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Abstract

Fluoropolymer ®lms prepared by radio frequency glow discharge (RF-glow discharge) are of interest as biomaterials coatings. Previous

studies focused on hexa¯uoroethane (C2F6, HFE) and tetra¯uoroethylene (C2F4, TFE) as the monomer precursor have shown such surfaces to

exhibit unique protein binding capabilities. In this study, slow, surface directed deposition of hexa¯uoropropylene (C3F6, HFP) ®lms is shown

to confer surface functional group presentation that promotes high protein retention. The surface chemistry is controllable over a range of

values, and C3F6 ®lms prepared by RF-glow discharge are smooth, homogeneous, and defect free. Surface patterns of the ¯uoropolymer can

be created by direct or photolithographic techniques. Scanning probe microscopic analysis indicates a surface modulus in the range of 1:2 ,
EHFP , 5:5 GPa. These results are discussed in terms of the applicability of C3F6 ®lms for coating biomaterials. q 1999 Published by

Elsevier Science S.A. All rights reserved.
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1. Introduction

Fluorocarbon ®lms deposited by radio-frequency glow

discharge (RF-glow discharge, or `plasma deposition')

have found wide interest and application in the microelec-

tronics, aerospace, automotive, and biomedical industries

[1,2]. The RF-glow discharge method is a solvent free,

room temperature process that allows for control of ®lm

thickness, texture, and surface chemistry through monomer

selection and plasma reactor conditions. Fluoropolymer

coatings produced by RF-glow discharge are attractive for

industrial and research applications due to their smooth,

conformal nature, low friction, low surface tension, and

resistance to chemical attack. Such ®lms are also pinhole

free, crosslinked, and tightly bound to their substrate.

Films polymerized from per¯uorinated monomers such

as tetra¯uoroethylene (C2F4, TFE), hexa¯uoroethane

(C2F6, HFE) and per¯uoropropane (C3F8, PFP) have gener-

ated interest as coatings to control biointeractions. RF-glow

discharge ¯uoropolymer ®lms from these monomers bind

blood proteins tightly, resist platelet adhesion and activation

when exposed to blood in vivo and have been proposed as a

robust substrate for biomolecule immobilization in surface

linked assays [3±6]. Recently, the plasma polymerization of

hexa¯uoropropylene (C3F6, HFP) has been described in

some detail [7±9]. The reactor conditions used in these

studies supported gas-phase polymerization in addition to

surface deposition. The resulting ®lms appeared rough and

displayed the incorporation of sub-micrometer particulates.

Preliminary comparisons in our lab, using HFE, TFE, PFP,

and HFP, indicated that smooth, defect free ®lms could be

produced by adjustment of the plasma conditions to promote

surface polymerization [10].

The development of ¯uoropolymer coatings for biomater-

ials applications has focused on the non-thrombogenic and

unique protein retention capabilities of these ®lms. Multi-

variate analysis of HFE ®lms has shown that the surface

¯uorine to carbon ratio (F/C), wettability, and composition

of the ®lm (CF3/CF2/CF/C±C ratios) as determined by elec-

tron spectroscopy for chemical analysis (ESCA) all play a

role in determining the strength of protein retention [11].

This analysis showed that the CF3 and CF2 content, and the

®lm F/C ratio, were parameters that positively correlated

with increased retention of ®brinogen. Since it is known

that monomers with high F/C ratios tend to etch surfaces
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rather than form polymerized ®lms, it appears necessary to

choose a monomer with low F/C, but perform the reaction

under such conditions as to maximize the surface F/C in

order to achieve maximal protein retention. Since the HFP

monomer has a low ¯uorine to carbon ratio �F=C � 2, there-

fore good ®lm forming properties), and a 1:1:1 ratio of CF3/

CF2/CF functionality in the monomer, it should be possible

to produce HFP ®lms with similar high protein retention

characteristics.

