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Abstract
Nowadays, cold plasma techniques like dielectric barrier discharge (DBD) plasmas have 
attracted considerable interest in view of high deoxidation efficiencies as well as relative 
simplicity of setups. Although DBD plasma deoxidation of copper has been mainly stud-
ied in Ar/H2 mixtures, there is no information on reduction performance of such methods 
in other protective atmospheres. In this study, the reduction of natively oxidized copper 
surfaces using a DBD plasma in an Ar/SiH4 atmosphere at 100 hPa and 20 °C was investi-
gated. The influence of a silane gas on the deoxidation performance was studied by varying 
the  SiH4 concentration from 0.0 to 0.5 vol%. An addition of a  SiH4 gas to an Ar atmosphere 
results in the increase of the deoxidation effect of a DBD plasma, so almost all  Cu2O was 
reduced after 10 s of treatment in 0.1 vol% silane. Surface morphology analysis showed 
formation of particles after Ar/SiH4 plasma treatments that can be cleaned from the sur-
faces by wiping. Additionally, characterization of the plasma phase indicated the presence 
of  SiH* radicals that likely play a role in the deoxidation effect. Moreover, an elimination 
of residual oxygen and nitrogen species in Ar by addition of  SiH4 was observed.

Keywords Dielectric barrier discharge · X-ray photoelectron spectroscopy · Copper 
deoxidation · Argon-silane plasma

Introduction

Copper is a significant material for electronic industries [1, 2]. Nevertheless, air-formed 
native oxides on the copper surfaces substantially modify the characteristics. It is known 
that oxidized copper surfaces possess poor mechanic, electrical and adhesive properties in 
comparison to deoxidized ones [1, 3]. For example, Sawada and colleagues reported that 
the interfacial adhesion between deoxidized copper and epoxy resin was much stronger in 
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comparison to the system with natively oxidized copper [3]. Therefore, the reduction of 
copper surface oxides and improvements of already existing deoxidation methods attract 
considerable attention.

Among different techniques, non-thermal plasma reduction of copper oxides demon-
strates promising results [4–9]. As it was shown in our previous research [9], few nanome-
ter-thick native oxide layers were almost completely removed from copper surfaces within 
20  s of treatment using a dielectric barrier discharge (DBD) plasma in an Ar/H2 gas at 
100 hPa. Such treatments showed efficient reduction of copper oxides at room temperature 
due to the presence of highly reactive atomic hydrogen radicals  (Hα) in the plasma phase, 
but no change of morphology of surface was observed, which is a major advantage of this 
technique in comparison to the other methods like thermal annealing [9–11]. Nevertheless, 
practical implementation of an Ar/H2 DBD plasma as a deoxidation pre-treatment step 
in metal fabrication processes might become complicated due to the fact that hydrogen-
contained mixtures are not preferable atmospheres in metal processing and manufactur-
ing. This is connected with the possibility of damaging of metals due to the penetration of 
hydrogen into the material i.e. hydrogen embrittlement, especially at elevated temperatures 
and during surface deformation [12–14]. So, for the successful Ar/H2 DBD plasma deoxi-
dation and subsequent manufacturing, the sample must be first placed in an environment 
with the presence of hydrogen and then in a pure inert gas like Ar, respectively. Such prob-
lem can be overcome by performing both deoxidation and metal processing steps in the 
same suitable atmosphere. Therefore, development of a method that can provide a strong 
deoxidation effect to metal surfaces in known protective atmospheres is of a big interest.

At the moment, the usage of  SiH4-doped argon or nitrogen gases in different industrial 
processes is expected to provide considerable improvement of the manufacturing opera-
tions in comparison to pure gases, which is mainly connected with a creation of better 
protective atmospheres with less amounts of oxygen [15–18]. The high oxygen affinity of 
silane allowed to significantly decrease the oxygen partial pressure to less than  10–15 hPa, 
therefore providing an oxygen-free environment and preventing possible re-oxidation of 
the material [15–18]. Additionally, it was shown that the deoxidation of steel during high 
temperature brazing in a  SiH4-doped argon atmosphere (with  SiH4 concentrations from 1 
to 100 ppm) showed an enhancement in the deoxidation performance in comparison to the 
processes in pure Ar or  N2 gases [15]. The gain in deoxidation performance was also linked 
with an elimination of residual oxygen in the amount of several ppm, which is usually 
present in inert gases [15–18]. Nevertheless, besides a deoxidation effect, a generation of 
contaminations like  SiO2 particles as a reaction product was observed [15]. Although the 
influence of such oxygen-free protective environments on metal manufacturing processes 
is being intensively studied, there is no information on the possibility of applying of non-
thermal plasmas for metal deoxidation in  SiH4-doped atmospheres.

