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Microplasmas offer the advantage of small size, low power consumption as well as higher rate of materials pro
cessing and are therefore promising for new applications in materials processing. While many different types 
of microplasma devices have been presented in recent years, the effects of the smaller scale on the properties 
of the plasma (gas and electron temperatures), distribution of electrons, radicals and ions, and the implica
tions of these characteristics for materials processing have not been studied in detail yet. Here we present 
the generation and characterization by optical emission spectroscopy (OES) as well as the numerical simula
tion of atmospheric pressure argon microplasmas inside capillaries with inner diameters between 50 jlii1 and 
1 mm using two different types of thennoelectron enhanced microplasma (TEMP) devices. The first type has a 
freestanding geometry whereas the second type is planar, fabricated by a surface mount technique. The latter 
allows for future size reduction of the microplasma setup and for an easier integration with other apparatuses 
and devices. 
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1. INTRODUCITON 

Because of their small size and low energy consump
tion, microplasma sources are very attractive for materi
als treatment and different types of microplasma sources 
with various designs have been presented by Hopwood et 
al. [1], Ito and Terashima [2] and lchiki et al. [3]. Be
sides their evident attractivity for processing of new ma
terials [4] and for localized treatment/deposition of semi
conductors [5, 6], metals [7] and polymers [8, 9], their 
small size also allows for miniaturization of existing sci
entific instruments [ 1 0] or an easy integration with other 
devices. 

The power necessary to ignite and sustain the plasma 
can be reduced considerably if the plasma device is 
equipped with a thermoelectron source [2]. One of the 
main aims of this work is to further reduce the size of 
this type of microplasma source, in order to benefit from 
its advantageous properties which are a low power con
sumption and a high plasma density. However, the origi
nal geometry of the TEMP device is freestanding, which 
makes further miniaturization difficult 

To lift the difficulties related to the assembly of the 
original configuration, we have developed a new setup 
and fabrication method where the components of the 
microplasma torch are surface mounted using a reflow 
technique. Because of the planar layout, the size of the 
TEMP device can eventually be further miniaturized and 
be integrated more easily into other apparatus such as 
scanning electron microscopes (SEM) or other devices, 
e.g. micro-electromechanical systems (MEMS) or mi
crofluidic components. In order to assess the character
istics of the microplasma and to obtain a better under
standing of the effect of the reduced size on the plasma 
properties, optical emission spectroscopy measurements 
(OES) as well as computational fluid dynamics (CFD) 
simulations were conducted. The experimental setup of 
the thermoelectron enhanced microplasma (TEMP) and 
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fabrication method of the surface mounted microplasma 
device are presented in section 2, while the experimen
tal and numerical results are presented and discussed in 
section 3. 

2. EXPERIMENTAL 

The experimental setup for the TEMP is represented 
in Fig. 1. The microplasma is generated inside a capil
lary into which a tungsten filament is inserted. A metal
lic tube is wound around the capillary and the electro
magnetic field is generated by applying an ultra high fre
quency (UHF) signal of 450 MHz to this solenoid coil. 
By applying a high voltage (HV) of 15 kV to the tungsten 
filament for a period of 0.6 seconds, electrons are emitted 
from its tip by field enhanced thermionic emission (FEE), 
permitting to ignite the plasma. 

The central part of the setup consists of a solenoid coil 
made of a copper tube (cf. Fig. l(b). The elements of 
the matching network are directly soldered on the cop
per tubes, permitting to reduce the size of the circuit and 
to increase power efficiency into the coil. One factor de
termining the value of the resonant frequency fo, besides 
the values of the capacitors Co and C1 is the geometry of 
the solenoid coil. Slight changes of the geometry (inner 
diameter of the coil, distance between turns of the coil), 
caused for instance by Joule heating, result in a shift of 
fo- The copper tube allows for cooling the circuit by gas 
or water and therefore to stabilize fo- Fabricating the 
coil is quite time consuming and not very reproducible. 
Because of the difficulties with the freestanding micro
plasma torch, a modified version, permitting a surface 
mount assembly of coil and matching circuit was devised. 

A simplified equivalent circuit of the matching network 
which acts as a bandpass filter is shown in Fig. 2(a). In 
practice, at very high frequencies effects such as current 
losses to the substrate as well as additional resistances, ea-
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Fig. 1 (a) Schematic description of the thennoelectron 
enhanced microplasma consisting of a UHF (450 MHz) 
power generator, a high voltage source (15 kV) and a 
solenoid coil out of copper which is wound around a cap
illary. A tungsten filament is inserted into the capillary 
and serves as thennoelectron source. The gas-flow is con
trolled by a gas flow meter (after Ref. [2]). (b) Geometry 
of the solenoid coil used for the generation of the plasma. 

pacitances and inductances due to the contact of the com
ponents to the circuit board have to be taken into account. 
Fig. 2(b) shows the layout of the circuit. The support 
of the circuit consists of a flexible polyimide film (thick
ness 20 11m) and a copper layer (thickness 35 11m. The 
lines and solder pads of the matching circuit are struc
tured by a laser assisted photolithography process. The 
polyimide film is then bonded to an alumina substrate. 
Solder paste (ECO solder, Senju Metal Industries, Co. 
Ltd, Japan) is applied on the solder pads using a syringe. 
Then the components are placed on the designated pads. 
The whole board and components are heated at a temper
ature of 190"C for 5 minutes, after which the substrate is 
brought to the melting temperature of the solder of 240"C 
for a few seconds. Misplaced components are drawn to 
the destined places by the surface tension of the solder. 
Fig. 2(c) shows a schematic of the final assembled circuit. 

