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Fluorocarbon films have low surface energy and can be used as antistiction coating for
microelectromechanical systems. By using the passivation process in a deep reactive ion etcher, the
fluorocarbon films can be deposited and integrated with other processes in the clean room. The
properties such as wettability, surface energies, and thermal stability, have been investigated in
detail. It has been found that the fluorocarbon films deposited have a static water contact angle of
109° and a surface energy around 14.5 n?]Auhereas as-received and as-deposited single silicon,
poly silicon, and silicon nitride have a much lower water contact angle and a higher surface energy.
The fluorocarbon films keep their good hydrophobicity up to 300 °C, and the degradation
temperature depends on the thickness of the fluorocarbon films. Decomposition happens at lower
temperature$100—300 ° @ even though the decomposition rate is quite slow without affecting the
contact angle. The decomposition mechanism at low temperatiegs than 300 °LCmight be
different from that at high temperatures. It has been shown that the fluorocarbon film deposited by
a deep reactive ion etcher tool provides very high hydrophobicity, low surface energy, good thermal
stability, and antiadhesion behavior for use in nanoimprinting lithograPh005 American
Vacuum Society.DOI: 10.1116/1.1875232

[. INTRODUCTION source, and their wettability and thermal stability are inves-

tigated by contact angle measurements, atomic force micros-
Recently, fluorocarbon films have been widely copy, and ellipsometry.

investigateﬂl”9 due to their low dielectric constant, high hy-

drophobicity, low friction coefficient, high chemical inert- || ExXPERIMENTAL TECHNIQUES

ness, and biocompatibility. Fluorocarbon films are very use- F bon fil d ited oR(100) sili

t in micoclecuomechancal sysema/EVS) devee,  FLOIN I e deposied U sl
mon her thin ntistiction and antiadhesion in . . o

among other things, as antistiction and antiadhesion coat 4Fg is used as a feed gas. After feedingFg gas into the

_6 ..
fqr suspended structuré.s. Among many er05|t|on tech IPRIE chamber, GFg is ionized between anode and cathode
nigues, plasma polymerization technique is one of the mos . .

) A L o form ions and free radicals such as CEF;, CF, GF,,
effective methods. It has been repontedat it is better to . .
etc., and then the radicals diffuse to the substrate and poly-

fganggjoer:);aéb;nﬂf:tlerr}:rr:qa ﬂafl_g?:e 5%1?7(\:/§V\é(qu;allty merize to form a fluorocarbofC,F,), film. Before deposi-
verag lIm. £B4,” CaFg,” CaF/ CH, 3 tion, the silicon wafers were given a buffered hydrofluoric

CaFs, CaFio and other monomers have been used to form, ., (HF) dip followed by a 5 min water rinse and a spin dry

Ilrlljoroc?rbtorl;_fl{ltms. flttEasf:)een fout? d ﬂ}f”l‘t dGEOSItIOQ ratetin fterwards. The deposition parameters, which were varied in
ermal stability ot the fiuorocarbon Tims depend on eDRIE, are GFg gas flow, coil power, and process time. In

fluorine-to-carbon ratio and substrate temperatﬁ?dﬂp to this investigation, the deposition temperature is 20 °C, the

now, most plasma deposition teph_niques are based on Ca.paﬁ'lhten(bias) power is 20 W, and base pressure is 0.1 mTorr.
tively coupled plasma. There is little effort to characterize Thicknesses of fluorocarbon films were measured by vari-

fillms deposlited With "a hign-dendsity induct?vely COUplid able angle spectroscopic ellipsometry. For each film sample,
plasma dtoo ,I esréegla%/ V]:”t a Eepl reacgve lon etc ereIIipsometric psi(y) and delta(A) angles were measured in
(DRIE) , eve an y Surface Technology y;tetﬁQ'S), step of 10 nm from wavelengths of 300—800 nm at incident
UK. Ayon et al” reported on the fluorocarbon films depos-