Up to date, non-thermal plasmas in different  SiH4-doped atmospheres have been 
implemented mainly for the generation of silicon-containing films to be applied in 
solar cells or thin-film transistors [19–24]. Plasma enhanced chemical vapour deposi-
tion (PECVD) processes were investigated in  H2/SiH4 [20],  H2/He/SiH4 [21], Ar/H2/
SiH4 [22] and Ar/NH3/SiH4 [23] gas mixtures, by using radio-frequency (RF) or DBD 
plasmas. It was shown that several nanometer-thick amorphous or crystalline silicon-
containing films can be formed within seconds of plasma treatment in the mixtures 
with concentration of  SiH4 from 0.01% to several volume percent. For example, Yu 
and colleagues produced hydrogenated amorphous silicon films by using DBD plasma 
in an  H2/SiH4 gas at the pressure of 2 hPa with the deposition rate of 0.34 nm/s (for 
the discharge voltage and frequency of 12  kV and 20  kHz, respectively) [20]. The 
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structure of the films can be varied by changing gas mixtures, pressures as well as the 
plasma discharge parameters. That is, Bazinette and colleagues performed experiments 
with DBD plasmas at atmospheric pressure and showed that the deposition rate of 
hydrogenated crystalline silicon films can be accelerated with the increase of discharge 
power [25]. Interestingly, Feitknecht and co-authors characterized high frequency glow 
discharge plasma in pure  SiH4 with optical emission spectroscopy (OES) and observed 
SiH* and  Hα radicals in the plasma phase that were produced during dissociation of 
the  SiH4 gas [26]. Whereas  SiH* is mainly considered to play a role in the forma-
tion of silicon-containing films, atomic hydrogen radicals  Hα are known to be effective 
in copper deoxidation [9, 26, 27]. Therefore, presence of such reactive species in the 
plasma phase makes  SiH4 plasmas also practical for metal deoxidation. Nevertheless, 
the deoxidation effect of non-thermal  SiH4 plasmas on metal surfaces has not been 
studied at all. Thus, promising effect and on the other hand the lack of information 
draw attention to the need on investigation of the deoxidation effect of DBD plasma in 
an Ar/SiH4 atmosphere.

The current study was performed as part of a project within the collaborative 
research center Oxygen-free production (SFB1368), in which several working groups 
investigate the influence of an addition of silane to argon gas on different metal man-
ufacturing processes like coating, welding or rolling. To date, it has been already 
shown by our colleagues that the efficiency of several metal processing methods can 
be improved by adding  SiH4 gas to Ar and creating an oxygen-free atmosphere [15, 17, 
18]. The aim of our project is to study the deoxidation effect of a DBD plasma method 
in Ar/SiH4 mixtures, which, if it works out, can be implemented in the industrial fabri-
cation processes as a promising deoxidation pre-treatment step without exchange of the 
protective atmosphere in the system. In this study, we present the deoxidation effect of 
DBD plasma in an Ar/SiH4 gas on copper native oxide layers at room temperature and 
100 hPa. The effect of changing the silane concentration during treatment of a copper 
surface is discussed and supported by the analysis of chemical state and morphology. 
Additionally, the plasma is characterized using optical emission spectroscopy.

Materials and Methods

Samples and Preparation

Copper foils with the size of 10 × 10  mm2 and a thickness of 1 mm (99.99 + %, Mateck 
GmbH, Jülich, Germany) were highly polished using a sanding machine (Jean Wirtz 
TG 250, Germany) with silicon carbide sanding papers and wool cloths for final dia-
mond polishing (Struers GmbH, Hannover, Germany), resulting in the smooth freshly 
prepared metal surface. After the polishing step, the samples were rinsed with etha-
nol (96%; Sigma-Aldrich Chemie GmbH, Munich, Germany) in an ultrasonic cleaner 
(Bandelin electronic GmbH & Co. KG, Berlin, Germany) for 5 min, dried and exposed 
to an ambient atmosphere for several hours, resulting in formation of few nanometer-
thick native oxide layer [9, 28–30]. Then, the samples were analyzed via atomic force 
microscopy (AFM) and transferred into the ultra-high vacuum (UHV) system, where 
the X-ray photoelectron spectroscopy (XPS) investigations were performed.
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Atomic Force Microscopy

The morphology of the samples before and after plasma treatments were analyzed using 
an Atomic Force Microscope (Dimension 3100, Veeco Instruments Inc., Santa Barbara, 
USA). The AFM images were taken in the presence of ambient air at room temperature 
and atmospheric pressure. Commercial cantilevers (NSC15/Al BS, Micromasch, Wet-
zlar, Germany) with a spring constant of 40 N/m and a resonance frequency in the range 
of 325 kHz were used in the measurements. The images were recorded at a line-scan 
frequency of 0.5 Hz. The analysis of images was performed with the SPIP 6.1.1 soft-
ware (Image Metrology, Lyngby, Denmark).

