
MATERIALS ANALYSIS OF FLUOROCARBON FILMS 

FOR MEMS APPLICATIONS 

J.  Elders, H. V. Jansert and M. Elwenspoek 
MESA Research InstitUte, University of Twente, P.O. Box 217, 

NL-7500 AE Emchede, The Netherlands 

ABSTRACT 

In this paper the results of the materials analysis of 
fluorocarbon (FC) films are presented. The properties 
of the fluorocarbon films are comparable to those of 
polytetrafluoroethylene (PTFE), better known under 
the trademarks such as teflon and fluon. The properties 
of PTFE are desirable for MEMS applications and 
enable new designs, new applications and new 
technological processing routes for microsystems. 
Therefore, FC films have a tremendous potential for 
MEMS applications. Furthermore, FC f i i  can easily 
be deposited via spin coating, e-beam evaporation, in 
conventional reactive ion etchers and in plasma- 
enhanced deposition chambers using a 
carbonhydrotrifluoride plasma facilitating the use of the 
films for micro electromechanical structures [l]. The 
films deposited in a reactive ion etcher are extremely 
chemical resistant. The X-ray photoelectron 
spectroscopy (XPS) analyses results will be presented. 

INTRODUCTION 

The properties of fluorocarbon (FC) films resemble the 
properties of polytetrafluoroethylene (PTFE) : the high 
resistivity (1016 Qm), the chemical inertness, the low 
Young's modulus (4 * 108 N/m2) and high fracture 
strains (300-500%), a low surface free energy and a 
low friction coefficient and a high contact angle with 
respect to water (108") make it a promising material for 
MEMS applications. Furthermore, FTFE is a 
biocompatible material and can thus be used in MEMS 
structures for medical applications. Fluorocarbon (FC) 
films can be used as a passivation layer for MEMS 
structures, as an insulator layer, as an anti sticking 
layer, as a layer for the reduction of friction, as an 
optical layer since they are transparent and make 
excellent optical films for e.g. planar wave guides, as an 
anti migration layer, as an anti leakage layer due to its 
low Young's modulus, and an compounding layer 111. 
Fluorocarbon (FC) films enable new designs, new 
applications and new processing routes. 
The fluorocarbon films can be deposited by means of 
various methods such as spin coating, e-beam evapo- 
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ration and by plasma deposition. The spin coated films 
and e-beam evaporated films result in the deposition of 
coatings of homogenous thickness: 3-dimensional 
structures cannot be coated conformal. The plasma 
deposited films do allow certain control of the 
conformity, thus depending on the deposition 
parameters (including substrate position) directional or 
conformal deposits are obtained. The plasma deposition 
process is a complex process and is influenced by the 
parameters such as the frequency at which the glow 
discharge is generated, pressure, power, flow rate, 
geometry of the reactor, location of the electrodes and 
the temperature of the substrates. Besides the above- 
mentioned parameters, the choice of the monomer also 
determines whether plasma deposition of FC films is 
possible. 
In this research, the position of the substrate determines 
whether a d.c. bias develops between the plasma and 
the substrate, resulting in a different ion energy 
distribution and ion flux bombarding the substrate 
surface. 
It is essential to perform materials analysis when using 
new polymer films for MEMS applications in order to 
reveal the chemical nature of the deposited material and 
to gain some insight in the influence of the deposition 
parameters on the composition of the deposit and on 
the properties. 
In this paper the materials analysis of the FC films by 
means of XPS (X-ray Photoelectron Spectroscopy), 
FT-IR (Fourier Transform Infrared Spectroscopy) and 
Energy Dispersive X-ray analysis (EDX) are presented 
as well as the results of the contact angle, refractive 
index and chemical resistance measurements will be 
reported. In the case of plasma deposited films, the 
influence of post treatment by SFg, N2 gasses and SF6 
plasma has been studied as well. 

