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We report a tubular plasma source that is capable of creating high-activity nitrogen plasma flow at low pressure.
The high-activity nitrogen plasma was produced by a continue low-frequency discharge, in which an intensive
pulsed discharge was observed when the electrode was polarized by the positive voltage. Excited at 10 to
115 W, the plasma source allows loading the power density as high as ~80 W/cm? to the plasma, producing
high-activity nitrogen plasma with a maximum dissociation degree of nitrogen larger than 10%. Based on the
tubular plasma source, a special system of plasma enhanced chemical vapor deposition has been developed for
deposition of low H-content amorphous hydrogenated silicon nitride (a-SiNy:H) films at room temperature.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Recently, electric discharges with highly constricted configuration
have received much attention because of the potential for a series of
novel applications. For example, microdischarges spatially confining
the plasma to dimensions of 1 mm or less enable generation of stable
glow discharges in a wide variety of gases at atmospheric pressure
with as high as 10" cm ™3 electron density, which is considered applica-
tions as plasma cathodes [1]. Atmospheric pressure plasma jet (APP]) is
a facile tool for production of plasma beams and has received much
attention due to its prospect in low-temperature processing of materials
[2-14]. However, it is generally difficult to deposit high quality of films
using an APPJ. It is common knowledge that discharge conditions, such
as the working pressure, the discharge configuration, and the excitation
way, determine the properties of plasma. At low pressure, the mean
free path of molecules and Debye length of electrons are extended to
a scale closed to the diameter of APPJ's dielectric tube. Therefore, a
low-pressure tube source, which is analogue of APPJ, is particularly
interesting to produce high activity of nitrogen plasma for synthesis of
nitride films, such as GaN, AIN, and SiN,, which are important in opto-
electronic and photovoltaic applications. For example, Czerwiec et al.
designed a cylindrical source of inductively coupled plasma (ICP)
for generation of plasma beams at low pressure [15,16]. The plasma
source is capable of creating high density of nitrogen plasma with an
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association degree higher than 10%. Henriques et al. studied the nitro-
gen dissociation of a surface wave driving N,-Ar discharge in a
0.75 cm quartz tube [17]. Kessels et al. [18-20] developed an expanding
thermal plasma source for high-rate deposition of amorphous hydroge-
nated silicon-nitride (a-SiN,:H) films with plasma enhanced chemical
vapor deposition (PECVD) method. In addition, some PECVD systems
were developed on the basis of hollow cathode discharge [21].

In this study, we report a low-frequency (20-80 kHz) driving tubu-
lar plasma source operating at the pressures ranging from 1 to 200 Pa.
This plasma source can be sustained at an intensive discharge state
consisting of continue discharge and periodic pulsed discharge when
using nitrogen as the working gas, thus creates a high activity of
nitrogen plasma. This tubular plasma discharge is rather different
from a hollow cathode plasma discharge because we used a dielectric
tube confined the plasma and an addition metal rod as the transient
cathode. Using the high activity of nitrogen plasma, low H-content
amorphous silicon nitride (a-SiN,:H) films were deposited at room
temperature in a relatively high rate.

2. Experimental methods

The nitrogen discharge was produced on an experimental setup
schematically shown in Fig. 1(a). Fig. 1(b) shows the typical photo-
graphs of the bright discharge operating at the given pressures. The
plasma source consisted of a quartz tube with inner diameter of
4,0 mm and a 2-mm thick electrode. The electrode was made of stain-
less steel and driven by a low-frequency AC generator (20-80 kHz)
using the vacuum chamber as the ground. The power rating of AC
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Fig. 1. (a) Schematic experimental setup. (b) Typical photographs of the discharge operating at the given pressures.

generator was 500 W. Before discharging, the chamber was pumped to
be better than ~1.0 x 103 Pa, and then injected with 12 SCCM 99.999%
nitrogen through a gas inlet on the sidewall of the tube. To deposit a-
SiN,:H films, a PECVD system was specially designed using a quartz
co-axially double tube to replace the single tube for generation of nitro-
gen plasma. The inner diameters of double quartz tube are 4 and 8 mm,
with ~1 mm thick walls, thus pure nitrogen and Ar-diluted 5% SiH, are
separately fed through the inner and the outer tubes.

