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Abstract

®

CrossMark

We discovered a hysteresis in a microwave-driven low-pressure argon plasma during gas
pressure change across the transition region between o and y discharge modes. The hysteresis
is manifested in that the critical pressure of mode transition depends on the direction of
pressure change. As a corollary, the plasma would attain different discharge properties under
the same operating parameters (pressure, power, and gas composition), suggesting a
bi-stability or existence of memory effect. Analysis of the rotational and vibrational

temperatures measured from the OH (A—X) line emissions shows that the hysteresis is mainly
due to the fast gas heating in the y-mode leading to a smaller neutral density than that of the
«-mode. When increasing the gas pressure, the y-mode discharge maintains a relatively higher
temperature and lower neutral density, and thus, it requires a higher operating pressure to
reach the x-mode. On the other hand, decreasing the pressure while maintaining «-mode, the
transition to y-mode occurs at a lower pressure than the former case due to a relatively higher
neutral density of x-mode discharge. This interpretation is supported by the fact that the
hysteresis disappears when the plasma properties are presented with respect to the neutral gas

density instead of pressure.

Keywords: microwave-driven plasma, discharge mode transition, hysteresis, bistable state
plasma, rotational temperature, fast gas heating, non-linear behavior of plasma

(Some figures may appear in colour only in the online journal)

1. Introduction

Radio-frequency sources around 10 MHz have been widely
used to generate plasma discharges, owing to relatively low
cost and low technical barrier [1]. Recently, with advancement
in the microwave technologies, plasma sources with higher
operating frequencies about 1 GHz have rapidly attracted
interest from various plasma applications, such as biomaterials
synthesis, polymer surface functionalization, and semiconduc-
tor fabrication [2—4], as they can produce higher electron

* Author to whom any correspondence should be addressed.

0963-0252/22/105006+9$33.00

density and higher population of energetic electrons with com-
paratively low power [1, 5]. In particular, microwave-driven
plasmas are successfully applied to the semiconductor manu-
facturing processes including deposition, etching, and ashing,
by varying operating parameters diversely [6—8]. Since these
processes are repeatedly applied in high-precision semicon-
ductor fabrication, it is crucial to ensure that the same plasma
properties are reproduced under the same process parameters
[9, 10].

Ideally, an identical plasma state would be reproduced when
the external operation parameters are set to the original values
as long as the discharge mode is preserved [11]. However, the

© 2022 |OP Publishing Ltd  Printed in the UK
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situation becomes complicated when the operation parameter
space of a plasma process spans across « and vy discharge
modes. Even under nominally identical operation parame-
ters, the plasma may manifest different properties in electron
and ion densities and temperatures since the electron loss
and generation mechanisms change significantly crossing the
discharge modes.

The discharge mechanisms of «- and y-modes can be
explained with the ionization by electron—neutral collisions
and the secondary electron generation by the bombardment
of fast ions to the electrode, respectively [12—16]. The rep-
resentative symbols for the discharge modes, « and vy, corre-
spond to the first Townsend avalanche coefficient in the plasma
bulk and the secondary electron emission coefficient at the
wall, respectively. The transition between the two modes is
intuitively understood by comparing the collective oscillation
amplitude of electrons and the system dimension (the electrode
gap distance) [13, 14, 16—18]. The y-mode corresponds to
the situation of the oscillation amplitude being larger than
the gap distance. Interestingly, particle-in-cell simulations [13]
of microwave-driven atmospheric pressure plasmas showed
a ‘Z’-shaped frequency dependence of the gas breakdown
voltage, i.e., three different breakdown voltages at the same
driving frequency in the mode transition region. That observa-
tion alluded a possible existence of hysteresis when a plasma
process runs in the vicinity of mode transition.

This paper reports an experimental study on low-pressure
microwave-driven argon plasmas in the vicinity of mode tran-
sition, where a hysteresis is found for the change of gas
pressure. Our study proposes that the nonlinear behavior of
the plasma occurs due to the fast gas heating effect in y-mode
where ions are accelerated in the sheath region. This conjecture
is supported by a sharp increase of rotational temperature in
y-mode, reflecting the increase of the translational temperature
[19]. Furthermore, this interpretation suggests that the hystere-
sis may disappear by replacing the abscissa from gas pressure
to neutral density, which is experimentally confirmed. It is
worth noting that the origin and the detailed explanation of the
hysteresis in this microwave-driven plasmas are different from
those of the well-known hysteresis observed in inductively
coupled plasmas during the E-H mode transition [20—22].