EXPERIMENTAL 

The fluorocarbon thin films have been deposited by 
means of spin-coating a mixture of FC722 and FC40 
[21, e-beam evaporation of bulk PTFE and plasma 
deposition via polymerisation of carbonhydrotrifluoride 
(CHF3) in a commercially available reactive ion etcher 
(plasmafab 340 from STS). 
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Concerning the plasma deposited films, post treatment 
by sF6 and N2 has been studied as well as plasma 
deposited FC films via polymerisation of 
carbonhydrotrifluoride (CHF3) together with a small 
amount of sF6 and the influence of a post treatment 
with an sF6 plasma. 
The main emphasis will be on the plasma deposited thin 
films because of the versatility of the plasma deposition 
method. The reactor is a parallel plate internal electrode 
type which is capacitively coupled to a 13.56 MHz r.f. 
generator through a matching network. The ratio of the 
area of the driven electrode and the area of all other 
surfaces in contact with the plasma affects the plasma 
potential. Since the electrical characteristics of these 
areas may vary when depositing within the reactor (i.e. 
on the walls and the target), the starting conditions of 
an experiment may vary as well when this is not 
recognised. This is one of the reasons that 
interlaboratory comparison is difficult (besides reactor 
geometry, flow characteristics, electrode position, etc.). 
The reactive ion etcher in which the fluorocarbon films 
have been deposited has been adapted to allow different 
substrate locations. An extra substrate holder has been 
fabricated which allows wafers to 'hang' in the glow of 
the plasma, with one side of the wafers directed 
towards the plasma glow (i.e. absorbing or reflecting 
plasma photons) while the other side is directed to the 
dark space (i.e. plasma photons will not be directed to 
this side). The electrode material was aluminum and the 
substrates have been placed on the powered electrode 
(target) and on the substrate holder with floating 
potential which will be coated at the 'glow' side as well 
as the 'dark' side. Under these conditions the substrates 
are bombarded by electrons and ions and, in the case of 
the substrates directed towards the plasma, by photons. 
Therefore, the ion energy will be higher in the case of 
the target substrates (dictated by the difference between 
the averaged plasma potential and the d.c. self bias) 
with respect to the floating substrates (dictated by the 
difference between the averaged plasma potential and 
the floating potential). 
The fluorocarbon films have mainly been analysed by 
XPS (X-ray photoelectron spectroscopy). The XPS 
apparatus was from Kratos (XSAM 8000) and was 
provided with a dual anode X-ray source (Al and Mg) 
and a cylindrical hemispherical analyser (CHA). The 
spectrometer was calibrated to the peak position of the 
Ag3d 312, measured with both the AI and Mg anode, 
resulting in an error less than 0.05 eV. Wide scan 
spectra have been recorded with a pass energy of 40 eV 
and with a step size of 1 eV. Detail scans were 
recorded with a pass energy of 40 as well as 20 eV and 
a step size of 0.1 eV and 0.05 eV respectively. Data 
acquisition has been performed with DS800 software 
(Kratos). An FTIR (Fourier Transform Infrared 
Spectroscopy) and EDX (Energy dispersive X-ray 
analysis) has been performed as well. The XPS analysis 

method will be elucidated because of its importance for 
the analysis of fluorocarbon thin films. 
XPS is a technique in which the number and energy of 
electrons which are expelled from the core level of the 
atoms by absorption of X-ray's is measured. XPS is a 
surface sensitive technique, the penetration depth for 
Fls (i.e. a core level electron of an F atom) is about 25 
A and for Cls about 60 8, [3]. The F C  ratio can 
semiquantitatively be determined from the comparison 
of the areas of the Fls peak and the Cls peak, taking 
into account an atomic sensitivity factor. The atomic 
sensitivity factor takes into account that the F atoms 
and the C atoms have different sensitivities to X-ray's 
for photoelectron emission and that the kinetic energies 
of the photoelectrons emitted by F and C atoms are 
different (the kinetic energy difference explains the 
difference in their escape depth). Since the 
electronegativity of the nearest neighbour of an atom 
influences the observed energy of an electron, the 
method can be used for identification of functional 
groups. This works best when the nearest neighbour is 
highly withdrawing, as is the case for the influence of F 
atoms on the Cls electron. The secondary F atoms (e.g. 
C*-CF, the influence of the F atom on C*) also 
influences the C electron signal. Therefore, the Cls 
peak is often divided into signals originating from CF3, 
CF2, CF, C-CF and C-C or C-H functional groups. 
However, since secondary F atoms (e.g.: for CF3: 
C*FyCC, C*FyCF, C*F3-CF2, C*F3-CF3) may be 
present in the neighbourhood of all functional groups, 
broadening of the peaks is the result. The non- 
chromaticity of the X-ray source, the detection 
window, the distribution of excited vibrational states all 
contribute to the broadening of the peaks. The fitting 
procedures should therefore be performed with care: 
the peaks attributed to functional groups such as CF3 
consist of several subpeaks and elemental analysis is 
semiquantitative. (see e.g. 141) 

