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Abstract 

We are pursuing the use of environmentally friendly 
dry etching of SRF cavity in Ar/Cl2 discharge. We have 
successfully demonstrated on flat samples that in a barrel-
type reactor etching rates are comparable to the wet 
process, such as BCP or EP. The geometry of SRF 
cavities made of bulk Nb defines the use of asymmetric 
RF discharge configuration for plasma etching. The 
asymmetry in the surface area of a driven and grounded 
electrode creates a difference in the voltage drop over the 
plasma sheath attached to the driven electrode and the 
plasma sheath attached to the cavity surface. A specially 
designed single cell cavity is used to study these 
asymmetric discharges which contain 20 sample holder 
holes symmetrically placed over the cell. These sample 
holder holes can be used for both diagnostics and sample 
etching purposes. The approach is to combine radially and 
spectrally resolved profiles of optical intensity of the 
discharge with direct etched surface diagnostics to obtain 
an optimum combination of etching rates, roughness and 
homogeneity in a variety of discharge types, conditions 
and sequences. 

INTRODUCTION 
To achieve theoretically predicted values of 

accelerating fields, the surface of cavities must be 
prepared by a process that decreases surface roughness, 
produces surfaces with less prominent grain boundaries, 
and does not introduce additional impurities in the bulk of 
Nb. Plasma-based surface modification provides an 
excellent opportunity to achieve these goals. It is a crucial 
technology in the development of semiconductor circuit 
elements, and it has been applied in preparation of 
superconducting devices. However, it has not been 
considered so far as a viable alternative to the existing 
cost-intensive and environmentally unfriendly (liquid) 
acid-based technology. 

Plasma etching in various combinations and geometries 
at low pressure has been extensively used in 
semiconductor material processing and fabrication of 
microelectronic devices [1]. Plasma-assisted etch 
processes  can  be  highly  selective  with  respect  to 
direction and hence indispensable in patterned removal of 
surface material or in removal of material from non-flat 
surfaces. The etching process is anisotropic, and 
horizontal etch is easily controlled at zero level, which 

leads to a homogeneous etching rate over wide surface 
dimensions. 
Recently, plasma etching has been developed as the 
technology for removal of transuranic waste from 
contaminated sites [2]. In this case the use of non-thermal 
atmospheric pressure plasma allows in-situ exposure of 
the contaminated object, without building a special 
vacuum chamber for each site. 

Plasma etching of Nb thin films is commonly used for 
production of Josephson junctions [3-19]. However, there 
is no data on plasma modification of bulk Nb surfaces 
where a high etching rate is critically required, in contrast 
to thin film plasma applications. The use of reactive gases 
containing fluorine or chlorine atoms was a natural choice 
for the plasma treatment of Nb, since Nb halogenides 
have a high vapour pressure and low boiling temperature 
[20].  All experiments on thin films were performed using 
RF discharges at low or moderate pressures. Depending 
on experimental conditions, etching rates vary from few 
nm/min in case of the physical sputtering process to a few 
hundred nm/min during reactive ion etching. The low 
etching rates are favourable for anisotropic etching and 
induce better etch pattern transfer, necessary for junction 
applications. Comparably higher etching rates were 
achieved using reactive gasses containing Cl atoms [6, 7, 
10, 18, 19]. An etching rate of the order of μm/min was 
reported in only one case [19]. 

Current understanding based on the analysis of cavity 
performances after wet acid etching [21] is that maximum 
gradients are obtained after removal of 100-250 μm of the 
bulk Nb surface that are mechanically damaged due to the 
Nb sheet manufacturing process. Without going into the 
argument that this depth is three orders of magnitude 
higher than the microwave skin depth and probably an 
order of magnitude larger than the residuals of the 
manufacturing process, we have adopted the same layer 
removal as the primary objective of the plasma etching 
process in our work, which we achieved successfully 
working with flat samples [22]. We have shown that 
etching rates of bulk Nb as high as 1.5µm/min can be 
achieved in a microwave glow discharge using Cl2 as the 
reactive gas (See the schematic diagram in Figure 1). This 
is as a very promising result indicating that plasma 
etching could be a viable alternative to the 
environmentally problematic acid etching of SRF cavities 
due to the use of hydrofluoric acid in the chemical bath. A 
suggested process at high pressure (~1 Torr) and moderate 
input power density (~2 W/cm3) has proven to be efficient 
enough to be employed for accelerator cavities. 
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Figure 1: Schematic diagram of experimental setup for 
flat sample etching. 