X‑ray Photoelectron Spectroscopy

The chemical structure of surfaces before and after the plasma treatment was char-
acterized via XPS at room temperature in an UHV apparatus with a base pressure of 
3·10−10  hPa using a non-monochromatic Al  Kα (1486.6  eV) X–ray source (RS40B1, 
Prevac, Rogów, Poland). X-ray photons irradiated the surface under an angle of 80° to 
the surface normal, illuminating a spot with a diameter of several mm. Electrons emit-
ted under an angle of 10° to the surface normal were recorded by a hemispherical ana-
lyzer (EA10/100, Leybold GmbH, Cologne, Germany). Survey and detailed spectra 
were recorded at pass energies of 80 eV and 40 eV, respectively. All XPS spectra are 
displayed as a function of binding energy with respect to the Fermi level. Addition-
ally, a charge correction was applied to all spectra by referencing the C–C binding to 
285.0 eV. For quantitative XPS analysis, photoelectron peak areas were calculated via a 
Marquardt–Levenberg optimization algorithm using CasaXPS (Casa Software Ltd., Bay 
House 5 Grosvenor Terrace Teignmouth, TQ14 8NE United Kingdom) with a Shirley-
type background and approximated Voigt-type profiles as a product of 0.7 Gaussian and 
0.3 Lorentzian. The CasaXPS analysis files for the samples are provided in the pub-
lished dataset [31].

DBD Plasma Reactor

Plasma treatment of copper samples was carried out in a DBD plasma reactor with gas 
inlet and pump systems to vary the pressure inside the reactor in the range from  10–8 
to  103  hPa [9]. The reactor was directly attached to the UHV system for XPS analy-
sis via a bakeable valve, allowing to treat and analyze copper surfaces without expo-
sure to the ambient atmosphere during transfer. Figure 1 shows a schematic representa-
tion of the setup used for DBD plasma treatment of copper surfaces. The isolated high 
voltage (HV) electrode consisted of a sealed quartz glass tube with a wall thickness of 
approximately 2.4  mm that was filled with brass powder to generate a homogeneous 
electric field, whereas the metal samples formed the grounded counter-electrode with 
a discharge gap between quartz tube and sample of about 2 mm [9, 32]. The geomet-
ric electrode surface area was approximately 113  mm2. A pre-commercial high volt-
age power supply with a sinoidal output signal (PlasmaGreen GmbH, Clausthal-Zel-
lerfeld, Germany) was used to generate 10 kV peak voltage (measured during plasma 
ignition) at 8.8 kHz pulse repetition rate for the plasma treatments [9]. The amount of 
power and current that were used in the experiments are 20.0 W and 1.6 A, respectively. 
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The samples were treated at a pressure of 100 hPa in Ar 5.0 (Westfalen AG, Münster, 
Germany) and pre-mixed Ar/SiH4 gases (Ar 5.0 and  SiH4 4.0 with the concentration 
of silane of 1.5 vol% in the mixture, Linde GmbH, Pullach, Germany) at room tem-
perature. Creation of working gas atmospheres with different concentration of silane in 
argon was performed by mixing pure Ar gas with pre-mixed Ar/SiH4 with the capaci-
tance sensor (Pfeiffer Vacuum GmbH, Asslar, Germany) in the DBD plasma chamber. 
A photo of the DBD plasma discharge in an Ar/SiH4 (0.1 vol% of silane) atmosphere, 
which was taken with a slow-speed camera, is additionally shown in the Fig. 1. The dis-
charge appeared to be uniform.

Plasma Treatment

Before the beginning of the plasma treatment, the reference state of all surfaces was meas-
ured with XPS and then the samples were transferred into the plasma chamber. In order to 
check an impact of a  SiH4 concentration in the working gas mixture on the oxidation state 
and morphology of copper foils, samples were treated for 10  s at room temperature and 
100 hPa and different concentrations of silane. After each experiment, the plasma reactor 
was evacuated to approx. 5·10–7 hPa and the samples were transferred into the UHV cham-
ber for XPS measurements. The process of pumping and transfer required about 120  s. 
Additionally, investigation of the reduction kinetics at the lowest possible concentration of 
 SiH4 in Ar of 0.02 vol% was performed by treating samples at several time intervals until 
an overall treatment time of 80 s. After each treatment step, the samples were measured 
with XPS.

Characterization of Deoxidation Effect

In order to be able to compare the deoxidation effects of a DBD plasma in Ar/SiH4 mix-
tures with different concentrations of silane, the relative change in stoichiometry of the 
samples in relation to the reference states as determined with XPS survey analysis for cop-
per, oxygen and carbon specimens was calculated. That is, the relative change in percent-
age (%) was calculated with the Eq.  (1), taking into account the initial concentration of 
analysed species before treatment ( nspecies(initial) ) and the concentration of them after a treat-
ment step ( nspecies(after)).

Fig. 1  Schematic representa-
tion of the experimental setup. 
In addition to the schematic 
representation, a photo of the 
DBD plasma discharge in an Ar/
SiH4 (0.1 vol%) atmosphere is 
presented
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whereas the reference surfaces before treatments did not contain Si and N species, an 
increase in the amount of Si and N was calculated as an absolute value in atomic percent-
age (at%), by using the Eq. (2).

