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The development of a new fabrication technique of Teflon microparts using synchrotron radiation
~SR! irradiation, the SR ablation process, was described. The anisotropic micromachining and thin
film formation of polytetrafluoroethylene, fluorinated ethylene propylene, and perfluoroalkoxy were
demonstrated using the SR ablation process. The anisotropic micromachining of Teflon with hole
pattern of 2mm diam was successfully performed, and the micromachining of Teflon with a high
aspect ratio of 50 was achieved. Moreover, Teflon films with flat surface were formed at a high rate
by the SR ablation of Teflon at the substrate temperature above 200 °C. ©1999 American
Vacuum Society.@S0734-211X~99!06803-1#
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I. INTRODUCTION

Fluorocarbon polymer has excellent properties such
high electrical resistivity, low coefficient of friction, high
thermal and chemical stability, low dielectric constant, p
tential biocompatibility, nonwetting property, and so o
Polytetrafluoroethylene~PTFE!, fluorinated ethylene propy
lene ~FEP!, and perfluoroalkoxy~PFA!, which are well
known as ‘‘Teflon,’’ are fluorocarbon polymers with exce
lent properties, and have attracted considerable attention
applications in various fields. For example, in the emerg
field of microelectromechanical system, Teflon is potentia
useful as the sliding material in the drive shafts of microm
chines, soft structural material in microactuator, and in m
made internal organs. In order to realize these applicati
development of techniques for the formation of Teflon th
films as well as the micromachining of Teflon with hig
aspect ratio~the ratio of the depth and the pattern width! is
required.

So far, micromachining and formation of Teflon ha
been extensively attempted by the laser ablation techn
using pulsed lasers such as the vacuum ultraviolet~VUV !
pulsed laser and the ultrashort pulsed laser.1 The absorption
coefficient of Teflon is large in the VUV-UV range and VU
or UV lasers than infrared lasers which induce less ther
damage to the Teflon.2 Although the Teflon was ablated at
high rate~a few microns per pulse! by the laser irradiation,
the aspect ratio of the ablated Teflon was very low.3 There-
fore, the pulsed laser ablation technique is not suitable
micromachining of Teflon with high aspect ratio.

On the other hand, synchrotron radiation~SR! is unique
light with high intensity and high direction ability in th
wavelength region from soft x ray to VUV. The use of S
potentially offers extremely important advantages over c
ventional UV laser processing due to its short waveleng
which enables us to realize a fabrication process of dev

a!Electronic mail: mnhrmt@meijo-u.ac.jp
949 J. Vac. Sci. Technol. B 17 „3…, May/Jun 1999 0734-211X/99
s

-
.

for
g
y
-
-
s,

ue

al

r

-
,

es

with submicron features. So far, many investigations rela
to lithography, material processing, and LIGA~acronym for
German words lithographie, galvanoformung, abformun!
have been pursued with SR.4 In the LIGA process, which
consists of SR lithography of polymethylmethacryla
~PMMA! film and electric plating technique, the formatio
and micromachining processes of PMMA are performed
wet processes. If these wet processes are removed from
LIGA process, the micromachine fabrication process can
simple and performed at low cost and in a short period.

Recently, a few reports have been published on the
cromachining of PTFE bulk employing SR. Zhanget al.
have demonstrated the direct micromachining of PTFE b
with a high aspect ratio using the ablation process by
SR-induced reaction, that is, the SR ablation process.5 Inay-
oshi et al. have demonstrated the direct micromachining
PTFE bulk as well as high-rate formation of PTFE thin film
by using the SR ablation process.6 From the practical point
of view, it is necessary to survey the several kinds of flu
rocarbon polymer materials including PTFE for the applic
tion of the SR ablation process. The SR ablation proce
which is a completely dry process, can be a key technol
for the fabrication of microparts in micron size in the ne
generation. Moreover, the SR ablation process for the Te
thin film formation utilizes a solid source as a starting ma
rial without using reactive gases such as fluorocarbon ga
causing a serious environmental problem of global warmi
Therefore, the SR ablation process is essentially clean c
pared with plasma polymerization or plasma-enhan
chemical vapor deposition methods. In order to establis
completely dry process consisting of thin film formation a
high-aspect ratio micromachining of Teflon using the SR
lation process for the practical use, it is necessary to cla
the decomposition mechanism of Teflon by the SR-indu
reaction as well as to optimize the process condition incl
ing variation of fluorocarbon polymer materials, waveleng
of SR beam, photon flux or dose, which is defined as
949/17 „3…/949/8/$15.00 ©1999 American Vacuum Society
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product of SR irradiation time and the storage ring curre
and so on.

