Extraction of a low-current discharge from a microplasma for nanoscale
patterning applications at atmospheric pressure
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The authors present a scheme to extract a low-current discharge from a microplasma at atmospheric
pressure for nanopatterning applications. The extracted discharge is generated by applying a high
positive voltage to an independent electrode and accelerating electrons from the microplasma.
Current-voltage (/-V) characteristics of the extracted discharge show high stability at low currents
and tunability over a wide range of currents. Exposure of metal precursor loaded films to the
extracted discharge results in electrochemical reduction of metal ions to solid metal, as confirmed by
X-ray photoelectron spectroscopy. Combining this approach with masking techniques allows
the transfer of nanoscale patterns of metal at ambient conditions. © 2012 American Vacuum Society.
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I. INTRODUCTION

Nanoscale patterns of material are desired for a wide
range of technological applications. Fabrication of nanopat-
terns has been achieved by implementing electron beams in
various strategies. In conventional electron beam lithography
(EBL), a polymer is exposed to an electron beam to produce
a nanomask that allows nanopatterns to be transferred to a
film (or substrate).1 Alternatively, electron beam induced
deposition (EBID) is a process in which an electron beam is
focused near a substrate surface to dissociate a vapor precur-
sor and deposit nanosized clusters at selected spots.” Elec-
tron beams have also been used to directly reduce Pt ions in
solution and deposit Pt clusters from a liquid phase.® A
drawback of all these methods is that highly specialized vac-
uum systems are required to generate electron beams, and
when combined with the low speeds, the cost and throughput
are not amenable to large-scale processing.

Recently, plasma discharges have been employed to reduce
metal ions to zero valent metal and produce metal nanopar-
ticles as dispersions on carbon,® metal oxide,” or polymer
supports;® inside molecular sieve’ or block copolymer
templates;® ' and as electrospun fibers."! Although hydro-
gen'”" or oxygen®™'” gas is sometimes introduced in the
plasma as a chemical reducing agent, it has been shown that
the electrons alone are sufficient to electrochemically reduce
the metal ions."* Compared to electron beams, plasmas are less
homogeneous, containing ions, electrons, and other excited
states, but are much easier and more economical to operate,
and potentially more versatile for nanopatterning applica-
tions."> Additionally, plasmas can be stabilized at atmospheric
pressure which would significantly lower processing costs.'®
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In this Letter, we show that a low-current discharge can
be extracted from a microplasma to serve as a source of elec-
trons at ambient conditions for nanopatterning applications.
Our idea is based on the generation of electron beams from
hollow cathode discharges where a positively-biased elec-
trode is used to extract and accelerate electrons.'” A key dif-
ference is that we extract the electrons at higher pressures,
which leads to ionization and the formation of a weakly-
ionized discharge due to collisions with the background gas
atoms.'® Nonetheless, the discharge contains electrons which
can be accelerated to a surface to reduce metal ions and,
unlike the primary microplasma, can be sustained at very
low currents (<1 mA), thus mitigating heating and sputter-
ing of the exposed film. Overall, our strategy allows nano-
patterns with spatial resolution of ~100 nm to be produced
at ambient conditions.

Figure 1(a) schematically depicts the low-current dis-
charge extraction system. An atmospheric-pressure micro-
plasma was ignited and sustained in Ar gas (flow rate
= 150 sccm) between a stainless-steel capillary tube (Restek,
Inc., I.D.=180 ym, L =5 cm) cathode and a metal grid an-
ode by a negatively-biased high voltage direct current (dc)
power supply (Keithley, Inc., Model 246). The microplasma
current was controlled after gas breakdown by a ballast
resistor (R; = 160 kQ) and adjusting the power supply volt-
age. A 500 Q resistor (R,) between the anode and ground
was used to continuously monitor the microplasma current
(imicroplasma)- T0 extract a low-current discharge from the pri-
mary microplasma, a third electrode, consisting of a
3 cm X 3 cm stainless steel plate, was positioned near the an-
ode and positively biased with a separate high voltage dc
power supply (Gamma, Model RR30-2P). The voltage on the
extraction electrode could be varied between 0 and +15 kV,
but was kept below the threshold for air breakdown (~30
kV/cm) in all experiments. The distance between the anode
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Fic. 1. (Color online) (a) Schematic diagram of the extracted discharge system consisting of the microplasma and a positively-biased third electrode. The
resistor network was used to measure the /-V characteristics of the microplasma (imicroplasma> Vmicroplasma) and the extracted discharge (icq, Vea). Photo corre-
sponds to extracted discharge current of 800 pA and extraction electrode gap distance (d..) of 0.5 cm. (b) Process flow diagram for generating nanoscale
patterns with extracted discharge consisting of the following steps: (1) spin coating of AgNO;/PVA blend on Si substrate, (2) masking of discharge with
alumina membrane template, and (3) removal of unexposed area by dissolving in deionized water for 30 s.