Optical Emission Spectroscopy

Active species within the Ar/H2 DBD plasma were identified via optical emission spec-
troscopy (OES) using an AvaSpec–ULS2048CL–EVO fiber-optic spectrometer (Avantes, 
Netherlands) with a measurement range of 200–1100 nm. In order to detect the emission 
in the DBD plasma phase, a glass fibre was introduced into the reactor using a vacuum 
feedthrough (Avantes, Netherlands) (c.f. Fig. 1). Emissions were detected in the beginning 
of plasma treatments at room temperature. Optical emission spectra were analysed using 
AvaSoft 8 (Avantes, Netherlands).

Results and Discussion

SiH4‑Doped Ar Plasma Treatment at Different Concentrations of Silane

Table 1 shows the changes in stoichiometry of samples after 10 s plasma treatment at differ-
ent concentrations of silane in an Ar gas at room temperature. We demonstrate the removal 
of oxygen as well as carbon species in relation to the reference states with the increase 
of  SiH4 concentration. That is, pure Ar plasma showed weakest deoxidation and cleaning 
effects in comparison to  SiH4-doped Ar plasma treatments. As it is mentioned later in the 
text, a pure Ar plasma effect is mainly connected with the partial removal of adventitious 
organic contaminations as well as adsorbed water, whereas  SiH4-doped Ar plasma treat-
ments additionally provide reduction of lattice copper oxide. Although deoxidation effect 

(1)Relative change =
nspecies(after) − nspecies(initial)

nspecies(initial)
× 100%

(2)Absolute change = nspecies(after) − nspecies(initial)

Table 1  Change in stoichiometry of the samples as determined with XPS for specimens treated in Ar/SiH4 
plasmas with different silane concentrations

For Cu, O and C species a relative change in percentage was calculated, whereas an absolute change in at% 
was determined for Si and N species

Vol%  SiH4 Treatment duration Relative change in % Absolute 
change in at%

Cu O C Si N

0.00 10 s + 16 − 14 − 6 0 0
0.02 + 25 − 23 − 11 + 2 + 1
0.05 + 34 − 37 − 31 + 7 + 2
0.10 + 25 − 45 − 56 + 14 + 6
0.50 “Si” film “Si” film “Si” film + 100 0
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of  SiH4 plasma is efficient, we observe more silicon contaminations on the surface with 
the increase of  SiH4 concentration (c.f. Table 1; stoichiometry of the surfaces and the cor-
responding survey spectra are presented in the Table  S1 and Figure S1 in supplements, 
respectively). For example, plasma treatments in Ar/SiH4 mixtures (0.05 and 0.1 vol%) 
show formation of Si-containing separated particles, whereas plasma treatment at 0.5 vol. 
% of silane concentration leads to the formation of > 10 nm thick Si-containing films, such 
that the Cu substrate could not be detected in XPS anymore (supporting AFM images of 
the surfaces are presented later in the text). In contrast, a very weak signal from silicon 
species could be observed with XPS on the surface of the sample that was treated for 10 s 
in an Ar/SiH4 (0.02 vol%). Additionally, more nitrogen species were observed with the 
increase of silane concentration up to 0.1 vol%, which can be linked with the deposition of 
Si–N on the surfaces [25, 33, 34]. Moreover, presence of nitrogen in the working gas was 
observed via OES (shown later in the part 3.3), which is known to be a typical contamina-
tion in an Ar gas [35]. Therefore, it can be assumed that an addition of silane resulted in the 
more effective deoxidation of copper surface compared to pure Ar DBD plasma treatment 
and, in contrast, deposition of mainly Si–O and most probably Si–N species on the surface. 
Nevertheless, no nitrogen as well as oxygen and carbon species were observed on the sur-
face after 10 s treatment in an Ar/SiH4 (0.5 vol%) that resulted in a thick not oxidized pure 
silicon film.

For a better understanding of the nature of the contaminant Si layers, analysis of the Si 
2p regions was performed. Figure 2a shows the Si 2p regions of samples after 10 s of treat-
ment in an Ar/SiH4 plasma with the concentration of silane from 0.02 to 0.5 vol% (shown 
from bottom to the top) in comparison with the reference sample (bottom spectrum, dark 
green line). Generally, the Si 2p region of the samples consists of two main components. 
The first part in the binding energy range from 99 to 101 eV is characterized by a wide 
 Si0 peak structure [36–39] that can be clearly observed in the spectrum from the samples 
after treatment in 0.05, 0.1 and 0.5 vol% Ar/SiH4 mixtures. Due to the known complexity 
in distinguishing of Si–O and Si–N species in the Si 2p region, the second component in 
the binding energy range from 101 to 104 eV was assumed to be the superposition of the 
emissions from different oxidation states of silicon in oxides Si–O and nitrides Si–N (with 
 Si1+,  Si2+,  Si3+ and  Si4+) [36–40]. Therefore, 10 s treatments at the concentration of silane 
from 0.05 to 0.1 vol% led to the formation of pure silicon as well as Si–O and Si–N species 
on the surface, whereas 10 s treatment in 0.5 vol% Ar/SiH4 mixture resulted only in the 

