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Abstract A glow discharge polymer (GDP) was fabricated using trans-2-butene (T,B) and
hydrogen (H,) via a plasma-enhanced chemical vapor deposition (PECVD) system. The
uniformity of the GDP films was significantly affected by the radial distribution of the Hy/
T,B plasma parameters. The plasma properties while discharging by a multi-carbon gas
source of mixed H,/T,B were investigated during the GDP deposition process. The main
positive ions and ion energy distributions in inductively coupled H,/T,B plasmas were
analyzed by energy-resolved mass spectrometer (MS), and the electron density and the
effective electron temperature were mainly analyzed using a Langmuir probe. The MS
results show that the main positive ions in the plasmas are C;H;, C;H!, C3HY, C3H{,
C3Hy, C4HI, C4Hj, CsHY, and CsH7 with mass-to-charge ratios (m/e) of 28, 30, 39, 42,
44, 53, 58, 65, and 67, respectively. For a normalized ion intensity, the relative intensities
of saturated CH ions increase with increasing radial distance, while the unsaturated CH
ions decrease with increasing radial distance. The ion energy distribution of CoH} (m/
e = 30) presents a bimodal structure. Additionally, both the electron density and the
effective electron temperature decrease with increasing radial distance.

Keywords Inductively coupled plasma - Radial distribution - Langmuir
probe - Mass spectrometer

Introduction

With an amorphous structure, a glow discharge polymer (GDP), is typically used as a
nominal ablator in inertial confinement fusion experiments [1-3]. Currently, GDP films are
fabricated using plasma-enhanced chemical vapor deposition (PECVD) technology [4, 5],
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where plasma experiences the processes including the discharge of the gas source, ion
transport, and the chemical and physical reactions before deposition on the substrate [6]. In
these processes, the plasma characteristics play an important role, especially the radial
distribution of the plasma. Therefore, investigation of the plasma parameters and their
distributions is necessary, and can provide a solid basis for the optimization of GDP films
properties. Extensive researches suggest that the Langmuir probe, mass spectrometer (MS),
optical emission spectroscopy (OES), etc., have been served to diagnose the properties of
electrons and ions in plasma. However, it is difficult to analyze the complex physical and
chemical processes during the discharge of plasma via a sole diagnostic tool [7, 8].
Therefore, combining a Langmuir probe and MS to analyze the parameters of electrons and
the formation of the main ions is an appropriate method that can lead to better under-
standing of the reaction processes and mechanism of the discharge plasma.

Recently, inductively coupled plasma (ICP) sources have been widely utilized to
deposit films because of their uniform spatial distribution and high plasma density [9, 10].
The diagnosis and analysis about of ICP has been researched by several groups [11-13].
Lee [14] and Zhou et al. [15] measured the spatial variation of parameters in the induc-
tively coupled Ar plasma. Wegner et al. [16] investigated the mode transition of Ar/O,
discharge. Zhao et al. [17] observed the parameters of a simple mixture gases of Ar/N,/CF,
on the basis of an Ar plasma. It should be noted that GDP films are fabricated by discharge
of trans-2-butene (T,B) mixed with hydrogen (H,), which contains complex multi-carbon
ionic groups and various cracking modes [18]. For these complex gas sources, the influence
of technological parameters on the ionic components of the plasma has been studied by our
group. It was demonstrated that the dissociation and ionization of H,/T,B plasmas change
with various technological parameters [18, 19]. We confirmed that the radio frequency
(RF) power, pressure and flow ratio could significantly affect the surface roughness and
morphology of GDP films. Previous results indicated that the optimum conditions for the
deposition of GDP films were 15 W, 10 Pa, and a flow ratio of 10/0.4 [20, 21]. Based on
these results, it is necessary to explore the radial distribution of the plasma parameters to
further improve the qualities of GDP films.

In this paper, a Langmuir probe combined with energy-resolved mass spectrometer are
utilized to realize the in situ diagnosis of plasma parameters in the effective film forming
area in a H,/T,B ICP reactor. The effects of radial distance on plasma properties such as
plasma potential, electron density and effective electron temperature are discussed. In
addition, changes in the formation, relative intensity, and ion energy distributions (IEDs) of
the typical hydrocarbon ions with the various radial distances are demonstrated.