and extraction electrode (d..) was varied with a micrometer
and the collection area for the extracted discharge was fixed
to 1cm? by using insulating tape. The extracted discharge
current (i.q) was obtained by measuring the voltage drop
across a 1 MQ resistor (R3) with a homemade high voltage
attenuator (1/1000) and the extracted discharge voltage was
measured by the voltage difference (V.4) between the micro-
plasma anode and the extraction electrode. To transfer
patterns, a masked, spin-coated film containing metal ions

(e.g., Ag") and polymer (e.g., PVA) was placed on the
extraction electrode and exposed to the extracted discharge
[Fig. 1(b)].

We initially studied the electrical properties of the
extracted discharge. I-V characteristics were obtained as
a function of the following parameters: V.4, de., and
Imicroplasma- -V characteristics of the microplasma and
extracted discharge are shown in Figs. 2(a) and 2(b), respec-
tively. While the microplasma could only be sustained at
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FiG. 2. (Color online) (a) /-V characteristics of the microplasma. (b) /-V characteristics of the extracted discharge at various extraction electrode gaps (de.)
[microplasma current, inicroplasma =4 MA]. (c) Extracted discharge current as a function of microplasma current at various extraction electrode gaps (d.)

[extraction voltage, Vg =3.1 kV].
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currents of 3 mA or higher, below which the microplasma
extinguished, the extracted discharge could be sustained at
significantly lower currents. The extracted discharge current
increases with V.4 without significantly disturbing the micro-
plasma at the range of conditions explored here. For
iea <300 fA, imicroplasma does not noticeably change. At
higher values of i.q (300-1000 uA), imicroplasma 1S found to
decrease by less than 5%. As d.. is increased, a higher
extraction voltage is required to produce a given discharge
current. For example, in order to extract 200 uA at
dee=0.3 cm, the extraction voltage must be ~1.4 kV; to
maintain the same current at d..=1.0cm, the extraction
voltage must be increased to ~8.1 kV. As the microplasma
current is increased, the extracted discharge current increases
proportionally [Fig. 2(c)]. This confirms that the micro-
plasma is a source of electrons and increasing the electron
density in the source allows more electrons to be extracted.'®
We note that when the microplasma was turned off, virtually
no current could be measured at the extraction electrode
(<1 pA) in the range of V.4 explored here.

Overall, the /-V characteristics of the extracted discharge
are significantly different than other atmospheric-pressure
plasma sources, including the primary microplasma.?’ At
high pressures (e.g., atmospheric), it is normally difficult to
sustain a plasma at low currents because of collisional
quenching of the electron population. When the current is
increased to enhance ionization, the plasma may be unsta-
ble because of the glow-to-arc transition,'® and gas heating
and sputtering become problematic. In comparison, the
extracted discharge is sustainable at atmospheric pressure
and low currents, as confirmed by the uninterrupted,
nonlinear region of the /-V curves in Fig. 2(b). At higher
discharge currents, gas breakdown most probably occurs as
indicated by the constant voltage, resulting in a discharge
with similar properties to other atmospheric-pressure
plasmas. Our interest is in the low current regime which is
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FiG. 4. (Color online) XPS spectra of Ag 3d peaks in AgNO;/PVA films af-
ter exposure to extracted discharge. The discharge was operated at 200 uA
with an extraction voltage of 3.1 kV.

characterized by weak ionization of the background gas.
Assuming the gas is Ar, we can estimate the electron
density (n.) in the extracted discharge by the following
expression,

e =—1—,

pEe
where E is the electric field, j is current density, and y, is the
electron mobility, assumed to be 0.33 x 10° (cm2 Torr/Vs)
for Ar.2! If we assume a cross sectional area of 1 cm?, the
electron density for the extracted discharge is on the order of
10’ cm ™ to 10° cm 2, depending on V.4, dee, €tc.; in com-
parison, the electron density in Ar microplasmas has been
measured to be on the order of 10" cm™>?* Potential
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Fic. 3. (Color online) Photos of extracted discharge at electrode gaps of (a) 0.3 cm and (b) 0.5 cm as a function of indicated current (i.q) and voltage (Voq).
The microplasma was operated at a constant current of 4 mA. The scale bar is 0.5 cm.

