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Abstract

This paper describes a novel method for plasma etching of printed circuit boards (PCBs), replacing climate-damaging
perfluorinated Hydrocarbons (HFCs) such as tetrafluoromethane (CF,). In our alternative process, reactive fluorine would
be generated from an inert precursor like commercial PTFE (polytetrafluoroethylene) by means of low-pressure oxygen
plasmas. The released fluorine would further be applied to PCB as etchant. Excess fluorine could be chemically absorbed
and re-used as recycled precursor later in order to gain a process free of fluorine emissions. Diverse tests were carried out
in a lab-scale RF plasma device. We considered different precursor types and examined the plasma composition by means
of real-time mass spectrometry. We also determined etch rates on epoxy resin samples by means of mass loss
measurements. Process gas composition, precursor type and plasma power were varied, including comparative tests
applying state-of-the-art CF4-O,-plasma. The efficiency of the etching process was proven. The environmental impact of
the novel method was discussed and evaluated regarding PTFE production and greenhouse gas emissions.
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1. Introduction

Worldwide emissions of perfluorinated hydrocarbons provide a considerable contribution to the global climate
change due to their extremely high global warming potential (GWP) and their outstanding persistence. 30 years
ago, they were promoted as alternative for ozone-depleting chlorofluorocarbons (CFCs) and widely used in air
conditioning and cooling systems, foams, aerosol tins, insulating materials and fire extinguishers. However,
these compounds had been rightly regulated since the 2016 Kigali climate conference at the latest. There, a
stepwise reduction by 85% until 2036 for industrial countries and by 80% - respectively 85% - for developing
and threshold countries until 2047 had been resolved [1]. These targets are primarily connected with the fast
growing demand for air conditioning systems, where several substitutes as ammonia, carbon dioxide or
propane are already available. Yet those provisions are equally valid for industrial production systems. HFCs
are widely used and released in the semiconductor industry and in printed circuit board production for dry and
plasma etching processes. Gases used for etching such as tetrafluoromethane (CF4), hexafluoroethane (C,Fo),
perfluoropropane (CsFg) and perfluorobutadien (C4F¢) have a GWP as high as 7,390 (CF4) to 12,200 (C;Fs)
[2]. From a technological point of view, plasma etching plays a crucial role in the PCB and semiconductor
production. The reasons are increasing demands for the quality of connection areas and a growing complexity
of circuits. In PCB applications, back etching of circuit layers in multilayer PCBs, surface activation and
structuring or cleaning of drill holes for interconnections represent a few examples. Another essential drawback
is that only a small amount of the HFCs is effectively chemically converted in the processes, while around
85% are released worthless in the exhaust [3].
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Alternative, HFC-free process gases, which provide appropriate etch rates, process stability and results are
not available. The same applies to cleaning systems for an effective and energy efficient removal of fluorine
species from the exhaust. Thus, the essential reduction of HFCs could lead to a serious problem for the PCB
and semiconductor sector soon. This applies not only for Europe, but also worldwide. Due to confidentiality
reasons, no figures for the consumption of HFCs in the PCB and semiconductor industry are available, but can
be calculated from other data:

HFC emissions from the German PCB industry was estimated to be 2.0 tons per year in 2008 [4]. The
market share of Germany in that year was 1.6% of the global PCB industry [5]. The overall turnaround of the
global PCB sector was 60.42 billion US-$ for 2017 [6]. Assuming an annual sector growth rate of 5% between
2008 and 2020 and a constant emission rate, the global HFC emissions would be 224 tons for 2020,
corresponding to 1.66 million tons COseq for CF4. This is an equal greenhouse gas emission as from more than
850,000 mid-size cars in one year (anticipating 130 g CO, km™ and 15.000 km p.a.), which illustrates the
savings potential in this branch.

The authors propose a novel method for the on-site generation of fluorine gases for plasma etching,
exemplarily shown for PCB applications. Our goal is to enable a climate-neutral plasma process that requires
no HFC feed, free of primary greenhouse gas emissions. Therefore, we suggest a closed loop plasma process,
consisting of the three following steps:

1. Generation of reactive fluorine from a precursor

2. Etching process with fluorine from step 1 and added oxygen

3. Chemical reaction of abundant fluorine species and return as recycled precursor

In this paper, we describe our investigations for the generation of fluorine and fluorine species from a
precursor like PTFE (step 1) and its etching behavior to PCBs (step 2) in comparison to the established CF4-
O, process. The recycling of fluorine species (step 3) could be realized by plasma treatment of excess process
gas with ammonia (NH3) to form solid ammonia fluoride and/or by reaction with a suitable calcium compound
in a separate absorber tank. The resulted solids could be re-used as secondary precursor later.