Optical emission spectroscopy (OES) was used to study the plasma
in the tube. The optical emission was spectrally analyzed in the
wavelengths ranging from 200 to 1100 nm using a spectrometer
(Acton Research Spectra, Pro-2500i) with a 1200 mm™ ! grating. The
slit entrance was set to ~10 pum, providing a spectral resolution of
~0.05 nm. The electrical characteristics of discharge were measured
with a 1:1000 high-voltage probe (Tektronix P6015A 1000 %, 3.0 pF,
100 MQ) and a current probe (Pearson 6600 0.1 V/A) via a digital
storage oscilloscope (Tektronix TDS 2012B, 100 MHz, 1 GS/s). In
addition, a Langmuir double probe placed at the center of plume,
which was ~5 mm away from the nozzle, was used to measure electron
density and temperature in the plume.

3. Results and discussion
3.1. Discharge behavior of the tubular plasma

An application of high voltage to the electrode led to breakdown of
the gas and creation of plasma confined in the tube. With an increase
in input power, the plasma column in the tube gradually expanded
along the tube. At a critical voltage, the discharge abruptly produces
dazzling-white plasma filling the entire volume, and then a 10-
20 mm long plasma plume appears at the tube nozzle, as shown
in Fig. 1(b). Fig. 2 shows the typical discharge waveforms of the
dazzling-white plasma excited at 115 W. With the sinusoidal excitation,
the pattern of the discharge voltage was heavily deformed, and the dis-
charge current exhibited a deformed sinusoidal wave containing the
pulsed discharge with extremely high peak current, thus producing a
pulse power more than 1 kW within a typical pulse-duty less than
1 ps. The discharge events were highly periodic and the pulsed dis-
charge occurred always at a voltage-rising phase, though the variation
in peak current appeared from one cycle of the applied voltage to

another. Similar current pulses have been observed in an APPJ excited
by AC power supply [4]. In fact, the diffuse plume outside from the
tube is very similar to the plume seen when helium APPJ is emerging
into helium atmosphere [22]. Differing from the discharge of the APPJ,
there is no pulse was observed when the electrode was under the neg-
ative polarization. On the other hand, the phase angle between the dis-
charge current and the applied voltage was much smaller than 90°
(35°-60°), suggesting the resistive discharge is dominant. The tubular
source was very stable and can be sustained for many hours. The plasma
source has the advantage in loading sufficient power density to excite

Fig. 2. Typical discharge waveforms, (a) voltage waveforms before and after discharge,
(b) current waveform, (c) instantaneous power. The discharge was operated in a
315 mm long quartz tube driven at 12 Pa, 25 kHz, and 115 W.
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high-density plasma at low pressure, but no arcing was observed. Using
a Langmuir double probe, the density and temperature of electrons in
the plasma plume were measured to be 0.9-5.1 x 10'" cm~2 and 1.62
to 0.55 eV, respectively, with the increase in the input power from
~10to 115 W [23].

The pulsed discharge events were observed strongly dependent on
the discharge conditions, such as the driving frequency, the input
power, the effective length of discharge, and the working pressure. For
example, using a quartz tube with a 280 mm effective length of dis-
charge, the density of peak current varied in the range of 7-27 A/cm?
with increasing the input power from 10 to 110 W. When the effective
length of discharge was shortened to ~80 mm, an as large as
~430 A/cm? peak current was observed at ~90 W, indicating the
discharge currents of the periodic pulses are reaching the values corre-
sponding to arcing or transient sparks, thus a high density of plasma is
expected on duty of the pulsed discharge. Fig. 3 shows the instanta-
neous power of the periodic pulses plotted as a function of input
power driven at different frequencies. We can see that the pulse
power depends on the input power and the driving frequency. Driven
at the low frequencies, the pulse power is increasing with the increase
in input power. With the increase in driving frequency, however, the
increment of the pulse power by increasing the input power changes
to be smaller and smaller. At the same time, the maximum input
power that could be loaded to the plasma is considerably decreased,
probably due to the limit capability of the power supply. At the driving
frequencies higher than 40 kHz, a large input power even leads to de-
crease in pulse power. The critical voltage inducing the pulsed discharge
was found decreasing with the increase in driving frequency, as shown
in the inset of the figure. Considering that the discharge consists of two
regions, namely, the inside and the outside of the tube, we suggest that
the pulsed discharge might be related to breakdown of the gas outside
the tube [23].