Experimental Details

A RF-PECVD system equipped with a Langmuir probe (ESPion, Hiden Analytical) and
energy-resolved MS (PSM 003, Hiden Analytical) was used to realize the in situ diagnosis
of the plasma. The experimental setup is illustrated in Fig. 1. A solenoidal copper antenna
coil used to sustain discharge, was wound around the wall of a conical quartz tube. The
conical quartz tube used as the discharge chamber had a bottom radius of 20 mm and an
upper radius of 10 mm, and was extended into the reaction chamber (250 mm in diameter
and 315 mm in height). A driving RF of 40.68 MHz (COMDEL, CV-500) was applied to
the coil. The mixed gases (active gas: H,, precursor gas: T,B) were ionized in the conical
quartz tube and entered the reaction chamber. The reaction chamber was evacuated to
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Fig. 1 Schematic diagram of GDP films deposition and plasma diagnostics

6.0 x 107* Pa by a vacuum system including a turbo-molecular pump and a mechanical
pump. The inflow rates of H, and T,B were set at 10 and 0.4 cm®/min, respectively. The
RF power and working pressure were fixed at 15 W and 10 Pa, respectively. Based on our
previous work, the above parameters are the optimum parameters for GDP films deposi-
tion. Most notably, our PECVD system was built on a low-temperature ICP source with a
narrow discharge chamber, thus, the GDP films were deposited in the diffusion region of
the plasma.

As shown in Fig. 1, the moveable energy-resolved MS and probe were positioned at
20 mm below the conical quartz tube, which was helpful for obtaining knowledge of the
plasma parameters at various radial distances ranging from 0 to 20 mm in the effective film
forming area. The distance was considered to be from the center of the substrate to the
orifice of the MS or the pinpoint of the probe. We acquired the mass spectra by setting MS
in the mode of “+4ion SIMS” because the main component of plasma is positive ions
during the deposition of the GDP films. The orifice diameter of the MS detector is 100
microns and is bored on the edge of the sampling orifice plate. The accurate range of
measurement of mass is 0-300 amu, and that for the ion energy is 0-1000 eV. The
Langmuir probe tip is made of tungsten wire. Only a 5 mm segment is exposed to the
plasma, and the rest of the probe connection is covered by quartz tubing to shield it from
the plasma. The current—voltage (I-V) curves were measured by sweeping the voltage from
— 100 to 100 V. The obtained parameters were the local values around a given point. The
I-V curves were obtained at the per unit area on a probe surface per unit time according to
the principle of the Langmuir probe. To minimize the error caused by RF interference, a
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resonance filter unit was attached to the probe measurement circuit to match the RF
frequency (40.68 MHz).

Results and Discussion
Dependence of Ion Intensity on the Radial Distance

The growth of GDP films is primarily attributed to hydrocarbon ions, therefore, our
investigation focused on these CH ions. The mass spectra obtained at various radial dis-
tances in the H,/T,B plasmas are represented in Fig. 2. The typical m/e peaks and the
corresponding ions at different radial distances are shown as follows: m/e = 28 (Cij),
m/e = 30 (CH{), m/e = 39 (C3H3), m/e = 42 (C3H{), m/e = 44 (C3HY), m/e = 53
(C4HI), m/e = 58 (C4H{,), m/e = 65 (CsHY), m/e = 67 (CsHY), etc. The strongest and
secondary peaks appear at m/e = 30 and m/e = 39, respectively. In addition, there are
many fragment ion peaks near the typical ion peaks, such as m/e = 27 (CoHY), m/e = 29
(CHY), m/e = 41 (C3HY), m/e = 43 (C3H7), m/e = 55 (C4HY), etc. The appropriate
signals for Csz, C3;HZ, and C4H7 correspond to mono-olefin molecules; another two
peaks for C;H{, and C3H7 are caused by fragment ions of alkane [22]. Clearly, C=C and
C-C bonds exist in the major components of H,/T,B plasmas, which is consistent with the
results of Fourier Transform Infrared Spectroscopy (FTIR) [20]. As shown in Fig. 2a—e,
the hydrocarbon ion densities obviously reduce with the increase of radial distances, which
indicates a weakening of the ionization degree.

