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Abstract. A plasma jet has been developed for etching materials at atmospheric
pressure and between 100 and 275°C. Gas mixtures containing helium, oxygen
and carbon tetrafluoride were passed between an outer, grounded electrode and a
centre electrode, which was driven by 13.56 MHz radio frequency power at 50 to
500 W. At a flow rate of 51 | min™, a stable, arc-free discharge was produced.
This discharge extended out through a nozzle at the end of the electrodes, forming
a plasma jet. Materials placed 0.5 cm downstream from the nozzle were etched at
the following maximum rates: 8.0 um min~* for Kapton (O, and He only),

1.5 um min~* for silicon dioxide, 2.0 um min™* for tantalum and 1.0 xm min~* for
tungsten. Optical emission spectroscopy was used to identify the electronically
excited species inside the plasma and outside in the jet effluent.

Atmospheric-pressure plasmas, such as the thermal torch, Nozzle
plasma arc, corona discharge and silent discharge, have He /O, Gas In

been the focus of much research. This is motivated
by the growing need for new chemical and materials
processing technologies. Thermal torches and arcs are  RFin
high-temperature sources-{0000°C) that are used for

a variety of materials applications, including melting and —
deposition, spray coating and ceramic powder synthesis Water | —
[1-4]. Corona and silent discharges operate at much IowerFigure 1. Schematic of the atomospheric-pressure plasma
gas temperatures, between 25 and 8D(b, 6]. The corona et prawing approximately to scale.

discharge uses one or more sharply curved electrodes (e.g.,

spheres, or wires), so that the plasma is confined to a
small region near the electrode [7-9]. The silent discharge
consists of two closely spaced electrodes that are covere
with dielectric layers [10-14]. This plasma generates many
microscopic discharges that last only a few nanoseconds,
and are randomly distributed in space and time. Since
the corona and silent discharges do not uniformly treat
large substrate areas, they are not well suited for materials
processing.

Five years ago, Koinumet al [11] introduced a micro-
beam plasma for etching materials. This device operates
by ionizing a gas that flows between two closely spaced
concentric electrodes separated by a quartz tube. A profile
of silicon etched with a 1.0 volume percent {ffe plasma

different from those described above, because it produces

uniform plasma at low temperature that may be used
or materials processing on relatively large substrates.
Below, we describe the application of the jet for etching
materials.

A schematic of the plasma jet is shown in figure 1. It
consists of an inner electrode, which is coupled to a radio-
frequency power source at 13.56 Mhz, and a grounded outer
electrode. A mixture of helium and other reactive gases is
fed into the annular space between the two electrodes at
51 | min~! (at 760 Torr and 293 K). To etch organic films,
oxygen is added to the helium carrier gas. To etch silicon
dioxide and metals, carbon tetrafluoride is added in addition
N ; - to the oxygen. A soft white glow is produced between the
reveals a narrow trench (b wm in width) with straight electrodes (for @ and He), which then exits the device

S|dewalls_,, indicating directional etch_lng by ions. . through a nozzle at 30 nT. Outside the device, the gas
Herein, we report on the design and operation of .

. ; . ._is at the prevailing atmospheric pressure, and there is no
an atmospheric-pressure plasma jet.  This source is_. ..
significant pressure drop across the nozzle. Samples are

§ Corresponding author: rhicks@ucla.edu etched by placing them at 0.5 cm from the nozzle. An
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Figure 2. Etching rates achieved with the plasma jet. For
Kapton etching: 51 | min™* helium flow, 1.2% O, and

500 W. For SiO, W and Ta: 51 | min~! helium flow, 1.0%
0,, 2.0% CF4 and 500 W.

aluminium mask is placed over the sample to restrict the
area etched t0.@ cn?.

Visual inspection of the discharge between the
electrodes reveals a uniform glow with no apparent arcing.
The window of stable operation is: helium flow rates
greater than 25 | mift, oxygen concentrations of up to
3.0% by volume, carbon tetrafluoride concentrations of up
to 4.0% by volume, and RF power between 50 and 500 W.
Helium is essential for obtaining a stable discharge. In
addition, if the power is too high, or the flow rate too low,
arcing occurs at the end of the centre electrode.