2. Experimental
2.1 Plasma device configuration

Our plasma system used for all experiments described in this paper consists of a ISO-K 6-way cross vacuum
chamber (approx. volume 10 dm®), a 76 mm diameter x 150 mm length hollow cathode and a 50 kHz HF power
generator (type PE-1000 Advanced Energy). Furthermore, we used a Leybold D65BCS backing pump and a
turbo pump Leybold Turbovac 50. The system was completed with a gas system for O, and Ar or CF4 (Ar and
CF, using the same MFC) and a mass spectrometer Pfeiffer Vacuum QMG 250 PrismaPro (1 — 100 u) for
residual gas analysis. The mass spectrometer is equipped with an integrated turbo pump, a pressure gauge and
includes a software PV MassSpec (V19.12.02-a). Two common PCs were used as control system and for data
collection and visualization. A schematic overview of the experimental set-up is shown in Fig. 1. A picture of
the set-up is displayed in Fig. 2. Fig. 3 (left) shows the open chamber with the hollow cathode and a PTFE-rod
in the center. Fig. 3 (right) displays a view from outside the chamber while an oxygen plasma is burning.

2.2Fluorine precursor

The impact on oxygen plasma on Polytetrafluoroethylene (PTFE) has been studied since the beginning of our
century, showing the principal possibility of PTFE plasma treatment. The focus of these works was the surface
modifications of PTFE, e.g. in order to change wettability properties or making the material printable [7]. A
former work at our institute also investigated the decomposition of PTFE with oxygen plasma, using it as a
source for reactive fluorine species. Thus, we chose PTFE as precursor for an alternative fluorine etch process
for the following reasons:
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Fig. 3. On the left: opened plasma chamber with hollow cathode and PTFE-rod in its center.
On the right: closed chamber, view from the outside through inspection window, oxygen
plasma.
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- Commercially available in different shapes, high purity and almost any quantity from many suppliers
- Reasonable price
- Easy and safe handling, nontoxic and inert, stable compound, unlimited storage
- Well-known and industrially proven material since several decades
- Consists only of fluorine and carbon, hydrogen-free
- Principal ability of decomposition by means of plasma

In order to study the impact of the surface, we considered different types and shapes of the polymer, which
are listed in Fig. 4. We surveyed the commercial availability including prices and calculated the specific surface.
Selected PTFE tubes and bars we purchased from PTFE Niinchritz GmbH & Co. KG, D-01612 Glaubitz and
High-tech-flon / Thomas Fahrner & Goran Vlajic GbR, D-78467 Konstanz. Porous PTFE rods and honeycomb
bodies were received from ElringKlinger Kunststofftechnik GmbH, D-74302 Bietigheim-Bissingen. Spherules
were rejected due to complicated handling. Pall rings are generally injection-molded parts and therefore only
commercially available in PFA (perfluoralkoxy alkane), not in PTFE. Thus, they were not used in this work
either. Precursor dimensions are resumed in table 1. We assumed a relationship between precursor mass loss
and quantity of released active fluorine species. Therefore, the first tests were carried out in determination of
mass loss of different precursor types after oxygen plasma treatment in order to compare them.

(a) tube bundles!

(d) spherules? (e) pall rings3 (f) porous bar"

Fig. 4. Different types of PTFE (photo credits: 1 = own, 2 = by kind permission of Bohlender
GmbH, D-97947 Griinsfeld, 3 = by kind permission of Ningbo TCI Environmental Protection
Co., Ltd, Ningbo city, China 315000).

Table 1. PTFE-precursor dimensions (*OD = overall diameter).

Outer Inner
PTFE precursor diameter  diameter Ll N Surfazce Remark
(mm) tubes (cm?)
(mm) (mm)
Solid round bar 30 0 120 1 113
Tube bundle 14 10 140 7 800
Honeycomb body 15 12 120 19 1300 OD*=70 mm
Porous bar 3535 0 90 1 152 Squared

2.3 Gases
Process gases (oxygen and CF4) were in 5.0 quality, delivered from Linde AG, D-70499 Stuttgart.
2.4 Samples

Two types of samples were used to examine etch rates: Polyamide 6.6 and solidified epoxy resin without fillers.
We received the polyamide samples from Rocholl GmbH, D-74927 Eschelbronn, and the epoxy resin samples
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from ebalta Kunststoff GmbH, D-91541 Rothenburg 0.d.T. The sample dimensions were approx. 25 x 100 x 4
mm?® for both types. The polyamide samples were received ready-to-use cut from the vendor. The epoxy
samples were cut in our lab with a band saw and individually measured in order to enhance accuracy. The etch
rate was calculated by weight loss. The surface of each sample was calculated by measuring its dimensions.
We employed an analytical balance (KERN ADB 200-4, reproducibility 0.2 mg), weighing before and after
plasma treatment. The samples were thoroughly cleaned by hand with isopropanol and dried with nitrogen
before each experiment.

2.5 Test configuration

The precursors were placed in the center of the hollow cathode, fixed with a stainless steel (V4A, 1.4401) wire
in the first experiments. Later, the stainless steel mount was replaced by a half shell made of quartz, gaining
an enhanced stability and centering. The samples were placed at the center on the bottom of the plasma
chamber below the hollow cathode, with no direct contact to the plasma. Mass spectrometer measurements of
the residual gas in the plasma chamber were started by opening the related valve and adjusting the pressure in
the spectrometer with a needle valve. When the measured signal stabilized, plasma was ignited, and the
pressure was kept constant manually during measurement. Dwell time was normally 64 ms for a single atom
mass. The measurement was carried out in continuous mode, scanning mass-to-charge ratio (m/z) from 1 —
100 u, with activated multiplier. For quantification, the individual signals from mass species were normalized
by division through the identified base peak.

