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 A B S T R A C T

Surface pre-treatment is an important step in many manufacturing processes. This includes chemical or mor-
phological modification of the surface, to specifically tailor certain characteristics for later manufacturing steps. 
Increasing the surface roughness is one form of pre-treatment used for example in electrode manufacturing 
for electrolyzers, or for soldering pads in power electronics. The process presented in this study applies a 
nitrogen plasma to nickel surfaces and modifies these to a porous network of nickel nitride with a wide range 
of pore sizes, ranging from few nanometers in diameter to around 800  μm. This provides significantly increased 
specific surface area. This plasma process avoids less desirable factors of traditionally used methods to increase 
surface roughness. The effect observed is investigated, key driving factors are identified and a model for the 
structure formation is proposed.
1. Introduction

Plasma surface treatment is a widespread method to enhance the 
characteristics of materials and surfaces in manufacturing processes. 
It can be used to tailor specific properties, like chemical activation, 
selective removal of material, or morphological restructuring to induce 
roughness.

For example, pretreatment is used to increase surface roughness in 
the manufacturing of electrolyzers. Here, nickel is a commonly used 
electrode material. Its optimization for use as an electrode material is 
an ongoing subject in research [1,2]. Hence, substrate pre- and post-
treatment are crucial steps. Currently, established industrial practice to 
increase the surface roughness of nickel is a wet chemical process with 
acids [3] or even complex and hard to scale processes, e.g. including 
hot molten salts [4].

Here we present a process using a nitrogen plasma to efficiently 
increase the specific surface area of the nickel sheets, by building an 
open network of multiscalar pores, with larger pores near the surface 
and smaller pores below. The pore sizes range from few nanometers up 
to micrometers, spanning multiple micrometers in depth.

We identify diffusion inside the nickel bulk as main driving force be-
hind this effect and show that material transport is enhanced by defects 
in the crystal lattice. We discuss the contribution of different types of 
diffusion to the pore formation. Also, we determine the specific plasma 
fingerprint that leads to this structuring effect. With this fingerprint we 
are able to successfully transfer the process to another type of reactor.

∗ Corresponding author.
E-mail address: timo.wagner@uni-due.de (T. Wagner).

This could potentially replace the aforementioned established pre-
treatment processes. This process has already been scaled from lab scale 
to pilot scale and is currently being tested with industry partners.

2. Experimental section

2.1. Substrate preparation

All samples were cleaned using acetone, isopropanol and water, 
each in an ultrasonic bath.
Rolled nickel plates. The bulk of the experiments are performed with 
nickel plates as substrates. These are good model surfaces which closely 
resemble large scale substrates used in industrial application. These 
plates have a purity of 99.99% Ni and dimensions of 10 × 10 × 0.5 mm. 
The samples are not pre-processed in any way (e.g. polishing), other 
than cleaning. Due to the rolling processes in the manufacturing of 
these plates, there is a distinctive relief pattern in one direction, oth-
erwise these samples are microscopically smooth (see images in Sec-
tion 3).
Nickel single crystals. In order to investigate the role of dislocations in 
the structuring process, a nickel single crystal is used. The surface of the 
single crystal was prepared by polishing its surface to a high degree, 
to remove as many lattice defects as possible. The resulting surface 
is a near perfect nickel crystal lattice. Another nickel single crystal 
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Fig. 1. Cross-sectional schematic of the cylindrical reactor. The gas supply is located at the top. The resonator is a CYRANNUS by IPLAS. The annular slots are used to guide the 
microwave into the reaction volume, which is confined by a quartz tube. A vacuum chamber is attached under the resonator to accommodate all ports and auxiliaries. The sample 
holder is freely adjustable in its vertical position, it can be pushed into the plasma (as depicted by positive positions) or retracted into the chamber (as depicted by negative 
positions), thus enabling direct and remote treatment.
was prepared the same way, but defects were deliberately introduced: 
The surface was scratched with a diamond glass cutter to introduce 
scratches. Also, the sample was pinched with pliers to introduce shear 
defects.

2.2. Details of the plasma process

The plasma setup used in this work is a custom-built reactor (see 
Fig.  1). It is specifically designed to incorporate high flexibility in 
processing capabilities as well as a high adaptability for later up-
scaling and compatibility with industrial applications. A commercially 
available 2.45 GHz IPLAS CYRANNUS I-6" plasma resonator is used as 
basis for the reactor. The functional principle of this resonator is based 
on annular slot antennas. This special setup allows the use of plasma 
from low pressures (0.01mbar) up to atmospheric pressure (1 bar) and 
above. The reaction chamber is a cylindrically shaped quartz tube with 
a diameter of 140 mm and a height of 140 mm (see Fig.  1). The process 
gas is fed into the process chamber by a gas shower in the top flange. 
Microwave radiation from the magnetron is tuned by an E-H-tuner and 
guided into the CYRANNUS I-6’’ resonator. The E-H-tuner is not only 
used to minimize the reflected microwave power, but also to set the 
desired plasma mode. A Roots pump is attached on the bottom of the 
chamber, resulting in a gas flow from the top to the bottom. Further 
auxiliaries, like pressure gauges and optical fibers for spectroscopy, are 
mounted to the chamber.