As can be seen in Fig. 2, the intensity of T,B in the spectra is small, which means that
the parent molecules (T,B) are mostly dissociated. The T,B molecules lose one electron
and become into molecule ions through the glow discharge process [19, 23]. It is unsta-
ble and would dissociate through collision with energetic electrons or other particles. The
possible reactions of C4Hg (tran-2-butene, T,B) in the plasma region can be deduced
according to the spectra of positive ions in the reaction chamber [24, 25]. Specially, the Hy/
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Fig. 2 Mass spectra of positive ions of H,/T,B plasmas at different radial distances: a 0 mm; b 5 mm;
¢ 10 mm; d 15 mm; e 20 mm
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T,B mixture gases discharge contains complex multi-carbon ionic groups and various
cracking modes. Thus, we only list some important reactions as follows:

1. C4H{ dissociated into allylic (C3H{) and methyl (CHY) ions via the dissociation of o-
C—C bonds [18]:

CsHy — C3HY + CHY + e~ (1)

2. C4H;r was produced via the dissociation of B-C—H bonds in T,B [26]:
C4H§ — C4H;r +H" + e (2)

3. C4H§r molecules ions collided with heavy particles or other ions [19]:

C4Hg + H+ +e — C4H;> + H2 (3)
C4H§ +H" +e” — C3Hg + CH;r 4)
C4I‘I§L + CH; +e — C4I‘I;r + CHy4 (5)

Using these reactions in the plasma region, we can infer the main formation processes of
the hydrocarbon ions. The C—C bond energy is lower than that of C-H bonds as E (C—
C) = 3.6 eV < E (C-H) = 4 eV [27]. Therefore, C—C bonds are more prone to be broken
by collisions with energetic electrons. Hence, the T,B molecules can easily crack into
C3H§L and CHY, both of which have high energy. The small hydrocarbon fragment ions are
formed by subsequent collisions between electrons and energetic particles in the plasma
[19]. For example, the fragment ion C3H{ is more likely to dehydrogenate via the bom-
bardment of energetic particles or electrons. The typical positive ion C3H; is produced via
continuous breaking of B-H bonds. This is the reason why the intensity of C3H7 is quite
high in Fig. 2. It also holds true for the fragment ion C4H6+. The typical positive ion CoHj
(m/e = 28) and fragment ion C2H§r (m/e = 27) are formed by the dissociation of C4H§
[28]:

C4H§ +H" — C‘QI’HL + CzHgL (6)
CHf + H +e~ — C4HI + Hp (7)

In addition to the main dissociation and ionization reactions presented above, poly-
merization also occurs in our experiments. The active groups of methyl (CHY) are formed
as a result of dissociation and ionization of the T,B or other hydrocarbon ions. These
groups can easily to be recombined into stable ethane molecules [29]. Hence, one can see
from Fig. 2 that the intensity of the typical positive ion C2H6+ (m/e = 30) appears to be
significantly high. It is probable that C3Hg (m/e = 44) is generated via the polymerization
of Cgng (m/e = 29) with methyl, and C4Hfr0 (m/e = 58) is generated through the poly-
merization of C3H;r (m/e = 43) with methyl [28]. Furthermore, multi-carbon ions are
formed by the secondary polymerization of other active groups and methyl, which further
reduces the density of methyl [20]. The typical positive ion CsH (m/e = 67) is produced
by polymerization of C4HJ and CHY . The subsequent continuous loss of H in CsH results
in the formation of C5H5+ (m/e = 65). As a consequence, the intensity of methyl is not
significant at the peak of m/e = 15, as shown in Fig. 2.
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The absolute values of the positive ion intensities are affected by the working param-
eters of MS analyser, and hence they are not conducive for radial comparison. We
therefore normalized the intensity of typical positive ions at various radial distances.
Figure 3 presents the normalized relative intensity of different positive ions as they vary
with radial distance, in which the normalized relative intensity is calculated as the intensity
of each typical positive ion divided by the total intensity of typical positive ions. The
relative intensities of the saturated CH ions Czng (m/e = 30), C3H§ (m/e = 44), and
C4Hfr0 (m/e = 58) increase as the radial distance increases in the effective film forming
area, which indicates an increased number of C—-C bonds. The symbol “1” in Fig. 3
represents an increase in relative intensity. The relative intensities of the unsaturated CH
ions C;H} (m/e = 28), C3HY (m/e = 39), C3H{ (m/e = 42), C,HY (m/e = 53), CsHY
(m/e = 65), and C5H7+ (m/e = 67) decrease with increasing radial distance, which indi-
cates an increased number of C=C bonds. The symbol “|” in Fig. 3 represents a decrease
in relative intensity.