Our work shows that there exist bi-stable plasma states
across the mode transition regime depending on the direction
of pressure change. Such memory-like property of plasma
in the vicinity of mode transition has an immediate implica-
tion on high-precision plasma processes where reproducible
plasma states are required for high yield. A countervailing
technique for the hysteresis is proposed to ensure the repro-
ducibility of plasma state, i.e., to control the neutral density
instead of the gas pressure.

2. Experiment apparatus

A coaxial transmission line resonator (CTLR) produces an
electrical discharge at the open ended tip of the electrode
where the resonance condition is achieved [23]. The designed
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Figure 1. (a) Schematic diagram of the CTLR electrode. The
microwave enters the electrode through the side port and propagates
to both short- (left) and open-ended (right) sides. The wave reflected
at the short end propagates to the open-end and resonates with the
original microwave producing a large amplitude [23]. (b) The
schematic diagram of the experimental system. The red dotted circle
is the focal point of the collection optics, and its relative coordinate
to the electrode is fixed throughout the entire experiment.

resonant frequency of the electrode is about 900 MHz, where
the wavelength corresponds to one-quarter of the total length
of the electrode, ~83.3 mm (figure 1(a)), but due to the error
and discrepancy in manufacturing, the actual resonance of
the electrode appears at 890 MHz based on the S;; measure-
ment by a network analyzer (E8362B, Agilent Technology).
Another key parameter of the resonator design is the gap
distance between inner- and outer-electrodes. In this research,
the diameter of the inner electrode is about 2.8 mm and the
gap distance between the electrodes is about 1.7 mm to attain a
sufficiently large electric field while keeping the characteristic
impedance of the device to match it with the output impedance
of the power source (50 €2).

Figure 1(b) shows a schematic of the experimental system.
The vacuum chamber was ventilated to 0.2 mTorr and filled
with pure argon gas up to the pressure values of the experimen-
tal conditions around 20 mTorr. The operating pressure, which
is one of the main control parameters for this experiment,
was adjusted by a digital mass flow controller (DMFC, MFC
KOREA). The net dissipated power by the system is preserved
throughout the experiments. The incident power is maintained
to 7 W. The reflected microwave is collected via a circulator
and is monitored with a spectrum analyzer (E4408B, Agilent
Technology) while adjusting a stub tuner to maintain its power
level to less than —20 dB of the incident wave. The plasma
images were taken with a high resolution CMOS camera. The
optical emissions from the plasma were collected by an optical
fiber and lens array focusing at the vicinity of the electrode
(figure 1(b)) and analyzed using a spectrometer (USB2000,
Ocean Optics).
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3. Experimental results

3.1. Visual characteristics of the plasma discharges

The plasma’s visible characteristics, such as volume, shape,
and color, drastically change when the pressure is above or
below about 20 mTorr (figure 2(a)). For a capacitive plasma,
it has been reported that when the bulk size reduces and the
sheath expands owing to the discharge operating parameters,
the plasma becomes dominated by sheaths which can only be
sustained in the so-called y-mode. On the other hand, when
the sheath is narrow and the bulk is definite, the discharge is
dominated by the electrons in the plasma bulk that is called
«-mode [15, 24]. This «—y mode transition has been reported
with various operating parameters [15, 24]. In microwave-
driven plasmas, preceding studies explained it in terms
of electron collective oscillation and electron confinement
[13, 14,17, 18].In figure 2(b), when observing the plasma with
decreasing pressure from high to low, the significant change
in visibility is repeatedly observed at about 20 mTorr, which
corresponds to the minimum breakdown voltage described in
Paschen’s curve for our plasma source [23]. Thus, we assign
the critical pressure (P.) for the x—y mode transition to be
about 20 mTorr. When P > P, the bright region of the plasma
bulk is large and clear, and the sheath is spherical-shaped
(confined), whereas when P < P., the bulk size reduces, and
the sheath transforms into a reverse cone-shaped (scattered).
Thus, we assign the discharge mode of the plasma at a higher
pressure than P, as the «-mode, and that of the plasma at a
lower pressure than P, as the y-mode.

