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1. Introduction 

Plasma processing in vacuum is widely applie d in optical patterning, formation of micro- 
and nanostructures, deposition of Þlms, etc. on the material surface (Orlikovskiy, 1999a; 
Soifer, 2002). Surface–plasma interaction raises the temperature of the material, causing the 
parameters of device features to deviate from desired values. To improve the accuracy of 
micro- and nanostructure fabrication, it is ne cessary to control the temperature at the site 
where a plasma ßux is incident on the surface. However, such a control is difficult, since the 
electric Þeld of the plasma affects measurements. Pyrometric (optical) control methods are 
inapplicable in the high-temperature range and also suffer from nonmonochromatic self-
radiation of gas-discharge plasma excited species.  
At the same time, in the plasma-chemical etching setups that have been used until recently, 
the plasma is generated by a gas discharge in the electrode gap (see, for example 
(Orlikovskiy, 1999b; Raizer, 1987)). Low-temperature plasma is produced in a gas discharge, 
such as glow discharge, high-frequency, microwave, and magnetron discharge (Kireyev & 
Danilin, 1983). The major disadvantages of the above-listed discharges are: etch velocity is 
decreased with increasing relative surface area (Doh Hyun-Ho et al., 1997; Kovalevsky et al., 
2002); the gas discharge parameters and properties show dependence on the substrate's 
material and surface geometry (Woodworth et al., 1997; Hebner et al., 1999); contamination 
of the surface under processing with low-acti ve or inactive plasma particles leads to 
changed etching parameters (Miyata Koji et al., 1996; Komine Kenji et al., 1996; McLane et 
al., 1997); the charged particle parameters are affected by the gas-discharge unit operation 
modes; process equipment tends to be too complex and bulky, and reactor designs are 
poorly compatible with each other in terms of process conditions; these factors hinder 
integration (Orlikovskiy, 1999b); plasma proc esses are power-consuming and use expensive 
gases; hence high cost of finished product. 
This creates considerable problems when generating topologies of the integrated circuits 
and diffractive microreliefs, and optimizing the etch regimes for masking layer windows. 
The above problems could be solved by using a plasma stream satisfying the following 
conditions: (i) The electrodes should be outside the plasma region. (ii) The charged and 
reactive plasma species should not strike the chamber sidewalls. (iii) The plasma stream 
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should be uniform in transverse directions. It  is also desired to reduce the complexity, 
dimensions, mass, cost, and power consumption of plasma sources. Furthermore, these 
should be compatible with any type of vacuum  machine in industrial use. Published results 
suggest that the requirements may be met by high-voltage gas-discharge plasma sources 
(Kolpakov & V.A. Kolpakov, 1999; V.A. Kolpakov , 2002; Komov et al., 1984; Vagner et al., 
1974). 
In (Kazanskiy et al., 2004), a reactor (of plasma-chemical etching) was used for the first 
time; in this reactor, a low-temperature pl asma is generated by a high-voltage gas 
discharge outside the electrode gap (Vagner et al., 1974). Generators of this type of plasma 
are effectively used in welding (Vagner et  al., 1974), soldering of elements in 
semiconducting devices (Komov et al., 1984), purification of the surface of materials 
(Kolpakov et al., 1996), and enhancement of adhesion in thin metal films (V.A. Kolpakov, 
2006). 
This study is devoted to elaborate upon a technique for measuring the temperature of a 
surface based on the studies into mechanisms of interaction a surface and a plasma ßux 
generated outside the electrode gap. 

2. Experimental conditions 

Experiments were performed in a reactor shown schematically in Fig. 1a. The high-
voltage gas discharge is an anomalous modification of a glow discharge, which emerges 
when the electrodes are brought closer up to the Aston dark space; the anode must have a 
through hole in this case. Such a design leads to a considerable bending of electric field 
lines in this region (Fig. 1b) (Vagner et al., 1974). The electric field distribution exhibits an 
increase in the length of the rectilinear segment of the field line in the direction of the 
symmetry axis of the aperture in the anode. Near the edge of the aperture, the length of 
the rectilinear segment is smaller than the electron mean free path, and a high-voltage 
discharge is not initiated. 
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(b) 

 