These saturated CH ions C;H; (m/e = 30), C3Hy (m/e = 44), and C,H], (m/e = 58),
are mostly generated by the self-polymerization of methyl, and polymerization of methyl
with ethyl and propyl, respectively. As the radial distance increases, the ionization
decreases and the polymerization increases because the number of energetic electrons
decreases (as shown in “Dependence of Electron Parameters on the Radial Distance’’
section), although the electrons collide with neutral and other charged particles. Thus, the
polymerization of methyl increases with increasing radial distance, and the relative
intensities of saturated CH ions increase. The number of C—C bonds in saturated CH ions
also increases. When organic compounds are ionized by collision with energetic particles,
crack centers are generally formed around the C=C or C-C bonds. These bonds are active
and in an instable state making them easy to crack spontaneously around the crack center.
The order of the electronic energy level is as follows: n-orbital > conjugated m-or-
bital > individual m-orbital > c-orbital [22]. This indicates that the C=C bonds in unsat-
urated CH ions are easier to break around the crack center than C—C bonds. Hence,
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Fig. 3 Variation of the normalized relative intensities of typical positive ions with radial distance. The
symbol “1” indicates that the relative intensity increases, which is opposite that of the downward arrow*|”
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spontaneous cracking around the crack center is the main reason for C=C double bond
breaking.

The CH ion carries more energy with increasing radial distance, as shown in
“Dependence of Ion Energy Distributions on the Radial Distance ”section, which make the
unsaturated CH ions become more instable and crackable as the radial distance increases.
Meanwhile, unsaturated olefin radicals are soon saturated because of the strong tendency of
electron pairing, after which alkane ions are formed. Therefore, the relative intensities of
saturated CH ions further increase as the radial distance increases, while the unsaturated
CH ions, including C;H; (m/e = 28), C3H7 (m/e = 39), C3H, (m/e = 42), and C,HY
(m/e = 53), fall, as shown in Fig. 3. Moreover, the relative intensities of the unsaturated
polymer ions CsHY (m/e = 65) and CsH; (m/e = 67), which are produced by the sec-
ondary polymerization, decrease. Although the polymerization increases, multi-carbon
polymers are prone to cracking due to their inherent instability, as discussed above [26]. It

can be concluded that the number of C—C bonds gradually increases as the radial distance
increases, while the number of C=C bonds decreases.

Dependence of Ion Energy Distributions on the Radial Distance

The ion energy distributions (IEDs) play a valuable part in the structure, morphology, and
surface roughness of GDP films during the deposition process. It is important to discuss the
energy distribution of typical hydrocarbon ions at different radial distances. Because of the
similar IEDs of CH ions, only the curves of the typical positive ion CoH{ for different
radial distances are plotted in Fig. 4, which were measured by energy-resolved mass
spectrometer. All of the measured IEDs curves exhibit a bimodal distribution at various
radial distances, and the bimodal shape becomes increasingly obvious with increasing
radial distance.

