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Plasma sputtering deposition is a Physical Vapor Deposition 
(PVD) method based on a weakly ionized gas, the plasma, 
that ablates atoms from a solid target material to deposit 
those sputtered atoms on a substrate [1, 2]. In this way, the 
plasma has two functions, i) the generation of high-energy 
ions of several 100 eV accelerated to the target for sputter-
ing, and ii) to support film growth by plasma-surface inter-
action with particles bearing lower energies around ~10 eV. 
For both processes, energy thresholds are present, which 
will be discussed in this article. Plasma sputtering deposition 
has wide spread industrial applications [3]. As one example, 
the metallization of polymer fibers is demonstrated to obtain 
electrically conductive textile sensors and wires [4-7].

Plasma sputtering at the target

The plasma used for sputtering is a gas discharge excited 
by electric or electromagnetic fields [8]. Electrons pick up 
energy from the field within collisions with the heavy gas 
particles, reaching electron energies of several eV (1 elec-
tron volt = 1.602·10-19 J), while the gas particles largely re-
main at low temperatures resulting in highly non-equilibrium 
conditions. Due to the distribution of electron energies in the 
low temperature plasma, a sufficient amount of electrons 
gain energies to ionize the gas, and thus sustain the plasma 
by means of external power delivery. The mobile electrons 
tend to leave the plasma quickly, however, applying electro-
magnetic fields as used for the common magnetron sputter-
ing process, electrons can be trapped for an extended time 
resulting in an increased electron density and ionization de-
gree. Therefore, magnets are placed close to the target ma-
terial to generate an intense plasma even at low pressure 
that is located just in front of the target [8]. Typically, pres-
sures around 1 Pa are used to create sufficient ions but min-
imize collisions between the gas particles, which occur at a 
mean free path length of around 1 cm at such conditions. 
The high diffusion of electrons result in a net negative charg-
ing of surfaces exposed to the plasma, mainly at the target 
material yielding the high negative target voltage, Vt , while 
the plasma acquires a small positive potential, the plasma 
potential, Vpl . Between plasma and target, a potential drop 
is thus established ranging from tens to thousands of volts. 
Accordingly, positively charged ions created near the target 
are accelerated to ion energies, Ei , of tens to thousands of 
eV, assuming a collision-free sheath between plasma and 
target (as given at sufficient low pressure):
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Related to the ion density, a flux of ions, Ci , is bombarding 
the target (with energies Ei ) causing the sputtering yield, 
that is, the number of atoms released from the target mate-
rial at the flux, Cat , per incident ion:
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To achieve a high momentum transfer, Mt , to the target ma-
terial, sputtering is typically performed in heavy inert gases 
with ion masses, mi :
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The sputtering yield can be plotted vs. the ion energy as 
displayed in Figure 1a for different gases and target ma-
terials. At first, it can be noted that the onset of sputtering 
occurs with a threshold energy, Eth,s , typically around 50 eV 
[9]. Secondly, a range can be observed, where Y increases 
linearly with Ei , yielding a constant delivered energy, Ed,t , at 
the target material [10-13]:

( )E Y
E 4,d t

t=

Figure 1: Sputtering in Ar and Xe plasmas with Cu and Mo target, 
respectively [11-13]. a) The sputtering yield increases linearly with 
ion energy above the threshold energy for sputtering, Eth,s , accord-
ing to single knock-on processes. This regime is characterized by 
constant delivered energy per target atom. b) Above the threshold 
energy for predominant momentum transfer processes, Eth,m , sput-
tering is governed by collision cascades characterized by constant 
momentum transfer.
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As seen in Figure 1b, only at enhanced ion energies, sput-
tering follows momentum transfer resulting in a constant 
Mt according to Equation (3). This regime, observed at a 
threshold energy, Eth,m , of 500 - 600 eV, is characterized 
by collision cascades transferring momentum between 
near-surface atoms [14]. For energetic reasons, however, 
plasma sputtering deposition is typically performed at ion 
energies below Eth,m , e.g. around 400 eV, to make use of 
the linear increase of Y with Ei . In this regime, sputtering is 
mainly caused by single knock-on events, transferring ener-
gy to a surface atom [10].