In this article, we describe the Teflon fabrication tec
nique as a completely dry process consisting of thin fi
formation and micromachining of Teflon. The anisotrop
micromachining and thin film formation of three types
Teflon materials, PTFE, FEP, and PFA, are systematic
demonstrated using the SR ablation process.

FIG. 1. Schematic diagram of experimental apparatus used to microma
ing of Teflon by the SR ablation process.
J. Vac. Sci. Technol. B, Vol. 17, No. 3, May/Jun 1999
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II. EXPERIMENTS

The experiments were carried out using beamline
~BL-8A! at UVSOR at the Institute for Molecular Scienc
Okazaki National Research Institute, Japan. The wavelen
region of SR beam spanned 0.4–800 nm. The peak in
spectrum of this beam corresponds to the wavelength re
around 10 nm.

Figure 1 shows a schematic diagram of the experime
apparatus used for micromachining of Teflon by the SR
lation process. This system consists of the SR beam, a r
tion chamber, and a pumping system. The reaction cham
was evacuated to 1.331021 Pa using a turbomolecular pum
backed by a rotary pump before irradiation of SR beam. T
Teflon targets were set perpendicularly to the SR be
PTFE, PFA, and FEP were employed as the targets.
chemical structure, molecular weight, and melting tempe
ture of each target are summarized in Table I. A nickel~Ni!
mesh~a square pattern of 77mm!, a copper~Cu! mesh~a
square pattern of 19mm!, and a capillary plate made o
plumbum-containing glass (Pb–SiO2) with capillaries of 2
mm inner diameter were used for the contact mask. Dir
writing in Teflon using the SR ablation was carried out
room temperature.

The cross section of Teflon targets ablated by SR irrad
tion was observed using a scanning electron microsc
~SEM!. The depth of Teflon target ablated by SR irradiati
was measured from the cross sectional SEM photograph.
fore SEM observation, a conductive metal of osmium w
coated on the sample using a plasma coater~NL OPC80,

in-
TABLE I. Structure, molecular weight, and melting temperature of each target.

Material Structure
Molecular

weight
Melting

temperature

PTFE
Polytetrafluoroethylene

F F F F

u u u u

– C – C – C – C –

u u u u

F F F F

107 g/mol 327 °C

PFA
Perfluoroalkoxy

F F F F

u u u u

– C – C – C – C –

u u u u

F O F F

u

C3F7

106 g/mol 305 °C

FEP
Fluorinated ethylene
propylene

F F F F

u u u u

– C – C – C – C –

u u u u

F CF3 F F

105 g/mol 260 °C
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Nippon Laser and Electronics Laboratory! in order to en-
hance the secondary electron emission efficiency.7

Figure 2 shows a schematic diagram of the experime
apparatus used for the thin film formation of Teflon by t
SR ablation process. The reaction chamber was commo
both experiments of micromachining and film formation
Teflon. The Teflon bulk as a target and silicon~Si! ~100!
substrate were set perpendicularly and parallel to the
beam, respectively. The distance between the surface o
Si substrate and the SR beam was 1 cm. The film forma
of Teflon using the SR ablation process was carried out w
the variation of substrate temperature in the range from 2
300 °C. The substrate temperature was chosen so as n
exceed the melting temperature of each Teflon target.
resistive heater was used for heating the substrate. The
strate temperature was monitored using a thermocoupl
contact with the surface of the substrate. The deposition
was evaluated by measuring a film thickness using a t
step. The films deposited by the SR ablation process w
analyzed by Fourier transform infrared spectroscopy~FTIR!
and x-ray photoelectron spectroscopy~XPS!.