Fig. 1. (a) Schematic of the reactor and (b) field distribution in the near -electrode region of a 
gas-discharge tube; the mesh size is 0.0018 × 0.0018 m 

The electrons emitted from the cathode under the action of the field gradient and moving 
along the rectilinear segments of field lines acquire an energy sufficient for ionizing the 
residue gas outside the electrode gap. The majority of positive ions is formed on the 
rectilinear segments of field lines in the axial zone in the anode aperture and reaches the 
cathode surface at the points of electron emission. This is confirmed by the geometrical 
parameters of the spots formed by positive ions on the cathode surface (see Fig. 2). The 
shape of the spots corresponds to the gauze mesh geometry, while their size is half the mesh 
size, which allows us to treat this size as the size of the axial region participating in self-
sustaining of the charge. 
 

 
Fig. 2. The shape of spots formed by positive ions on the cathode surface; the spot size is 
0.0009 × 0.0009 m 
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The plasma parameters were measured using collector (Molokovsky & Sushkov, 1991) and 
rotating probe (Rykalin et al., 1978) methods. To exclude sputtering, the probe was 
fabricated from a tungsten wire of diameter 0.1 mm, thus practically eliminating any impact 
on the plasma parameters.  
To increase the electron emission, an aluminum cathode was used (Rykalin et al., 1978). To 
improve the energy distribution uniformity of plasma particles a stainless-steel-wire grid 
anode of a 1.8 x 1.8 mm cell and 0.5 mm diameter was used, which resulted in a significantly 
weaker chemical interaction with plasma part icles and an increased resistance to thermal 
heating. This statement can be supported by the analysis of a gas-discharge device described 
in Ref. (Vagner et al., 1974), with each cell of the anode grid representing a hole and the 
entire flux of the charged particles being composed of identical micro-fluxes. The microflux 
parameters are determined by the cell size and the cathode surface properties, which are 
identical in the case under study and, so are the parameters of the individual microflux. As a 
result, the charged particle distribution over th e flux cross-section will also be uniform, with 
the nonuniformity resulting only from the edge  effect of the anode design, whose area is 
minimal. For the parameters under study, the uniformity of the charge particle distributi on 
over the flux cross-section was not worse than 98% (Kolpakov & V.A. Kolpakov, 1999). The 
discharge current and the accelerating voltage were 0-140 mA and 0-6 kV. The process gases 
are CF4, CF4–O2 mixture, O2 and air. The sample substrates were made up of silicon dioxide 
of size 20x20 mm2, with/without a photoresist mask in the form of a photolithograpically 
applied periodic grating, polymer layers of  the DNQ based on diazoquinone and FP-383 
metacresol novolac deposited on silicon dioxid e plates with a diameter of up to 0.2 m 
(Moreau, 1988a). Before the formation of the polymer layer, the surface of the substrates was 
chemically cleaned and finished to   10–8 kg/m 2 (10–9 g/cm 2) in a plasma flow with a 
discharge current of I = 10 mA, accelerating voltage U = 2 kV, and a cleaning duration of 10 
s (Kolpakov et al., 1996). The profile and depth of etched trenches were determined with the 
Nanoink Nscriptor Dip Pen Nanolithography System, Carl Zeiss Supra 25 Field emission 
Scanning Electron Microscopes and a “Smena” scanning-probe microscope operated in the 
atomic-force mode. Cathode deposit was analyzed with a     x-ray diffractometer. Surface 
temperature was measured by a precision chromel–copel thermocouple. 