Two types of microcapillaries were used: The first type 
possessing a straight geometry were fused silica capillar
ies (Polymicro Technologies, LLC, USA) with an outer 
diameter of 367 11m and inner diameters of 50, 75 and 
I 00 11m. For capillary diameters of 500 and 1000 l-Ull· 
quartz glasses were used (Sutter Instrument Co., USA). 
The second type of capillaries was fabricated by using a 
micropipette puller (P-2000, Sutter Instrument Co., USA) 
which allowed to adjust the geometry of the nozzle. The 
diameter of the tungsten filament inserted into the capil
laries was 20 Jlffi for the capillaries with inner diameters 
of 50 and 75 Jlm, 50 11m for the 100 Jlm capillaries and 
100 11m for the 500 J1ID and 1 mm capillaries. 

In these experiments, a microplasma power generator 
system (Nihon Koushuha Co. Ltd., Japan), where the 
HV unit and UHF generator are integrated in one unit, 
was used. The UHF signal is fixed at a frequency of 
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Fig. 2 (a) Simplified equivalent circuit of the matching 
network (b) surface layout of circuit (c) Schematic illus
tration of final assembled microplasma device. 

Table 1 Gas flow rates of argon and Nz as well as input 
and reflected powers used for plasma generation. Prior to 
ignition, the Tungsten filament was heated during a period 
of 3-6 min. at an input power Pm= 9W. Argon input 
pressure PAr= 2atm. 

D(Jlm) Dw(llm) m(Ar)(slm) J1n(W) Pr(W) 
50 20 0.2 25.0 0.1 -0.3 
75 20 0.2 25.0 "" 0 

100 50 0.2 25.0 0-0.1 
500 100 0.4 25.0 0.4-0.7 

1000 100 0.4 25.0 0.5- 0.6 

450 MHz and the input power can be adjusted between 
0.3 and 30W. The matching frequency of the circuit be
fore and after operation of the microplasma was verified 
by a spectrum analyzer (R3131A, Advantest Co. Ltd., 
Japan). Optical emission spectra (OES) of the generated 
microplasma were acquired by a spectrometer (Acton Re
search Instruments Co. Ltd., USA). 

The microplasma jets were generated under atmo
spheric conditions with an argon input pressure of p = 
2 atm. After a short preheating period of 3 to 6 minutes of 
the tungsten filament, the plasma was ignited at a power 
of 25 W. The detailed experimental conditions of applied 
powers and gas flow rates m are listed in Tab. 1. For 
the estimation of the gas temperature Tg. N2 was mixed 
with Ar, (m(N2) = I seem, for both m(Ar) = 0.2slm and 
m(Ar) = 0.4slm). 

For the moment, only coarse OES measurement with 
respect to the size of the capillaries could be conducted. 
Tg was estimated from the rotational temperature Trot of 
N2 determined from the second positive system of Nz us
ing the method proposed by Phillips [11). 

In order to better understand the influence of the capil
lary size on the plasma properties, computational fluid dy
namics (CFD) simulations were conducted using a com
mercial code, CFD-ACE+ [12]. The simulations were 
conducted by solving the coupled problem of heat trans
fer, fluid mechanics, species reactions and transport as 
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Fig. 3 Microplasma jets generated inside fused silica 
microcapillaries (freestanding geometry of matching net
work). The tungsten filament needed for igniting the 
plasma and as an electron source is positioned at the cen
tre of the first turn of the coil from the left. To increase 
the mechanical stability of the microcapillaries, they are 
inserted into other capillaries with bigger inner diameter, 
as indicated in the right part of the figure. 

well as electromagnetics, but does not take into account 
the effect of the electrons emitted by FEE. The details 
pertaining to the simulation (volume and boundary condi
tions, reactions between species) will be described else
where [13]. In order to account for the atmospheric pres
sure conditions, besides electron-atom interactions ( elas
tic, excitation to metastable levels and ionization of Ar). 
also three-body mechanisms as well as surface reactions 
(to take into account electron loss at the capillary surface) 
were included. 

3. RESULTS 

Photographs of the microplasma jets generated in 
microcapillaries with inner diameters of 50, 100, and 
500 J.Lffi are shown in Fig. 3. The right part of Fig. 3 shows 
the relative size of the different capillaries. The tungsten 
filament is positioned in the centre of the first turn from 
the left of the solenoid coil. 