Fig. 2  a Si 2p, b Cu  L3M45M45 and c O 1 s regions of the reference sample (bottom dark green line) and 
after 10 s treatment in pure Ar (green line) and by adding 0.02 vol% (yellow-green), 0.05 vol% (yellow), 0.1 
vol% (orange) and 0.5 vol% (dark orange) of  SiH4 to Ar (Color figure online)
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deposition of a more than 10 nm-thick pure silicon film. The component  Six+ in the region 
101–104 eV for the sample after 10 s treatment with the lowest concentration of silane of 
0.02 vol% shows a slight increase of intensity in comparison to the reference state that can 
only be distinguished in the enlarged spectra provided in the supplements (Figure S2). This 
indicates that this sample was also covered with the minor amount of  Six+ species.

The reduction effect of the plasma is presented in Fig. 2b, c. We show the changes in 
the Cu LMM Auger region (c.f. Fig. 2b) after 10 s treatment in Ar/SiH4 mixture with the 
concentration of  SiH4 from 0 to 0.5 vol% (spectra are displayed from bottom to the top) in 
comparison to the reference state (bottom spectrum, dark green line). The Cu  L3M45M45 
region after pure argon plasma has almost the same structure as the reference state, show-
ing no sharp increase in the metallic Cu contribution (spectroscopic line at 568 eV) on the 
surface [9, 28, 41–43]. In contrast to that, even the addition of 0.02 vol. %  SiH4 into the gas 
mixture provided a decrease of the  Cu2O line (569.8 eV) and an increase of the metallic Cu 
line. The most efficient reduction of copper native oxide was observed after 10 s plasma 
treatment in the 0.1 vol. % Ar/SiH4 mixture, whereas 10 s treatment in 0.5 vol% Ar/SiH4 
atmosphere resulted in a silicon film completely covering the copper surface, so no signal 
of the Cu LMM line was observed.

The effect of reduction of copper native oxide in Ar/SiH4 plasmas was observed also 
in the O 1 s region (c.f. Fig. 2c). Generally, three main components were distinguished in 
this region:  Cu2O lattice oxide, adsorbed surface oxygen species  (OH−) and water, organic 
as well as silicon oxide species at 530.5, 531.7 and 532.9 eV, respectively [9, 28, 37, 41, 
43–46]. A pure Ar plasma provided a weak cleaning effect, so minor amounts of adsorbed 
surface oxygen as well as water and organic species were removed. Nevertheless, no 
decrease of the  Cu2O intensity was observed. In contrast, even small addition of  SiH4 gas 
provided visible reduction of the  Cu2O native oxide layer, showing almost no copper oxide 
after treatment in an Ar/SiH4 (0.1 vol%) atmosphere. At the same time, deposition of Si–O 
oxide species was observed with the increase of silane concentration. Thus, an addition of 
 SiH4 to an Ar gas provided an substantial improvement of the deoxidation performance, 
whereas it can be concluded that pure Ar plasma does not play a significant role in the 
reduction process of copper native oxides.

Morphology Analysis

The morphology of samples is presented in Fig.  3. As it was shown in our previous 
research, Ar/H2 DBD plasma treatment does not affect the surface structure in comparison 
to the reference state [9]. We observed the same effect on the surface that was treated in an 
Ar DBD plasma (c.f. Fig. 3a). The surface after treatment in an Ar/SiH4 gas (0.02 vol%) 
was found to be covered with a minor amount of particles with diameters of 80 nm (c.f. 
Fig. 3b) and thickness of approximately 10 nm. With the increase of silane concentration to 
0.05 and 0.1 vol%, more bigger particles were observed on the surfaces. For example, the 
surface of a sample which was treated by a 0.05 vol% Ar/SiH4 plasma contained separately 
distributed big clusters with the sizes of 300 nm in diameter and 80 nm thick and smaller 
particles of 200 nm in diameter. Much more particles but with an equal diameter of approx-
imately 200 nm were observed on the surface after 0.1 vol% Ar/SiH4 plasma treatment. In 
contrast, treatments in a 0.5 vol% doped atmosphere resulted in the formation of dense sili-
con layers with the sizes of particles of approximately 80 nm that covered copper surface 
completely. Interestingly, we could not obtain sharp images of the surfaces after Ar/SiH4 
plasma treatment in 0.05 vol% and 0.1 vol% atmospheres (c.f. Fig.  3c, d). We assumed 
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that deposited particles were loosely attached to the surfaces, so the AFM cantilever could 
move them along the samples. Such effect of the temporary attachment of particles to the 
AFM cantilever led to the effects of blurs and contributed in a deterioration of the image 
sharpness. Nevertheless, the obtained results provided useful information on the sizes and 
amount of particles. Moreover, these measurements seemed to indicate that deposited par-
ticles could be removed from surfaces mechanically (e.g. by wiping), as it is demonstrated 
later in the text.