2.6 Process parameters

In our experiments, we applied the following parameter setting:
- Chamber pressure:  base pressure < 0.01 Pa, process pressure < 5 Pa, typically 1 —2 Pa
- Gas flows: 0,: 50 sccm
O, / CF4: [45 sccm Oz + 5 scem CF4 (90:10)] or [40 scem Oz + 10 scem CF4]
- Mass spectrometer: base pressure < 3. 10-7 mbar, operating pressure = 8. 10-6 mbar,
dwell time = 64 ms, delay time = 6864 ms

- Plasma power: 100 W — 500 W
- Power density: 0.010 — 0.050 W cm™ (related to chamber volume)

0.147 —0.735 W cm? (related to hollow cathode volume)
- Process time: 10 min in most experiments

We chose an O,/CF, ratio of 90/10 as reference since this is the most common mixture used for PCB etching

[8].

3. Results
3.1 Precursor

Oxygen plasma treatment of precursors at 200 W plasma power and 18 minutes process time each resulted in
a mass loss shown in Fig. 5. Absolute and relative (surface-related) mass loss was calculated. The figures show
that absolute mass loss for all types of PTFE was almost similar (33 to 39 mg min™"), except for honeycomb
bodies where only 22 mg min~' was achieved. The surface-related mass loss showed high differences. The
solid round bar gave the highest rate of 29.5 mg dm > min', followed by porous PTFE with 22 mg dm > min™'.
Tube bundles and honeycomb bodies performed much worse with 4.4 and 1.7 mg dm > min™', respectively

3.2 Etch rates on epoxy resin samples
After applying a 300 W plasma for 10 or 20 minutes on epoxy resin sheets, we calculated etch rates R from

weight loss, which was between 4 and 22 mg per sample, and related standard deviation SD. Results are shown
in Table 2. The ratio was calculated by division of the etch rate with precursor to the etch rate without precursor
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(pure O, plasma). Etch rates on polyamide samples gave similar results but were not considered further in this
paper since they are probably not relevant for later applications of PCB etching.
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Fig. 5. Absolute and relative mass loss of different precursors after oxygen plasma treatment and
related surface.

Table 2. Etch rates on epoxy resin samples.

Precursor R (um min™1) SD (%) Ratio
None (only O») 0.19 +0.06 34 1.00
CF4/O; (5 +45) 0.28 +£0.01 2.7 1.55
PTFE solid bar 0.27+0.02 8.5 1.52

Porous PTFE 0.30+0.08 28 1.66

3.3 Mass spectrometry analysis of plasma species
3.3.1 Identification

Our device basically allowed only measurements of stable plasma chemistry products, which were ionized
directly or dissociatively inside the spectrometer. Thus, an interpretation of the fragmentation pattern of those
compounds is required and will be discussed in the next chapter of this paper. We identified the relevant species
in plasmas fed with pure oxygen, O,-CF4-mixture (90/10 by volume) and oxygen using PTFE as precursor.
The spectra with raw data as collected are shown in Figs. 6, 7, 8 and 9. We also analyzed the composition of
the residual atmosphere without any feed gas and no plasma (see Fig. 6). O, molecules have the highest density
in all processes and the ions due to their direct (O," at mass 32 u) and dissociative (O at mass 16 u) ionization
are, as expected, the most abundant ions in the spectra of all three plasmas. The O," peak as one of the highest
peaks was used as related signal but has to be normalized before being appropriate as reference, which is
discussed in detail in chapter 3.3.3. Water HO (OH" at 17 u and HO" at 18 u), carbon monoxide CO (C" at
12 u, CO" at 28 u), carbon dioxide CO, (C" at 12 u, CO" at 28 u, CO," at 44 u) were most abundant. The mass
spectra from the CF4- O,- and the PTFE-O,- plasma differ slightly from each other. There, additional peaks
from carbon ion (C", 12 u) fluorine ion (F, 19 u), hydrogen fluoride ion (HF", 20 u), carbon monofluoride ion
(CF", 31 u), carbonyl monofluoride ion (COF", 47 u), carbon difluoride ion (CF,", 50 u), carbonyl fluoride ion
(COF,", 66 u) and carbon trifluoride ion (CF5', 69 u) occurred. In the spectra from O,-CFs-plasma, a small
peak from F," ion (38 u) could also be detected. These ions and also other CF," ions with higher masses
originate from the direct or dissociative ionization of stable Ci,F,, molecules formed in the plasma chemistry.
CF4" ion was not detected at all. Further, higher mass carbon fluorides ions of type CFy, " such as CoF," (62 u),
Cs3F>" (74 u), CoF5" (81 u), C3F3" (93 u) or CoF4™ (100 u) were not found either. This could also be applied to
corresponding COnF, products.
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Fig. 7. Mass spectra from oxygen plasma.