Interestingly, we observe the mode transitions occur at
different pressures depending on the direction of the pressure
change, as shown in figure 2(b). We infer that there exist two
different stable states of plasma discharges that correspond to
the distinct modes (« and ) even for the same operating con-
ditions due to the discrepancy between the critical pressures
of the mode transition depending on the pathway of altering
pressure. We analyze the optical emissions from the plasma to
verify the cause of the hysteresis more descriptively.

3.2. Spectroscopic observations of hysteresis during c—y
mode transition

In low-pressure Ar plasmas, the intensity ratio of two line
emissions, corresponding to an excited level from the ground
state and another excited level from a metastable state of argon,
respectively, can reveal the proportion of energetic electrons if
the two levels require sufficiently different threshold energy
(for impact excitation). Furthermore, it indirectly indicates the
electron temperature or the change of electron temperature
[25, 26]. Czerwiec and Graves [25] reported the estimation of
the electron temperature using two argon line emissions with a
wavelength of 750.4 nm [3sz3p5(2P‘1’/2)4p — 3523p5(2P‘1’/2)4S]
and 811.5 nm [3s?3p°(°P§),)4p — 3s?3p°°P3 ,)4s]. This
method is utilized to analyze the proportion of energetic elec-
trons and the change in electron temperature. Specifically,
the upper level of 750.4 nm emission is mainly populated
by direct excitation of the ground-state atom, and that for
811.5 nm is caused by electron impact excitation from the

metastable level. The threshold energies required for these
excitations are approximately 13.5 eV (750.4 nm) and 2 eV
from the metastable state (811.5 nm), respectively [27]. To
estimate the energetic electron population, the model compre-
hensively covers both changes for the metastable population
and the cross-sections while the electron temperature increases
[25, 26]. As a result, the line emission ratio Ree = 1750.4nm/
I311.5nm 1S monotonically correlated with the proportion of
energetic electrons. Figure 3(a) shows R.. versus the oper-
ating pressure for two different directions of pressure change
(increasing and decreasing).

Figure 3(a) illustrates that the proportion of energetic elec-
trons increases rapidly when decreasing pressure below the
critical pressure (P.). Based on the numerical model of Czer-
wiec and Graves [25], the electron temperature is estimated to
be about 2 eV for P > P, and 10 eV for P < P.. The sudden
increase in the electron temperature when altering the oper-
ating parameters is an evidence for the x—y mode transition
[16, 28]. Fu et al [11, 29] reported that the electron energy
probability function evolves to a more pronounced shape in the
high-energy region, generating energetic electrons during the
mode transition from « to y mode. Also, Lee er al [13, 14, 17]
explained that such a transition in microwave-driven plasma
is the discharge mode transition from the x- to y-mode by
comparing the system dimension and the collective oscillation
amplitude of electrons. The experimental result (figure 3(a)) is
in good agreement with the previous literature, [11, 13, 14, 16,
17, 28, 29] showing the (x—7y) discharge mode transition.

Figure 3(b) shows the drastic change in the population of
argon ions during the (x—y) mode transition. The change of
ion density also influences the composition of plasma emis-
sions from Ar I and II, and it is visible as the change in
the plasma color (figure 2). The two vigorous line emissions
from Ar I at 750.4 nm [3s?3p P} ,)4p — 3s?3p P} ,)4s]
and Ar II at 427.8 nm [3s?3p* ('D)4p — 3s23p* (D)4s]
are selected and compared to yield the intensity ratio
Rar = I427.80m/ 1750 4nm depending on the direction of pressure
change (figure 3(b)). The relative intensity of Ar II line emis-
sion increases rapidly when lowering the pressure below the
P. ~ 20 mTorr, implying an increase in argon ion population.
The increase in the ion population is explained by the increase
in the ionization rate due to the electron temperature boost
during the x—y transition. Therefore, the generation of sec-
ondary electrons by ion bombardments (y process) becomes
dominant, achieving the so-called y-mode.

The experimental results including the visual change of
plasma plumes (figure 2) and line emission ratios (figures 3(a)
and (b)) clearly show the hysteresis across the transition
pressure depending on the direction of pressure change. The
hysteresis allows the plasma to have bi-stable states with dif-
ferent plasma properties under the same operating conditions
depending on the pathway of operating pressure. For industrial
applications such as a high precision nano-fabrication, the
hysteresis may degrade the reproducibility of the plasma state
and result in the loss of high yield.
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(a)
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Figure 2. (a) Plasma images in two different regimes: ‘«-mode’ (left) and “y-mode’ (right), when the neutral gas pressure is above the
critical pressure, and below the critical pressure, respectively. (b) Visual change of the plasma when elevating pressure (top) and when
lowering pressure (bottom). These snapshots show the hysteresis in the process of mode transition. The images in the center clearly exhibit
different visuals that indicate different states under the same operating pressure.