In order to have a comprehensive picture for the low-pressure
discharge, the spatial and temporal development of the discharge was
studied by registering the optical emission by a photomultiplier tube
(PMT). The optical emission was collected by a fiber at different
positions along the tube axis and the photocurrent was recorded by
an oscilloscope. The photocurrent waveforms at different positions are
presented in Fig. 4. For comparison, the discharge current and its inte-
gration are also presented in the figure. The time-dependent emission
is modulated at the driving frequency () from the region close to the
electrode to the plume (Fig. 4a—c), indicating that the light from the
discharge plasma is excited once per AC cycle, thus much different
from the RF discharge with two parallel electrodes, in which the optical
emission was modulated to be 2w at the center and  at the electrodes
[24]. The modulated emission was ascribed to the excitation at the

Fig. 3. Instantaneous power of the periodic pulses plotted as a function of input power
driven at the given frequencies. The inset shows the breakdown voltage inducing the
self-pulsing discharge plotted as a function of driving frequency. The discharge was
operated in a 315 mm long quartz tube at 12 Pa.

Fig. 4. Photocurrent waveforms collected at the indicated positions in comparison with
the discharge current and the integral current waveforms. (a-c) Photocurrents collected
at the region close to the electrode, middle, and plume, respectively. (d) Pattern of
integral discharge current. (e) Pattern of discharge current. The discharge was operated
in an ~110 mm effective length in the tube at ~12 Pa.

electrode regions when the electrodes are polarized by a negative volt-
age, and then the fast electrons are ejected from the instantaneous cath-
odes [24]. By integrating the discharge current (Fig. 4e), we found that
the pattern of the integral discharge current (Fig. 4d) is highly in accor-
dance with the photocurrents in the tube, except that the photocurrent
background is more than 90%. Therefore, we believe that Kuzovnikov
and Savinov's mechanism is responsible for the optical emission in the
tubular source and the vacuum chamber acts as the instantaneous cath-
ode, because the optical emission was enhanced when it was negatively
polarized. Similarly, the pulsed discharge may originate from the ioniza-
tion enhancement in the gas outside the tube, because the photocurrent
enhancement by the pulsed discharge occurs always at a voltage-rising
phase and is stronger in the plume than in the tube, thus can be used as
the evidence that the ionization wave is initially created by the pulsed
discharge in the plume and moves towards the electrode.

3.2. Characterization of the plasma activity

The tubular plasma source is expected to be capable of producing
high activity of nitrogen plasma because extremely high power density
can be achieved. For example, the power density of plasma excited at
110 W in 280 mm effective length is ~31 W/cm?, which is about two or-
ders of magnitude higher than that in low-pressure glow discharge.
When the effective length of discharge is reduced to 110 mm, the
power density of plasma is increased to as high as ~80 W/cm®. Fig. 5
shows a typical OES of nitrogen plasma in the tube, which was excited
at ~98 W within 110 mm effective length of discharge. The optical emis-
sions are assigned to the second positive system (2PS, C*IT, - B*I1;) and
the first positive system (1PS, B*IT,—A>3,") of N, molecule, and the
first negative system (1NS, B3, - X234 ) of N ions [25]. It is obviously
different from the low-pressure glow discharge that the atomic lines
from the transitions of N 3p — 3s (4S°, 4P°, “D° — 4P and 2D° — 2P)
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Fig. 5. Typical OES of nitrogen plasma in the tube, which was excited by an input power of
~98 W within 110 mm effective length of discharge.

[26] are extremely intensive, indicating the high dissociation degree of
nitrogen molecules.

Using the emission intensities from 2PS and relevant atomic lines,
the ratio of atom to molecule densities of nitrogen in the plasma, [N]/
[N;], were estimated by [15-17]

[N] _ K, An, TN, kXﬁI_N

o [Nz] o Kn ANTN kgir IN2 ’

(1

where I, A, and 7 are the intensity, probability, and radiative lifetime of
the optical emission at the specific wavelength, respectively. k is
the excitation rate coefficient of the excited state. K is the parameter re-
lated to the collection solid angle, the sample volume of the optical
emission, and the spectral response. By comparing the intensity of
atomic lines from different transitions with Frost et al.'s [27] excitation

rate coefficients calculated by R-matrix method, we determined the
electron excitation temperatures, and then the excitation rate coeffi-
cients of N atom. The excitation rate coefficients of N»(C, v = 0)
molecules by electron impact from the ground state N,(X) were calcu-
lated using the excitation cross sections of N(C, v = 0) recommended
by Itikawa [28] under assumption of Maxwellian electron energy
distribution function (EEDF). Using these excitation rate coefficients
and the parameters listed in Table 1, the [N]/[Nz] values in the plasma
were calculated. Fig. 6 shows two examples for determination of the
nitrogen dissociation degree in the plasma along the tube axis. In this
study, the dissociation degree Dos is defined by

_ N2 R
DOES—m—m‘ 2)