III. RESULTS AND DISCUSSION

A. Micromachining of Teflon using SR ablation
process

Teflon was ablated by the SR irradiation effectively in t
vacuum. Figure 3 shows the SEM image of SR-ablated
tern created in a PTFE sheet of 1 mm thickness. As see
Fig. 3, the fine pattern of 77mm square holes was succes
fully produced in the PTFE sheet by the irradiation of the
beam. The pattern created in the back side of the PTFE s
penetrated by the SR ablation was found to be almost
same as the fine pattern of the front side shown in Fig
Therefore, the anisotropic ablation of PTFE with an asp
ration of ten was successfully achieved by the SR abla
process. Figure 4 shows a cross sectional SEM image
PTFE sheet of 5 mm thickness with 77mm square-hole pat
tern produced by the SR ablation process. As seen in Fig
77 mm square holes were bored completely in the th
PTFE sheet. As a result, the anisotropic ablation of PTFE
an aspect ratio of 50 was achieved by the SR ablation
cess. Although the lines of a few microns width were o

FIG. 2. Schematic diagram of experimental apparatus used for film for
tion of Teflon by the SR ablation process.
JVST B - Microelectronics and Nanometer Structures
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served in the side wall of PTFE ablated by the SR irradiat
as seen in Fig. 4, the size of these lines was the same a
surface roughness of Ni mask. In addition, anisotropic m
cromachining of FEP and PFA with 19mm square-hole pat-

a-

FIG. 3. SEM photograph of fine pattern with 77mm square holes created in
PTFE by the SR ablation process.

FIG. 4. Cross sectional SEM image of PTFE fine pattern with 77mm square
holes created in PTFE created by the SR ablation process.
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952 Inayoshi et al. : Formation and micromachining of Teflon 952
tern was also realized successfully for the first time~Fig. 5!.
Figure 6 shows the SEM image of 2mm hole pattern created
in a PTFE sheet by the SR irradiation. A capillary plate
Pb–SiO2 with capillaries of 2mm inner diameter was used a

FIG. 5. SEM photograph of fine pattern with 19mm square holes created i
FEP by the SR ablation process.

FIG. 6. SEM photograph of fine pattern with 2mm holes created in PTFE by
the SR ablation process.
J. Vac. Sci. Technol. B, Vol. 17, No. 3, May/Jun 1999
f

a contact mask. As seen in Fig. 6, the fine pattern of 2-mm-
diam holes was developed using the SR ablation proces
must be pointed out that the mask pattern of the capill
plate was distorted due to the heating of the Pb–SiO2 mate-
rial caused by the SR absorption. The created fine pat
shown in Fig. 6 closely followed the distorted mask patte
Consequently, the micromachining of Teflon in micron u
with high precision was realized.

Figure 7 shows the ablation rates of the PTFE, PFA, a
FEP in the case using Ni contact mask with 77mm square-
hole pattern at room temperature. The ablation rate was
malized by dose. As seen in Fig. 7, PTFE was ablated
high rate of 2.5mm/min mA by the SR irradiation, corre
sponding to the ablation rate of 400mm/min for the typical
ring current of 160 mA, which was very high from a prac
cal point of view. The ablation rate for FEP, which has t
lowest molecular weight and melting temperature amo
three types of materials investigated, was higher than
ablation rates for PFA and PTFE. Results in Fig. 7 indic
that fluorocarbon polymers with the lower molecular weig
are more easily ablated by the SR irradiation. The decom
sition of fluorocarbon polymers through the SR-induced
action into the volatile fragments would proceed until t
molecular weight of the decomposed fragments beca
small enough to be removed from the polymer surface i
the vacuum. Indeed, fromin situ quadruple mass spectros
copy ~QMS! analysis of gaseous products generated by
SR ablation of Teflon, strong ion signal intensities of C~12
amu!, F ~19 amu!, CF ~31 amu!, CF2 ~50 amu!, and CF3 ~69
amu! were observed. Moreover, ion signals of the fragme
with the mass more than 300 amu were contained in the m
distribution of the gaseous products generated from each
get irradiated by SR beam.

B. Formation of fluorocarbon film using SR ablation
process

Formation of Teflon films using the SR ablation proce
was also demonstrated. A Teflon target was ablated by
SR irradiation and the thin films of Teflon were deposited
the Si ~100! substrate placed normal to the target surface

FIG. 7. Ablation rates of PTFE, PFA, and FEP in the case using a Ni m
with a 77mm square-hole pattern.