Shown in figure 2 are the rates at which the
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Figure 3. Optical emission spectra of an O,/He
atmospheric pressure plasma jet taken (a) axially inside the

atmospheric-pressure plasma jet etches different materialsjét: exposure time = 0.5 second, and (b) perpendicularly

These rates were measured by weighing the films before an

after exposure to the plasma jet effluent for a given time

period. The plasma jet etched Kapton a® &m min 2,

0outside the jet, exposure time =2 min.

which is fast compared to a low-pressure plasma systemconditions are 150 W RF power, 0.5% oxygen by volume

[15-18]. Also, silicon dioxide, tantalum and tungsten are
etched with a CE/O,/He plasma jet at rates of 1.2, 2.0
and 10 um min~?, respectively. The etching conditions
for each material are given in the figure caption. In
addition, good selectivity is achieved with the APPJ. an
O,/He plasma jet etches Kapton and organic materials only,
whereas a Cf/He plasma jet only etches SiOTa and
W.

To estimate the charged particle flux in the jet effluent,

and 42 | min! helium (at 25C and 760 Torr). In
addition, the nozzle of the jet was removed to better view
axially along the electrodes. Examination of the spectrum
reveals atomic helium lines at 667.8, 706.5 and 728.2 nm,
an atomic oxygen line at 777.2 nm, and singlet sigma
metastable oxygen {E;) at 758-770 nm [20]. Spectra
obtained over different wavelength ranges contain more
atomic helium lines at 447.1, 501.6, 587.6 and 656.0 nm,
and more atomic oxygen lines at 436.8, 533.1, 615.8, 645.6,

a planar probe was placed 0.5 cm away from the centre of 794.8, 822.2 and 844.6 nm. Furthermore, a weak band for

the nozzle. An ion flux of 5 10" particles cn? s~1 was
collected on the probe when it was negatively biased by
100 V to the floating potential. In this experiment, the RF
power was 150 W, the helium flow rate was 40 | min

molecular oxygen ion is seen at 580—-640 nm (first negative
system).

In figure 3(b), a spectrum is shown of the plasma jet
effluent, taken perpendicular to the flow direction. To

and the gas containing 0.5% oxygen by volume. A Kapton prevent reflected interference from the emission inside the
etch rate of & um min~! is observed for these operating jet, a slit and a lens were used to focus on the effluent at
conditions. This etch rate is several orders of magnitude 4.0 mm from the nozzle. It is evident from the figure that
higher than that expected for the ion flux observed with the emission from excited atoms and ions is nearly extinct.
the Langmuir probe [19]. Also, biasing a tantalum foil at The only distinguishable feature is the band between 757
—200 V does not lead to any enhancement of the etch rate.and 773 nm, which is due to the transition from singlet
These results indicate that ions do not participate in the sigma metastable oxygen to ground state oxygen. These
etching process. results can be explained by the absence of an excitation
Optical emission spectroscopy has been used to observesource in the jet effluent. The atoms and ions have
the electronically excited species generated by th8H©® radiative de-excitation times of10 ns [21], and relax to the
plasma jet. In figure 3(a), an emission spectrum of the ground state immediately upon exiting the nozzle. On the
discharge between the two electrodes is shown. The proces®sther hand, the singlet sigma metastable oxygen molecules
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exhibit a much longer lifetime o#~100 s [22]. For a flow potential reactive species that have been identified so far
velocity of 30 m s?, the gas travels 4 mm to the detection are singlet delta metastable oxygen and oxygen atoms.
point in 130us.

Preliminary infrared emission measurements. 27 Lm
indicate that singlet delta metastable oxygehA@d is
present in the jet effluent. Moreover, this species per- This work was conducted under the auspices of the
sists for up to 10 cm from the nozzle. This is a re- US Department of Energy, supported in part by funds
sult of its exceptionally long lifetime,ry/>~ 100 ms provided by the University of California, and in part by
[22]. Other researchers have estimated that in low-pressurefunds provided by Basic Energy Sciences, Environmental
plasma discharges, the concentration of singlet delta shouldManagement Sciences Program and the Office of Science
be greater than the sigma state by two to three ordersand Risk Policy (award No DE-F5607-96ER45621). The
of magnitude [23-25]. It is well documented that the authors, JYJ and SEB, are grateful for fellowships from the
metastable oxygen molecules'fa and BX) are ca-  UCLA Centre for Environmental Risk Reduction and the
pable of oxidizing organic compounds [23]. Therefore, UC Toxic Substance Research and Teaching Program.
these species could participate in the Kapton etching re-
action.
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organic materials, and is often used in combination with UV ;Ir\?th T/?/(I-:-Os%\)/ve(;jods (l\IADanl? SSiZZ%BUNﬂ;CﬁgyrQE)?Zm

irradiation for photoresist etching [26]. However, ozone [3] Fleddermann C B, Snydéd R and Gahl J M 1996EEE
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