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DESIGN OF AN EFFICIENT MICROWAVE PLASMA REACTOR
FOR BULK PRODUCTION OF INORGANIC NANOWIRES
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Abstract: We report the design of an atmospheric microwave plasma reactor to produce metal oxide nanowires. The reactor has a custom-made tapered
waveguide and a 2.45GHz, 3kW (MKS ASTeX) magnetron and power supply unit for generating highly dense microwave plasma. As a result, a high
temperature microwave plasma flame inside a quartz tube of 2 in. diameter and 1 ft. length was generated to produce metal oxide nanowires and
nanoparticles. High Frequency Structure Simulator (HFSS) software was used to simulate the electric field distribution inside the dielectric tube.

Mikrovalovni plazemski reaktor za ucinkovito izdelavo velike

kolic¢ine anorganskih nanozick

Kju€ne besede: plazma, atmosferski tlak, mikrovalovi, argon, kisik, nanozi¢ke, nanodelci, kovinski oksidor

{zvleéek: Predstavijamo konstrukcijske resitve pri razvoju in izdelavi plazemskega reaktorja za proizvodnjo nanozi¢k kovinskih oksidov. Reaktor znadilno
deluje pri atmosferskem tlaku. Z razvojem novega posebej prilagojenega valovnega vodnika, magnetrona z najvecjo mocjo 3kW in frekvenco 2.45 GHzin
ustreznega mocnostnega napajalnika smo uspeli v razelektritveni komori dobiti izredno gosto mikrovalovno plazmo. Znotraj kvaréne cevi s premerom okoli
5 cmin dolzino okoli 0.5 m ustvarimo plamen izredno vrode plazme, v katerem poteka sinteza nanozick in drugih nanodelcev kovinskih oksidov. Porazdel-
itev elektricnega polja smo tudi izra¢unali z uporabo primerne programske opreme.

1 Introduction

Plasma has been used for various interesting applications
particularly with production of nanomaterials /1-5/, quan-
tum dots /6-8/, carbon nanostructures /9-12/, surface
treatment /13-18/, decomposition /19-21/, and functional
treatment /22-26/. One popular process for producing
metal oxide nanowires is plasma-enhanced chemical va-
por deposition (PECVD) /27/. Inorganic nanowires are an
interesting set of nanostructures with a lot of potential ap-
plications in the fields such as solar cells /28/, Li-ion bat-
teries /29/, nano-composites /30-32/, gas sensing /33-
35/, and others. In many of these applications, nanowires
are needed in large quantities. Thus, an efficient method
for bulk production of nanowires is needed. The methods
employed so far include catalyst-based Vapor Liquid Solid
(VLS) /36/, thermal evaporation /37/, laser ablation /38/,
hydrothermal synthesis /39/, sol-gel /40/, electrodepo-
sition, plasma foil oxidation /41-44/ and others. None of
these methods, however, are capable of producing na-
nowires in bulk amounts because they are all based on the
use of a substrate or template which limits the amount of
material that can be synthesized /45/. A truly bulk pro-
duction system would require a vertical reactor with the
ability to treat the metal powders continuously in gas phase
and sweep the reacted species away from the reaction
zone.

Design of such a reactor would invariably involve plasma
or a combustion flame. The system would also require a
fast, high through-put system, direct reaction (without the
need of any substrate), highly dense dissociated reactive

gases, large volume, and a stable and efficient flame sys-
tem. An atmospheric system /46-48/ would be less ex-
pensive than vacuum, and would likewise be easier and
faster to operate. The combustion flame method has been
used to produce nanoparticles by completely vaporizing
the metal powder /49/. However, it is prone to carbon
contamination with the vapor sources-(e.g from oxygen-
acetylene (or ChHm))-and is not ideal for creating molten
metal conditions required for nanowires. The plasma em-
ployed in such a reactor could be based on medium fre-
quency (MF), radio frequency (RF), capacitively/inductively
coupled plasma (C/ICP), microwave (MW), and direct cur-
rent (DC) /50-53/. MF, RF, and C/ICP require the use of
a co-axial cable, which makes it difficult to produce plas-
ma for bulk production because the cable would melt if
high density plasma is obtained.

DC plasma uses electrodes which degrade easily under
atmospheric conditions because of presence of oxygen in
the gas species. This requires frequent change of elec-
trodes which causes contamination problems /54-55/. To
avoid this problem, an electrode-less high temperature plas-
ma can be used to produce metal oxide nanowires under
atmospheric pressure. RF uses co-axial cables to gener-
ate plasma, which makes it difficult to make large volume,
high temperature plasma under atmospheric conditions
with low power (1 to 3 kW). RF can also be used at atmos-
pheric conditions for producing nanowires but at higher
powers, e.g 30kW /56/.