, th he th : ity of the f angles of 70° and 80°. A three-layer model, i{sybstraty
ited with a DRIE. However, the thermal stability of the fluo- isotropic Cauchy filny(air), is used to fit the data to get the

rocarbon films deposited is not reported. On the other han hickness and refractive index by WVASE32™ softwéde-

the thermal stability of fluorocarbon films is quite important veloped by J. A. Woollam Co., Inc., USAThe fitting pa-

in considering sensor packaging process, for long-term durgz yeters were regressed to minimize the mean square error

bility, and in nanoimprinting process. In this work, fluorocar- yonveen the measured and modedeend A.

bon films are deposited by the passivation process in deep coniact angle measurements were performed on contact

reactive ion etching, where ;€5 is used as a monomer ,n4je meter DSAL0 from Kriiss GmbH, Germany equipped
with automatic dispensing system and Framegrabber. The

@Electronic mail: yz@mic.dtu.dk contact angles were determined by drop shape analysis soft-

434 J. Vac. Sci. Technol. A 23 (3), May/Jun 2005 0734-2101/2005/23 (3)/434/6/$22.00 ©2005 American Vacuum Society 434



435 Y. X. Zhuang and A. Menon: Wettability and thermal stability of fluorocarbon 435

TaBLE |. Surface tension of four test liquid&Kef. 10. 4| ol power: 300w
~
Total surface Dispersive Polar 'ﬁ
tension component component ~ 3}
Test liquids (mN/m) (mN/m) (mN/m) %
g 2
Dl-water 72.8 21.8 51 g
Di-iodomethane 50.8 50.8 0 g al
Ethylene glycol 47.7 30.9 16.8 a
n-Hexadecane 27.6 27.6 0 ol

0 40 %0 120160
o o . C4Fg gas flow (sccm)
ware. Test liquids were de-ionizé€B1) water, diiodomethane
(Aldrich 99%), and ethylene glycolAldrich 99.8%9 and  Fi. 2. Deposition rate as a function of& gas flow. Coil power is 300 W,
hexadecanéFluka 99_9% due to their wide range surface platen power is 20 W, deposition temperature is 20 °C, and base pressure is
tensions and ratios of dispersive-to-polar components. Th&l mTorr.
surface tensions of the four quuijc?sare given in Table .
Both static and dynamic contact angles have been measured.
For static contact angles, the contact angle values were taken
five seconds after depositing liquid droplet on the surface t¢!me of the liquid droplet decreases with time. In this region
allow droplet relaxation. At least ten measurements havébetween lines A and B the dynamic contact angle de-
been performed for each droplet. The static contact angléreases with time. This region can be regarded as a transition
values reported are the average of at least three droplets. [ggion. From line B, the base diameter of the droplet de-
order to measure the dynamic contact angles, test liquid isreases together with the volume of the droplet, while the
steadily pumped into a 2L initial sessile droplet until the dynamic contact angle nearly keeps constant, which can be
base diameter of the droplet is larger than 6.5 mm, and thefonsidered as the receding contact angle. From line C, the
the liquid is steadily sucked from the droplet into the needlecontact angle decreases quickly with time; the needle might
using a motor-driven syringe. The contact angles have beef@ve some influence on the receding contact angle due to a
recorded approximately every second during the experismall base diameter.
ments. In order to eliminate the effect of dispensing needle, Surface topography and roughness were measured by
the advancing and receding contact angles are the averagéomic force microscopyAFM) in contact mode using com-
values for the drop'et whose base diameter is 8 times |argépercia| silicon tIpS Three Samples with different thicknesses
than the diameter of the dispensing needle. were chosen for studying thermal stability of fluorocarbon
A typical dynamic contact angle curve as a function offilms. The samples were annealed at given temperatures in an
time is given in Fig. 1 together with the base diameter of thedven in air for 10 min. The accuracy of the annealing tem-
||qu|d dr0p|et_ The dynamic contact ang|e curve can bhe di_peratures is £5 °C. The thermal Stab|l|ty is evaluated by the
vided into four regions as separated by lines A, B and cstatic contact angles of four test liquids and the thicknesses.
While steadily pumping the test liquid into the initial droplet,
the dynamic contact angle keeps constant, and the base di-
ameter increases. The advancing contact angle can be deter-
mined from the average value in this region. At line A, thelll. RESULTS AND DISCUSSIONS
quuid starts to be withdrawn into the syringe, and the base, Deposition of fluorocarbon films
diameter of the droplet keeps constant even though the vol-
In this investigation, the fluorocarbon films deposited are
intended for antistiction and antiadhesion coating. Therefore,