RESULTS 

The plasma deposition parameters are presented in table 
1 and the results of the XPS analysis as well as the 
growth rates of these depositions are presented in table 
2. The growth rates have been determined by means of 
ellipsometry. It should be noted that unidirectional as 
well as conformal growth is observed under high 
bombardment of ions and electrons, as is the case for 
substrates on the target electrode, the film thickness is 
higher for those areas directed towards the plasma, 
while for the floating substrates conformal deposition is 
observed. The relative abundance of the CF, functional 
groups has been determined by means of peak fitting 
(phi-matlab version 3.la). Since the W S  analysis 
generate semiquantitative data, the spectra are given as 
well (figure 1; the numbers correspond to the numbers 
of the tables). The refractive index of the FC films have 
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NO. CHF3 sF6 P Power dep. time sample Pk-Pk d.c. post 
(sccm) (sccm) (mtorr) (W) (min) position (V) (V) treatment 

1 25 
2 25 
3 25 
4 25 
5 25 
6 25 
7 25 
8 25 
9 25 
10 25 
11 25 
12 25 
13 25 
14 25 
15 25 
16 25 
17 25 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 

150 
150 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 

50 
10 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

15 
15 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

T 
FD 
T 
FG 
FD 
T 
FG 
FD 
T 
FG 
FD 
T 
FG 
FD 
T 
FG 
FD 

560 

636 
636 
636 
637 
637 
637 
627 
627 
627 
645 
645 
645 
573 
573 
573 

200 
10 
334 
334 
334 
338 
338 
338 
334 
334 
334 
335 
335 
335 
306 
306 
306 

sF6 
sF6 
sF6 
N2 
N2 
N2 
plasma 
plasma 
plasma 

Table 1. The plasma deposition parameters. T, FG, FD denote that the substrate is on the target, 
floating and directed towards the glow, floating and directed towards dark space respectively. Plasma, 

mentioned under post treatment heading, denotes a post treatment in an SF6 plasma (9 W, 3 V DC, 129 
Pk-Pk). The d.c. bias decreases during the deposition process with 20 to 30 V, indicating that 

deposition took place. 

No. F C 0 F/C -CF3 -CF2 -CF -C-CF -C-C dep.rate 
(%) (%) (%) ratio (%) (%) (%) (%) (%) (n"in) 

teflon 66 33 0 2 0 
evap. 42 47 11 0.9 7 
spincoat. 51 42 6 1.2 7 
1 48 44 2 1.1 15 
2 55 38 1 1.5 22 
3 43 51 6 0.9 14 
4 45 48 7 0.9 19 
5 49 47 4 1.0 20 
6 46 49 5 0.9 17 
7 47 48 6 1.0 17 
8 47 48 5 1.0 21 
9 46 49 6 0.9 15 
10 46 46 8 1.0 20 
11 44 48 8 0.9 19 
12 49 46 5 1.0 12 
13 44 46 10 1.0 15 
14 52 44 4 1.2 17 
15 40 50 9 0.8 12 
16 49 46 5 1.1 20 
17 47 48 5 1.0 21 

100 0 
31 3 
40 11 
22 36 
21 32 
22 15 
15 11 
14 22 
20 18 
12 26 
16 11 
24 12 
17 8 
10 22 
21 14 
17 14 
23 17 
17 23 
13 24 
13 15 

0 
14 
9 
25 
23 
37 
35 
30 

15 
37 
39 
36 
24 
25 
21 
7 
14 
16 
25 

38 

0 
45 
33 
2 35 
1 11 
12 29 
20 11 
14 6 
7 19 
30 12 
16 7 
11 32 
17 12 
25 7 
28 24 
33 10 
36 6 
34 6 
27 <1 
26 6 

Table 2. The stoichiometry and relative abundance of F, C and 0 atom fraction as well as of the various 
CF, p u p s  and the growth rates (if applicable) are presented. The processing conditions of the plasma 
deposited films are given in table 1, the numbers of the sample correspond. An XF'S analysis of teflon 

has been included as a reference. The spin coated film is obtained by spinning a 1:l mixture of 
FC722:FC40 on the Si substrate for 60 s. at 4000 rpm and baked for 5 min. at 90 "C, resulting in a layer 