We consider the fluorine-containing ions F', F,", CF', CF,'+, CF;", COF" and COF," as being the most
important indicators of the presence of the products of the PTFE etching process and therefore focused on
them in the following discussion. In the residual atmosphere, nitrogen (N>" at 28 u and N at 14 u), oxygen
(02" at 32 u and O" at 16 u) and water H,O (OH™+ at 17 u and H,O" at 18 u) were most common. Smaller
amounts of argon (Ar’" at 20 u and Ar" at 40 u), hydrogen (H" at 1 u and H," at 2 u), fluorine (F* at 19 u),
hydrogen fluoride (HF" at 20 u) and carbon dioxide (C" at 12 u, CO" at 28 u, CO," at 44 u) were detected.
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Fig. 8. Mass spectra from residual atmosphere (no plasma, no gas flow).
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Fig. 9. Mass spectra from oxygen-PTFE plasma

3.3.2 Quantification and time curve

For making the different signals comparable and to compensate pressure variations, they were divided by the
02+ signal. Further normalization is described in chapter 3.3.3. Average values were calculated over process
time with plasma, after stabilization. As the various species have different sensitivities to the measurement
system, a true quantification would require calibration standards for each species, which would be a
tremendous effort. For simplification, we assume an equal selectivity for each species. We believe that the
resulted error is tolerable and not significant for later applications

Plasma on

Period for average calculation

1E-2 |

Signal, related to O,"

1E-3 |

Time [min]
—F* —CF;" —F," —CF* ——CF," — COF," —— COF*

Fig. 10. Time curve of fluorine-containing ions in an oxygen(O»)-tetrafluoromethane(CF4)-
plasma at 300 W (smoothed).

The quantitative composition of O,-CFs- and PTFE-O,-Plasma was different (see Fig. 10, compared to Fig.
11). The composition of plasma from diverse PTFE types (solid round bar vs. porous PTFE) was quite similar
(not shown). As shown in Fig. 10 for CF4-O,-Plasma, F*, CF", CF," and CF;" ions were present with and
without plasma. In contrast, COF", COF," and F," were only present with plasma. CF" and CF," were somewhat
decreasing with plasma, whereas CF3" heavily decreased. F™ was increasing with plasma. After a short period
of initialization (20 — 30 s), the signals reached a plateau. In case of F" and F,", the initialization seems to be
longer (80 s). F»" was detected on a relatively low level
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Fig. 11. Time curve of O," (32 u) signal for O,-PTFE (solid bar) and O,-CF4-plasmas at
different plasma powers (smoothed).

3.3 Signal normalization

In theory, more oxygen was consumed in PTFE plasmas than in CF4 plasmas due to different chemistry and
higher stability of CF4 compared to PTFE. We verified if the different level of O, consumption has to be
considered in the interpretation of the data by comparing the O," signal development during plasma process of
0,-CF4 and O,-PTFE plasmas at various plasma power. The results are shown in Fig. 12.

2.0E-7 - PTFE 200 W

1.6E-7 |

\___ Plasma on
HAN

1267 N

8.0E-8

Signal [a.u.]

4.0E-8 F—CcF, 500w

Time [min]
Fig. 12. Time curve of O," (32 u) signal for O,-PTFE (solid bar) and O,-CFs-plasmas at
different plasma powers (smoothed).

The measurements show a significant drop of the O," signal for the PTFE plasmas after plasma was turned
on, whereas in case of the CF4 plasmas only a slight decrease was observed. The signal drop seemed to be
higher with increased plasma power. The initial O, signal in case of PTFE was somewhat higher than for CF4.
This reveals that the O," signal drop was caused by a change of O, density in the reactor and this density
change has to be considered for the signal normalization. First, the signal intensity could be divided by the O»
gas flow, leading to a corrected, O, gas flow related signal. This is also important for considering different O
gas flows for the experiments employing CF4 and PTFE. Second, the change of O, density during plasma on
with PTFE shall be considered by introducing a corrected O, gas flow, calculated for different plasma power.
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The corrected O, gas flow Vorr was calculated by the following equation, where V) is the nominal O, gas flow,
ip is the average raw signal before the plasma was turned on and i; is the average raw signal during plasma
turned on:

Veorr = Vo X (1 =22 (1)

io

Results for different plasma powers are shown in Table 3. Additionally, the initial O," signals of PTFE for
different plasma powers differed somewhat from each other, especially at the 200 W setting. We suspect a
temperature effect as the cause, namely that the plasma chamber was not completely and uniformly warmed
up at the beginning of the test series. However, we consider the differences of the initial absolute values to be
less important; what is decisive is the relative signal drop after the plasma was switched on.

Table 3. Average O," signal change and corrected O, gas flows for different PTFE plasmas.
Power (W) 200 300 400 500
0, gas flow, nominal = V, (sccm) 50 50 50 50
O;" raw signal, average, before plasma on =iy (a.u.)  1.81x1077  1.03x1077  8.22x10™8  8.83x1078
O," raw signal, average, during plasma on =i; (a.u.)  8.82x10%  4.57x10®  3.46x10%  3.07x10°8

O," raw signal change percentage -51% —56% —58% —65%
0, gas flow, corrected = V., (sccm) 24.2 22.1 21.0 17.4
0.04 - T r T T T T
—_ % (F*+F," + CF* + CF," + CF;* + COF* + COF,")
E
3
2 0.03 |
ib
g
2
7]
©
& 0.02 - [
©
E I
g ‘l’
g 001}
o
s 1
£ I
w =
0.00 —

PTFE solid bar, PTFE solid bar, PTFE solid bar, PTFE solid bar, Porous PTFE, Porous PTFE, 02/CF4=80/20, 02/CF4=90/10,
200 W 300w 200 -300 W 400 - 500 W 200 -300W 400 - 500 W 200 -300 W 200 -300 W

Precursor and test conditions
Fig. 13. Sum over signals of fluorine-containing ions (F*, F,*, CF*, CF,", CF;* COF" and
COF,") for different precursor with various parameters (normalized to O," signals and
corrected O, gas flow).