3. Experimental results and discussion of the high-voltag e gas discharge 
characteristics 

The high-voltage gas discharge is an abnormal variety of the glow discharge and, therefore, 
while featuring all benefits of the latter, is  devoid of its disadvantages, such as the 
correlation between the gas discharge parameters and the substrate's location and surface 
properties.  
When the cathode and anode are being brought together to within Aston space, the glow 
discharge is interrupted because of fulfillment of the inequality nG<1, where n and G are the 
number of electrons and ions, respectively. However, if a through hole is arranged in the 
anode, in its region there is no more ban on the fulfillment of the inequality nG�•1 (Vagner et 
al., 1974). Physically, this means that this inequality is valid when  one or more electrons take 
part in generating one or several pairs of positive ions, thus providing conditions for a gas 
discharge outside the anode. The existence of the outside-electrode discharge suggests the 
conclusion that the discharge particles are in free motion (Vagner et al., 1974). This sharply 
reduces the impact of the discharge unit operation modes on the parameters of the particles, 
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practically eliminating the loading effect an d cathode protection from sputtering. Free 
motion of the particles and sharp boundaries of  the discharge suggest that outside the anode 
the particles move straight and perpendicularly to  its surface. Actually, Fig. 3 shows that the 
distribution of the charged particles across the plasma flow is uniform, with its motion 
toward the sample surface being perpendicular. 
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Fig. 3. Distribution of the charged particles across the plasma flux 
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Fig. 4. The V-I  curve of the high-voltage gas discharge at various pressures in the chamber: 
1-1.5�›10-1torr; 2-1.2�›10-1 torr; 3-9�›10-2 torr. 
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Analysis of the V-I  curve of the discharge (Fig. 4) shows that its formation is due to the 
ionization process of atoms of the working gas (�Â -process) and the cathode material (�Ä-
process) (Chernetsky, 1969). It is noteworthy that in the range of voltages 300�”U�”1000 V the 
working gas atoms ionization is predominant, whereas at U�•1000 V the intense cathode 
sputtering takes place, thus leading to the ion-electron emission responsible for the 
remaining section of the V-I  curve.  
However, in the region of relatively low pressure ( p�”1.5·10-1 torr), in the range 20�”I�”50 mA, 
there is a pronounced I-V curve section where the I-dependence is weak. This suggests that 
for the above voltage range and high pressures, the electrons still manage to gain sufficient 
energies for the working gas atom ionization, thus actively contribu ting to the current 
increase even at a small voltage increase.  
The assumption made is in good agreement with the plot sh own in Fig. 5: the voltage 
saturation in the pressure range  1.8 �›10-1 torr �• p �• 9�›10-2 torr in the case of a clean (new) 
cathode proves that the working gas ionizatio n capabilities have been exhausted, with 
sputtering and ionization of the cathode atoms (ion-electron emission) being responsible for 
the curve rise at p<9�›10-2 torr. 
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Fig. 5. The cathode voltage vs the chamber pressure: 1 - clean (new) cathode, 2 - 
contaminated cathode (after a long period of work) 

To prove the above statements we will estimate the parameters of mechanisms that provide 
the gas discharge existence. It has been known that the ionization of the working gas atoms 
can result from the electron (�Â-process) and positive ion (�Ã-process) action. The secondary 
electron emission can be caused by the ion bombardment ( �Ä-process) and radiation-induced 
surface ionization (�Å-process) (Chernetsky, 1969). Let us elucidate which of the above-listed 
processes are predominant in the emergence and maintenance of the high-voltage gas 
discharge.  
The volume ionization coefficient that characterized the �Â-process is given by (Raizer, 1987) 
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1 E

�Âi li i�M
�  �  , (1) 

where l i is the ion range, cm, �×i is the ionization potential, V, and E is the strength of the 
nonuniform electric field, V/cm, derived fr om the relation (Kolpakov & Rastegayev, 1979) 

 � � � �
� � � �

4
2 21 4

cU �Ñ
E y

h c�Ñ c y
� 

� � � �
, (2) 

where U is the cathode voltage, V, c is a constant derived from a set of equations (Kolpakov 
& Rastegayev, 1979), which equals c=0.08 cm for a 1.8 x 1.8 mm anode hole, and h is the 
cathode-to-anode distance, cm. To derive the strength of the electric field acting upon a 
charged particle at the first length of its free path �Ì, cm, we must  replace y in (2) with the 
value of �Ì derived from 