While the frequency is high (t;,,/T,s > 1), the ions cross the sheath between the plasma
and plasma vessel walls through enough rf cycles, which leads to ions movement being
controlled by the time-averaged ambipolar potential, and the ion motion is therefore not
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Fig. 4 Ion energy distributions curves for m/e = 30 at different radial distances
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affected by the instantaneous RF field [30, 31]. However, the IEDs curves in Fig. 4 were
obtained at the expansion region, in which the ions accelerate between the conical quartz
tube and the reaction chamber. While considering the shapes of IEDs for ions in plasma, it
is necessary to consider the formation mechanism of ions. It is well known that the electron
collide with other particles, which is the primary reason for the initial formation of ions,
and the ions can also obtain energy through the collision [32]. There are many collision
processes, as discussed above in the case of complex gas mixtures during ion acceleration
in the expansion region [33]. Thus, ion-neutral collisions typically result in broad energy
distributions that contain multiple peaks [32]. Another notable characteristic of these IEDs
is that the high energy peak (E,) increases gradually from 10.15 to 12.05 eV, and the low
energy peak (E,) shifts from 7.5 to 6.9 eV. The maximum sheath potential
(AE = E; — E;), which stretches across the gap between the two peaks, increases with
increasing radial distance. The bimodal shape becomes increasingly obvious with
increasing radial distance, as shown in Fig. 4. It is contributed to that part of ions transit the
sheath between the plasma and the entrance slit of the mass-spectrometer without collision,
which leads to a reduction in energy loss, and the low energy component dissipates as the
radial distance increases [30].

Dependence of Electron Parameters on the Radial Distance

Electron density and effective electron temperature play a vital role in discussing the
composition and state of a plasma. To calculate these parameters for the H,/T,B plasma in
the diffusion region, the second derivatives of the I-V curves (I"”) were obtained by
numerical smoothing and differentiation. The zero crossing point of I” indicates the value
of plasma potential (V,). The proportional relationship between I” and the electron
energy distribution functions (EEDF) is indicated by Eq. (8) [34]:

o= 20 () ®)

where F(¢), m, e, and A denote and EEDF, electron mass, electron charge, and area of the
probe, respectively. The electron density n. and the effective electron temperature Teg are
integrated from the EEDF, as shown in Eqgs. (9) and (10), respectively:

oo

ne— / F(z)de )

0

2 [o.¢]
eff*3_/ (10)
0

In our experiments, the plasmas are generated by a copper antenna coil with a diameter
of 60 mm, which is smaller than the reaction chamber, which has a diameter of 250 mm.

The measured EEDF curves for different values of radial distance are plotted in Fig. 5.
The fraction of low-energy electrons increased, while the fraction of high-energy electrons
decreased with increasing radial distance. These results indicate that the high-energy
electron exchanges energy with other particles around the coil, and the energy decreases
with increasing radial distance [17, 35]. The EEDF can be used to calculate the electron
density and the effective electron temperature, as shown in Figs. 7 and 8, respectively.
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Fig. 5 Variation of the electron energy distribution function (EEDF) with radial distance

Figure 6 shows the variation of the plasma potential (V) with radial distance. As can be
seen in Fig. 6, the V, has a maximum at 0 mm radial distance due to the ambipolar
diffusion. The value of V}, is determined by the high-energy electrons [15], and the fraction
of high-energy electrons decreased with increasing radial distance as shown in Fig. 5. As a
result, the value of V|, decreases with increasing radial distance. The ions are accelerated to
the walls while the electrons need to overcome the potential during the radial diffusion due
to the ambipolar potential. Thus, the electrons get the highest kinetic energy at 0 mm radial
distance and are decelerated from center of the substrate to boundary [36].