In the current work, the cleaning experiment was performed on the sample that was 
treated for 10 s in an Ar/SiH4 (0.05 vol%) plasma at 100 hPa and room temperature. Fig-
ure 4a shows a surface of sample after plasma treatment. As it was discussed previously, 
the implemented treatment resulted in the deposition of separately distributed particles on 
the surface. In contrast, almost no particles were observed after wiping the surface by hand 
in the presence of air with the precision wipes (Kimberly-Clark Worldwide, Inc., USA) 
for 10 s (c.f. Fig. 4b). Additionally, the absence of silicon-contained contaminations was 
confirmed by the XPS analysis of the sample after plasma treatment and consequent wip-
ing in the presence of air. The concentrations of the detected species on the surface before 
plasma treatment, after 10 s plasma treatment and after consequent wiping are presented 
in the Table 2 (corresponding survey spectra are presented in the supplements, Figure S3). 
As it was already discussed, 10 s plasma treatment in an Ar/SiH4 (0.05 vol%) atmosphere 
resulted in the strong deoxidation of copper surfaces, so an increase of copper concentra-
tion from 39.4 to 54.5 at% and the removal of oxygen species from 29.1 to 15.9 at% were 
detected. At the same time, deposition of silicon-contained compounds on the surface in 
amount of 7 at% was identified, which were not detected after the wiping procedure (c.f. 
Table 2). Due to the fact, that the surface was cleaned outside of the vacuum chamber in 

Fig. 3  AFM images of the samples after 10 s of Ar (a), 0.02%  SiH4 in Ar (b), 0.05%  SiH4 in Ar (c), 0.1% 
 SiH4 in Ar (d) and 0.5%  SiH4 in Ar (e) plasma treatments. The scan size is 5 × 5 µm, except for (e), which is 
shown at the scan size of 2 × 2 µm
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the presence of air, the reoxidation of copper occurred, which was observed in the XPS 
(c.f. Table 2, Fig. S3). The effect of reoxidation can be overcome by wiping the samples 
in a glove box where an oxygen-free environment like an Ar/SiH4 atmosphere is estab-
lished. It is assumed, that it could be possible to deoxidize copper surface and clean it out 
of deposited particles without any influence on the oxidation state. Generally, based on the 
performed experiments, we propose that the silicon-contained species were most probably 
formed in the plasma phase and physically adsorbed on the surfaces, so they could be eas-
ily removed.

Reduction Kinetics

Based on the analysis of the 10  s treatments in different  SiH4 mixtures discussed in the 
previous section, we performed longer treatments of copper material at the lowest con-
centration of silane in argon (0.02 vol%). Treatment in such atmosphere shows stronger 
deoxidation effect in comparison to an Ar plasma and at the same time does not result in 
intense deposition of silicon containing nanoparticles. The sample was treated at several 
time intervals from 10 to 80 s. After each time interval, it was transferred into the UHV 
system for a XPS analysis. The stoichiometry of sample after treatment steps was charac-
terized by carbon, oxygen, copper, silicon and nitrogen species. Figure 5 presents the stoi-
chiometry of the sample as a function of a treatment time. The process in general can be 
divided into two parts. From 0 to 30 s of treatment a sharp removal of oxygen and carbon 
species and increase of copper concentration are observed. This process can be assigned 

Fig. 4  AFM images of the sample after 10 s of Ar/SiH4 (0.05 vol%) plasma treatment (a) and after conse-
quent wiping (b). The scan size is 25 × 25 µm

Table 2  Stoichiometry (in at%) 
of the sample as determined 
with XPS for the reference state, 
after 10 s of Ar/SiH4 (0.05 vol%) 
plasma treatment and consequent 
wiping

Treatment Copper Oxygen Carbon Silicon Nitrogen

Reference 39.4 29.1 31.5 0.0 0.0
10 s plasma 54.5 15.9 21.1 7.0 1.6
Wiping 56.5 24.2 19.3 0.0 0.0
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to the reduction of copper oxide layers and cleaning of a surface, showing a decrease of 
O/Cu ratio from 0.7 to 0.2. In contrast, during the first seconds more silicon particles 
were deposited. Thus, after 30 s of treatment we observe reduction of copper amount and 
increase of silicon as well as carbon concentrations. At the same time, the amount of oxy-
gen remains on almost the same level. Such change in the behaviour could be linked with 
the deposition of silicon and silicon oxide particles on the metal surface that results in the 
decrease of intensities of copper species. The increased concentration of carbon species 
might be related to the reaction of carbon-containing molecules with the silane species in 
the plasma.