3.3.3 Sum over normalized signals of fluorine-containing ions

A comparison of the sum over normalized signals of fluorine-containing ions for different precursor and
various power input showed noticeable differences (see Fig. 13). With higher power, the sum increased in case
of the PTFE precursor. At high power, no difference between solid and porous PTFE was measured, whereas
at lower power, the porous PTFE resulted in a significant higher quantity of fluorine-containing ions. In
contrast, the figures for CF4 plasmas were much lower.

Beyond, the direct correlation of the sum over normalized signals of fluorine-containing ions and plasma
power was examined. Results are shown in Fig. 14. For both PTFE types (solid and porous), a light polynomic
growth, following a quadratic function, was proven. For CF, the results were different. An almost linear,

10
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delicate increase was observed, reaching its maximum at 300 W. Further increase of power up to 500 W
resulted in no further amount of species.

e @ CF, ® PTFEsolidbar A Porous PTFE g
- e il
+7 O _—
TR o o
5 & ' =
n Y _ /"’/,,/ ;
T 5 T
50 1E2f ,,,/;'f..,g""
%3 /
% + " //.‘v'/'
E W . &
e O s
< - o
5 o
> 0 s
o - //
€ L § L % ¥ = _—
a° E3E ,/
. S S S T S R S S S SR I S S SR S |
100 200 300 400 500

Power [W]

Fig. 14. Sum over normalized signals of fluorine-containing ion species vs. plasma power
(normalized to O, signals and corrected O, gas flow) for PTFE- and CF4-plasmas.

3.3.4 Distribution of fluorine species

Almost 40 tests were carried out with variation in precursor type and plasma power to examine the share of
the individual fluorine ion species. The summarized results are shown in Table 4. The most abundant ion
species in PTFE-plasmas was COF", whereas in CFs-plasmas it was F'. In CF4 plasmas, CF;" and COF" were
the second most common species. In PTFE plasmas, the second most frequent species were CF;" and F*. CF"
was on the forth rang in all plasmas.

Table 3. Relative share of fluorine-containing ion species for different prec.

Precursor Relative share (%)
F* F,* CF* CF," CFs* COF" COF,*
PTFE 174+156 0.09+0.11 14.0+13.3 43+38 18.0+ 158 37.6+33.1 87+173

CF4/0,=90/10 332+6.3 14+1.1 10.3+1.2 40+09 21.6 +6.5 24.5+3.1 5.1+0.7

CF; plasmas had a significantly higher fluorine (F") content than PTFE plasmas. In most of the investigated
plasmas, the further order of abundance was COF," and CF,". The rarest ion species was always F,". Its
proportion was very clearly higher in CF4 plasmas than in PTFE plasmas. The standard deviation (SD) of the
ion species content in CF4 plasmas was distinctly lower than that in PTFE plasmas. In PTFE plasmas, the SD
of COF" was relatively high. With low power, the SDs of all species were considerably lower than that with
medium or high power. We also investigated the plasma composition in correlation to plasma power. The
results are subsumed in Figs. 15, 16 and 17. With the solid bar PTFE, there was a light increase of CF,", COF"
and COF,', and a more distinct increase of CF;" with increasing power. F+ was linear decreasing with
increasing power. CF" was nearly constant or slightly decreasing. F," was decreasing with increasing power
up to 300 W and then staying almost constant. Examining the O,-CF4-Plasma, CF', CF," and CF;" were
decreasing with increasing power up to 300 W, and then remaining almost steady. F*, COF’, COF," and F»"
were rising with increasing power.
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3.3.5 HF* content

The relative share of HF" ions in the residual gas was calculated as ratio of measured HF" ions (20 u) to overall
content of all fluorine-containing ion species (F', F»", CF', CF,", CF;" COF and COF;") including HF". We
noticed that PTFE plasmas released much less HF" than the compared CF4 plasma in most experiments. The
HF" amount decreased significantly with increasing power in PTFE plasmas, see Fig. 18. In CF4 plasmas, the
HF" content increased rapidly in the lower power range and then stayed on an almost constant level. At low
power (100 W), the HF" content is very similar for all investigated plasma types.
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Fig. 18. Relative share of HF" ions for different precursor as a function of plasma power

4 Discussion
4.1 Precursor

The surface area of different types of PTFE had almost no impact on the mass loss by plasma. This applies
also for the porous PTFE type. Hence, the reaction scheme seemed to be physically transport-controlled in the
plasma phase and not reaction-controlled on the solid-plasma interface. Consequently, the need of applying
any special shape or modification of PTFE is omitted.

