering method. Furthermore, Jena et al. (2020) presented a work
that focused on the antibacterial properties of ternary compos-
ite coatings (graphene oxide - chitosan-silver) produced by the
electrophoretic deposition technique. Arslan et al. (2022) re-
ported on the antibacterial properties of Ge-DLC (diamond-
like carbon) coatings produced by co-deposition technique via

magnetron sputtering method. As pointed out in various stud-
ies, the quality of the metallic composite materials, which de-
pends on the growing method, has a significant effect on the
sensing performance of the devices and/or functionalization
of the material against bacteria. The most preferred thin film
deposition techniques include physical and chemical vapour
deposition, solution processes, and fusion processes (Voevodin
et al. 1999; Somogyvári et al. 2012; Park et al. 2006; Helmers-
son et al. 2006; Roy et al. 2015; Sarcan 2020). Among these, the
magnetron sputtering method allows the co-deposition of two
metals by controlling the deposition rate under high-vacuum
conditions, thereby avoiding any contamination.

The antimicrobial properties of Ge and its compounds were
proved in a study on human pathogenic bacteria (Sellappa &
Jeyaraman 2011). The studies on Pseudomonas aeruginosa
planktonic and Staphylococcus aureus in suspension revealed
that elemental Ge has antimicrobial activities (Kurt et al. 2021;
Khalid et al. 2014). Ge naturally exists in very low concentra-
tions in dairy foods. This metal, which is taken at a low amount
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(0.4 - 3.4 mg) by the human body on a daily basis, contributes
to controlling important biological functions such as maintain-
ing sodium, potassium, glucose, and pH levels in balance, as
well as lowering blood pressure (Okada et al. 1989; Nagata
et al. 1985; Lück et al. 1999; Kaplan et al. 2004; Bian et al.
2017). A long period (18 months) of GeO2 intake has been
reported to result in acute renal failure in the human body due
to the high dose intake (600 mg per day) (Nagata et al. 1985).
Another study indicated that a patient who consumed 76 g of
elemental Ge for 6 months developed renal failure (Lück et al.
1999). Bian et al. (2017) published a study on MgGe alloys,
in which the potential cytotoxic effects of Ge on the human
body were explored (Ge concentrations below 3wt percent).
Their study demonstrated that MgGe alloys own excellent cy-
tocompatibility, histocompatibility, good mechanical features,
and corrosion resistance. The combination of such properties
makes Ge metal and its alloys excellent potential candidates
for implant materials. Moreover, the superior mechanical and
physical qualities of W, such as its high melting point, wear
resistance, and hardness, make it a desirable metal for use in a
variety of applications.

In this study, we aim to obtain a composite of these two
metals to enhance their superior properties against bacteria.
For this purpose, W-Ge nanocomposite films as a function of
Ge concentrations were deposited on AZ61Mg by magnetron
sputtering approach to investigate their antibacterial efficiency
in biological applications. Subsequently, the phase structure,
surface morphology and wettability of the samples were ex-
amined. The antibacterial efficiency of W-Ge nanocomposite
thin films as a function of Ge concentrations against gram-
negative (Salmonella typhimurium NRRLE 4413, Escherichia
coli ATCC 25922) and gram-positive (Staphylococcus aureus
6538 P., Bacillus subtilis IM 622) bacteria has been investi-
gated.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation

Initially, AZ61 Mg substrates with dimensions of 10×20×2
mm were polished with 800–2000 mesh Silicon Carbide (Si-
C) abrasive papers, and 5 `m aluminium oxide (Al2O3) pow-
der. Afterwards, then the surfaces of the Mg substrates were
cleaned using an RCA type wet-cleaning procedure using ace-
tone, methanol, and distilled water, respectively, in an ultra-
sonic cleaner for 3 minutes for each Mg substrate. The cleaning
procedure was completed by blow-drying with nitrogen gas.