Based on the flat sample etching experience, we can 
define the chlorine budget in processing SRF cavities. We 
could calculate the usage of chlorine at 8.6 g per 1 g of 
etched Nb layer. By scaling, a seven cell cavity would 
require about 10 kg of Cl, which is transformed into 
environmentally friendly Cl compounds in the scrubber 
wherefrom they could be easily removed.  

STANDARD CELL PROCESSING 
Plasma etching in single cell cavity and the RF 

performance of this cavity has to be tested by vertical 
testing method. We used a bell jar vacuum system (See 
Fig. 2) which has completely covered the SRF Nb single 
cell cavity. Discharge was generated inside the cell, in 
two regimes: (a) High Voltage (HV) (2 kV) a.c. discharge 
with an Nb rod as the powered electrode; (b) microwave 
(MW) discharge excited by the magnetron antenna inside 
the resonant cavity. The plasma sheath was 
homogeneously distributed over the inner surface of the 
cavity in both cases (See Figure 3). However, the 
estimated sheath voltage was of the order of 500 V in the 
case of the a.c. discharge, and not more than 50 V in the 
case of the MW cavity discharge. 

 

 
Figure 2: Single cell experimental set up. 

 
 
A specially designed diagnostic cell has been used for 

preliminary testing on homogeneity of plasma and surface 
processing performance. The cell has a set of 20 sample 
holder holes that can be used as plasma observation 
windows or small sample holders for etching tests. After 
completion of the tests with the diagnostic cell, a set of 
standard single cells will be prepared for vertical RF 
performance testing. 

 
  

Figure 3: Plasma through the cavity holes. 

CHARACTERISTICS AND DIAGNOSTICS 
OF PLASMA DISCHARGE 

Asymmetric Discharge 
Due to the differences in the surface area of driven and 

grounded electrodes, there is an asymmetry in the voltage 
between the plasma and the driven electrode and between 
the plasma and the grounded electrode. It can be easily 
shown through the capacitor model [1] (See Figure 4).  

 

 
Figure 4: Scheme of asymmetric discharge. 

 
As smaller area has a smaller capacitance so it has a 

larger voltage drop. On the other hand, the larger area 
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electrode has a large capacitance and a small voltage 
drop. The scaling of the voltage drop in the plasma sheath 
with the surface area of electrode is        
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Where Te is the electron temperature, M and m are the 
ion and electron mass, respectively. We designed our 
electrode in such a way that sheath voltage Vs is 
approximately 10 V at the grounded electrode sheath to 
ensure an efficient etching of SRF cavity surface, which is 
grounded in our case. 

 

 
Figure 5: Specially designed electrode. 

 

Fibre Optics Diagnostic System 
To verify the non-uniformity of the plasma in the 

cavity, a fibre optic diagnostic system is developed. The 
driven electrode was 2.6 mm in diameter 17.2 cm long 
niobium rod and the cavity was grounded. An optical 
fibre of 1 mm diameter was placed with the help of a feed 
through at the middle hole in the equatorial region. The 
optical intensity passing through the fibre is measured at 
the other end with the help of a photomultiplier tube 
which was attached to an oscilloscope. The 
photomultiplier tube was powered through a high voltage 
power supply. The schematic of the experiment is 
represented in figure 6. 

 
Figure 6: Schematic of the optical fiber experiment. 

