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Abstract: Carbon nitride materials have received much attention due to their excellent tribological,
mechanical and optical properties. It was found that these qualities depend on the N/C ratio;
therefore, the possibility to control it in situ in the sputtered film is of high importance. The plasma-
electron spectroscopy method based on the Penning ionization process analysis is developed here to
control this ratio in CNy films produced by plasma-sputtering in a pulsed-periodic regime of glow
discharge. The electron energy distribution function is determined by the means of a single Langmuir
probe placed in the center of the discharge tube. The mixture N»:CH4:He was used in the process of
sputtering. The applied concentrations of CHy varied in the range of 2-8%, and He concentration
was 80-90%. The gas pressure in the discharge tube used for sputtering varied between 1 and 10 Torr,
and the current was between 10 and 50 mA. It was shown that the proposed method enables the
extraction of information on the composition of the surface layer of the investigated film and the
development of an on-line inspection, without extracting the film from the sputtering chamber.

Keywords: carbonitride; thin films; film diagnostics; Penning ionization; electron energy distribution

function

1. Introduction

The interest in carbon nitride materials has arisen due to their expected/computed hardness
(comparable to diamond) [1] and high thermal conductivity (exceeding 100 W m K [2].
Later, part of this interest moved to the carbonitride thin films, due to their excellent
tribological, mechanical and optical properties [3—6]. The graphitic carbon nitride (g-CN)
has attracted much attention from the community in developing inorganic semiconductor
photoelectrodes (for water splitting, production of hydrogen [7], conversion of CO; into
valuable products [8], and synthesis of fine chemicals [9-12]) due to its merits, namely
an appropriate bandgap, abundant composition elements, good thermal stability and
non-toxicity [13]. However, the scope of application for this material spans beyond photo-
catalysis, for example, to optoelectronics, energy and membrane separation, etc. [13,14].

Carbon-nitride (CN) films have been produced using various methods, such as radio
frequency (RF) sputtering [15], ion vapor deposition [16], ion beam assisted deposition [17],
ion plating [18], pulsed laser deposition [19], reactive magnetron sputtering [4], plasma-
enhanced chemical vapor deposition (PECVD) [20], glow discharge sputtering [21] and
high-power impulse magnetron sputtering (HiPIMS) [22]. It was observed that the film
structure and characteristics depend strongly on the nitrogen-to-carbon (N/C) ratio and
temperature—see e.g., [23]. For example, it was found that at low temperatures, amorphous
films grow, while at higher temperatures, a graphitic structure forms when nitrogen content
is low (below 5%), and a fullerene-like structure forms with higher nitrogen content.

Various diagnostics were used to determine the main CN film characteristics. The
profilometry and absorbance spectrum fitting (ASF) methods were successfully used to
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determine thickness and optical band gaps of amorphous carbon nitride thin films [24]. The
effect of nitrogen incorporation on the bonding states and growth kinetics of the deposited
films have been investigated using Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy and X-ray photoelectron spectroscopy [20]. In addition, optical properties
were determined by UV (ultraviolet) spectroscopy measurement. The band gap was found
to decrease with the increase in nitrogen concentration. The solid-state 13C NMR (Nuclear
Magnetic Resonance) spectroscopy was used to determine chemical bonding [5].

Since 1990, more attention has been paid towards in situ thin film diagnostics in order
to control the films’ fabrication during manufacture [25-27]. Sakurai et al. [26] observed
fabrication of Cu(In,Ga)Se; (CIGS) thin films using the pyrometer and the spectroscopic
light-scattering (SLS) techniques. The film deposition process, including its speed, thick-
ness, compositional ratios, surface roughness and precipitation of Cu-rich phases, has been
monitored in situ. White light reflectometry (WLR) was used in situ for non-destructive
monitoring of the deposition technique of Cu-Zn-5Sn-S thin films by thermal vacuum evap-
oration (PVD) [27]. In addition, the Langmuir probe diagnostics of the microwave ECR
(Electron Cyclotron Resonance) plasma (2.45 GHz, 1.5 kW) were used for the diagnostics of
the thin film deposition process [28]. This allowed the determination of charged particle
density, electron temperature, plasma potential and floating potential, which helped to
control the deposition process. Irimiciuc et al. [29] developed the Langmuir probe method
further as a real-time in situ diagnostic tool for laser ablation and pulsed laser deposition.
The Langmuir probe technique led to several discoveries, such as multiple peak distri-
bution, selective acceleration during expansion, plume splitting, plasma turbulences and
fluctuations.