The substrate holder is available in various materials and geome-
tries (molybdenum, solid glass, hollow glass), which gives a choice of 
different heat capacities and electrical and thermal conductivities. The 
substrate holder can be adjusted in its vertical position, so the distance 
of the samples can be freely adjusted in relation to the plasma center 
(see cm-scale in Fig.  1), but never leave the stream of active species 
from the plasma. This way, direct treatment, inside the plasma, as well 
as remote treatment, in the effluent of the plasma, is possible.

The vertical position of the sample is defined in relation to the 
upper edge of the resonator-chamber-flange. This edge is exactly the 
end of the resonator. As shown in Fig.  1 a positive value for the vertical 
position indicates a sample inside the resonator, near the plasma. A 
vertical position of +7 cm corresponds to the center of the plasma. A 
negative value indicates a sample below the resonator, further away 
and in the effluent of the plasma. Processing a sample near or inside the 
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plasma exposes the sample to harsher condition and a faster, more in-
tense processing can be expected, when compared to processing further 
away. Further away from the plasma, conditions get increasingly milder 
and temperature decreases, hence slower and more gentle processing 
can be expected. This is due to the change in quantity and energy 
of excited particles with distance to the plasma center. We are also 
changing the chemical composition of the plasma with the position in 
the remote plasma because some species recombine faster than others 
in the effluent. This makes the vertical position an important parameter 
in optimizing the process.

After cleaning, the sample is put onto the sample holder, placed at 
the desired vertical position. The reactor is pumped down to its ter-
minal pressure of ≈ 0.02 mbar, to eliminate most of the contamination 
of ambient air. With mass flow controllers, nitrogen is introduced into 
the chamber. The flow rate of the mass flow controllers and the pump 
speed is adjusted to reach the desired processing pressure. When the 
pressure in the reactor is stable, the microwave is turned on and the 
plasma ignites. The reflected power is minimized by E-H-tuners. After 
the processing time is over, the plasma is turned off.

2.3. Process parameters

The number of adjustable process parameters and their adjustable 
range make this process highly adaptable. For the nitrogen plasma 
process described here, through meticulous testing, a set of parameters 
have been identified to ensure stable and repeatable processing on 
nickel surfaces. We call these the standard parameters. The standard 
parameters are given in Table  1.

2.4. Analytical methods

Optical emission spectroscopy. A wide-range optical emission spectrom-
eter (OES) is attached to the plasma reactor (AvaSpec-ULS2048CL-EVO
from Avantes). Optical emission spectra were recorded in the wave-
length range of 250–950 nm. Process parameters such as microwave 
power or pressure will have significant influence on the degree of 
ionization and dissociation in the plasma. Previous studies used OES 
actinometry in N-Ar plasmas to investigate the effects of pressure 
on the dissociation fraction of nitrogen molecules and on the optical 
emission characteristics. It was found that the dissociation fraction 
increased with increasing power and Ar content, while it decreased 
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Table 1
The relevant plasma parameters of this work. If not stated otherwise, the given standard value is used for every process in 
this work. The possible range of a value is also given, if applicable.
 Parameter Standard value Range Unit Remark  
 Sample holder material hollow glas  
 Vertical position 0 −20 — +7 cm The lower edge of the 

resonator is defined as 
0 cm.

 

 Pressure 1 0.02 — 1000 mbar Is adjusted by varying the 
gas flow rate.

 

 Microwave power 1000 600 — 6000 W  
 Gas flow rate 370 several orders of 

magnitude
sccm A flow rate of ≈ 370 sccm

leads to a pressure of 
≈ 1mbar.

 

 Time 10 – minutes  
with increasing pressure [5]. In other work, the degree of dissociation 
was found to be between 1 − 5 × 10−2 [6]. The interactions within a 
plasma are complex and not within the scope of this work. However, 
as discussed in Section 3, we use OES to demonstrate how different 
process parameters influence the plasma properties, the OES spectra 
and ultimately the morphology of the treated surfaces. This makes 
it possible to examine, how specific plasma conditions are conducive 
to driving the described process in nickel plates. The OES of optimal 
processing parameters can be determined, and subsequent processes 
can be compared or adjusted to match this fingerprint, providing a 
guideline for future process monitoring.