  
4 2

0
�Ì

n �Ô
� , (3) 

where n0 is the concentration of molecules of the hladon-14 gas, which equals n0=0.29·1016 
cm-3 for the pressure of 9·10-2 torr and �Ô is the effective cross-section of the chladon-14 
molecule. According to the calculation based on Eq. (3), we find �Ì = 1.3 cm. Substituting the 
known discharge ignition voltage of U=300 V, as well as the h=0.5 cm and c=0.08 cm, into 
Eq. (2) we obtain E=15.4 V/cm. Substituting the derived va lue of the electric field strength 
into Eq. (1) yields �Âi =1 cm-1, which corresponds to the condition for the outside-anode gas 
discharge (nG�•1). Also, the comparison of the values of �Ì and l i at the above voltage has 
shown that �Ì > li, suggesting the ionization possibility of the remaining gas molecules 
(Chernetsky, 1969).  
The efficiency of the positive-ion-induced ionization of the working gas molecules is small 
and, therefore, the �Ã-process can be disregarded when studying the gas discharge (Raizer, 
1987). Because the high-voltage discharge is independent, with no extra irradiation sources 
found in the discharge vacuum camera, the �Å-process can also be disregarded. Hence, the 
positive ions are the major source of cathode-emitted secondary electrons. The contribution 
of the positive ions to the production of the secondary electrons is characterized by the 
secondary emission coefficient, which equals �Ä=7.16�›10-5 for U=300 V (Izmailov, 1939). 
Given the cathode voltage of 1000 V, the above-discussed calculation techniques give the 
following values of the coefficients (Izmailov, 1939):  �Âi  �§ 4,8, �Ä = 0,66. From comparison of 
the two values, we can see that there is only a three-fold increase in the volume ionization of 
the working gas molecules, whereas the ionization due to ion-electron emission has 
increased by a factor of 104. Thus, for the cathode volume in the range 300�”U�”1000 V the 
working gas ionization is mainly due to the volume ionization by electron impact. For 
U�•1000 V, the major ionization mechanism is ion-electron emission, which complies well 
with the plots shown in Figs. 2 and 3.  
The violation of the exponential dependence in Fig. 3 in the range p= 5.5·10-2 -4.8·10-2 torr is 
due to emergence of unstable microarch discharges between the cathode and anode, seen 
with naked eye. The conditions for emergence of this type of parasite discharge in the above 
range of values and pressures become similar to those for the high-voltage discharge and, 
therefore, the two emerge practically simultaneously. With further increase of voltage, one 
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of the discharges starts to prevail, with a breakdown of the dielectric inter-electrode space 
ensuing. Traces of three such breakdowns are shown in Fig. 6. 
 

 
Fig. 6. Breakdown traces and general appearance of the cathode surface after a long period 
of work 

The absence of saturation in the case of the contaminated cathode (Fig. 5, after a long period 
of work) suggests that there are structural changes on the cathode surface, as seen in Fig. 6. 
These appear in the course of operation under the action of plasma flow microrays, 
reproducing the contours of the anode holes. It has been known (Matare, 1974) that any 
disturbances of the crystalline lattice cause the interatomic bonds to be weakened. Such 
disturbances possess lower ionization potential due to ion bombardment compared with the 
core material, Thus as it would be expected, the potential of the high-voltage discharge 
ignition should be decreased, in accordance with the form of the curve in Fig. 5. In this case, 
the character of the curve is determined by the predominant emi ssion of the cathode 
material, which begins at a lower pressure. Low pressure facilitates the elimination from the 
cathode surface of easily evaporated contamination particles, such as various atoms and 
molecules absorbed by the surface, leaving the ion-electron emission the only mechanism 
for maintaining the discharge.  
Thus, for the cathode voltages in the range 3000�”U�”1000 V the high-voltage discharge is 
mainly maintained with the �Â-process, whereas at U�•1000 V the discharge exists due to the 
�Ä-process. 

4. Theoretical and experimental investigation of surfa ce treatment 
mechanisms with the directed flows of the off-electrode plas ma 

In particular, (V.A. Kolpakov, 2002) has shown that high-voltage gas discharge is in 
principle suitable for plasma etching and reac tive ion etching. At the same time, we are 
unaware of current reports in which the mechan ism of surface treatment  with the directed 
flows of the off-electrode plasma is explored in a practical context. 
The aim of this part was to investigate surf ace treatment mechanisms with the directed 
flows of the off-electrode plasma. The process was applied to SiO2 and also some other 
materials, widely used in micro-, nanoelectronics and diffractive optics. 

4.1 Basic reactions in plasma etching and reactive ion etching by the off-electrode 
plasma 
Kolpakov (V.A. Kolpakov, 2002) has shown that high-voltage gas discharge can provide 
plasma etching or reactive ion etching, depending on the applied voltage or the cathode–
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