E
S

t

he

re-
i-

ts
ers
by
nts
em-
ery
ed
lms
the
low
ent

rom
zed

ms
osi-
m/

re-
cal
de
er-
lm

t in
ess
e
ose
ion

ra

em

rate

953 Inayoshi et al. : Formation and micromachining of Teflon 953
shown in Fig. 2. Figures 8–10 show the cross sectional S
photographs of PTFE, PFA, and FEP films formed by the
ablation process at substrate temperatures of~a! 27 °C, ~b!
100 °C, ~c! 200 °C, and~d! 300 °C. The films deposited a

FIG. 8. Cross sectional SEM images of PTFE films formed at subst
temperatures of~a! 27 °C, ~b! 100 °C,~c! 200 °C, and~d! 300 °C by the SR
ablation process.

FIG. 9. Cross sectional SEM images of PFA films formed at substrate t
peratures of~a! 27 °C, ~b! 100 °C, and~c! 200 °C by the SR ablation
process.
JVST B - Microelectronics and Nanometer Structures
M
R

room temperature for all materials look like the bundle of t
chemical fibers as shown in Figs. 8~a!, 9~a!, and 10~a!, and
the quality of these films was not good. As was stated p
viously from QMS measurement, in addition to major rad
cals such as CFx (x51 – 3), a certain number of fragmen
with large molecular weight more than 300 amu as oligom
would be produced from the surface of Teflon irradiated
SR beam. Since the repolymerization of the large fragme
cannot proceed well on the substrate at low substrate t
perature, the surface of the deposited film became v
rough. On the other hand, the quality of the films improv
with increasing substrate temperature, and high-quality fi
with smooth surface were formed on the Si substrate at
substrate temperature above 200 °C, which was just be
the melting temperature of Teflon target used in the pres
study. This fact indicates that the fragments generated f
the target surface by the SR ablation were repolymeri
effectively on the substrate surface by heating.

Figure 11 shows the deposition rates of fluorocarbon fil
formed at the substrate temperature of 200 °C. The dep
tion rates of PTFE, PFA, and FEP were 15, 26, and 47 n
min mA, respectively. The deposition rate of PTFE cor
sponds to the deposition rate of 2560 nm/min for a typi
ring current of 160 mA. This value is an order of magnitu
larger than that obtained using conventional plasma polym
ization method. Furthermore, the deposition rate of FEP fi
was higher than those of PFA and PTFE films. The resul
Fig. 11 indicates the usefulness of the SR-ablation proc
for the high-rate deposition of Teflon thin films. From th
fact that the ablation rate of FEP was also higher than th
of PFA and PTFE as seen in Fig. 7, the higher deposit

te

-

FIG. 10. Cross sectional SEM images of FEP films formed at subst
temperatures of~a! 27 °C, ~b! 100 °C, and~c! 200 °C by the SR ablation
process.
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rate in the case of FEP film was due to the larger quantity
fragments generated by the SR ablation of FEP than thos
the cases of PFA and PTFE.

Figure 12 shows the FTIR spectra of the film deposi
using the SR ablation of PTFE, PFA, and FEP at the dos
50 min mA and the substrate temperature of 200 °C.
shown in Fig. 12, relatively strong twin peaks at 1200 a
1141 cm21 corresponding to CF2 asymmetrical stretching
and symmetrical stretching modes, respectively, appeare
the absorption spectra of the deposited films. Additiona
the weak peak of CF2 wagging mode appeared at 635 cm21.
Features of the FTIR spectra of the deposited films w
similar to those of Teflon targets for the most part. Howev
the weak peak of CF3 stretching mode appeared at 981 cm21

in all spectra of the deposited films. As summarized in Ta

FIG. 11. Deposition rates of fluorocarbon films formed at a substrate t
perature of 200 °C using SR ablation of PTFE, PFA, and FEP targets.