Scanning electron microscopy - focused ion beam. A FEI Helios 600 Nano-
Lab DualBeam setup was used, which comprises a scanning electron 
microscope (SEM) and a focused ion beam (FIB). The FIB consists 
of Ga+ ions derived from a liquid metal ion source. All samples are 
imaged by SEM before they are exposed to the plasma, as well as 
afterwards. A FIB cut is utilized to analyze the morphology at a depth 
below the surface. The trenches have a base area of 5 μm × 10 μm
and were cut at an angle of 45 ◦ with a depth of 20 μm. For this step 
the acceleration-voltage was set to 30 kV and the ion-beam current to 
15nA. The cross-sections were then polished with acceleration-voltage 
of 10 kV and an ion-beam current of 5pA to remove possible sintering 
effects caused by the strong FIB exposure during milling.

Raman spectroscopy. The setup used for Raman Spectroscopy is a 
custom-built setup. It consists of a 532 nm Laser and a 50× objective 
with a numeric aperture of 0.85. The spot size on the sample is about 
1 μ m. The back scattered light is detected with a liquid-nitrogen-cooled 
CCD camera. For the measurements shown in this work, the exposure 
time was 180 s with a laser power of 500 μ W. A blazed grating with 
150 lines per millimeter was used, resulting in a spectral resolution 
of approximately 0.26 nm. This setup allows to detect chemical bonds 
present in the sample.

Energy dispersive X-ray spectroscopy. A model 1530 SEM from LEO
with an attached X-Max 51-XMX004 energy dispersive X-ray (EDX) 
sensor from Oxford Instruments is used for energy dispersive X-ray 
spectroscopy. This setup allows for detection of elements present in 
the sample, as well as automated quantitative analysis, giving the 
stoichiometric composition of elements present in the sample.

3. RESULTS

3.1. Morphological changes

In Fig.  2 the effect of the described nitrogen plasma treatment on 
the surface morphology of a nickel sample is shown. Untreated nickel 
samples exhibit only a relatively coarse relief pattern from the rolling 
process, when examined with an SEM and have an otherwise smooth 
surface with no porosity (see Fig.  2, top).
3

With a treatment for 10 min at 1mbar, a microwave power of 1 kW 
at a vertical position of 0 cm, which corresponds to the standard pa-
rameters listed in Table  1, the surface undergoes a significant morpho-
logical change and develops notable porosity on the substrate surface 
facing the plasma. Numerous plasma treatment runs have shown that 
the conditions listed in Table  1 are easy to reproduce and that the 
exact value of all parameters are not critical. This is of importance for 
possible up-scaling and industrial use.

The resulting structure has a wide range of pore sizes with hole 
diameters spanning multiple orders of magnitude, ranging from few 
nanometers up to micrometers. This porous structure increases the 
microscopic surface area substantially, which can be beneficial for 
chemical applications, for example in electrochemistry [7,8].

Similar restructuring is observed over a wider range of changed pa-
rameters, for example pressures ranging from 0.3mbar up to 300mbar, 
processing times from 2 min to multiple hours, or vertical positions 
from −3cm to +7 cm. Since different parameters can have similar im-
pact on the overall process, it is possible to compensate a change in one 
parameter with a counteracting change in another parameter. Overall, 
the standard set of parameters mentioned in 2.3 reliably produces good 
structures and has sensible and balanced values for each parameter, and 
is therefore chosen as reference.

3.2. Chemical modification

To gain insight about the chemical changes the plasma treatment 
induces in the samples, EDX is used. Nitrogen could be detected at 
the surface of plasma-treated samples, as well as carbon and oxygen 
contamination. Several EDX spectra were measured for comparison. 
A representative spectrum is depicted in Fig.  3. The ratio of nickel 
to nitrogen was found to be approximately 62 : 25. This is in good 
agreement with the stoichiometric ratio of nickel nitride Ni3N, but with 
a slight surplus of nitrogen. We suspect that the oxygen contamination 
originates from the native oxide layer that forms on the substrates 
during storage. The carbon contamination could come from the man-
ufacturing process, residual contamination from cleaning the surfaces 
(solvents) or from contamination in the vacuum chamber.

To verify the presence of nickel nitride, Raman spectroscopy is used 
to characterize the surface of a plasma-treated sample. The correspond-
ing spectrum is depicted in Fig.  4. The typical Raman-lines for Ni3N are 
located at 202 cm−1, 230 cm−1, and 516 cm−1[9]. The first two lines are 
cut-off by the laser filter and cannot be seen. The line at 516 cm−1 is 
clearly visible and confirms the presence of Ni3N in the plasma-treated 
sample.

This shows that our process is an effective route to nitride metallic 
nickel sheets.