2.2. Thin Film Deposition

Tungsten (W) and Germanium (Ge) solid targets with a purity
of 99.99% were used to coat Mg substrates. Plasma cleaning
was applied to each target for 10 minutes prior to the coating
process to remove contamination and achieve a more efficient

surface activity. All Mg substrates were coated using a Nanovak
magnetron sputter system (Model: NVTS-400). The base pres-
sure of the system was approximately 4 × 10−6 mTorr and the
working pressure during the deposition process of all samples
was approximately 3 × 10−3 mTorr. The co-deposition tech-
nique was used to deposit W-Ge nanocomposite coatings on
the Mg substrates through the alteration of Ge concentration
(5%, 10%, 20%, 40%, and 60%). A quartz thickness monitor
was used to determine the deposition rates of the alloy sam-
ples. Ge concentrations of W-Ge nanocomposite coatings were
controlled by adjusting the deposition rates of W and Ge based
on the published work by Kurt et al. (2021). The distance be-
tween the substrate and the targets was approximately 15 cm,
and the deposition was performed at room temperature. The
thickness of the films was measured as 1 ± 0.9 `m using an
optical profilometer.

2.3. Sample Characterisation

The phase composition of the W-Ge nanocomposite coatings
was analysed using the X-ray diffraction (XRD) technique with
a Rigaku SmartLab diffractometer and a Cu K𝛼 (1.5406 Å) ra-
diation source. The morphology of the films at different Ge con-
centrations was evaluated using scanning electron microscopy
(SEM) with an FEI Versa 3D Dual Beam. The surface rough-
ness of the films was determined by atomic force microscopy
(AFM – Park System XE-100E). The thickness of the films
for each deposition condition was measured using a Bruker-
Contour GT 3D Optical profilometer. The wettability and con-
tact angle values of the coatings were analysed using the sessile
drop technique with a contact angle goniometer (CAG) (Dat-
aphysics OCA 15EC) at room temperature. The contact angle
values were measured 60 seconds after pure water was dropped
onto the surfaces.

2.4. In-vitro Bacterial Test

The antimicrobial activity of W-Ge nanocomposite coatings
against gram negative (Salmonella typhimurium NRRLE 4413,
Escherichia coli ATCC 25922) and gram-positive bacteria
(Staphylococcus aureus 6538 P., Bacillus subtilis IM 622) was
investigated via disc diffusion antibiotic sensitivity assay in
which 6 mm of diameters discs were placed on the plates. The
antibiotic discs and the Mg substrates which were coated with
approximately 1 `m of W-Ge nanocomposite films at different
concentration of Ge (5-60%) were placed on Muller-Hinton
agar (MHA) plates inoculated with 100 `l of 1 × 106 bacterial
suspensions. Plates were then incubated at 37 °C overnight,
followed by measurement of the diameters of inhibition zones.
During the tests, an antibiotic mixture (penicillin-streptomycin)
was used as a positive control.
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3. RESULT AND DISCUSSION

Figure 1 displays the crystallographic properties of W-Ge
nanocomposite films deposited on AZ61Mg by magnetron
sputtering. 2\ Mg peak values of 32°.33, 34°.66, 36°.82, and
48°.13 matched with the entry number of 96-151-2519, are ob-
served due to the Mg substrate for all Ge concentrations. Crystal
structure of GeO2 are observed at 34°.22 with (111) plane from
all coatings and at 62°.63 with (221) planes from 20% and
60% Ge concentration. Additional 2\ GeO2 peak is detected at
72°.73 with (112) orientation from 5%, 40% and 60% coatings
(entry no: 96-152-5833). 2\ peak values 39°.90, and 57°.70
indicate the metallic W with the (101), (200) planes, respec-
tively (entry no: 96-151-2550). Besides, WO3 crystal structure
is obtained from all coatings at 63°.44, indicating the (400)
plane. Whilst, 2\ WO3 peak value of 40°.38 with (201) plane is
observed for 20% and 40% Ge concentrations, this is obtained
at 57°.98 with (202) plane for 60% Ge concentration (entry no:
96-100-4057). It can be concluded that the film coatings were
formed as a composite crystal structure.