100 8 thicknesses of the fluorocarbon films deposited are not be-
g 90} _ yond 200 nm. The fluorocarbon films have been deposited on
& 1¢ E the fresh pretreated silicon substrates. Figure 2 gives the
& 80} ” . :
= et deposition rate of the fluorocarbon films as a function of
= 7ot 143 C,Fg gas flow rate at a coil power of 300 W. TheKg gas
5 el _§ flow was varied from 0 to 150 standard &fmin (sccm. It
8 12 8 can be seen that the deposition rate increases with the flow
g sof A rate until 120 sccm. Above 120 sccm, the plasma becomes
O o] Bewiene Glycol onTEDS lo unstable, and the deposition rate decreases. Figure 3 shows

the relationship of the deposition rate with coil power at a
C,Fg gas flow of 120 sccm. The coil power was changed
from O to 600 W. It can be observed that the deposition rate

Fic. 1. Dynamic contact angle of ethylene glycol on fluorocarbon film TEog INcreases linearly with the coil power in the range investi-
and base diameter of the droplet as a function of time. gated.

0 200 400 600 800 1000 1200
Time (seconds)

JVST A - Vacuum, Surfaces, and Films



436 Y. X. Zhuang and A. Menon: Wettability and thermal stability of fluorocarbon 436

80
C4Fg gas flow: 120 sccm Si a.s—received
- 6} “E u Poly-si
oL 3 eof » Si-nitride
~ N’
% 4 2 = Si with BHF
i
Q 3
g g«
g 2 Q
3
o
g T 20}
3 o} w Fluorocarbon films
0 100 200 300 400 500 600 0 20 4 60 8 100 120
Coil power (W) Static water contact angle (degrees)

" ) . ) Fic. 4. Static water contact angles and surface energies of some common
Fic. 3. Deposition rate as a function of coil power,Rg flow rate is ! 9 g

120 sccm, platen power is 20 W, deposition temperature is 20 °C, and basuesed MEMS materials and the fluorocarbon film.

pressure is 0.1 mTorr.

ceding contact angles, has a similar value between 32.8° and
34.6° for the three films. The contact angle hysteresis is usu-
The static water contact angles for all the fluorocarborally attributed to the chemical heterogeneity, the surface
films deposited are 109+2°, which is high enough for avoid-roughness, and the properties of test liquids. The similar wa-
ing adhesion and stiction in MEMS devices. It is well known ter contact angle hysteresis means that the fluorocarbon films
that the contact angle of solid surfaces depends on the natuh@ve similar roughness.
of materials and the topography. The same value of static Surface energy of the fluorocarbon films can be calculated
water contact angles might indicate that the fluorocarborirom the contact angle data. According to Young's equation
fll.ms have §|m|lar topography. Three f|L.JOI’008..I’bO.I’] films W|th e, = Ye1+ Ty COSO, (1)
different thicknesses are chosen for investigating dynamic
contact angles, topography, and thermal stability. Among thavhereys,, 5, andy, are surface energy of solid, interfacial
three fluorocarbon films, the thinnest one is represented dension between solid and liquid, and surface tension of lig-
TE10, the thickest one is identified as TE09, and the thirduid, respectively, and is the equilibrium contact angle of
one, TEO2 has a thickness between them. The static and dyjquid on the solid surface. In order to get the surface energy
namic contact angles of the three selected fluorocarbon filmom the contact angle measurements, it is necessary to know
are given in Table Il together with their thicknesses. Thethe relationship ofy with vy, andy,. Up to now, there are
wettability of the three fluorocarbon films is quite similar many assumptions for this relationship. In this article, we use
even though the thicknesses vary from 3.5 to 195 nm. Th@wens-Wendt-Rabel-Kaelble metfod” to evaluate the
static contact angles of four test liquids are around 109° fopurface energy of various solid surfaces. In this method, the
water, 88° for di-iodomethane, 92° for ethylene glycol, andsurface tension of each phase can be split into a polar and a
56° for n-hexadecane. The water advancing contact anglelispersive fraction, i.e.,
0w IS between 119° and 121°, and the receding contact _.D P _.DL.P
angle, 6., is between 85° and 87°. The water contact angle % % TV M= Vo Vo @
hysteresis, i.e., the difference between the advancing and rdhe interfacial tensiory can be calculated by the geometric
mean equation:

B. Wettability and topography

Y= Yo F Yo — 20070 ¥ F VSV 3)

TaBLE Il. Thickness, contact angléd), and surface energigy) of three S S v s 7l s /v’

fluorocarbon films. where superscript® and P represent the dispersive and po-
Sample TE10 TEO2 TEO09 lar components and the subscrigisl, andv denote solid,

liquid, and vapor phases, respectively. Combining Ej.
Thickness/mean square ernfdr) 35.9/4.766 153.9/3.626 1951.8/12.49 with Young's equatior(1), the following linear equation can

Ostaid H20) £ (deg 109.0+0.9 108.8+1.4 109.3+0.7 pe obtained:

Osaid CHol ) £5d (deg 88.5+0.9 87.7+24  88.3:0.7

Ostaid CoHgO,) £5d (deg 91.1£0.4 93407  92.2+0.8 (L+coshn, & |7 . &

Oetaid C1eHas) £5d (deg 57.8:0.4 557%0.5  56.1%0.2 2P Vs WP VY (4)
0a0(H20) £ 5d (deg 119.5+05 121.8+0.5 119.5%0.7 o v
bredH20) £ 5d (deg 86.7+1.0 87.1+x05  851%16  Therefore, with at least two liquids with known valueg,
A0= O, by (deg 32.8 34.6 34.4

¥, and 5, the components of2 and y. can be deter-

Yo (MI/11F) 14.58 14.48 14.38 mined from the intercept and the slope of the linear fit to the

Y (M) 14.55 14.48 14.35 data. The total surface energy of solid can be calculated by

7% (md/nf) 0.03 0.00 0.08 summing the two components. The surface energies of the
3Standard deviation. fluorocarbon films are calculated from the advancing contact
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Fic. 5. AFM images of the fluorocarbon filifa) TE10, (b) TE02, and(c)
TEO9.

angle of four test liquids and are given in Table Il. It can be

TasLE Ill. Thickness and roughness of three fluorocarbon films chosen.

Sample TE10 TEO2 TEOQ9
Thickness/mean square errdx) 35.9/4.766 153.9/3.626 1951.8/12.49
R,tsd (nm) 1.0+£0.4 1.4+0.4 1.0+0.3
rms+sd(nm) 1.2+0.4 1.8+0.4 1.3+0.3

component of surface energy. As a reference, static water
contact angles of some common used MEMS materials are
measured, and their surface energies are calculated by the
method stated previously. The results are shown in Fig. 4.
As-received silicon, polysilicon and silicon nitride have a
significantly lower water contact angle and a higher surface
energy, and thereby a large tendency for stiction. The buff-
ered HF cleaning can improve the hydrophobicity of silicon,
but it is still not enough for antistiction coating. Fluorocar-
bon films deposited by DRIE have the highest water contact
angle and lowest surface energy, and can be used for antis-
tiction coating for those underlying materials. It has been
reported that fluorocarbon films minimize stiction during the
release process in nanoimprinting lithography?