Plasma sputtering deposition

The sputtered atoms carry a surplus energy due to the sput-
tering process requiring to overcome the surface binding 
energy, which is, however, in the low eV range [2]. While 
those energies are sufficient to enhance surface diffusion of 
adsorbed sputtered atoms at the substrate material typically 
placed opposite to the target, film growth into a dense struc-
ture requires higher energies delivered to the growing film 
[8, 15]. At low energies below a threshold, Eth,b , of around 
10 eV related to the surface binding energy, needle-like 
film morphologies containing voids are observed. Related 
structure zone models have been developed demonstrating 
different morphologies and crystallization induced by the de-
livered energy and the surface temperature with respect to 
the melting temperature of the deposited film as described 
in the literature [15].

The required energy can be delivered by the plasma, again 
through bombardment with energetic particles. While ions 
are accelerated towards the target gaining high energies of 
hundreds of eV, yielding the sputtering processes, they also 
interact with samples placed in the plasma zone. If such a 
sample is electrically insulated, its surface acquires a float-
ing potential, Vfl , that is more negative than the plasma po-
tential, Vpl , due to the accumulation of mobile electrons from 
the plasma [16]. The resulting potential drop accelerating 
positive ions towards the sample is proportional to electron 
temperature, Te (in [eV]):
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The ln term given by the ratio of ion to 
electron mass, mi and me , respectively, is 
not much varying for different ions, lying 
around 10. As an example, in an Ar plas-
ma at a pressure of 2 Pa, the potential drop 
(using a Retarded Field Energy Analyzer) 
was measured to be about 20 V, yielding 
Te ≈ 4 eV for the used plasma conditions, 
largely independent of delivered power. Ar 
ions are thus accelerated to Ei ≈ 20 eV, not-
ing that the thin sheath of ~ 1 mm around 
the floating sample is collision-free. With 
the known flux of ions, Ci , incident on the 
sample, the delivered energy, Ed , can be 
estimated by
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with the film growth rate, R (in [atoms 
cm-2‧s-1]), determined by the flux of sput-

tered atoms that adsorb at the sample. Ci can be assessed 
by measuring the electron density, ne , at different distances 
in front of the target (using Microwave Interferometry which 
integrates over about 1 - 2 cm width). Due to quasi-neutral-
ity, the ion density is given by ni = ne . As depicted in Figure 
2, ni is highest in front of the target, separated by the plas-
ma sheath (of about 1 cm width at a pressure of 2 Pa), and 
decreases with increasing distance. By placing samples at 
varying distance, the ion bombardment, also inducing heat 
load, can thus be adjusted. Note that the target needs to be 
cooled, whereas temperature-sensitive samples at floating 
potential can only be placed at a sufficient distance from the 
target.

Taking the initial velocity of ions, the Bohm velocity, vB , re-
quired to enter the sheath, and diffusion by collisions in the 
plasma into account [16], it follows that
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By measuring the deposition rate and using Eq. (5), (6), and 
(7), the deposited energy can eventually be calculated. Fig-
ure 2 shows an example of coating polymer fibers that are 
guided in front of a silver target to be metallized by magne-
tron sputtering [17]. Increasing the applied power enhances 
the sputtering yield by increasing the potential drop in front 
of the target according to Eq. (1) and (4) (within the single 
knock-on regime). Moreover, the electron density (and thus 
ion density) scales with applied power, thus enhancing the 
ion flux resulting in strongly increased deposition rates (Fig-
ure 2c). Since the ion density is reduced with distance to 
the target, the deposited energy (Eq. (6)) can be adjusted 
by placing the samples at different positions in the plasma 
chamber. Due to the heat load by the plasma, polymer sam-
ples need to have a sufficient distance. For example, sample 
placement 9 cm from the target limits the heat load to about 
50 - 60°C. On the contrary, high-quality film growth assuring 
excellent adhesion requires a threshold energy overcoming 
the surface binding energy of about 10 eV [18]. As can be 
seen from Figure 2c, the two examined conditions at high 
and low power supply enable Ed > Eth,b , where the higher 
power allows the higher process velocity. Note that closer 
placement of the samples could also result in conditions 
meeting (again) the threshold for sputtering at around 50 eV. 
The deposited energy should thus be well controlled. The 