 
The vacuum in the bell jar chamber was obtained with 

a turbo pump coupled with a roughing pump.  The base 
vacuum obtained was 5.5x10-5 mbar. For this preliminary 
experiment we maintained 1x10-1 mbar pressure with 
145.5 sccm gas flow of argon with the help of mass flow 
controller.  The effective voltage at the driven electrode 
was varied from 400 V to 700 V. We took the 
measurements at the different positions from the cavity 
wall representing the two sheaths. The distance versus 
spectral line intensity profile at fixed effective voltage of 
600 V is presented in Figure 7. 
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Figure 7: Time waveforms of spectral line intensity at 
both sheaths in the discharge. 

There is a qualitative relationship between the intensity 
of Ar spectral lines and the sheath voltage, which is useful 
for illustration of the sheath distribution in the 
asymmetric discharge. As shown in Fig. 6, the emission 
from the Ar spectral line is much stronger near the driven 
electrode. 

     Relative concentrations of reactive species in the gas 
mixtures were monitored using emission spectroscopy. 
The emission from the discharge directed through a lens 
on the entrance slit of the imaging spectrometer. A CCD 
camera was connected to the spectrograph to record 
simultaneously the spectral line intensities from chlorine 
radicals and from argon buffer. The concentrations of 
molecular Cl2 under different experimental conditions can 
be connected to relative intensity of emission of electron 
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impact excitation of Cl2 at 306 nm. The relative intensity 
of the atomic (Cl I) and the ionic (Cl II) form of Cl was 
recorded in the spectral region 465 - 485 nm together with 
the atomic (Ar I) and the ionic (Ar II) carrier gas 
emission. Data from these spectra can be used for 
derivation of degree of dissociation of chlorine in the 
plasma and for correlation with etching rate in order to 
determine the dominant mechanism of etching [22, 24]. 

CONCLUSION 
In view of the relatively complex technological 
challenges facing the development of plasma-assisted 
surface treatment, we have adopted a three-step approach: 

1. Step one:  Work with flat samples, with the 
objective to fulfil the requirements for etching 
rates, surface roughness, and to demonstrate 
environmentally friendly and cost-reducing aspect 
of the plasma-assisted process. 

2. Step two: Work with a single-cell cavity to 
establish optimum conditions for an asymmetric 
electronegative discharge in cavity geometry, to 
demonstrate the uniformity of surface treatment, 
and to perform the RF performance test compatible 
with existing standards. 

3. Step three: Work with multiple-cell cavities to 
demonstrate final performance of the process, to 
establish treatment protocol, and to define the 
process monitoring procedure. 

 
     Based on highly encouraging results with flat Nb 
samples and on a relatively straightforward transition to 
the cavity wall processing, we can state confidently that 
efficient plasma etching of Nb superconductive RF 
cavities can be developed into a low-cost, environment-
friendly technology to replace the “wet process”, which 
uses a strong mixture of acids, including HF. This paper 
describes the current status and issues of the second step - 
to prove comparable RF performance of cavities etched 
with “dry” (plasma) process by etching the standard 
(“low-loss”) 1.5 GHz single-cell cavities, which would be 
RF tested. The RF performance is the single feature that 
remains to be compared to the “wet” process, since all 
other characteristics of the “dry” technology, such as 
etching rates, surface roughness, low cost, and non-HF 
feature, have been demonstrated as superior or 
comparable to the currently used technologies. 

     The main issue is that the geometry of the inner 
surfaces of cavity implies that the plasma discharge has to 
be asymmetric, with much higher sheath voltage at the 
driven electrode. This is in contrast to the usual parallel-
plate electrode configuration of thin film wafer treatment. 
In order for the asymmetric discharge to be effective, the 
lower sheath voltage at the treated surface (large area, 
undriven electrode) has to be at least equal or higher to 
the plasma floating potential at every point of the surface. 
When this condition is satisfied, one should expect a 
uniform etching and a satisfactory global RF performance 
of the cavity. 
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