We analysed the detailed XPS regions from the sample during Ar/SiH4 plasma treat-
ment. The Cu  2p3/2 region from the sample after plasma steps was identified with almost 
similar structure, showing one sharp peak of Cu/Cu2O components at the binding energy 
value of 932.6 eV [41, 47] (shown in the supplements, Figure S4). The reference sample 
was characterized by the slightly asymmetrical Cu/Cu2O peak at 932.4  eV and the low-
intensity shake-up structure (c.f. Fig. S4). The presence of asymmetry and the low-inten-
sity shake-up structure provides the possibility to estimate the nature and amount of  Cu2+ 
species that were present on the surface before treatment [8, 28, 41, 43, 47, 48]. The fitting 
of the Cu  2p3/2 detailed region revealed that the native oxide layer of the reference sample 
was mainly composed of  Cu2O oxide with minor addition of Cu(OH)2, which signals were 
detected at 932.4 and 934.7 eV, respectively [28, 29, 48]. The ratio of  Cu2O/Cu to Cu(OH)2 
species was approximately 0.88 to 0.12 before plasma treatment and 1.00 to 0.00 already 
after 10 s of the implemented plasma treatment.

An illustrative example of almost full reduction of copper native oxide layers in an Ar/
SiH4 atmosphere by using a sub-atmospheric DBD plasma is shown in the Fig. 6a, b. The 
copper Auger region (c.f. Fig. 6a) before plasma treatment (bottom spectrum, dark green 
line) is characterized by two main spectroscopic lines of Cu and  Cu2O at 568 and 569.8 eV, 
respectively. Already after 10 s of treatment a slight increase of the intensity of a Cu line 
and decrease of a  Cu2O line were observed. The typical structure of a Cu LMM spectrum 
of a clean copper sample was observed after 50 s of treatment (c.f. Fig. 6a, orange line), 
showing highly intense Cu line at 568 eV [41].

A reduction of copper oxide was also observed in the O 1 s region during treatment 
(c.f. Fig.  6b). That is, the O 1  s spectrum from the sample before treatment (bottom 
line) was composed of three main components as lattice  Cu2O oxide, adsorbed surface 

Fig. 5  Stoichiometry of the 
sample as a function of treat-
ment time. The experimental 
data points for copper, oxygen, 
carbon, nitrogen and silicon 
species are presented in black, 
red, blue, pink and green colors, 
respectively
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oxygen species (like  OH− groups) and molecular water as well as oxygen-containing 
organic species (like C–O–C and O–C=O) at 530.5, 531.7 and 532.9 eV, respectively 
[9, 28, 41, 43]. The intensity of  Cu2O as well as surface oxygen components decreased 
after each treatment step, showing almost no signal after approximately 50–80  s of 
treatment. At the same time, the intensity of a component at the higher binding energy 
of 532.9 eV started to increase after 10 s of treatment that can be linked with the deposi-
tion of oxidized Si–O particles on the surface. According to literature, Si–O species as 
well as water and organic carbon components are expected to be present in the O 1  s 
region at almost the same binding energies in the range from 532.2 to 533.5 eV [9, 37, 
41, 43–46]. Therefore, in the current publication it was concluded to assign all of these 
components to one broad peak at 532.9 eV.

The process of deposition of silicon and silicon oxide particles on the surface was 
observed within the Si 2p detailed spectra from the copper sample during treatment (c.f. 
Fig. 6c). Taking into account the minor presence of nitrogen on the surface of approxi-
mately 1 at% and major amount of oxygen during treatment, we simplified the analy-
sis of the detailed Si 2p region to the characterization of oxidized silicon species only. 
Therefore, the Si 2p region from the sample during treatment was divided into two 
parts. The first part in the binding energy range from 99 to 101 eV is characterized by a 
wide  Si0 structure. The second part in the range from 101 to 104 eV was assumed to be 
the superposition of the emissions from different states of silicon in the oxidized forms 
(Si–O, with  Si1+,  Si2+,  Si3+ and  Si4+). As it was observed, a minor amount of Si–O spe-
cies were deposited in the first 10 s of treatment. An increase of intensities of the emis-
sion peaks of Si and Si–O started to be seen after 20 s of treatment, showing their maxi-
mum after 80 s. Table 3 presents the XPS results for the reference Cu sample and after 
80  s of Ar/SiH4 plasma treatment. Relative fraction of copper native oxide layer was 
reduced from 48 to 3% after 80 s of treatment. This result shows that the implemented 
plasma method can be used for the reduction of copper oxides.

Fig. 6  a Cu  L3M45M45, b O 1 s and c Si 2p regions of reference sample (bottom line) and after 10 to 80 s 
plasma treatment in an Ar/SiH4 (0.02 vol%) gas (spectra are displayed from bottom to top)
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Table 3  XPS results for the reference Cu sample and after 80 s of Ar/SiH4 (0.02 vol%) plasma treatment

System Peak Species Binding 
energy, eV

FWHM, eV Relative 
fraction, %

Reference sample C 1 s C–C, C–H 285.0 1.6 62
C–O 286.2 1.9 20
C=O 288.5 2.0 18

O 1 s Cu2O 530.5 1.8 50
Osurf 531.7 1.6 34
H2O 532.9 2.5 16

Cu 2p Cu2O/Cu 932.4 1.7 88
Cu(OH)2 934.7 2.0 12

After Ar/SiH4 plasma (80 s) C 1 s C–C, C–H 285.0 1.8 83
C–O 286.2 1.9 17
C=O 288.5 0.0 0