3.3. Time series

To get a better understanding of the temporal evolution of the 
morphological restructuring, a time series has been recorded. For this, 
a nickel sample was repeatedly exposed to a nitrogen plasma for short 
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Fig. 2. SEM images of the untreated surface of a nickel plate (top). A relief pattern is visible, which originates from the rolling process during manufacturing. The same nickel 
surface treated for 10min with a nitrogen plasma (lower images) shows a significant morphological change towards a porous structure. Especially on higher magnifications (lower 
right), the wide range of pore sizes can be seen.
Fig. 3. EDX spectrum taken on a sample treated with nitrogen plasma. Marked are 
the signals of nickel in green and nitrogen in orange. Also some contamination can be 
identified, mainly carbon (purple) and oxygen (red).

time intervals. SEM images were taken after each exposition interval at 
the same exact location. The resulting images can be seen in Fig.  5. The 
process parameters were identical to the standard parameters given in 
Section 2.3 (see Table  1).

After a short treatment time of 2 min, one can already observe a 
slight roughening of the surface. These changes can be seen homoge-
neously over the entire surface. Over the first 11 min (Fig.  5a–e) we 
can watch the ripples change their size. After 15 min (Fig.  5f), the first 
holes and cavities can be seen on the surface, which grow over the next 
4

few minutes, increase the roughness and form the wide range of pore 
sizes that is typical for this plasma treatment. After about 28 min (Fig. 
5i), the modification of the surface under these conditions is complete. 
A further plasma step (Fig.  5j) no longer brings any significant change 
to the roughness and porosity at the surfaces. This is consistent with 
long-term studies in which samples were treated for up to 2 h. These 
surfaces also hardly differ from the image shown in Fig.  5j. Although 
the basic surface structures of the rolling process are still recognizable 
after the plasma treatment, the sharp edges on the nickel substrates 
were rounded off by the plasma process.

It is noticeable that the processing in Fig.  5 appears to be slower 
than in Fig.  2, where complete processing was already achieved after 
10 min. The reason is, that each time the plasma process is interrupted 
and restarted, the sample needs to heat up to its process temperature 
again. With continuous processing, a porous structure is already well 
formed after 5 min. After 10 min, the structure is fully formed with 
almost no change upon further processing. As will be discussed below, 
diffusion processes can explain the restructuring and diffusion is depen-
dent on the temperature in the material. Therefore, the interruptions 
in the plasma process lead to a slowing down of the restructuring but 
eventually to the same result.

3.4. Structure depth analysis

To investigate the structure formation further, cross-sections of the 
samples were made using FIB. Cavities were cut into the surface at an 
angle, so that the vertical profile of the porous structure is revealed 
at the sidewall of the cavities. Fig.  6 shows SEM images of such FIB 
cavities. Fig.  6, left, shows a FIB cavity on a sample which has been 
treated with a nitrogen plasma. Fig.  6, right, shows a FIB cavity on an 
untreated sample for comparison. The untreated sample shows no voids 
and holes below the surface in the bulk. On the surface of the treated 
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Fig. 4. Raman-spectrum of a nickel sample treated with a nitrogen plasma. A signal for Ni3N at a Raman-shift of 516 cm−1 can be clearly seen, confirming the presence of Ni3N. 
Two other lines expected at 202 cm−1 and 230 cm−1 are not measured due to the laser cutoff filter. The filtered interval is marked by the grayed out area.
Fig. 5. SEM images of a nickel surface which has been exposed to nitrogen plasma in intervals. Each image has been taken after one exposition cycle. The given times are the 
accumulative processing time.
sample, the porous structure already seen in the SEM images can be 
recognized. In addition, voids can be seen in the bulk of the material. 
These voids are located at different depths, up to a few μm below the 
surface.

Holes can be expected to move deeper into the bulk with increasing 
processing times, if diffusion is assumed as a key factor. To test this 
5

hypothesis, one sample is exposed to a nitrogen plasma for 5 min, the 
other one is exposed for 30 min. To determine the depth up to which 
porosity can be detected, a cavity is cut into the samples with the FIB. 
The corresponding images are depicted in Fig.  7. It can be clearly seen, 
that a longer exposure time also leads to a deeper-reaching porosity. 
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Fig. 6. SEM images of FIB cuts. For a sample treated with nitrogen plasma with standard parameters (see Table  1) (left image), a porous structure can be seen below the sample 
surface. This porosity is not visible for untreated samples (right).
Fig. 7. SEM images of FIB cavities after different processing times. For a sample treated with nitrogen plasma for 5min (left), the porous structure can be seen ≈ 1.5 μ m below 
the sample surface. For a sample treated with nitrogen plasma for 30min (right), the porous structure can be seen ≈ 5μ m below the sample surface.
The porosity reaches depths of around 2 μm with a processing time of 
5 min and 4 μm with a processing time of 30 min.