4.2 Etch rates

The etch rate of CF4 plasma at 300 W power on epoxy resin was 1.55-fold of those with pure oxygen. In
comparison, the etch rate ratio of solid PTFE was 1.52 and for porous PTFE it was 1.66. Thus, we conclude
that our alternative PTFE process is rather as efficient as the established CF4 process. Due to a clearly higher
standard deviation, the larger value for porous PTFE has limited significance. Possibly, the process with porous
PTFE is less stable than with the solid one.

4.3 Mass spectrometry analysis of plasma species

4.3.1 Identification

The mass spectra of CF4- and PTFE-plasmas are quite similar to each other, regarding their qualitative
composition. No species were identified only in one type of plasma. CF4 was not detected at all, as it is known
to be unstable in its ionic state and turned into CF;" and F" inside the spectrometer [10, 11]. Higher mass

multiple carbon fluorides ions C.Fy" were reported in two other studies about CF4 plasma [11, 12] but not
found in some others [10, 13] and in this work. Even with the limited range of our device (1 — 100 u), we did
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not find any lower mass species as C3F2" (74u), CoF3" (81 u), C3F3" (93 u) and CoF4" (100 u). We suspect feed
gas impurities (e.g., C4Fs), different measurement methods or different plasma sources as possible reasons. We
estimate the impact to be negligible. The residual gas atmosphere was inconspicuous, except for its fluorine
(F") content. We ascribe this to the adsorption of fluorine on the chamber walls and its slow and continuous
release.

4.3.2 Reaction schemes of PTFE

We suggest a reaction scheme for PTFE-O,-plasmas as described as followed. The scheme shall cover the
most likely main reactions, forming a foundation for basic understanding and for further research. It does not
claim to be complete.

First, oxygen

O,+te -20+e (R1a)
O;+e - 0+0('D)+e (R1b)

Secondly, C-C-bonds of the PTFE polymer chain were cracked by oxygen radicals bombardment onto the
polymer surface (C-C-bonds are weaker than C-F-bonds), resulting in tetrafluoroethylene (C2F4), according
to R2. C2F4 formation is well known from thermal decomposition of PTFE [14] and could also be assumed
for plasma treatment as intermediate compound. However, we could not detect any C2F4 in the mass spectra.
A reasonable explanation is fragmentation in the spectrometer according to R17 to R19 (beside reaction with
oxygen in the plasma).

[CF]n + O('D) — n/2 CoF41 + O stable (R2)

Then, the following main reactions probably occurred in the plasma:

CyF4+20 — CF4 + CO, stable (R3)
C,F4+20 — 2COF, stable (R4)
CyFs+20 — COF + COF, + F partially stable (RS)
C2F4+0 — CF4+ CO stable (R6)
CF + 0O — COF unstable (R7)
2CF; + 20 — COF, + COF partially stable (RY)
COF,+0 — CO; +2F partially stable (R9)
2FO — F» stable (R10)

Of these, R2 to R4, R6 and R10 led to stable reaction products, namely C,F4, CF4, COF,, CO,, CO and F». RS,
R8 and R9Y led to partially stable ones: COF, and CO, are stable, COF and F are unstable. Inside the mass
spectrometer, the following ionization and cleavage reactions might occur, known as electron-impact
ionization or multiple ionization:

CFs+e — CF3+F+e (R11)
CFs+e — CF,+2F +¢ (R12)
CF3+e —»CF,+F+e (R13)
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CF,+e - CF+F+e (R14)
CF,+e - C+2F+e (R15)
CF+e - C+F+e (R16)
CFs+e - 2CF+e (R17)
CoFs+e - CFs+F+e (R18)
CFs+e - CF,+CF+e (R19)
COF;+e — COF+F +e" (R20)
COF+e - CO+F+e (R21)
O,+e -5 20+¢e (R22)
Fo+e - 2F+e¢ (R23)

This is corresponding with the amount of detected species.
4.3.3 Quantification and time curve

The time curve of plasma species looked different for CFs- and PTFE-plasmas. After a short time of initiation,
CF4 plasmas showed a constant level, whereas in PTFE plasmas, a permanent ascent could be measured. CF4
plasma can be regarded as homogeneous single-phase reaction, PTFE plasma, in contrast, as non-catalyzed
heterogeneous reaction of a multiphase system. This could explain these differences. The rise in case of PTFE
plasma could be related with temperature increase of the material. After a test cycle, the plasma chamber was
noticeable warm and also the PTFE rod was heated up. Thermocouple measurements confirmed this: After 10
min of plasma with 300 W power, a temperature of 98 °C was measured on the PTFE surface. The
measurements of CF4 plasma also revealed that CF, (x = 1...3) was consumed by the plasma, while C, COF,
COF,, F and F, was formed. CF; species play an important role in the etch process. They act as precursor for
F but may also contribute to the formation of undesired polymer film on substrates, etching parts or chamber
walls [15]. Considering the results of the O," signal measurements, the following can be concluded: Even there
was a drop in intensity after the plasma was turned on in case of PTFE plasma, there was no significant
difference between CF4- and PTFE-plasmas while the plasma was on. Thus, the evolution of the O," signals
were quite similar and in the first approach, there seem to be no need for a correction of the signal ratios of the
investigated species. In later studies, it may be examined in more detail.