FIG. 12. FTIR spectra of films deposited using SR ablation of PTFE, P
and FEP at a dose of 50 min mA and a substrate temperature of 200 °
J. Vac. Sci. Technol. B, Vol. 17, No. 3, May/Jun 1999
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I, the CF3 component is not contained in the chemical stru
ture of PTFE, while PFA and FEP contain the CF3 compo-
nent. Therefore, the chemical structure of the film depos
by the SR ablation of PTFE was somewhat different fro
that of the PTFE target. The chemical structures of targ
and deposited films were investigated by XPS. Table II su
marizes the areas of CF, CF2, and CF3 components in targets
and the deposited films measured from XPS carbon~C! (1s)
spectra. The total area of C (1s) spectrum was normalized t
100 for each sample. As summarized in Table II, the fil
formed from all targets contained CF and CF3 components as
well as CF2 component, and the CF/CF2/CF3 ratio for each
deposited film was almost 5/86/9. Since the CF3 component
was larger than CF component, the F/C ratio of the depos
films was 2–2.1. Moreover, the CF/CF2/CF3 ratio of the de-
posited films did not change with varying the substrate te
perature. These facts indicate that the fragments contai
CF and CF3 components were generated from Teflon targ
irradiated by the SR beam. From these results, the CF2-rich
polymer containing a small amount of CF and CF3 compo-
nents was found to be formed at high rate by Teflon ablat
using SR.

As shown in Figs. 8–10, Teflon films with smooth surfa
and high density were successfully formed by the SR ab
tion process at the substrate temperature above 200 °C.
demonstration of the completely dry process employing S
micromachining of Teflon films formed by using SR ablatio
was carried out. Figure 13 shows the SEM image of
SR-ablated pattern created in a Teflon film which w
formed by the SR ablation of FEP at the substrate temp
ture of 200 °C. As seen in Fig. 13, the fine pattern with
mm square holes was successfully created in the depos
Teflon film by the irradiation of SR beam. It should be not
that the SR ablation process potentially enables us to f
the Teflon film onto the curved surface as well as to mic
machine the Teflon film covering the curved substan
Therefore, the SR ablation process can be successfully
plied to the fabrication of Teflon microparts in a microm
chine.

-

,
.

TABLE II. Area of CF, CF2, and CF3 components in targets and the depo
ited films measured from XPS C (1s) spectra. The total area of C (1s)
spectrum was normalized to 100 for each sample.

Material CF CF2 CF3

PTFE
Target 0 100 0
Deposited films~27 °C! 4.7 86.2 9.1
Deposited films~200 °C! 4.6 87.1 8.3

FEP
Target 0 95.2 4.8
Deposited films~27 °C! 6.0 84.1 9.9
Deposited films~200 °C! 5.2 85.4 9.4

PFA
Target 0 100 0
Deposited films~27 °C! 5.4 86.3 8.3
Deposited films~200 °C! 4.8 87.8 7.4
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The SR ablation process would be applicable to the
cromachining of metal microparts as well. Figure 14 show
schematic diagram of the procedure for the fabrication
metal microparts as an example of the application of the
ablation process. This procedure consists of~a! Teflon film
coverage on the surface of a metal material in micron s
using the SR ablation,~b! micromachining of Teflon film
using the SR ablation,~c! electric plating, and~d! removal of
Teflon film. Metal microparts with complicated structu
would be realized by using this procedure shown in Fig.

IV. CONCLUSION

The feasibility of the completely dry process using the
ablation for the direct micromachining and film formation
Teflon was demonstrated. The anisotropic micromachin
and thin film formation of PTFE, FEP, and PFA were de
onstrated using the SR ablation process. The anisotropic
cromachining of Teflon with hole pattern of 2mm diam was
successfully performed, and the micromachining of Tefl
with a high aspect ratio of 50 was achieved. The ablation
of FEP, which has the lowest molecular weight and melt
temperature among three kinds of Teflon materials inve
gated, was higher than those of PFA and PTFE. Moreo
the formation of Teflon films was achieved by the SR ab
tion process. The Teflon films with flat surface were form
at the substrate temperature above 200 °C. The depos
rate of film formed by the SR ablation of FEP was high

FIG. 13. SEM photograph of SR-ablated pattern created in Teflon
formed at a substrate temperature of 200 °C by SR ablation of FEP.
JVST B - Microelectronics and Nanometer Structures
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than those for the cases of PFA and PTFE. It was indica
that the SR ablation process has a possibility of replacing
LIGA process.
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