3.3. The disappearance of hysteresis when data displayed
to density

A rich population of argon ions in y-mode suggests a possible
explanation for the origin of the hysteresis. When the number
of ions increases which have comparable masses to neutrals, it
has been reported that the energy transfer rate to neutral parti-
cles accelerates due to the fast gas heating mechanism through
the collisions among heavy species [30-34]. We expect the
fast gas heating would occur in the y-mode, and therefore, the
neutral gas temperature of the plasma escalates during the tran-
sition from oc- to y-mode. Since the neutral density is the key
parameter to determine the collective oscillation amplitude of
electrons, the preservation of small neutral density in y-mode
results in the shift of P, to a higher pressure during the increase
of the operating pressure. Consequently, to achieve the transi-
tion from y- to «-mode which requires a smaller oscillation
amplitude of electrons, the operating pressure should reach
further.

This explanation is verified by the fact that the hysteresis
in the spectroscopic data disappear when they are displayed
to density, not pressure. Figures 3(c) and (d) show the line
emission ratios versus gas density and the disappearance of
hysteresis between the experimental cases, increasing and
decreasing the operating pressure. The disappearance of hys-
teresis suggests a method of avoiding the non-linear behavior

or bi-stability of the plasma states, that is, to monitor the
neutral density while controlling the operating parameters.
In particular, the method is a convenient way of improving
and ensuring the reproducibility of the processing plasmas for
nano-fabrication, such as high-precision semiconductors.

The equation of state for an ideal gas, P = nkgT is assumed
where kg and T are the Boltzmann constant and temperature
of the argon gas, respectively. This assumption is relevant
since the pressure is sufficiently low whereas the gas temper-
ature is high enough [35], which leads the gas density to be
the pressure divided by the temperature. Additionally, in this
experiment, the gas temperature is considered to be in the same
order as the rotational temperature of the hydroxyl radical
(OH) contained in the gas for a diagnostic purpose within a
reasonable error of about 10% [19, 36, 37]. A practical advan-
tage of this method to monitor the gas density for avoiding
hysteresis is that there is no need for an extra measurement
system but an optical spectrometer.

3.4. The hysteresis in the rotational and vibrational
temperatures

The base vacuum pressure is approximately 1% of the exper-
imental pressure (~30 mTorr), and thus the plasma contains
impurities such as hydroxyl radicals (OH) which originate
from the water vapor on the wall of the vacuum chamber. The
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Figure 3. (a) Line emission ratio (Ree = I750.4nm/I811.50m) Versus pressure. R, represents the proportion of energetic electrons and shows
the change in electron temperature. The high proportion of energetic electrons below the critical pressure indicates the higher electron
temperature. There exists a hysteresis depending on the direction of pressure change. (b) Line emission ratio (Ra; = 1427 8am/1750.4nm) Versus
pressure. Ra, represents the population of argon ion. There also exists a hysteresis in the ratio R, depending on the direction of pressure
change. (c) and (d) Line emission ratios (R.., Rar) versus density; operating pressure divided by the rotational temperature measured by
analyzing OH line emissions. The hysteresis for both ratios disappear when they are displayed to neutral density.

line emissions from the trace amount of OH molecules are
employed to measure the rotational and vibrational tempera-
tures by fitting them with the LIFBASE simulation [38—41].
As the experimental resolution is about 0.6 £ 0.3 nm, the
line emissions are compared with the simulation data that
are relatively filtered, and the best fit gives the temperature
estimation for a given pressure with a maximum error of
about 15%.

Figure 4(a) illustrate that OH(A—X) line emissions are in
good agreement with the data from the LIFBASE simulation.
The OH line emissions are classified into the three distinctive
groups; the R and P branches centered at 307 nm and 309 nm,
respectively, and a tail ranging from 310 nm to 320 nm. The
rotational temperature is generally determined by the intensity
ratio between the two branches [38]. On the other hand, the
vibrational temperature mostly correlates with the shape of the
tail structure.