4.3.4 Total amount

The overall amount of fluorine species of PTFE plasmas could increase by elevating power, whereas in CF4
plasma only little raise was measured, reaching a maximum at medium power. The limiting factor in CF4
plasmas seemed to be the availability of gaseous CFs, which is directly correlated with feed gas flow and
limited by the required pressure regime. The higher total amount of fluorine species in PTFE plasmas could
lead to a higher etching rate. The correlation between power and total amount of species might enable a suitable
control of the etching process by adaption of plasma power. We noticed no significant difference between solid
and porous PTFE. In contrast to our presumptions, we saw no considerable advantages by using porous PTFE.
This means, much cheaper standard-PTFE could be applied.

4.3.5 Distribution of fluorine-containing ion species
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CF" concentration in our plasma was always higher than CF,", which is in contrast to other publications [9,
16]. One reason could be that these researchers investigated ICP plasmas, applying 13.56 MHz sources,
including different chamber and experimental designs. Another reason might be the ionization and cleavage
of C,F, inside the spectrometer according to R17. Therefore, different results are not surprising. CF," species
play an important role in etching processes as they act as precursor for atomic fluorine. On the other hand, they
contribute to the formation of unfavorable polymer films [15]. The measured CF," content in our tests was
quite similar in both plasma processes. From this aspect, we expect no effects. The slightly higher
concentration of C* ions in PTFE plasmas has probably no significant impact, especially when considering the
high SD values. We measured more COF’ and COF," and less F" and F," ion species in PTFE plasmas
compared to CF4 plasmas. We attribute this to a different reaction scheme, as mentioned before in this chapter.
In PTFE, C-C bonds must be broken additionally and presumably primarily. This is probably done by O
radicals, which reduces the concentration of O, so that less F" and F," are formed and more COF' and
COF;"are released. Remarkable, F»" concentration was around one order of magnitude higher in CF,4 plasmas.
According to other publications [12, 13], F» molecules may form in two reactions:

F+F - F, (R24)
COF, + O('D) — F, + CO, (R25)

Thus, if there were more F available this would result in a higher F» content. The concentration of F" was also
higher, but not to the same extend. COF," was even lower in CF4 plasmas. It is unclear if there was a difference
in the level of excited oxygen (O('D)) in those plasmas. Hence, further investigations are necessary for a
reliable explanation.

4.3.6 HF* content

Tezani et al. found that HF decreased the concentration of F atoms in plasma [17]. As we found significantly
lower HF" concentrations in PTFE plasmas compared to CF4 plasmas, a positive impact on etching rates could
be expected. Moreover, HF is an unwanted reaction product due to its corrosive and highly toxic properties.
Thus, lower HF values are advantageous with the PTFE process. A significant decrease of HF" content with
increasing plasma power would make an easy control of HF content feasible.

4.3.7 Functions of plasma power

In porous PTFE plasma, no clear correlation to power input was found, except for F.". In PTFE solid bar
plasma, F" was somewhat decreasing and COF" and COF," were increasing with power. For both PTFE types,
F»" was first strongly decreasing to 300 W and then constant or slightly increasing with power. We suppose
that F was consumed to form COF and COF, and therefore decreased with increasing power.

In CF4 plasma, C*, CF" and CF," were decreasing and F', COF" and F," were increasing in the range up to
300 W and then nearly constant with increasing power. F»" showed the strongest correlation. This indicates
that a stable equilibrium state was reached, and increased energy input had no significant effect on the
composition of the plasma. The formation of COF, F and F, were energy-consuming reactions. Thereof we
conclude that these species were also more reactive than the others were. Surprisingly, only COF," showed a
special behavior with almost linear increase with power over the complete range. We attribute this to the fact
that COF; is a stable compound in contrast to all other reactive species (except for F»).

4.4 Environmental aspects
PTFE synthesis is based on the polymerization of tetrafluoroethene (TFE) monomers (R26), TFE is mainly
produced by reaction of chloroform (CHCIl3) with hydrogen fluoride (R27a+b). Chloroform results from a

reaction of methane and chlorine according to (R28).

nC2F4 — (C2F4)n (R26)
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CHCIl; + 2HF — CHCLF; + 2HCI (R27a)
2CHCI, — CF, + 2HCI (R27b)
CH4 + 3Cl, — CHCIl; + 3HCI (R28)

Chloroform is rated as naturally occurring halocarbon with an annual global turnover of 700,000 tons, whereof
less than 10% are from artificial sources [18]. Therefore, it shall not be considered further here. As
hydrochlorofluorocarbons (HCFCs) such as chlorodifluoromethane (CHCIF») as intermediate are globally
regulated since the 1990s due to their ozone-depleting potential, closed-loop-systems are installed in the
industry and HCFC gas emissions are strictly limited and monitored.