The dissociation degree determined by the three atomic lines of
nitrogen, namely, 43/, — *Ps, (746.83 nm), “Ps,, - *Ps,, (821.63 nm),
and “Dy,, —“Ps,, (868.03 nm) is in good agreement with each other.
Excited at the approximately equal input powers (68 and 65 W), the
averages of dissociation degree over different positions on the axis are
10.6 + 2.4% and 9.1 + 1.3% for the discharges operating at 12 and
100 Pa, respectively, indicating that the dissociation degree is predomi-
nated by the input power, being consistent with Guerra's simulation for
a DC discharge in a tube source [29]. Fig. 7 shows Dggs plotted as a
function of input power for the discharge driven at different driving
frequencies. The dissociation degree is a nearly linear function of input
power for the discharges driven at different frequencies.

Besides the high activity, the rotational and vibrational temperatures
(Tror and Tyip) of the plasma excited in the tube differ from the low-
pressure glow discharge. Fig. 8 shows the dependence of T, and Ty
on the input power of the plasma driven at different frequencies. The
rotational and vibrational temperatures were obtained by fitting the
rovibrational bands in 2PS using the software based on the least-
squares fit to an arbitrary function [30]. T, and Ty, of the plasma are
input-power dependent, but hardly relating to the driving frequency.
The vibrational temperatures are ~5000 K, which is 2000-3000 K higher
than those in low-pressure glow discharge. At the given input powers,
T;or is monotonically increasing from ~350 to ~680 K, which is in good
agreement with our measurement of temperature on the tube wall by
a thermal couple. The high rotational and vibrational temperatures are
attributed to the high power density dissipated on the plasma. Owing
to the small diameter of the discharge tube, it is difficult to determine
the electron density of plasma in the tube. For estimation, the electron
density (n.) during the pulsed discharge was calculated by i = even,
using the current density (i) and assuming the velocity v, ~ 10° m/s.
The electron density varies in the range of 10''-10'> cm ™3 for the
discharge excited at ~10 to 115 W, depending on the power density
dissipated on the plasma. This estimation is consistent with the
measurement in the plume, thus strongly support that the tube plasma
source is capable of creating high density of nitrogen plasma at low
pressure.

3.3. Room-temperature deposition of low H-content a-SiNy:H films

a-SiN,:H films are important for device passivation, diffusion and ox-
idation barriers [31]. The deposition of a-SiN,:H films by conventional

Table 1

Data related to nitrogen atom and molecule in this study.
Species N\ (nm) Configuration Eyp (eV) Tup (NS) AT K

Upper Lower

N 746.83 3p 1S3, 3sPs), 11.99 [26] 26.9 [26] 0.528 [26] 0.40
N 821.63 3p *Pg), 3s P/ 11.84[26] 10.8 [26] 0.244 [26] 0.30
N 868.03 3p“DYy, 35 4P/, 11.75[26] 9.86 [26] 0.250 [26] 0.23
N, 3371 CI1,,v=0 B*I1y,v=0 11.16 [25] 36.6 [25] 0.523 [25] 0.16
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Fig. 6. Examples for determination of the nitrogen dissociation degree in the plasma along
the tube axis, (a) 68 W, 12 Pa, and 25 kHz, (b) 65 W, 100 Pa, 25 kHz.

PECVD technology is usually conducted at temperatures higher than
300 °C, thus cannot be used to fabricate organic optoelectronic devices.
Therefore, room-temperature deposition of a-SiN,:H films received
much attention in the past decade and PECVD systems based on various
plasma sources have been proposed [32-38]. Because these PECVD sys-
tems employ SiH, and NHj as the working gas, the hydrogen content in
the a-SiN,:H films is relatively high [32-38]. On the other hand, a
common shortage of these PECVD systems is the low deposition rate
at room temperature, generally lower than 30 nm/min. To deposit low
H-content a-SiN,:H films at room temperature, we designed a special
PECVD system based on the high activity of nitrogen plasma created
by the tubular plasma source. The PECVD system uses a quartz co-
axially double tube to replace the single tube for generation of nitrogen

Fig. 7. Dissociation degree of nitrogen plotted as a function of the input power for the
discharge excited at the given driving frequencies. The OES was collected at ~30 mm
distance to the electrode. The discharge was operated in a 315 mm long quartz tube at
12 Pa.