Figure 4(b) shows the rotational and vibrational tempera-
tures estimated from the OH line emissions for both experi-
mental conditions of increasing and decreasing the operating
pressure. Both temperatures present the hysterical trends to
the operating pressure but in the opposite fashion. The rota-
tional temperature increases during the mode transition from

v to « while the vibrational temperature does for « to 7.
The behavior of vibrational temperature, which is opposite
to the other measurements (rotational temperature, electron
temperature, and ion population), will be discussed shortly.
As we expected, the rotational temperature, which is a good
approximation of the gas temperature, manifests a hysteric
trend over the pressure alteration, and thus, the non-linear
behavior of rotational temperature resolves the hysteresis in
the other measurements, such as the electron temperature and
the ion population (figures 3(c) and (d)).

A steady-state plasma model can explain the trend of
vibrational temperature. Zheng-De and Yi-Kang reported a
rapid increase in the vibrational temperature along with the
pressure change for the low-pressure plasmas, and explained
the phenomenon with a simplified model under the follow-
ing assumptions: (1) the excited state is generated only by
the electron impact excitation from the ground-state. (2) The
Franck—Condon principle is applicable to these excitation
transitions. (3) The collisional de-excitation process is negligi-
ble and introduces a Boltzmann distribution for all vibrational
levels of molecules to be measured [42]. For a steady-state
plasma, the vibrational temperature is expressed as
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Figure 4. The rotational and vibrational temperatures from the OH line emissions. (a) The rotational and vibrational temperatures versus
pressure. The circular and triangular markers correspond to the experimental conditions of decreasing and increasing the operating
pressures, respectively. The hysteresis are observed in both molecular temperatures but in the opposite fashion. The rotational temperature
increases when the pressure is low, but the vibrational temperature has an opposite trend. (b) The OH(A-X) line emissions and their fit with

the LIFBASE simulations for the selected pressures.
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where T\, is the vibrational temperature, Ey;p, is the vibrational
state energy, n. is the electron density, n, is the background gas
density, K., is the rate coefficient for the vibrational excitation
as a function of electron temperature, 7 is the timescale to
reach steady-state, and C = ln(no / nengT).

The model has been compared with the experiments cov-
ering a broad range of pressure and applies to the OH(A-X)
line emissions around near-UV under the assumption that the
electron impact excitation is the dominant process for the
transition from the ground to the first excited states of OH
molecules. The vibrational temperature is positively correlated
to the rate coefficient Ky, under the given parameters (1, 7,
ng, 7, and Ey;p), through the equation (1).

The rate coefficient K., generally follows a form of the
Arrhenius equation, and for the OH molecule, it exponentially
decreases above ~1 eV [43-45], and thus, the vibrational
temperature is strongly affected by the electron temperature
compared to other factors. As a result, when the electron
temperature increases in the y-mode, the vibrational temper-
ature decreases. Based on the steady-state model, the hys-
teresis observed in the vibrational temperature (figure 4(b)) is
explained to have an opposite trend to other plasma parameters
such as electron temperature, ion population, and rotational
temperature.

4. Conclusion

We found hysteresis in microwave-driven low-temperature
plasma across the discharge mode transition (x—y). This

observation suggests that plasma under the same operating
parameters can have two different stable states. We have iden-
tified the discharge mode transition at the critical pressure
(~20 mTorr) occurs by observing the visual characteristics of
the plasma and two separate plasma properties related to the
electron kinetics that depend on the neutral particle density and
the electron temperature: the ratio of two emission peaks from
different excitation processes.

The hysteresis across the discharge mode transition is
explained by the increase of the ion population in the y-mode,
and numerous fast ions provoke the fast gas heating. Owing
to the fast gas heating in the y-mode, the neutral density of
the y-mode stays smaller than that of the x-mode, and the
amplitude of the collective electron oscillation in the y-mode
becomes larger than that of the x-mode. As a result, a higher
critical pressure is required for the y to « transition when the
system pressure increases, compared to the case of the « to y
transition when the system pressure decreases.

In conclusion, the difference in the gas density of the plasma
under the same global operating parameters allows the plasma
to have bi-stable states with different plasma properties. We
suggest that the bi-stability of the plasma in the vicinity of
the mode transition may cause unexpected problems in the
high-precision plasma processes where the reproducibility of
the plasma properties is essential while varying the global
operating parameters repetitively. Furthermore, we propose a
simple and cost-efficient method of avoiding the hysteresis
by monitoring the neutral density along with the operating
pressure.
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