JVST B - Microelectronics and Nanometer Structures



010603-4

Lee et al.: Extraction of a low-current discharge from a microplasma

010603-4

Fic. 5. SEM images of AgNOs3/PVA films after exposure to extracted discharge with alumina membrane template at following conditions: (a) 10 mins and

1000 pA, (b) 30 mins and 1000 pA, and (c) 30 mins and 200 uA.

sources of error in this calculation include the presence of
air, variations in the electric field due to sheath effects, and
inaccuracies in our estimation of the discharge area. Further
studies are required to fully understand the properties of the
extracted discharge. Nonetheless, the difference in electron
densities between the extracted discharge and the micro-
plasma is illustrated by this simple calculation.

Figure 3 shows images of the extracted discharge at vari-
ous operating conditions. In Fig. 3(a), emission from the
extracted discharge is clearly visible as the discharge current
is increased to approximately 500 pA (i.e., as extraction
voltage is increased). As df is increased from 0.3 to 0.5 cm,
the emission from the discharge is similar if the current is
kept the same by increasing the extraction voltage [Fig.
3(b)]. These observations indicate that higher extraction vol-
tages lead to higher discharge currents as a result of enhance-
ment of electron-impact ionization, in good agreement with
the /-V measurements. We note that although a discharge is
not visible at lower currents, a weakly-ionized discharge still
exists that contains electrons, as well as some ions and other
excited states (e.g., radicals).

In prior work, we have demonstrated that plasmas can
serve as an electron source to locally reduce metal ions in
polymeric films.® However, direct exposure of a polymer
film to a microplasma could result in damage due to heating
and sputtering. In addition, the resolution of our patterns was
limited to ~10 — 100 um which is the approximate size of
the microplasma. The advantages of an extracted discharge
are that direct interaction of the samples with the plasma is
avoided and, in combination with nanomasking techniques,
smaller feature sizes could be potentially transferred. We ini-
tially tested our idea by studying the reduction of Ag" with
an extracted discharge. X-ray photo-electron spectroscopy
(XPS) was used to examine the change in valence states of
the Ag™ before and after discharge exposure. Figure 4 shows
XPS spectra of films of AgNO3;/PVA (2 wt. %) exposed to
an extracted discharge for various times. The XPS spectrum
of the initial (unexposed) AgNO3;/PVA film shows peaks at
366.7 eV and 372.8 eV which can be assigned to Ag 3ds),
and Ag 3dj,, respectively. The binding energies of the peaks
are slightly shifted from Ag ions, characteristic of Ag ions
bound to alcohol groups in PVA.** With increasing exposure
time, the respective peaks shift to higher binding energies of
367.8 eV and 373.9 eV, confirming reduction to Ag®**2°
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After 10 mins of exposure, the peaks no longer shift, con-
firming that the reduction is complete.

In order to produce a nanopattern, we incorporated a
porous alumina template (Synkera Technologies, 150 nm
pore size) into our reduction process (see Fig. 1(b), middle
panel). After exposing the masked film to the extracted
discharge, the film was rinsed in deionized water for 30 sec-
onds to remove the unexposed polymer.”” We found that this
step was necessary to avoid excessive charging of the poly-
mer and obtain clear scanning electron microscopy (SEM)
images of the patterned film. SEM images of patterned films
are shown in Figs. 5(a)—(c). For the 150 nm template,
patterned Ag with dimensions of 150 nm is visible after
10mins of exposure [Fig. 5(a)]. A longer exposure time
(30 mins) leads to a higher density of patterned Ag and a
small increase in the pattern resolution [Fig. 5(b)]. Smaller
scale patterns were achieved by using low current; patterns
with sizes of around 150 nm were transferred [Fig. 5(c)].
However, the density of patterned Ag was significantly
lower. This may be caused by the inability of electrons to
pass through the pores at low current. Future studies are
planned to optimize the mask geometry for pattern transfer.

In summary, we have studied the formation of an extracted
discharge at atmospheric pressure. The generation of a low-
current, weakly ionized discharge facilitates nanopatterning
applications such as the masked reduction of Ag* to metallic
Ag. The fabrication of nanopatterns at ambient conditions
should be amenable to low-cost, large-scale manufacturing.
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