Microwave energy can be used to generate large volume
plasma without electrodes, thus avoiding contamination
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Fig. 1: Asimplified schematic of the microwave plasma

reactor.

/57/. The low electrical resistance loss, no need of any
dielectric substance, low radiation loss, and ability to trans-
fer high power to generate high density atmospheric mi-
crowave plasma makes it an ideal solution for high-through-
put continuous metal-oxide nanowire synthesis. Therefore,
we used a microwave source to produce plasma in this
reactor.

2 Experimental and reactor set up

Areactor was designed that could efficiently generate highly
dense microwave plasma discharges in a jet like manner
confined inside tubes operating at pressures ranging from
few Torr to atm. and at powers ranging from 300 W - 3
kW. A simplified schematic of the reactor set-up is shown
in Figure 1. The set-up includes a plasma producing source
(consisting of magnetron, forward and reflect power de-
tector, dummy load, 3 stub-tuner and a circulator); a cus-
tom made waveguide; an entry port for feed source; an
entry port for gases; a holder for gases and metal powder
inlet; a dielectric tube such as quartz; a sample gathering
cup; and an exit port for exhaust gases. The electric field
(at 2.45 GHz microwave frequency) produced by magnet-
ron and transported through the rectangular WR284 chan-
nels is concentrated in the middle of the dielecitric tube in
the waveguide which is appropriately designed (discussed
later). A microwave plasma head with 3kW MKS Inst. AS-
TeX power supply and a 2.45GHz magnetron is used. A
metallic rod with pointed end is used to ignite the plasma
after introducing Ar gas (2 standard liter per minute (sipm))
and is immediately removed. Subsequently the reacting
gases (air 8-14 slpm, O 500 sccm) are introduced and
plasma is stabilized by stub-tuner and the reflected power
is tuned to zero. The plasma jet length is about 12-15 in.
as shown in the Figure 2. The gquartz tube diameteris 1 to
1.5 in. and the length is 3 ft.
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Fig. 2:  Photograph of the microwave plasma discharge
at 2 kW power.

Various gases are mixed in a single gas line and fed at the
top of the reactor at the two diametrically opposite ends of
the gas port holder in the gas delivery. Figure 3 shows the
schematic of the port for gas delivery system. The gas is
delivered tangentially at an angle of 60° with the vertical.
The angle of the gas inlet produces a helical gas path
around the periphery of the dielectric tube with downward
momentum when sheath gas is delivered through the gas
inlet. By delivering sheath gas (air, 8-14 slpm) via this sys-
tem, the high density plasma discharge is confined near
the center of the tube. Thus, contact of the plasma with
the dielectric tube is avoided and the peripherally-confined
sheath gas prevents the transmission of heat from the plas-
ma to the dielectric tube. This helps to contain the plasma
and to keep the dielectric tube cool during the operation
of the reactor for any desired period of time. Air, oxygen,
and nitrogen etc. could be used as sheath gases. The die-
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lectric tube is important so that the plasma distributes uni-
formly within the tube. Preferably, the plasma should oc-
cupy alarge portion of the tube cross section without touch-
ing or melting the tube. The desired metal powder (or met-
al-containing precursor) is delivered into the dielectric tube
via gravity feed and is conveyed through the plasma by
gravity. The collector is a cup which is attached at the bot-
tom of tube while leaving space for exhaust gases to es-
cape through. The exhaust line is connected to a mechan-
ical pump which also sustains the plasma discharge by
maintaining the optimum amount of gases in the reactor.
The batch plasma reactor can be converted in to a contin-
uous reactor by recycling partially converted products
through recycling tube and combining with incoming feeds
as discussed later.

Gas inlets which have
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g
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Fig. 3:  Schematic showing the gas delivery system at
a specified angle.

3 Processing scheme and results

The metal oxide nanowires of tin and zinc were produced
using the above mentioned microwave plasma reactor op-
erating at 1000-2000 W and 2.45 GHz in an atmosphere
of 8-15 slpm air as sheath gas, and a plasma forming gas
of 2-4 slpm argon and 100-700 scem of oxygen (used as
oxidative gas) at atmospheric pressure. In this process,
the metal powder is supplied from the top into the micro-
wave plasma jet and the nanowires are collected at the
bottom of the tube. Gases and metals react at the center
of the quartz tube near the plasma flame head and contin-
ue reacting as they fall under gravity along the plasma flame
length. The length of the plasma can be varied by chang-
ing the gas flow rates or by changing the microwave pow-
er. The gas flow rate can be controlied by the mass flow
controllers (MFC) and aiso by the mechanical pump. The
products are collected at the bottom of the reactor. Figure
4a and b shows the Scanning Electron Micrographs (Nova
Nano-600 Scanning Electron Microscope) of these as-
synthesized metal oxide nanowires. From the SEM imag-
es we find that all these nanowires are typically 1-10 ym in
length and less than 100 nm in diameter. At higher applied

powers nanoparticles of alumina were produced using
micron-sized Aluminum metal shown in Figure 4c. These
nanoparticles are less than 100 nm in size and are uniform
in size distribution.