The AFM images with X 9 um? scanning area for the
three samples are given in Fig. 5. It can be observed that the
topography of the three samples have no significant differ-
ence. Average roughnefR,), root mean squar@ms) rough-
ness and their standard deviatit) of the three samples,
which are calculated from five images for each sample, are
shown in Table lll. It can be seen that the three films have

80

40} —8— Water

Static contact angle (degrees)
3

—@— Diiodomethane
—&— Ethylene glycol
20} —w— n-Hexadecane a
0 100 200 300 400
Annealing temperature (°C)
60
—&— Total surface energy
°€ 50} —e— Dispersive component
S 40 —&— Polar component
E
g 3o}
8
g5 20}
2 . .
.g 104 i f
©2 ol & v 4 gt b
0 100 200 300 400
Annealing temperature (°C)

seen that the f'uorocafbon films have quite a low surfacg 6. (3 static contact angles ar{t) surface energy of the fluorocarbon
energy, approximately 14.5 mJ#mand a nearly zero polar fiim TE02 annealed at various temperatures in air for 10 min.
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Fic. 8. (a) Static water contact angles and thickness of fluorocarbon film
Annealing Temperature (OC) TEO02, and(b) decomposition rates of the three films as a function of an-
nealing temperatures. Annealing time is 10 min, in air.
Fic. 7. (a) Static contact angles ant) surface energy of the three fluoro-
carbon films as a function of annealing temperature. Annealing time is

10 min, in air. initial thickness of 3.6 nm{TE10), 330 °C for the film with
an initial thickness of 15.4 nniTE02), and 350 °C for the
film with an initial thickness of 195.2 nm{TEQ9). This

similar R, and rms roughness even though the thicknesg,oans that the degradation might be caused by decomposi-
ranges from 3.6 to about 195 nm, which is in agreement W'”lion of the fluorocarbon film.

the conclusion from contact angle hysteresis. The thickness of fluorocarbon film TEO2 as a function of

annealing temperatures is given in Figa8together with

C. Thermal stability their water contact angles. It can be seen that the thickness
Thermal stability of the fluorocarbon films is estimated bydecreases even at 100 °C, indicating that the decomposition
. . hgppens at low temperatures. The water contact angle keeps
the static contact angles and the surface energies calculate . o . )
. . . . constant until 330 °C even though the thickness linearly de-
from the static contact angles. Figure 6 gives the static con- . : X

2 reases with the annealing temperatures. When the annealing
tact angles of four test liquids and the surface energy of

fluorocarbon film TEO2 annealed at various temperatures inemperature is higher than 300 °C, the thickness dramati-

air for 10 min. The static contact angles and surface energCally decreases, and the water contact angle decreases

of the film keep constant until 330 °C, then the static contac uickly Wlth anneallr)g temperatures, meaning th;\t the dg-
: . camposition mechanism at higher temperatures might be dif-
angles decrease quickly and the surface energy increas

S o
quickly with increasing annealing temperatures, indicating%;}e.rent from that at lower tempe_rgturéless than 300 9:.
. . . ngure 8b) shows the decomposition rates of the three films
that the fluorocarbon film can be used as an antiadhesion an : .
S : . as a function of annealing temperature. It can be observed
antistiction coating as long as the process temperature is le§s . . :
o S . at the decomposition rates at a given temperature are quite
than 330 °C and process time is shorter than 10 min. Both, )
. : . different for the three samples. The reason for the thickness-
dispersive and polar components of surface energy increas oo
. . N ; -~ - dependent decomposition is unknown.
with annealing temperature after 330 °C, and provide similar
contributions to enhance the total surface energy, indicatin
that no dominant component is responsible for the degrada-'- CONCLUSIONS
tion of the fluorocarbon film. A similar trend has been found The fluorocarbon films have been deposited on the silicon
for the other two fluorocarbon films, TEO9 and TE10. Figuresubstrates by the inductively coupled plasma technique using
7 shows the static water contact angles and surface energittge passivation process in a deep reactive ion etcher. The
of all three fluorocarbon films as a function of annealingdeposition rate reached a maximum at g&4&£gas flow of
temperatures. It can be seen that the degradation temperatur20 sccm when the coil power is 300 W, and the deposition
depends on the thicknesses of the initial films. The waterate linearly increased with the coil power in the range of

contact angle starts to decrease at 300 °C for the film with a00—-600 W at a ¢Fg gas flow of 120 sccm. All the fluoro-
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