Here, a plasma-electron spectroscopy (PES) method is described, which may allow in
situ control of CxNy thin film composition. The interaction of plasma active species (mainly
charged species and metastables) with carbonitride films leads to a partial destruction of
the surface layer and emission of some atoms and molecules into the bulk plasma. These
species, if excited, can be observed in the spectra. Detailed analyses of these spectra may
enable the extraction of information on composition of the surface layer of the film, although
the quality of spectral information may inhibit the analysis, due to a low concentration of
the mentioned species.

In order to increase the sensitivity, plasma-electron spectroscopy (PES) is applied here.
The technique has already been proposed for an investigation of plasma processes in low-
pressure gas discharges [30-32]. The PES method is based on the analysis of the electron
energy distribution function (EEDF), especially for electrons produced in chemo-ionization
processes, e.g., due to Penning ionization.

R*+X +R+X"+e, (1)

where R* is the excited atom, and X is the species in the ground state. The largest contribu-
tion to the process (1) has metastables, R* = Ry, as their concentration in plasma is higher
than other excited species. Especially interesting are processes where Ry, is the helium
metastable state, as the ionization (1) of all species in the plasma is energetically possible.
Nonetheless, for Ne ionization (though Ne is not present in the plasma mixture considered
here) energy E(Rpy) is too low.

The electrons produced in the process (1) will have energy equal ex ~ En, — E;, where
En is the energy of the excited atom, and E; is the ionization energy for the species X.
Both En and E; are atomic or molecular constants, and therefore the electron energy, ¢y, is
specific for each species and does not depend on the conditions of the experiment or on
the presence of other species. Therefore, a detailed analysis is possible, which allows the
identification of peaks appearing in the EEDF spectra (corresponding to ex) and of existing
species in bulk plasma.

The identification of the peaks is completely hidden in EEDF spectra of the stationary
direct current (DC) plasma, where a strong acceleration in the DC electric field leads to
electron heating and the appearance of high-energy electron flows. The situation (scenery)
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changes when observing plasma in the discharge decay stage (e.g., afterglow); the influence
of electron acceleration on EEDF is hardly observed, as the electric field is negligible. Only
then (for negligible E) registration of EEDF peaks, due to the processes (1), as well as the
identification of X species, is possible.

The PES method was applied successfully for the determination of the impurities
concentration in helium discharge (see e.g., [33]). It is expected that PES enables information
on the composition of the surface layer of films by better identification of the species
appearing in the bulk plasma.

The aim of the paper is to extract information from the N/C composition, which is
crucial for the quality of the investigated film, and to develop a novel in situ (on-line)
control method without extracting the film from the sputtering chamber. The EEDF will
be investigated, taking into account Penning ionization with the participation of helium
excited states (He(23S) and He(2'S)) and the species that appear during plasma CxNy film
interactions. The EEDF spectrum is registered by means of a single electrode (Langmuir
probe) placed in the center of the discharge tube.

2. Experimental Methods

First, the CNy film was produced by the plasma-sputtering method in a pulsed-
periodic regime of glow discharge in the experimental setup shown in Figure 1. Later, the
gas mixture of the sputtering phase was removed, and spectrally purified helium (He) was
introduced into the discharge reactor to perform the PES analysis. The frequency of the
discharge during both phases was in the range of 2-3 kHz, with a pulse duration at about
90 ms. The discharge was generated in a twin tube setup (Figure 1) with a radius of 3 cm.
The setup with twin tubes leads to a higher rate of film production. The polarization of the
electrodes can be changed without visible influence on film-growth characteristics.

/E\\{ff | 6@%

Figure 1. Scheme of experimental setup: T1 and T2—discharge tubes, 1 and 2—electrodes, 3—target
with thin film, 4—Langmuir probe; arrows show the gas inlet and outlet; two similar and independent
discharges operate between both electrodes 1 and 2.