The state-of-the-art method for synthesizing PTFE is the free radical polymerization of TFE in an aqueous
solution. There are two main processes: suspension polymerization and emulsion polymerization. The latter
requires emulsifiers in order to stabilize the generated polymer particles in the liquid phase and is applied,
beside others, in the production of fine powder PTFE [19, 20]. For many years, perfluoroalkyl carboxylic acids
(PFASSs) such as perfluorooctanoic acid (PFOA) and perfluorooctanesulfonate (PFOS) had been applied as
emulsifiers. These chemicals had not only been used in the production of fluorinated polymers, but also in a
wide range of industrial and consumer products for almost 50 years. However, since the 1990s it became
evident that these substances are highly problematic due to their high persistence in the environment and
harmfulness to human health, e.g., to liver, development and the immune system. Detectable amounts in human
body fluids had been measured in different populations all over the world [21]. Therefore, and consistently,
“PFOS and PFOS-related compounds have been largely phased out and were restricted in the EU in 2008”
[22].

Substitutes had been developed by different companies. Dyneon, as one of the pioneers, introduced a
monohydrofluorocarboxylic acid ammonium salt [NH4][CF;-O-(CF,);-O-CHF-CF,-COO] ~, known as
ADONA, in their production in 2008 and completely replaced the previously used PFOA ammonium salt
(APFO) one year later [19]. Investigations showed that ADONA is faster eliminated from the human body and
the toxicological properties are less problematic than those of PFOA are. In one study, just in a few samples
values over the limit of detection (0.2 ug L") were measured [22]. “Under the U.S: EPA2010/15 Stewardship
Program, eight major manufacturers phased out PFOA/PFNA in their fluoropolymer production”. However,
others still have it in use, especially in China, and it is yet uncertain if PFAS will be replaced industry-wide in
the near future [20]. In contrast, granular PTFE is produced differently by suspension polymerization and does
not require PFAS as auxiliary agent [20]. Consequently, it is essential to check the origin of the applied PTFE
semi-finished product and to choose a reliable, certified manufacturer. Doing so, the proposed alternative
process described in this paper can be sustainable.

4.5. Comparison of greenhouse gas emissions

Based on our tests, we try to estimate the greenhouse gas of our alternative process compared to a conventional,
CF,- employing etching process. First, we took our measured PTFE mass loss of 39 mg min ™' as requirement,
compared with 5 sccm CF4 consumption, which makes 18.6 mg CF4/ min. 39 mg related to 18.6 mg results in
a factor of 2.1, which means that 2.1 kg PTFE replaces 1 kg CF4. Based on the calculation in Introduction, the
overall HFC consumption would be 263.5 ton yr ', assuming an efficiency of 15%. This would be equal to 550
ton yr ! of PTFE. The GWP for the production of 1 kg PTFE is 14.44 kg CO,eq [23], which results in a total
0f 7,942 t COseq. Furthermore, we assume that 90% of fluorocarbon compounds in our process are effectively
used, chemically absorbed or recycled, and just 10% is released into the atmosphere. This would give HFC
emissions of 55 ton yr ', equal to 406,450 ton yr ' COzeq. Adding the GWP emissions for PTFE production
results in a total of 414,392 ton yr' COzeq. Compared to the emissions from the conventional process
(1,655,360 t/a COseq), this is a saving of 1,240,968 ton yr ' CO,eq corresponding to 75%. If a better retention
of 95% is achieved, the reduction in GWP would be 1,444,193 ton yr ' CO»eq, corresponding to 87%.

Tests with after-treatment applying NH3 plasma showed significant differences between the two processes.
With the PTFE process, a considerable amount of a white, solid substance could be collected in a cooling trap;
with CF,, in contrast, only minor traces appeared. This is a clear indication that a high amount of fluorine
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components in the PTFE exhaust gas are reactive and therefore easier to remove compared to the very stable
CF,. Detailed results will be reported elsewhere in the near future.

5. Conclusion

The absolute mass loss for different shapes of PTFE was always similar, i.e., almost independent of the surface.
Therefore, standard PTFE in rod shape can be used. We investigated the composition of the plasmas by mass
spectrometry. The qualitative composition of CF4- and PTFE plasmas was identical. The quantitative
composition was different. We attribute this to different reaction types: The CF4 plasma is a homogeneous
single-phase reaction, while the PTFE plasma is a heterogeneous multiphase reaction. In the case of PTFE
plasma, the content of reactive species could be increased by elevating the plasma power, whereas this was not
possible in the case of CFs-plasma. The plasmas also differed in the quantitative composition of the reaction
products. In particular, less HF was found for PTFE plasma. The quantitative composition as a function of
power was investigated, and minor correlations were found for a few species. With PTFE plasma, almost the
same etch rates could be achieved on epoxy samples at the same power as with CF4 plasma. With porous PTFE,
even slightly higher etch rates were obtained, but the results were subject to a higher uncertainty (SD). Since
the content of reactive species in the PTFE plasma could be increased by raising the power, even higher etch
rates can be expected. In our tests, porous PTFE showed somewhat higher etch rates than solid PTFE, but no
advantages were apparent in the composition of reactive species. Moreover, as it is an exotic and expensive
PTFE variant, normal, commercially available PTFE in solid rod shape could be applied. As a result, it is
possible in principle to generate reactive fluorine components from PTFE by means of plasma and thus to
realize an etching process comparable to CFs. As next steps, further investigations on samples close to the
application (PCBs) are planned.
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