Figure 7 shows the variation of the electron density (n.) with radial distance. The radial
distance has an impact on n., and its value decreases from 9.71 x 108 cm™ at 0 mm to
7.75 x 10% cm™3 at 20 mm, as can be seen in Fig. 7. It is well known that there are two
discharge modes in ICP, including a capacitive coupled mode (E mode) and an inductive
coupled mode (H mode). The transition of the E mode to the H mode occurs as the RF
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Fig. 7 Variation of electron density with radial distance

power increases. The range of electron density is usually 10'°~10'? cm™ for the typical H
mode discharge, and it is 108-10° cm™ for E mode discharge in ICP [37]. Thus, we
estimate that the discharge in our work is the E mode of ICP. As shown in Fig. 7, the
maximum n, value is obtained at 0 mm. This may be attributed to the high kinetic energy
and the strong effect of ionization at the center of the substrate caused by the ambipolar
potential as discussed in Fig. 6 [36]. In the effective film forming area, the ionization
contributes to the generation of electrons, which decrease with increasing radial distance.
On the contrary, the consumption of electrons is mostly caused by the complex reactions
between electrons and ions. As the radial distance increases, the tendency of the complex
reactions in the effective film forming area is reinforced because the ions are accelerated
from the center to the edge of the substrate, which leads to more loss of electrons [38].
Thus, the generation of electrons is decreased and the consumption of electron is increased,
leading to the n. decreases with increasing radial distance.

Fig. 8 Variation of effective
electron temperature with radial
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Figure 8 presents the variation of the effective electron temperature Ty with radial
distance. The T can be described by the average electron energy (¢ = %kTeff). In our
experimental system, the ICP discharge is driven by an applied RF electric field, where the
electrons obtain their input power through RF power transfer. It is interesting that the Teg
shown in Fig. 8 reaches the maximal value of 3 eV at 0 mm, showing the same trend as the
result in Ref. [39]. In this experiment, the working pressure was kept at 75 mTorr (10 Pa),
the classical skin depth can be calculated by Eq. (11) [40]:

0 = dg/ cos(e/2) (11)

where dg = i (1 + :uig) 1/4, & =tan"!' (v,,/®), ¢ is the velocity of light, w), is the electron
plasma frequency, ® is the driving frequency, v,, is the collision frequency between
electrons and neutral. According to the results in Figs. 7 and 8, the estimate for skin depth
d is 5.4 cm, which is larger than the radius of the reactor R (2 cm). Thus, the skin layers
overlap in the discharge reactor. In other words, the RF field punctures the discharge gases,
and the RF power is also strong at the center of the substrate. At 10 Pa, the plasma heating
mechanism is dominated by ohmic heating, and the heated electrons present a regime of
local kinetics, where the energetic electrons can easily lose their energy because of col-
lisions between the electrons and heavy particles [41]. As the radial distance increase, the
total number of collisions increases as the electron moving to the edge of the substrate.
Therefore, the energetic electrons lose more energy and T slightly decreases as the radial
distance increases. Significantly, the influence of secondary electrons produced through
collision can be ignored because the kinetic energy is low.

Conclusions

In this study, the effect of radial distance on the plasma parameters of ICP discharge in Hy/
T,B plasmas was investigated using a Langmuir probe and MS. The main positive ions in
H,/T,B plasmas after ionization are C;H, (m/e = 28), C;H} (m/e = 30), C;H} (w/
e =39), GH{ (m/e = 42), C3Hy (m/e = 44), C,HI (m/e = 53), C4Hj, (m/e = 58),
Cngr (m/e = 65) and CSH;r (m/e = 67). The formation of these CH ions was analyzed. It
is found that with increasing radial distance, the relative intensities of saturated CH ions
increased and those of unsaturated CH ions decreased, which demonstrates increasing C—C
bonds and decreasing C=C bonds. Another significant finding concerning the positive ions
is that the bimodal IEDs of the typical hydrocarbon ion C,H{ obviously changed with
increasing radial distance. Moreover, both the electron density and the effective electron
temperature decreased with increasing radial distance in the effective film forming area. To
sum up, ions migration occurs with bond cracking in the process of plasma diffusion from
the center to the edge. We believe that the dissociation of the H,/T,B mixture gases
primarily occurs through dissociation and ionization, after which CH fragments are lost
because of the cracking of C—C or C-H bonds. These CH fragments are generated to
deposit the GDP films with a radial distribution. These results provide a theoretical
foundation for understanding the mechanism of plasma composition and state of H,/T,B
plasma on the radial growth of GDP films.
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