However, the mechanical properties of these coatings

have received little attention. The exposure of the ¯uoropo-

lymer coating to abrasion, wear, ¯exion, and chemical

attack during device packaging, surgical handling, and in

situ use can lead to delamination or degradation of the ®lm

quality. It is therefore desirable to have a coating that

contains both the proper chemical and mechanical proper-

ties for good control of the desired biological response. A

basic understanding of the relationship between the surface

chemistry and the nanomechanical properties of RF-glow

discharge ®lms is essential for the development of robust

biomedical coatings.

It is expected that the surface materials properties of RF-

glow discharge deposited ®lms can be controlled through

adjustment of the process parameters. An emerging method

for determining the contact mechanical properties of thin

®lms exploits the scanning force microscope (SFM). SFM

imaging allows for the surface morphology of the polymer-

ized ®lm to be determined in situ to nanometer resolution.

SFM force curve spectroscopy allows for the determination

of the ®lm's viscoelastic response and surface modulus [12±

15].

In this study, we investigated the surface chemical and

material properties of RF-glow discharge deposited HFP

¯uorocarbon ®lms. The quality of the ®lms was ascertained

by ESCA and SFM. ESCA provided evidence of successful

surface modi®cation, and the composition of surface chem-

istry present. Control over the surface chemistry was

achieved by modi®cation of the applied reactor power.

SFM imaging and force curve spectroscopy assessed the

surface morphology and nanomechanical behavior of the

®lms. Smooth, highly crosslinked homogeneous ®lms

were produced, and the surface modulus measured.

Patterned ®lms were prepared by both direct and optical

lithography.

2. Experimental

2.1. Substrate preparation

Cut (100) orientation silicon wafers (Silicon Quest Intl.,

Santa Clara, CA), were used as substrates for ®lm deposi-

tion. Substrates were triply cleaned via sequential sonication

in methylene chloride, acetone, and methanol (analytical

grade, from commercial sources) dried in a stream of pre-

puri®ed nitrogen, and immediately mounted in the plasma

reactor.

2.2. Plasma deposition

Plasma deposition was conducted with a 13.56 MHz RF

generator, capacitively coupled to symmetrical external

electrodes via a matching network. The details of this reac-

tor have been described elsewhere [11,16]. Hexa¯uoropro-

pylene (PCR, Gainesville, FL), was used as the monomer

precursor. C3F6 samples were reacted `in the glow' (ITG)

region between the coupling electrodes. Following deposi-

tion, all samples were `annealed' in monomer ¯ow for 5 min

and brought to atmospheric pressure under argon. The

samples were stored at room temperature in air. The matrix

of deposition parameters, substrate, and monomer is

contained in Table 1.

Using the theoretical framework advanced by Silverstein,

we calculated the dimensionless plasma parameter E for our

system according to

E � 2W

Mw Fn

ÿ �3 PA

RT

� �2

where W is the applied power (Watts), Mw is the monomer

molecular weight (g/mol), Fn is the molar ¯ow rate (sccm),

P is the steady state polymerization pressure (mTorr), A is

the reactor cross sectional area (cm2), R is the gas constant

(J/mol-K), and T is the steady state temperature (K). A range

of E values of 3:96e10 , E , 7:91e11 were obtained for our

system using the conditions studied. This range is equal to

or below the critical Eap of 3.7e11 calculated by Silverstein

for their reactor conditions [11]. Thus most of the plasma

conditions used here can be described as `energy starved'.

Although substantial differences exist in the reactor geome-

try and substrate placement used in the previous studies and

this work, it is nonetheless useful to note the plasma regime

used here appears to be consistent with the hypotheses

advanced by Silverstein, further illustrating the utility of

such an approach.

2.3. Substrate patterning

A set of cut silicon wafers were prepared for photopat-

terning by sonicating in acetone for 5 min, followed by
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Table 1

Reactor conditions for HFP RFGDa

Power (W) Time (min)

0.5 1 2 4 8

2 X X

5 X X X X X

10 X

20 X

40 X X

a ¯ow rate � 2 sccm, reactor pressure � 150 mTorr: electrode area 0.01

m2 (for one electrode), reactor cross sectional area � 86.59 cm2: distance

between electrodes � 15.24 cm.



etching in concentrated hydro¯uoric acid (Fisher) for 5 min.