2.1. CN, Production Phase

The CNy film was produced from the method described in Reference [21]. The mixture
N,:CHy4:He was used in the process of sputtering. The applied concentrations of CHy
varied in the range of 2-8%, and the He concentration was 80-90%. The gas pressure in the
discharge tube used for sputtering was varied between 1 and 10 Torr, and the current was
between 10 and 50 mA. The film was grown on the silicon tiles 10-15 cm in diameter. The
composition of the films obtained (ratio of nitrogen to carbon, N/C) was determined by
using the energy-dispersion Roentgen (X-ray) (Oxford Instruments Inc., Abingdon, UK)
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microanalyses and detector Oxford INCA X-act (Oxford Instruments Inc., Abingdon, UK).
The N/C ratio of the films varied across a wide range, depending on discharge conditions.

2.2. PES In Situ Analysis

The discharge was generated in the same setup after removing the gas mixture of
the sputtering phase and by refilling it with spectrally purified He. The gas pressure was
varied between 0.5 and 2 Torr. The Langmuir probe method [34] was used in order to
determine the spectrum of EEDF in the afterglow phase of the discharge. A molybdenum
probe (0.045 mm in radius) was placed in the center of the discharge tube, 2 cm above the
tile covered, and with 1-2 mm of carbonitride film.

The earthed cathode of the discharge was used as the base electrode for probe mea-
surements.

2.3. Langmuir Probe Data Analysis

As mentioned above, the registration of the electron energy spectrum was performed
under afterglow conditions, i.e., 100-200 us after the current pulse. For EEDF determination,
the probe-current-modulation method (the time resolution was 6 pus) was used. In this
method, the second derivative of the probe current-voltage characteristic, d%i./du?, is
determined, which is related to the electron energy distribution function through the
Druyvesteyn relation [31,34-36].

1/2
e = 2B i vy av2, @

where S is the probe area, V is the probe potential with respect to the plasma potential, I, is
the electron probe current, and f(e) is the normalized electron energy distribution function:

o

[ h@edz =1 ©

0

Here, the second derivative of the probe current is determined using a method of cur-
rent modulation (e.g., [30,32,33] and references herein). In this method, a small amplitude
AC voltage signal is applied to the probe circuit (differential signal), and the harmonics
of the probe current are registered—see also [32,37-40]. In our case, AV(t) = aecos(wt)
signal was applied, i.e., the second harmonic of the probe current (with frequency 2w)
under the condition of small ‘a” is proportional (through Taylor expansion) to the second
derivative of the probe current—ip,, ~ Tzi” [9]. So, by registering the second harmonic of
the probe current, one gets information on the second derivative of the probe current and,
consecutively, EEDF.

3. Results and Discussion

A typical EEDF was determined using the Langmuir probe, with structures in regions,
where the Penning ionization processes considered here appear, as is shown in Figure 2.
One sees the complex structure of an electron energy spectrum. The ionization processes
with the participation of He metastables leads to the production of fast electrons and
non-monotonic structures of the spectra.
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Figure 2. EEDF in a pure He-discharge afterglow period (T = 150 us after pulse end) for energy 3-10 eV, p = 1 Torr, I = 80 mA
for N/C ratios (a) 0.63 and (b) 0.18.

It should be underlined that Penning ionization processes appear also in pure He
plasma, when two excited particles collide [30,31]

He(23S;) + He(23S;) — He,* + e AE = 14.4 eV
He(2'S1) + He(23S1) — Hey,* + e AE =154 ¢V 4)
He(2!S;) + He(2!S;) — He,* + e AE=16.2 eV

However, these processes lead to the appearance of relatively intensive peaks in the
range of 14-16 eV of EEDEF. These peaks do not interfere with the structures observed below
10 eV, presented in Figures 2 and 3.

Figure 3. EEDF in a pure He-discharge afterglow period (t = 200 ps after pulse end) for energy 3 up to 10 eV, p = 1 Torr,
I =80 mA for N/C ratios (a) 0.63 and (b) 0.18.

There is also a continuous spectrum in helium plasma, which results from the interac-
tion of two He metastables

He(2%S;) + He(2%S;) — He" + He(1!S) + e.