Figure 2 displays the morphology of the W-Ge nanocompos-
ite thin films as a function of Ge concentrations. SEM images
reveal two types of morphology, including goosefoot-type and

Figure 1. XRD spectrum of W-Ge thin film deposited on AZ61 Mg.

Figure 2. SEM images of the W-Ge nanocomposites coatings for a) 5% b) 10%
c) 20% d) 40% e) 60% Ge concentrations.

cauliflower-type, for low (5%, 10%, 20%) and high Ge (40%
and 60%) concentrations, respectively. In light of these mor-
phological differences in the SEM images, it can be considered
that there are two types of mechanisms in film formation. The
increase of the Ge concentration for low Ge films led to a reduc-
tion in the goosefoot structure as shown in Figure 2a-c, which
result in a reduction in the number of grains. However, the film
with a 20% Ge concentration has a combined morphological
structure of a goosefoot and a cauliflower-type. Conversely,
coatings with high concentrations of Ge exhibit a contrasting
effect, resulting in a cauliflower-like surface morphology in Ge-
rich films. Specifically, the coating with a Ge concentration of
60% demonstrates a notable abundance of grains, as displayed
in Figure 2e. The surface roughness of W-Ge nanocomposite
coatings was evaluated using by AFM as a function of Ge con-
centration. It is found that the roughness varies between 35 to
90 nm, as illustrated in Figure 3a.

The surface roughness of W-Ge nanocomposite films at low
Ge concentrations (5%, 10% and 20%) increase as a func-
tion of Ge concentration. This result is in a good agreement
with SEM analyses since the surface morphology of thin film
is less smooth and has some pores at 20% Ge concentration.
Besides, surface roughness of 40% Ge concentration of W-Ge
nanocomposite film decreases the level of lowest Ge concen-
tration. The SEM image of W-Ge nanocomposite films at 40%
Ge concentration shows a smoother surface profile (Figure 2d).
As expected from the SEM image given in Figure 2e, the 60%
Ge concentration leads to the highest surface roughness due to
high number of grains and pores.

The effect of the variation of Ge concentration on surface
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wetting characteristic was determined by measuring contact
angle values 60 s after dropping 1`l distilled water on thin
film surface and the results are illustrated in Figure 3b. The
wetting property of a surface is defined as hydrophobic if the
contact angle is greater than 90° and hydrophilic if it is less
than 90° (Law 2014; Kuruoğlu 2022). The contact angle values
of W-Ge nanocomposite coatings with 5%, 10%, 20%, 40%
and 60% Ge concentration are 68°.6, 55°.8, 27°.4, 85°.6 and
62°.7, respectively. Hence, as shown in Figure 3b, the W-Ge
nanocomposite coatings altered with Ge concentration have
hydrophilic surfaces and the highest and the lowest contact an-
gle values are obtained at 40% and 20% Ge concentrations,
respectively. Additionally, the contact angle values of the re-
maining Ge concentrations are apparently similar. It is well
known that surface chemistry and surface morphology deter-
mine the wetting characteristic of surface. The effect of surface
morphology (smooth or rough surface) on the wettability of
surface were modelled by Young (1805) and Cassie & Bax-
ter (1944) or Wenzel (1936). According to the Wenzel model,
an increase in roughness leads to a hydrophilic surface to be
more hydrophilic, and a hydrophobic surface to be more hy-
drophobic. The results of surface roughness measurements and
wettability tests of W-Ge nanocomposite films reveal that, in
general, with the increase of surface roughness, the wettability
of the surfaces decreases (see Figure 3a-b). It can be concluded
that W-Ge nanocomposite films have hydrophilic surface prop-
erties and their hydrophilicity increases with increasing sur-
face roughness, which obeying Wenzel model (Wenzel 1936).
While, W-Ge nanocomposite films with 60% Ge concentration
possess the highest rms surface roughness value of 93.3 nm,
its contact angle (62°.7) is approximately the same values of
W-Ge nanocomposite coatings with 5% Ge concentration. This
behaviour can be explained with Cassie-Baxter model where
droplet cannot penetrate the surface cavities, regardless to the
nature of surface, owing to the air pockets under the droplet
(Foadi et al. 2019b,a).