Fig. 8. Dependence of T, and Ty;, on the input power of nitrogen plasma driven at
different frequencies in a 315 mm long quartz tube at 12 Pa. The OES was collected at
~30 mm distance to the electrode.

plasma by separately feeding pure nitrogen and Ar-diluted 5% SiH,4. The
nitrogen in the inner tube is highly associated as well. In addition, the
Ar-diluted 5% SiH,4 in the outside tube is partially ionized, thus the a-
SiN,:H clusters are expected to form in the plume, as schematically
shown in Fig. 9.

The a-SiN,:H films were deposited on Si (100) substrate under an
ambient pressure of 0.5-1.0 Pa using 12 SCCM nitrogen and 14 SCCM
Ar-diluted SiH,4. As the substrates were unintendedly heated during
film deposition, the actual deposition temperature was measured
lower than 50 °C, depending on the deposition rate, thus mentioned
as room-temperature deposition in this study following convention.
Fourier transform infrared spectroscopy (FTIR, NICOLET 6700) was
used to study the vibrational modes within 400 to 4000 cm ™' in the
films deposited at different input powers, as shown in Fig. 10. The
assignments for these modes are (1) N—H stretching mode at
~3330 cm ™!, (2) Si—H stretching at ~2140 cm~!, (3) N—H and
N—H, bending at ~1150 cm™ !, (4) Si—N stretching between 870 and
820 cm ™~ !. No Si—O related feature was observed at 1050 cm™ .. The
Si—N stretching mode was not obviously shifted, suggesting that the
hydrogen content in the films does not strongly depend on the input
power, because the Si—N stretching mode is very sensitive to the
bonding environment of hydrogen [31,39]. Using the absorption cross
sections for Si—H and N—H sites determined by Langford and Rand
[40], the hydrogen density in the films was estimated to be 1.0 +
0.2 x 10%2 cm™3, with more than 90% of this bonded to N. With the de-
crease in the nitrogen dissociation degree, the hydrogen bonded to Si
was slightly increased. By increasing the ambient pressure, the hydro-
gen content could be further decreased below 5 x 10%! cm™3, suggest-
ing that the hydrogen concentration would be reduced lower than 5%.

Atomic force microscopy (AFM, SPM 5000, Benyuan) was used to
study the morphology and roughness of the a-SiN,:H films. The AFM im-
ages revealed that the a-SiN,:H films exhibit a dense structure with
smooth surface, as shown in Fig. 11. The film roughness was determined
to be in sub-nanometer scale within the 1 um x 1 pm AFM images, as
shown in Fig. 12(a), indicating that the a-SiN,:H films are potential in

Fig. 9. Schematic diagram for the synthesis of a-SiNy:H and a-SiNy:H QD films.
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Fig. 10. FTIR spectra in wavenumbers ranging 400 to 4000 cm ™' for the films deposited at
the given input powers.

the applications of opto-electronic devices. The deposition rate in
Fig. 12(a) was determined using the film thickness by fitting the reflec-
tance of the films deposited at the given time, as shown in Fig. 12(b).
The results clearly show that the deposition rate is definitely associated
with the dissociation degree of nitrogen in the plasma, differing from
the conclusions obtained by changing the energy of N3 ions and the
duty ratio of the pulsed PECVD in the previous studies of a-SiN,:H depo-
sition [41]. When increasing the dissociation degree from 2.4% to 10.5%,
the deposition rate increases from 35 to 104 nm/min, which is suffi-
ciently high for industrial applications. Furthermore, the tubular plasma

source has the advantage easily integrating into a large-scale array to fit
the shapes of various work-pieces. The high rate of a-SiN,:H deposition
at room temperature is attributed to the high dissociation degree of ni-
trogen. On the other hand, the relatively high temperature of neutrals in
the plasma, which is in the range of 350-700 K and higher than that in
glow discharge, promotes the formation of a-SiN,:H in the plume.

4. Conclusions

A high activity of nitrogen plasma is created at low pressure using a
tubular plasma source driven by low-frequency AC generator. The
discharge in the tube is recognized with a low-frequency driving
continue discharge comprising periodically pulsed discharge, which is
associated with ionization wave. Excited at the input power of 10 to
115 W, the discharge allows loading a power density as high as
~80 W/cm? to the plasma, thus producing high activity of nitrogen
plasma. The nitrogen dissociation degree in the tube is determined to
be dependent on the power density and more than 10% dissociation
degree has been achieved. Based on the high activity of nitrogen plasma,
a special PECVD system was designed for deposition of a-SiN,:H films.
By separately feeding working gases of pure nitrogen and Ar-diluted
5% silane, low H-content a-SiN,:H films were successfully deposited
at room temperature, with a sufficient deposition rate higher than
100 nm/min.
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