This process generates electrons with energy in the range of up to 14.5 eV. Moreover,
quasi-continuous spectrum results from so-called second-kind (superelastic) collisions of
electrons with helium metastables, as described by Capitelli et al. [35]. These processes
could not strongly interfere with the EEDF peaks related to the type of reactions considered
here—process (1), as they generate a quasi-continuous spectrum.

In addition, there is also another way to proceed. For example, one might subtract the
spectrum for pure He plasma from the one recorded for the process of thin film deposition.
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As the deposition process does not influence plasma parameters, the proposed subtraction
enables determination of EEDF structures related to the deposition process.

Figure 2a presents the electron energy spectrum registered by the Langmuir probe
immersed in discharge plasma to be used for the control of the C/N ratio (0.63) in a CxNy
film surface. The peak in the range 6 eV corresponds to the electrons generated in the
processes.

He(23S;) + CN — He + CN* + e (5.6 eV), (5)

He(2'S;) + CN — He + CN* + e (6.3 V). (6)

In addition to the main maximum, related to Penning ionization with participation
of CN molecules, the electron energy spectrum shows a series of other peaks, which
correspond to Penning ionization processes with participation of Np, C, molecules, as
well as the atomic species N and C. All these species appear in the bulk plasma due to an
interaction with CxNy films.

Presently, very few data exist that correspond to elementary processes related to
film-growth and its composition. It is assumed that the basic species (precursors) generated
in the initial stage of discharge during sputtering in N,—CHy plasma are the CN molecules
and nitrogen atoms (see e.g., [41-43]). Their concentrations determine the speed of film
generation, but its characteristics (described by the N/C ratio) depend on the CN/N ratio
in the gas phase. From the spectra in Figure 2a, one can deduce that the main products
of film (with a high N/C ratio) destruction by an active species of He-plasma are the CN
molecules.

The electron energy spectrum in Figure 2b presents data for the case with carbonitride
film with a small N/C ratio (0.18); it is very different from the previous one. One observes
a strong decay with a maximum in the region of 6 eV, which indicates a decrease in CN
concentration. An increase in maximum in the region of 8 eV corresponds to electrons
generated during Penning ionization with the participation of carbon molecules:

He(2%S;) + C; — He + C," + e (7.9 eV), 7)

He(2'S) + C; — He + C," + e (8.6 eV). (8)

Figure 3 presents electron energy spectra measured T = 200 ps after the discharge
pulse end. Comparing Figures 2—4, one deduces that the main features of the spectra do
not depend on a time span (150-300 ps) after the discharge pulse end.

In conclusion, the Langmuir probe characteristics, measured during thin CxNy film
production in the process of glow-discharge plasma-sputtering, enable the deduction
of EEDF in plasma above the film. Furthermore, it was found that the structure of the
determined EEDF is strongly related to the N/C ratio. This fact could be used in situ to
control the composition of thin CxNy film, without extracting the film from the sputtering
chamber.

Moreover, it is well known that the main characteristics of carbonitride films, including
mechanical, optical, electrophysical, etc., are determined by the relative concentration of
atoms with orbital hybridization sp> and sp? as well as the N/C ratio [44-47]. In addition,
as the N/C ratio declines, the unique characteristics of these films are less pronounced.
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eV

Figure 4. EEDF in a pure He-discharge afterglow period (t = 200 us—black curves, and 300 us—red curves, after pulse end)
for energy 3 up to 10 eV, p = 1 Torr, I = 80 mA for N/C ratios (a) 0.63 and (b) 0.18.

4. Conclusions

The possibility of controlling the N/C ratio in the sputtered film is of high importance.
Nowadays, the analysis of film composition is usually performed using mass spectrometry
or X-ray microanalysis. It was shown here that plasma-electron spectroscopy (PES) facili-
tates obtaining information on the composition of the surface layer of the investigated film.
Moreover, the method allows for the development of on-line inspection, without extracting
the film from the sputtering chamber.

Here, the preliminary results of such methodology are presented and discussed. The
method should be optimized in relation to current, the gas pressure in the discharge tube,
registration time (after the discharge pulse end) and probe geometry. It can be expected
that such optimization can increase the volume of data that could be extracted from the
spectra.
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