O 1 s Cu2O 530.5 1.6 4
Osurf 531.7 1.5 3
H2O/Si–O 532.9 2.2 93

Si 2p Si–Si  2p3/2 99.3 2.0 34
Si–Si  2p1/2 99.9 1.3 17
Si2O 101.0 1.3 1
SiO 101.3 1.5 15
Si2O3 102.4 1.1 6
SiO2 103.6 2.0 27

Cu 2p Cu2O/Cu 932.6 1.6 100

Fig. 7  OES spectra of the plasma phases in the wavelength ranges of a 200–1100 nm and b 200–450 nm
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Characterization of the Reactive Species in Plasma

Figure 7 displays OES spectra of Ar/SiH4 plasmas with the concentration of silane from 0.0 
to 0.5 vol%. We show that pure Ar plasma is mainly characterized by highly intense emis-
sion lines of Ar reactive species in the region from 694 to 980 nm [49, 50]. Moreover, addi-
tional low intense lines were observed in the wavelength range from 300 to 400 nm. Signal 
at 310 nm was assigned to hydroxyl radicals (OH) [50–52], whereas other lines at 337, 358 
and 380 nm were assumed to be emissions from nitrogen  N2 species [50–52] (c.f. Fig. 7b), 
which are typical contaminations in argon gases [35, 51]. In contrast,  SiH4-doped argon 
plasmas show additional emission peak at 414 nm that is enlarged with the increase of a 
 SiH4 concentration. This line was associated with  SiH* radical, which is usually observed 
in silane plasmas [26, 27, 53]. Additionally, we observed a gradual decrease of intensities 
of the lines from OH radicals and  N2 species with an increase of  SiH4 concentration (a 
semi-quantitative comparison of intensities of  SiH*, Si, OH and  N2 lines in relation to the 
main Ar line for different silane concentrations are presented in Figure S5 in supplements). 
Therefore, it can be assumed that silane molecules react with residual nitrogen and oxygen 
contaminations in an Ar gas that resulted in deposition of Si–O as well as Si–N species on 
the treated surfaces. Interestingly, no emissions from  Hα were observed in  SiH4-doped Ar 
plasmas like it was detected in several studies on highly-concentrated  SiH4 plasmas [26, 
53]. Therefore, the OES analysis indicates that the deoxidation effect of Ar/SiH4 plasmas 
observed in XPS can be assigned to the presence of  SiH* radicals and the corresponding 
elimination of residual oxygen as well as nitrogen species in an Ar gas.

Conclusions

The deoxidation effect of a DBD plasma in a promising protective atmosphere of Ar/SiH4 
at 100 hPa and room temperature was studied. It is shown that an addition of a  SiH4 gas to 
an Ar atmosphere results in the increase of the deoxidation effect of an Ar DBD plasma. 
That is, even minor addition of silane to an Ar gas in the amount of 0.02 vol% leads to 
much more effective reduction of copper surface oxides after 10 s treatment in comparison 
to a pure Ar plasma. Moreover, by increasing the silane concentration up to 0.1 vol% the 
deoxidation effect of a DBD plasma can be improved, so almost no  Cu2O native oxide can 
be observed on the surface after 10 s treatment. Treatment for longer times also improves 
the deoxidation effect, so oxide layers can be almost fully reduced after 80 s of treatment 
in an Ar/SiH4 gas at the lowest concentration of 0.02 vol%. At the same time, an addition 
of a silane gas to the mixture results in deposition of silicon-containing particles such as 
pure silicon as well as  Six+ (with  Si1+,  Si2+,  Si3+ and  Si4+) species in a form of oxides and 
nitrides on the surface. For instance, 10 s DBD plasma treatment in an Ar/SiH4 (0.02 vol%) 
atmosphere shows a formation of a minor amount of Si-contained species as particles with 
a diameter of 80 nm. With the increase of the concentration up to 0.1 vol% more Si, Si–O 
and Si–N particles with a diameter of 200–300  nm are observed. Treatment for 10  s in 
an Ar/SiH4 with the silane concentration of 0.5 vol% shows formation of a homogene-
ous > 10 nm-thick layer of non-oxidized Si on Cu surface. Despite the fact, that the process 
of deoxidation in such atmospheres involved deposition of Si and  Six+ species on the sur-
face, it is shown that the contaminations can be removed from the treated copper surfaces 
by wiping. Additionally, the plasma phase at different  SiH4 concentrations was studied and 
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it was observed that the deoxidation effect of the implemented method coincides with the 
presence of  SiH* radicals, whereas no atomic hydrogen radicals  Hα were observed. Moreo-
ver, an elimination of Ar gas contaminations, which were presented in the OES spectra as 
OH radicals and  N2 species, by addition of a  SiH4 gas was observed.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11090- 022- 10268-w.
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