To deepen the understanding of the link between the processing 
time and depth of the porosity, a series of samples with different 
exposure times are prepared. Of all these samples, metallurgic cross 
sections are prepared by carefully grinding and polishing. The thickness 
of the porous layer is determined at multiple different locations for one 
processing time, to get a mean average over the sample. The diagram 
in Fig.  8 right shows the thickness of the porous layer as a function 
of the processing time. An example of a metallurgic cross section for a 
sample with an exposure time of 30 min is shown in Fig.  8 left.

3.5. Key process parameters

Three key parameters can be derived that are decisive for the 
efficient restructuring of surfaces.

• Plasma mode: Sufficient precursors for the layer formation pro-
cess must be formed in the plasma. Since there are differently 
excited species in the nitrogen plasma, it should be determined 
which plasma mode is advantageous for structuring and to which 
excited state of the nitrogen this can be derived.

• Precursor availability: The plasma is not homogeneous but shows 
a considerable gradient from the center outwards (with decreas-
ing vertical position, see Section 2.2). These zones differ both 
in terms of plasma density and chemical composition, as excited 
states have different lifetimes [10] and the composition of the 
plasma therefore changes with the distance from the excitation 
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zone [11,12]. This is why the position in the plasma (the dis-
tance from the excitation zone) is a decisive parameter for the 
process. The question is therefore at what distance the precursor 
availability is sufficient for the layer formation process.

• Diffusion: Finally, the restructuring of the surface also depends 
essentially on the diffusion of material in the substrate. Both 
the diffusion of nickel to the surface and of nitrogen into the 
bulk may play a role. Since diffusion is strongly temperature-
dependent, the temperature of the surface also plays a significant 
role, as already shown in the comparison of the continuous and 
interrupted plasma treatments for the time series (see 3.3).

These key parameters will be discussed in more detail in the follow-
ing sections.

4. Discussion

4.1. Plasma modes

The coupling of input power is crucial to a successful process. By 
adjusting the E-H-tuner, it is possible to influence the coupling and 
characteristics of the plasma. By diligently recording the OES signal 
of numerous processes and correlating it to resulting structures on 
the sample, we have identified an OES fingerprint that is optimal for 
creating porous structures with a nitrogen plasma on nickel surfaces. 
Fig.  9 shows two different OES signals of nitrogen plasmas. These 
spectra have been recorded in the center of the plasma, at standard 
process parameters (1mbar, 1000 W). Here the orange and blue spectra 
both qualitatively show the same spectral features, but their relative 
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Fig. 8. SEM image of a cross section taken to determine the depth of the porosity after an exposure of 30 min (left). Diagram showing the determined depth of porosity measured 
at different locations of the cross section for a given sample depending on the plasma exposure time (right).
Fig. 9. Optical emission spectra of nitrogen plasma with a prominent N2 first positive band (orange) and a prominent N2 second positive band (blue). The difference in brightness 
of the peak groups can be clearly seen, indicating a different fraction of the vibrational excitation states.
amplitudes give us important information for optimizing the plasma 
conditions. The orange spectrum in Fig.  9 has dominant features in the 
range of 550 nm to 900 nm, located within the first positive system 
(FPS) [10]. The nitrogen first positive system refers to a set of molecular 
electronic transitions in nitrogen (N2) that are part of its emission 
spectrum. Specifically, it involves the electronic transition from the 
B3𝛱𝑔 excited state to the A3𝛴+

𝑢  state [13]. These transitions produce a 
series of emission lines or bands in the visible and near-infrared regions 
of the spectrum. Processes driven with this plasma mode (i.e. dominant 
FPS, orange line in Fig.  9) lead to porous structuring of the nickel 
surface (see Fig.  10 right). The blue line in Fig.  9 has features dominant 
in the second positive system (SPS) in the range of 300–450 nm [10]. 
The nitrogen second positive system refers to another set of electronic 
transitions in molecular nitrogen that occur in its emission spectrum. 
This system involves transitions from the C3𝛱𝑢 state to the B3𝛱𝑔 state, 
producing a series of emission lines or bands in the ultraviolet (UV) to 
visible region [10]. When driving the plasma in this mode, the surface 
modification is significantly slowed down (Fig.  10 left). A large number 
of studies have shown that atomic nitrogen (rather than molecular 
nitrogen) on the surface plays a decisive role in the nitridation of nickel 
surfaces [14–16]. The OES signal of atomic nitrogen is also found in the 
range of the FPS, as a very narrow and sharp line at 746 nm [17]. We 
do not see this signal, which might be due to the limited wavelength 
resolution of the spectrometer used, or the relatively weak signal is 
lost in the intense signal of the FPS. However, it can be speculated, 
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that the fraction of atomic nitrogen species is higher in N2 plasmas 
with a dominant FPS. Due to recombination of excited particles in 
the plasma, the chemical composition of the plasma and thus also the 
type of plasma modification might change with the position in the 
effluent, or in our case, the vertical position. Thus, it is possible that the 
dominant species might be the agent to restructuring, or might serve 
as precursor. More plasma analytics are needed to fully understand the 
plasma mechanics of this process.