thickness of 70 nm * 1%. Evap. indicates a film obtained by e-beam evaporation of bulk PTFE. 
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been determined for the substrates on the target and for 
the floating substrates directed from the plasma glow. 
The refractive index varied in all cases between 1.38 
and 1.42. In the case of the spin coated film, FTIR 
analysis indicates that there are C=O bindings present. 
As can be observed in table 2, there is a rather high 
oxygen concentration found in all the plasma deposited 
films. The EDX analysis revealed that no electrode 
material was found in the FC films. 
The chemical resistance of the FC films is excellent: An 
aluminum membrane coated with an FC film has been 
exposed to aluminum etch for more than a week. There 
was no etching of the membrane observed, indicating 
that the films are dense and pin-hole free. Furthermore, 
no etching was observed after exposure for 30 min. 
chlorobenzene, methanol, ethanol, isopropyl-alcohol, 
cyclohexene, glycerol, n-hexane, amylacetate, 
1,1,1,3,3,3,-hexamethyldisil~ane and trichloroethane. 
The contact angle of the plasma deposited films was 
between 95" and 105O, in the case of spin-coated films 
the contact angle was 120" 
The growth rates of the FC films for CHF3 as feed 
monomer depend on the substrate location. In all cases 
the growth rates are higher at the target (no. 3,6,9 and 
12) with regard to the floating substrates, directed 
towards the plasma glow (FG, no. 4,7,10 and 13). The 
growth rates at the floating substrates directed towards 
the dark space (m), no. 5,8,11 and 14) are lower than 
floating substrates directed towards the plasma glow. 
As shown in table 2, the F/C ratio as calculated from 
the intensities of the Fls and Cls XPS spectra, varies 
between 0.8 and 1.2, except for the plasma deposited 
film at 10 W (i.e. no. 2), in this case the F/C ratio is 1.5. 
The oxygen concentration is lowest in this case as well. 
It should be noted however, that no. 1 and 2 have been 
deposited in a different run, i.e. with a long period of 
time between these two depositions and the other 
depositions. 
The concentration of the CF3 functional group also 
depends on the substrate location: in all cases an 
increase is observed for FC films deposited at substrates 
on the target, floating-glow and floating-dark position 
respectively. Post treatment with N2 or SF6 does not 
influence the chemical structure. However, post 
treatment with an sF6 plasma Seems to increase the 
amount of -C-C and -C-H functional groups, thus 
increases the amount of cross-linking. 
When 4% SFg is added to the feed, a decrease of the 
growth rates of a factor 4 to 5 is observed at the target 
position, and a decrease with more than a factor 12 at 
the floating glow position. Interestingly, the growth 
rate at the floating dark position is hardly affected. At 
all substrate positions, an increase of the amount of 
cross-linking is observed. 
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fig. 1. XPS (X-ray Photoelectron Spectroscopy) spectra 
of FCJIm. At the horizontal axk the energy in eV k 

given. The intensity k in arbitra y units. 
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DISCUSSION 

Because of the versatility of the process, the plasma 
deposition process will be discussed in the following. 
As has been indicated in the introduction, there are 
several parameters influencing the deposition process of 
the FC films. However, discussing the process in terms 
of the parameters mentioned in the introduction may be 
misleading: it is more instructive to discuss the process 
in terms of the active species responsible for the 
deposition or etching process and elucidate the 
influence of the deposition parameters on the active 
species. There are three classes of species, i.e. charged 
particles, F atoms and F2 molecules and CF, radicals 
[ 5 ] .  The influence of photons on the process has not yet 
been elucidated. The charged particles are responsible 
for the bombardment of the substrate surface and thus 
for physical etching: their influence is obvious when the 
substrate location is varied (i.e. target or floating). The 
F atoms are responsible for the chemical etching 
process of the FC films [6]. The F atoms can react with 
radicals or unsaturates in the gas phase as well. The 
CF, are the building blocks for FC film deposition. The 
ratio of F atoms and CF, radicals is important and since 
they react with each other the CF, concentration 
distribution is affected by the F atom concentration. In 
our case the feed monomer is CHF3, there is thus 
hydrogen present. Hydrogen acts as an F atom 
scavenger, i.e. it will react with the F atom and form 
HF, thereby increasing the [CF,l/[Fl ratio. This 
explains why deposition with CF4 as feed monomer is 
hardly possible. For the deposition of FC films, there 
are three prerequisites [5]: besides the presence of the 
CF, building blocks (i.e. a high [CF,]/[F] ratio), the 
substrate surface should be activated by energetic ions 
(and possibly electrons and/or photons) and the 
substrate temperature should be sufficiently low since 
there is a negative apparent activation energy for the 
deposition process. The negative apparent activation 
energy can be indicative of a competition between an 
adsorptiorddesorption equilibrium and a chemical 
surface reaction [7,8 1. It should be noted that with 
increasing the energy of the ions bombarding the 
substrate, ion enhanced sputtering or etching may 
occur. Thus although activation of the substrate by 
means of energetic particles is a necessity, when the d.c. 
bias is even further increased the growth rate will 
decrease. 
The growth rate difference between the target substrate 
and the floating substrate may be rationalised in terms 
of the more and more energetic ions which bombard the 
surface. d' Agostino et al. have shown that when the 
d.c. bias is increased while the power is decoupled from 
the d.c. bias, the resulting higher concentration of the 
polymer building blocks cannot account for the increase 
of the growth rates. Therefore, the energetic ions which 
bombard the surface increase the amount of active sites 
[51. The difference between the floating-glow and the 