Figure 2: Plasma sputtering deposition of silver films on fibers. a) The fibers are moved 
in front of the target at a variable distance. b) Ag-coated (metallized) fibers as pro-
duced by sputtering. c) Measurement of electron densities at different distances from 
the target, which agrees with ion density, to calculate the deposited energy, Ed , during 
film growth.
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electrical conductivity of the Ag-coated fibers can then be 
adjusted by the thickness of the deposited metal film, typi-
cally 100 - 500 nm [4]. For the optimized conditions with R ≈ 
49 nm min-1, a residence time of 2 - 10 min of the fiber in the 
plasma zone is thus required. At industrial scale, about 2 km 
of fiber is introduced in the plasma by winding from reel to 
reel yielding a typical process velocity of 200 - 1000 m min-1. 
A yarn material with 200 dtex (weighing 200 g per 10000 m 
fiber length) thus requires a processing time of about 1-4 hrs 
to produce 1 kg of material, which is economically feasible.

The metallized fibers are used for various applications in-
cluding products used in healthcare such as antimicrobial 
textiles and textile electrodes for ECG measurements [5, 
7]. Recent developments deal with the manufacturing of a 
rope that comprises coated and uncoated fibers of the same 
type, e.g. high-strength Twaron® fibers, allowing an inher-
ent sensor function (Figure 3). Using the electrical resistiv-
ity of the rope as indicator for the abrasion of the rope in 
load-bearing applications, the end-of-life can be predicted. 
X-ray micro tomography (µCT) analysis [19] demonstrates 
that the metal coating survives the abrasion process, while 
the polymer fibers show wear such as broken filaments that 
contribute to an increase in resistivity.

Furthermore, metallized fibers can be plied together to 
enhance electrical conductivity reaching values below 
100 Ω m-1. Using a high-strength polymer fiber 
such as Vectran™, a flexible and light-weight tex-
tile wire can be manufactured that is protecting 
its conductive, metallized core fibers by an outer 
shell of uncoated fibers of the same type using 
textile braiding (Figure 4). These wires can be 
used to transfer data but also as reference wire, 
stretched over more than hundred meter as used 
for the alignment of linear accelerators [20].

Conclusions

Plasma sputtering deposition is a mature physi-
cal vapor deposition technology that can also be 
used to metallize polymers by controlling sputter-
ing conditions at the target material (selecting the 
type of coating) and at the polymer substrate in 
order to reduce heat load. Different energy thresh-
olds can be identified yielding both an optimum 
window for sputtering at the target and deposition 
on the polymer. Here, silver coatings on continu-

ous polymer fibers were discussed that can be deposited 
in a reel-to-reel process resulting in electrically conductive 
fibers. From theses fibers, ropes and textile wires can be 
manufactured allowing, for example, the transfer of data 
and sensor applications.
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Figure 3: a) Rope made of 8x2 Twaron® fibers by twisting two 
parallel fibers, one Ag-coated and one uncoated. b) μCT imaging 
of the rope as prepared (new fiber) and after extensive abrasion 
testing (used fiber) in cross section (middle, separated by a carbon 
fiber-reinforced polymer tube) and along the rope (sides).

Figure 4: High-strength textile wire made of three Ag-coated Vectran™ fibers, 
plied together (3-ply), as electrically conductive core, which is protected by six 
(uncoated) Vectran™ fibers using textile braiding.