Nevertheless, the ratio of the FPS to the SPS signals can be used as 
an OES fingerprint, to provide a reliable measure for the needed plasma 
conditions for surface nitridation and porosity generation.

To test the validity of the plasma fingerprint, an RF-ICP plasma 
reactor was used. Due to constructional restrictions with the RF-ICP, 
remote treatment was not possible, so the sample had to be treated 
directly inside the plasma. Also the tuning mechanism on the RF-
ICP reactor is not as flexible and it was not possible to recreate a 
plasma fingerprint with dominant FPS. A sample was treated with this 
reproduced plasma for 10min at 0.3mbar with an RF power of 700W. 
The corresponding OES fingerprint can be seen in Fig.  11 (orange 
spectrum). Fig.  12 (left) shows the sample treated in this plasma with 
the RF-ICP reactor. The early stages of the porous structure can be seen. 
Since the OES fingerprint is not optimal structure formation is slowed 
down.

For comparison, a sample was prepared in the microwave reactor, 
matching the conditions of the RF-ICP reactor as close as possible. The 
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Fig. 10. SEM images of a nickel surface treated with a plasma with a dominant first positive system (right) and dominant second positive system (left). Other than the plasma 
fingerprint (adjusted by tuning the E-H-tuner), all parameters were kept identical (see Table  1).
Fig. 11. Optical emission spectra of nitrogen plasma in the microwave reactor (MW — blue line) and RF-ICP reactor (orange line).
sample was treated directly in the plasma (vertical position of +7 cm), 
for 10 min at 1mbar with a power of 1 kW. These conditions result in 
the OES fingerprint depicted in Fig.  11 (blue spectrum). Fig.  12 (right) 
shows the resulting sample.

Comparing both samples, the porous structure is very similar. Even 
though the samples were processed directly inside the plasma, struc-
ture formation is slowed when compared to processes under standard 
conditions (Table  1) with a dominant FPS.

Although the system types and the plasma properties of the two 
reactor systems differ significantly due to their design, it is possible 
to achieve a comparable structuring of the surface by reproducing 
the plasma fingerprint. This underlines the importance of the FPS for 
the structuring process. Our findings show, that the described process 
is transferable to different reactor types by reproducing the plasma 
fingerprint.

4.2. Precursor availability

As already mentioned, the plasma is not homogeneous but consists 
of different zones that differ in their chemical composition as a function 
of the distance from the excitation zone. We have investigated how the 
position of the sample in the effluent affects the structuring process. For 
this, samples were processed at several vertical positions (see Fig.  1), 
while all other parameters were kept at their standard values (see Table 
1). It was found that processing samples in the center of the excitation 
zone, at a vertical position of +7 cm, leads to the same structuring 
as processing in remote, at the standard vertical position of 0 cm, at 
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the lower edge of the reactor. Only at a vertical position of around 
−3 cm a sharp decline in structuring intensity can be observed. The 
ion density is highest in the center of the excitation zone. Since moving 
the sample to regions of lower ion density does not affect the structure, 
this suggests that, working with standard parameters, the process is 
not kinetically limited by the supply of active nitrogen precursors, for 
vertical positions between +7 cm (center of plasma) and −3 cm. Only 
at greater distances from the excitation zone do the precursors become 
depleted, and we observe a significant slowdown in structuring.

Since within the mentioned parameters, the process is not kinet-
ically limited, another factor must be at play. This is presumably 
diffusion of nitrogen into the substrate and nickel out of the bulk 
towards the surface. This will be discussed in the next section.