Fig. 4. As-synthesized nanowires of (a) tin oxide, (b) zinc
oxide, (c) and nanoparticles of alumina.

3.1 Reactor Simulation and Analysis

The design of the waveguide to concentrate the electric
field is a critical factor in this reactor. A perfectly designed
waveguide would concentrate the maximum intensity of
the electric field at a point where the dielectric break-down
ofthe gases can occur by introducing plasma forming gas-
es to strike the plasma. The design was done by simulat-
ing the electric field patterns inside the waveguide. Theo-
retically, the strongest electric field position is A/4. The
magnetic field can be ignored in the TE 15 mode because
of lower magnitude compared to the electric field.

For a 2.45 GHz microwave (A=12.24cm) using WR284
waveguide, where a =72.14 mm=2,84 in (a. is width of
the larger side of rectangular channel), the cut off wave-
length Ac = 2a = 14.43 cm, the cut off frequency fo=c/
Ae=1.6 GHz, Aq the waveguide wavelength can be calcu-
lated using equation (1) /24/:

2 = A __ 12.24em ~21 34em

F o

Electric field intensity simulations were performed for two
different waveguide shapes - rectangular and tapered - in
a WR284 wave guide as shown in Figure 5. The tapered
waveguide was preferred over rectanguiar one because
the maximum electric field intensity is more than doubled
(170,000 vs. 80,000 V/m in the two cases). The tapered
shape also causes the gradual change in the impedance
at the end of waveguide and thus there is no formation of
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Fig. 5: Rectangular and tapered waveguides and the electric field intensities using them. The top image shows the
rectangular and bottom shows the tapered waveguide.

“standing waves” (as in a rectangular waveguide) and hence
has higher efficiency. Note that the theoretical A/4 in a
WR284 waveguide is Ag/4 = 53.36 mm whereas the sim-
ulated Ag/4 = 57 mm, as shown in Fig. 5, slightly differs.

The simulation result for electric field intensities at the short-
ened end of the tapered waveguide using quartz and ce-
ramic tubes with varying diameters and thickness are shown
in Table 1. Ag/4, where the electric field is strongest is
53.35mm without a dielectric tube from equation 1. The

simulated distance for maximum electric field intensity in a
tapered and rectangular waveguide without any tube is 57
mm which differs only slightly from the theoretical value.
As shown in Table 1, the maximum field intensity distance
(Ag/ 4} increases with larger tube diameters for same thick-
ness of tube and decreases with larger tube thicknesses
for the same diameter. Also for the same diameter and thick-
ness the Ay/4 distance is lower in the case of a material
with higher dielectric constant (e.g. compare the values
for 1 in. and 1 mm thick quartz and ceramic tubes).The

Fig. 6: Plasma discharge inside quartz tube diameters of 1 in (left) and 1.5 in. (right) using (a) air, (b) oxygen, and (c)
nitrogen. The applied power and gas flow rate are 1.2 kW and 12 slpm respectively.
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effect can possibly be due to the dielectric effect, which
acts as the shield of the electrical energy. So, the electric
field line is changed with dielectric tube material (dielec-
tric constants for ceramic, quariz and airare 10, 4.2 and 1
respectively) and thickness. Materials with higher dielec-
tric constants and likewise thicker materials show pro-
nounced shielding effects. The waveguide was designed
in such a way so that the maximum electric field lines are
located at the middle of holes created for the insertion of
vertical quartz tube. The tube would melt due to arcing if
the maximum electric filed lines are at the periphery of the
tube. Thus, the design of waveguide would depend on the
diameter and thickness of the dielectric material being
used. This principle was used in the design of a waveguide
to generate stable and strong plasma flame.

3.2 Other design issues

The design of the microwave plasma reactor involves many
issues such as: design of metal powder and gas delivery
system, design of waveguide, choice of quartz tube diam-
eter and the reacting gases, plasma flame stabilization,
minimization of product deposition on the quartz tube wall,
design of bottom product collection system, and product
efficiency. Design of wave guide and metal powder and
gas delivery system has been explained earlier. An appro-
priately chosen quartz tube diameter serves many purpos-
es. It avoids the contact of hot plasma flame with the wall
of the quartz tube and hence avoids the tube melting. The
sheath gas is also important for the purpose of carrying
out the reaction.