Microplasmajets generated using the surface mounted 
TEMP are depicted in Fig. 4. Here, the tip of the tung
sten filament was inserted in the centre of the third turn 
of the solenoid coil. Using this new type of assembly, the 
plasmas could be generated at input powers of 9 W and 
sustained at input power as low as 4 W. At input powers 
below lOW, a stable microplasma can be sustained and 
cooling by convection of the ambient air is sufficient to 
keep the resonant frequeny fo constant. For low input 
powers and when the resonant frequency fo of the circuit 
could be adjusted to exactly 450 MHz, the reflected power 
Pr was zero. For higher input powers, the reflected power 
increased, which can be attributed to increasing mismatch 
between matching network and source caused by heating 

Fig. 4 Microplasma generation with the surface mounted 
TEMP generated at absolute input powers (P.n- Pr) be
tween 4 and 9 W. 

~0.8 
:::i 
~0.6 
>-
"" ~ 0.4 
a> 
'E 
-0.2 

OES Data 
Fit 

0~~~~~~~~~~ 
376 377 378 379 380 381 382 

Wavelength (nm) 

Fig. 5 OES data of the N2 second positive system and 
numerical fit for capillary with D = 500 J.Lffi. Estimated 
value of Tg = 1080±50K. 

of the plasma system. Therefore for higher input powers 
of 12 W and more, this setup cannot be operated without 
active cooling. 

Fitting of the optical emission spectra of the second 
positive system of N2 revealed a variation of the gas tem
perature between about 900 and 1100 K, with decreasing 
values of Tg for reduced capillary diameters. For these 
first series of gas temperature acquisition, compared to 
the capillary size a relative coarse optical probe having 
a diameter of the optical fibre D = 3.175mm was used, 
therefore the spatial resolution of these measurements is 
poor and the estimated temperatures have to be treated as 
average values. 

The results of the CFD simulations are described in 
the following paragraph. The geometry of the simulation 
model is shown in the upper part of Fig. 6, with the tem
perature field of two capillariy sizes of D = I and 5 mm 
for three different levels of absorbed power of 5, I 0 and 
20W. For both geometries, Tg increases with increasing 
power. In contrast to the large model, in the smaller model 
the region where Tg ~ 1200 K is confined to a very small 
region below the middle coil. It can also be seen that for 
the same input power, Tg decreases for smaller capillary 
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sizes. We assume that for smaller capillaries, as the spe
cific volume decreases, the heat capacity of the gas is di
minished, resulting in lower values of Tg as well as higher 
confinement of regions with high T8. 

The results of the numerical simulations also show that 
the intensity of the electromagnetic field decreases to
wards the centre of the capillary. Therefore, for a con
stant coil diameter but decreasing inner capillary diam
eter, the energy of the electromagnetic field is less effi
ciently transferred to the gas, making the ignition and sta
ble generation of the plasma more difficult. This could 
also be verified experimentally as it become more diffi
cult to ignite the plasma as the diameter of the capillary 
decreased and without the use of an additional electron 
source, ignition and sustainment of the plasma seems not 
to be possible (2]. One solution to this problem without 
resolving to higher input powers would be to reduce the 
diameter of the coil. 

However, plasma ignition using reduced nozzle type 
microcapillaries revealed to be easier and could also be 
conducted at lower power values. Ichiki et al. [14) also 
used two types of capillaries with reduced nozzles and 
reported that the shape of the nozzle has a pronounced ef
fect on the electron density, ne. It could be that in straight 
capillaries, the electron density is lower and therefore ig
nition and sustainment of the plasma are more difficult in 
such geometries, compared to where the nozzle diameter 
is reduced. However, a direct comparison of straight and 
reduced capillary geometries has not been conducted yet. 

4. CONCLUSIONS 

In this report, the successful generation of microplas
mas in straight microcapillaries with inner diameters 
down to 50 p.m was shown. Assessment of Tg from DES 
measurements suggest gas temperatures between 900 and 
1100 K, decreasing for smaller capillaries. Because of 
the small size of the plasmas, the temperature distribu
tions of both Tg and Te inside the plasma, could not be 
evaluated yet. From numerical simulations it is however 
concluded that for smaller capillary sizes, that the micro
plasma deviates more and more from the local thermody
namic equilibrium (LTE). In order to be able to generate 

a microplasma more easily inside these microcapillaries, 
a modified, planar type of the original microplasma torch 
geometry was devised. This setup also permits a more in
tegrated as well as a more reproducible assembly of the 
circuit and therefore to obtain more accurate matching to 
the required frequency fo- Another advantage of bringing 
the matching network close to the antenna by reducing 
its size is that power losses in the circuit can be reduced. 
In order to improve the stability of the surface mounted 
microplasma device and to avoid the necessity of an ac
tive cooling circuit, it is suggested to directly pattern the 
conductive traces onto the dielectric substrate. 

We view this type of microplasma source as promising 
for selective materials processing (etching as well as de
position). Furthermore, the planar assembly of the micro
plasma source should allow for further size reduction and 
therefore an easier integration with other apparatuses and 
devices. 
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