4.3. Diffusion

To check the diffusion limit hypothesis, we investigate how much 
the process is affected by temperature. Measurements, using a ther-
mocouple attached to the glass sample holder, lead to an estimate of 
300 ◦C for the typical process temperature. The usual glass sample 
holder is replaced by large molybdenum holder. Due to its high mass 
of ≈ 2.5 kg, high heat capacitance and heat conductivity it serves as 
an effective heat sink for the sample, keeping the sample temperatures 
lower compared to the usual glass holder, and thus, limiting the diffu-
sion inside the sample. Since the glass substrate holder was electrically 
insulated, the molybdenum holder was also insulated from the rest of 
the chamber (which is grounded), to ensure comparability.
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Fig. 12. SEM image of a nickel surface treated in an RF-ICP plasma reactor (left) and microwave reactor (right). Here, parameters were found to create a comparable plasma OES 
fingerprint in the MW as well as in the RF-ICP reactor. Treating a sample with these comparable OES fingerprints yields comparable structures independent of the reactor used.
We found that the process is notably slowed when processing rolled 
nickel plates with the molybdenum holder. Samples treated with the 
standard parameters (see Table  1) exhibit very little to no structuring 
after 10 min. The temperature of the molybdenum holder stays well 
below 50  ◦C in these processes. It is also observed, that successive 
processes with the molybdenum holder show an increasing amount of 
structuring with increasing number of successive processes. This can 
be attributed to the increasing temperature of the molybdenum holder 
with each successive process. Performing a 30min empty preheating 
step also makes it possible to induce the usual porous structuring with 
the molybdenum holder in a single process at standard parameters. 
Since nothing else was changed except the initial temperature of the 
molybdenum substrate holder, this is further evidence of the influence 
of temperature on the structuring process, and thus, a further indication 
of the importance of diffusion as driving force in structure formation. 
It is also worth mentioning that the growth of the porous layer (Fig.  8, 
right) can be well described by a single exponential, which is another 
indication for a diffusion process.

Two experiments were carried out to better understand the relevant 
diffusion mechanism. Since both, temperature and defects, such as 
grain boundaries and dislocations, in the crystal, have an influence 
on diffusion in the material, defect-free nickel single crystals were 
prepared. The use of (almost defect-free) single-crystal nickel samples 
allows us to differentiate between two diffusion mechanisms:

For predominantly bulk diffusion, both single-crystalline and poly-
crystalline samples would exhibit the same behavior.

For defect-mediated diffusion, however, a significant difference 
should be observed between both sets of samples.

As an additional cross-check, defects were deliberately introduced 
into one polished single crystal sample. This was done by repeatedly 
applying compressive stress with a pair of pliers. Applying repeated 
compressive stress will cause many randomly distributed defects on 
a wider area. It is to be expected, that this will lead to a structuring 
similar to the polycrystalline samples. Another single crystal sample 
was scratched, to introduce dislocations solely in the vicinity of the 
scratch. It is to be expected, that structuring will only visible here. 
All samples were exposed to a nitrogen plasma with the standard 
processing parameters (see Table  1) and inspected with SEM.

The pristine sample shows significantly less structuring and no 
porosity is visible (Fig.  13 top). In contrast, the sample with deliberately 
introduced defects shows restructuring with the typical porosity at a 
wider area. Fig.  13 right shows the role of defects very well. Here, 
scratches restrict the defects/dislocations spatially, this can be seen 
very clearly with the structure only being located along the scratches.

This clearly shows, that the process is in fact driven by defect-
mediated diffusion inside the nickel bulk material. In the absence of 
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defects, diffusion, and thus structure formation, is severely inhibited. 
With defects introduced, or on a polycrystalline nickel sample, grain 
boundaries serve as fast diffusion pathways and drive the process.

4.4. Proposed model

Based on the findings discussed above, we propose the following 
model to explain the morphological and chemical transformation of 
the plasma-treated nickel surfaces, a schematic of this model is shown 
in Fig.  14. Reactive nitrogen species are generated in the plasma and 
interact with the substrate surface exposed to the plasma. They react 
with the nickel on the surface and form nearly stoichiometric Ni3N
(see Section 3.2). This is indicated by the blue area in Fig.  14a. Once 
the initial nickel nitride layer has formed on the surface, diffusion 
processes (nitrogen into the bulk and nickel in the opposite direction 
to the surface) dominate the subsequent chemical and morphological 
modifications. This diffusion is enhanced along defects such as grain 
boundaries. In the schematic, defects and dislocations are represented 
by black lines. The diffusion of nitrogen is indicated by the orange 
colored areas nestling along the defects and the Ni/Ni3N interface. This 
inward nitrogen diffusion is visualized in the red box in Fig.  14b and 
c. The mismatch of the lattice constants of nickel and nickel nitride at 
the interface results in the formation of additional lattice defects, which 
serve as additional diffusion paths. Concurrently, nickel from the bulk 
material also diffuses through the nickel nitride towards the surface to 
be chemically transformed into nickel nitride by the nitrogen surplus 
from the plasma. This leaves voids in nickel bulk material. This effect is 
indicated in the purple box in Fig.  14 middle and right. The generation 
of voids in materials by diffusion is known as the Kirkendall effect, 
which is also utilized in other areas of nanostructuring [18–20].

The relative proportions of these two processes, nitrogen downward 
diffusion and nickel upward diffusion, could not be determined exper-
imentally in this study. However, the formation of voids deep in the 
bulk indicates that a net transport of material towards the surface is 
occurring. The continuous transport of material to the surface and the 
agglomeration of voids in the material and on the surface result in the 
formation of the observed porous surface.