Table 1: Electric field simulation results for Ag/4 distances
in different materials of different thickness and diameters

‘Yl?:{: Theoretical | Rectangular | Tapered
g calculation | waveguide | waveguide
type used
Distance | 53 34 57 57
mm
1 in. quartz tube - tapered waveguide
Thickness Imm 3mm Smm
Distance | ¢4 96 55.88 50.8
mm
1.5 in. quartz tube - tapered waveguide
Thickness Imm 3mm Smm
Distance | o6 55 61.09 58.42
mm
1 in. ceramic tube - tapered waveguide
Thickness Imm 3mm Smm
Distance | 43 34 31.75 29.08
mm

Figure 6 shows the plasma discharges in two different di-
ameter of quartz tube (1 in and 1.5 in} using air (Figure
Ba), oxygen (Figure 6b), and nitrogen (Figure 6¢) at 1.2
KW plasma power and 12 slpm gas flow. The flame in 1 in.
quartz tube is shown in the left while that in the 1.5 in. is
shown in the right of each figure. As evident from Figure 6,
a1in. tube diameter results in significant closeness of plas-

ma flame with the tube thereby melting the tube with pro-
longed exposure. The plasma flame is brightest and most
reactive using oxygen, diminishes in the air, and is least
reactive in nitrogen flame as shown in Figure 6¢. The nitro-
gen plasma flame turns from violet to vellow to white with
the increase in applied powder. Hence we chose 1.5 in.
tube diameter and air or oxygen as the sheath gas. The
choice of sheath gas also depends on the required prod-
uct. For example, to produce sulfide and nitride com-
pounds, N and S containing gases (e.g. NHs and H»S)
need to be introduced in an oxygen free environment. The
plasma flame has tendency to overflow at the top of the
reactor thereby creating difficulty in pouring the metal pow-
ders from the top. The flame can be directed downwards
by using a mechanical pump which quickly evacuates feed
gases. A significant portion of the product formed goes to
waste by depositing on the walls of the quartz tube if the
tube diameter is small. Although 1.5 in. quartz tube is barely
sufficient for treatment of large amount of metal powders,
a 4 in. or higher diameter quartz tube would be appropri-
ate to avoid deposition of products onto the wall. Howev-
er, striking and maintaining the plasma in a 4 in. diameter
tube poses significant challenge and hence we used 1.5
in. tube diameter. Figure 7 shows the schematic and pho-
tograph of a product collection system consisting of a quartz
cup placed inside a 4 way 4"-2" reducing cross. The grav-
ity faling product impacts the bottom of the cup and also
other finer products are entrained by the gas and can be
captured by placing a filter paper in the side-way exit for
the exhaust out-let.

~ Quartz tube

- Quartz tube to
mietal conngctor

Fig. 7: (a) Schematic and (b) photograph of product

collection cup used in the reactor.

The height of the cup should be higher than the height of
the side-way exit and also its cross-sectional area should
occupy a large portion of the bottom of reducing cross on
which it rests. The product efficiency (i.e. % of required
nanowires or nanoparticles vs. unreacted or agglomerat-
ed materials) can be improved by recycling the product as
shown in Figure 8. The recycling system makes use of a
cyclone separator and an entraining gas (carrying the un-
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reacted and heavier products) forming part of the gases
introduced at the top of the reactor. The final product is
the outcome of cyclone separation. The recycling system,
which makes for a continuous way of producing nanowires,
is limited by two parameters: (1) the maximum solid load-
ing in the entraining gas and also (2) the maximum solid
which can be treated by the plasma flame. So at steady
state these two should be equal and they together with the
efficiency with which heavier and finer particles get sepa-
rated will determine the production rate. Recycling a part
of the product not only improves the efficiency but also
leads to a continuous production of products.

Quartz tube

Py
—

- Small particles

i

particle

o

—Exhaust gas

Entrained
partides

Cyclone«—
separator

i

Fine ;)owder

A

Gas line

Fig. 8: Schematic of the recycling system.

4 Conclusions

A new microwave plasma reactor was successfully de-
signed to produce highly dense plasma. The waveguide
design is the key aspect of this reactor. The design involves
several key issues such as gas and metal powder delivery,
plasma flame stabilization, product collection cup. Using
this reactor metal oxide nanowires and nanoparticles were
produced in bulk (kg) quantities.
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