Gram-positive (Staphylococcus aureus 6538 P., Bacillus sub-
tilis IM 622) and gram-negative (Salmonella typhimurium NR-
RLE 4413, Escherichia coli ATCC 25922) were used as model
bacteria to reveal antibacterial activities of the W-Ge based
nanocomposite coatings as a function of Ge concentration. The
formation of inhibition zones confirms the presence of antibac-
terial activity in all W-Ge nanocomposite coatings. The an-
tibacterial effects of the coatings on gram-positive and gram-
negative bacteria follow different patterns and it is observed
that it is more effective against to gram-positive bacteria as
presented in Figure 4a-b. These differences can be attributed to
the differences in cell wall of bacteria. Gram-positive bacteria
has a thick peptidoglycan layer and no outer lipid membrane
whilst gram-negative bacteria has a thin peptidoglycan layer
and has an outer lipid membrane. In fact, a gram-positive bac-
terium (i.e. S. aureus) is made up of an outer membraneless
peptidoglycan layer with a thickness ranging from 20 to 80

Figure 3. a) Surface roughness and b) contact angle values of W-Ge nanocom-
posite coatings thin film surfaces as a function of Ge concentration.

nm. The outer membrane is an extra layer that E. coli has, de-
spite being a gram-negative bacteria with a considerably thin-
ner layer of peptidoglycan (thickness of 78 nm). Additionally,
it has been previously noted that the outer membrane of the
gram-negative E. coli bacterium made E. coli more resistant to
an AFM tip-induced direct contact interaction than S. aureus
(Akhavan & Ghaderi 2010; Eaton et al. 2008). Antibacterial
efficiencies of W-Ge nanocomposite coatings against to E. coli
and S. typhimurium as a function of Ge concentration show
similar behaviour with increasing up to 20% Ge concentration
and small amount decrease at 40% Ge. The surface roughness
of the coatings is found to play a critical role in their antibac-
terial efficacy against S. typhimurium, and increasing surface
roughness led to oxidation of the coatings, resulting in more
intense GeO2 and WO3 peaks rather than metallic W (as shown
in Figure 1). These findings are supported by the literature that
has revealed the influence of surface roughness and WO3 of
antibacterial efficiency of the coatings (Wu et al. 2018b,a; Tan
et al. 2021). Additionally, while W-Ge nanocomposite coating
with 60% Ge concentration exhibits the highest antibacterial
effects against S. typhimurium, with a high number of grains
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Figure 4. Antibacterial activity of W-Ge nanocomposite coatings as function of Ge concentration on a) gram-negative bacteria and b) gram-positive bacteria.

and the most intense WO3 peaks, a similar effect is observed at
20% Ge concentration against E. coli (as shown in Figure 4a).
As demonstrated in Figure 4b, the antibacterial efficiency of
W-Ge nanocomposite coatings against S. aureus and B. subtilis
is reasonably higher than against the gram-negative bacteria
and exhibits the same tendency as a function of Ge concen-
tration, with maximum efficiency being reached at 40% Ge
concentration against S. aureus.

4. CONCLUSION

In this study, findings on the selective antibacterial properties
of W-Ge nanocomposite films based on varying Ge concentra-
tions were presented. With increasing Ge concentration, two
types of surface mechanisms (goosefoot and cauliflower-type)
were observed, resulting to changes in surface roughness. The
study also found that increased surface roughness led to higher
oxidation of the coatings due to a higher number of grains. The
coatings were found to have hydrophilic surfaces with an oppo-
site trend with surface roughness. Results from antimicrobial
activity measurements showed that the coatings had antibac-
terial activity against both gram-negative and gram-positive
bacteria, with higher efficacy against gram-positive bacteria.
It could be concluded that increased surface roughness led to
higher numbers of grain boundaries, intensifying the metals’
oxide phases and improving their antibacterial activity.
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