floating-dark position may be due to either a different 
flow profile and/or due to the influence of the photons, 
originating from the plasma, which may create active 
sites. There seems to be a trend in CF3 functional group 
concentration, increasing from target to floating dark 
substrate position while the CF2 functional group 
concentration decreases. 
The growth rate of the floating dark substrate position 
is not influenced by post-processing. Interestingly 
enough, the growth rate at this substrate position is 
neither affected by adding sF6 to the feed monomer nor 
by sF6 plasma post treatment although XPS analysis 
reveals that the amount of cross-linking has been 
increased. Therefore it may be concluded that either 
photons control the etch process or that the etching 
radicals (F atoms) are not in the vicinity of the floating 
dark substrate (possibly due to their short life-time). 
The F/C ratio is in all cases between 0.8 and 1.2, except 
for the deposit with a power of IO W (110.2). In this 
case an F/C ratio of 1.5 was observed and the smallest 
oxygen concentration was found in this deposit. The 
high F/C ratio may be due to the 'mild' plasma 
conditions E91 : ion-stimulated desorption analysis 
indicated that fluor desorps selectively [lo]. The 
oxygen in the plasma deposited films may arise from the 
exposure to air after deposition: when the samples are 
analysed without braking the vacuum, oxygen is not 
detected [31. However, recent data obtained from XPS 
analysis with different apparatus indicated that oxygen 
was hardly present. These data also indicated that the 
FC film polymerises under influence of the X-ray 
bombardment and that fluor is selectively removed. 
According to these data, the presented F/C ratios are to 
low as well and the expected (and weakly observed) 
trend of an increase of the F/C ratio for substrates 
located at the target, floating glow and floating dark 
position is present. 
The post-processing does not influence the chemical 
structure significantly, unless a plasma is applied. In this 
case F atoms will etch the FC layer, thereby increasing 
the amount of cross-linking. When 4% of SFg is 
introduced in the feed, the deposition rate decreases 
markedly at the target and at the floating-glow position 
hardly any deposit is found. The F atoms act as 
scavenger of the CF, radicals and the etching by the F 
atoms will compete with the deposition process. This 
would explain the higher cross-link density in these 
films. 

APPLICATIONS 

Of the many possible applications of FC films for micro 
stxuctures (see ref. [ll) we demonstrate the following 
two: 
I: surface micromaching can be performed without 
sacrificial layer. In figure 2 a SEM photograph is shown 
in which aluminum beams can be observed. These 
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beams released directly from the substrate surface due 
to the underlying FC film. 

Figure 2. SEMphotograph of aluminum film. These 
film released directly from the substrate due to the 

underlying FCfilm. The use of a sacrificial layer is not 
necessag.. 

II: The chemical resistance of FC thin films are useful to 
prevent corrosion by aggresive chemicals, e.g. in 
channels equiped with flow sensors. In figure 3 a flow- 
sensor coated with an FC film is shown. 

Figure 3. SEMphotograph of aJow sensor structure 
coated with an FCfilm. 

CONCLUSIONS 

In conclusion, materials analysis shows that the 
chemical composition and the coverage characteristics 
depend on the deposition parameters. A higher cross- 
link density is observed after treatment with an SFg 
plasma or with SFg in the feed. The concentration of 
the CF3 functional groups is higher for substrates at 
floating-glow position, and even higher for substrates at 
the floating-dark position. The F/C ratio however, does 
not vary drastically for the deposition parameters used, 
except for the FC film deposited under mild plasma 
condition. As far as material properties have been 
investigated, the properties of the FC films are 
comparable to those of polytetrafluoroethylene. The 
bombardment by means of high energy ions (and 
electrons) is responsible for the higher growth rates at 
the target, partly due to the increase of active sites. The 
films are extremely chemical resistant: an aluminum 
beam coated with an FC film is not etched in aluminum 
etch and the refractive index varies between 1.38 and 

1.42. The unique combination of properties of the FC 
films, resembling the properties of bulk fluorocarbon, 
together with the versatile deposition process, allowing 
directional and conformal deposits, make FC films very 
promising for MEMS applications. 
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