The significance of grain boundaries and defects for the diffusion 
processes described could be confirmed by experiments with defect-
free Ni single crystals (see Section 4.3). In the absence of defects, no 
significant structuring can be observed. The influence and importance 
of diffusion was demonstrated by the effect of the substrate temperature 
on the process speed.

The species responsible for the restructuring process in the plasma 
could not be determined directly. However, a criterion based on the 
OES fingerprint could be derived, which allows the plasma mode to be 
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Fig. 13. SEM images of a nickel monocrystal. On a polished and nitrogen plasma-treated crystal there is almost no structure visible (top). The single crystal with introduced 
defects, visible restructuring can be identified. Larger scale defects caused by compressive stress result in larger scale structuring (left), whereas defects caused by scratches show 
only structuring at the location of the scratches (right).
Fig. 14. Schematic of the proposed model. At a time 𝑡0 active nitrogen species are offered from the plasma. Nitrogen diffuses into the substrate along defects such as grain 
boundaries and dislocations. When binding with nickel, nitrogen forms nickel nitride and causes further defects which in turn serve as diffusion paths. This mechanism is shown 
on the left side in the red section, on each panel. Concurrently, nickel diffuses upwards, towards the nitrogen containing areas close to the surface. This diffusion is enhanced by 
defects such as grain boundaries. The diffusion of nickel from the bulk to the surface is shown on the right side on each panel, in the purple section. Both mechanisms happen 
simultaneously and influence each other. The structure is a result of both mechanisms.
set in a manner that facilitates the desired surface modification. We 
conclude that excited nitrogen species, with emission lines in the first 
positive system of nitrogen, are necessary for driving the process either 
directly or as precursors. The fingerprint criterion was used to suc-
cessfully transfer the process to a different reactor with an inductively 
coupled plasma. This validates the OES fingerprint as criterion and 
supports the hypothesis of a driving active species, or driving precursor 
species, residing in the emission range of the positive system.

This species is available in sufficient quantities even in the effluent 
of the plasma and the process speed is not constrained by the supply of 
these species up to a distance of ≈ 10 cm from the center of the plasma 
(vertical position of −3cm).

5. Conclusion and outlook

In this work, a plasma process was developed with which nickel 
surfaces can be chemically and morphologically transformed. It was 
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shown which processes lead to this structure formation and which 
process mechanisms are responsible for it. A fingerprint spectrum was 
recorded with the aid of OES, which shows favorable excited states, 
located in the first positive system of nitrogen. The transferability of 
the results was demonstrated by using a plasma with a similar signa-
ture to transfer the process to a radio frequency inductively coupled 
plasma system with a different excitation principle and geometry. The 
characterization of the plasma will also help in scaling up the process 
for industrially relevant processes. With multiple industry partners, 
this process is being tested as a form of pre-treatment for different 
applications. One example for an application for the described process 
is the optimization of electrodes for electrolyzers. Experiments have 
shown a positive impact on electrode performance as well as stability 
in the lab scale [21]. At the time of writing, the process has been 
scaled through multiple stages to a size of 100 cm2, and is currently in 
testing with industrial partners. The experiments with electrodes also 
showed a significant impact on the wettability of the plasma treated 
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surface, making it super-hydrophilic. This opens up another field of 
applications, the precise tuning of the wettability of surfaces by utiliz-
ing the described plasma process. For example in functional textiles, 
tuning the wettability by tailoring surface roughness is a commonly 
used method [22]. This may also be a possible application for our 
described plasma process. Another promising application is the use 
as pre-treatment to increase soldering strength on metal surfaces in 
power electronics due to increased surface roughness [23]. For this, 
prototype components have been processed with our described process 
and are currently in a test phase with a large german semiconductor 
manufacturer. In tribological applications, precise control over sur-
face roughness may enable enhanced properties of surfaces. Controlled 
surface porosity can act as micro reservoirs for retention and wear 
appropriate release of lubricants [24]. Biomedical applications also 
often use controlled surface roughness and porosity to tailor charac-
teristics for implants and drug delivery systems. While nickel is not 
a desirable material in biomedical application, the described process 
shows surface restructuring on many other materials, so controlling 
roughness and porosity for biomedical applications is also a potential 
application for the described plasma process [25]. The simplicity and 
flexibility of this process makes us confident, that it can be adapted 
for use in a number of fields of technology and material sciences, as 
demonstrated by the above examples. The adjustable vertical position 
of the sample is especially advantageous, as it allows for adjustment of 
the treatment intensity. This feature has the potential to enable a more 
gentle treatment for sensitive materials or surfaces.
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