The samples were then immediately rinsed with copious

amounts of distilled deionized water (R � 18MV US Filter

Corp.) and dried in a stream of nitrogen. Positive photoresist

(AZ1512, Shipley Inc.,) was applied by spin coating in a

dual cycle manner (500 rev./min for 5 s, 3000 rev./min for

25 s), and then post-baked for 30 min at 908C. The

substrates were then mounted for contact proximity printing

with a chromium mask containing two types of feature

areas: (1) lines of 40 mm interspersed with 10 mm spaces

and lines of 20 mm interspersed with 5 mm spaces, (2)

regions of boxes 5,10,20 and 40 mm dimension. The photo-

resist was UV exposed for 60 s, then developed (Shipley

AZ351 developer, 1:3 dilution in distilled deionized water)

for 2 min with gentle agitation. The resulting patterned

substrates were then rinsed in distilled deionized water,

dried in a nitrogen stream, and mounted in the plasma reac-

tor for ¯uoropolymer deposition as described above.

Following HFP deposition, the coated substrates were UV

re-exposed (full ®eld) for 60 s, and developed by sonication

in a modi®ed cocktail (1:1:3 AZ351/methanol/distilled

deionized water) for 2 min. These ¯uoropolymer patterns

were then rinsed in distilled deionized water and stored

sealed in air.

2.4. Electron spectroscopy for chemical analysis (ESCA)

Electron spectroscopy for chemical analysis (ESCA) of

the plasma deposited ®lms was performed on a Surface

Science Instrument (SSI, Mountain View, CA) S-Probe

ESCA instrument, utilizing an aluminum K(1,2 monochro-

matized X-ray source and a hemispherical energy analyzer.

This instrument permits the investigation of the outermost

20±100 AÊ of up to 1 mm2 surface area of the sample at high

(25 eV pass energy) or low (150 eV pass energy) resolution.

Surface charging of the non-conducting ®lms was mini-

mized with an electron ¯ood gun set at 5 eV. Typical pres-

sures in the analysis chamber during spectral acquisition

were 1029 Torr. SSI data analysis software was used to

calculate the elemental compositions from the peak areas

in low-resolution spectra and peak ®t the component peaks

in the high-resolution spectral envelope. For this study, all

spectra were recorded at a take-off angle of 558. Spectral

binding energies were referenced to the CF2 peak assigned

to 292 eV [17].

2.5. Scanning force microscopy (SFM)

Scanning force microscopy (SFM) was used to investi-

gate and modify the plasma ®lm morphology. A Nanoscope

II SFM (Digital Instruments, Santa Barbara CA) was used

for contact (constant force) mode imaging. 12 mm, 125 mm

scanners, and triangular cantilevers with standard Si3N4 tips

were used. Tip-sample forces were minimized (,10 nN),

and scan rates held below 2.5 Hz. Normal forces were esti-

mated from tip-sample force curve analysis, using force

constants measured via the `thermal noise' method [18].

Raw images were ¯attened to correct for non-linear curva-

ture of the sample stage piezo tube response. Roughness

values and surface feature dimensions were calculated

using the software provided in the Nanoscope II control

system. All Nanoscope SFM data was obtained under ambi-

ent conditions (,40±50% humidity, and 20±258C).

Investigation of the material properties of the continuous

and photolithographically patterned polymer ®lms was

performed using a Topometrix Explorer stand alone scan-

ning force microscope (TMX 1010, Topometrix Corp.,

Santa Clara, CA). A 100 mm scanner, and `non-contact'

rectangular cantilevers with silicon tips were used. The

spring constant of these cantilevers were calculated from

the manufacturer's supplied cantilever dimensions and a

measurement of the resonance frequency. The manufac-

turer's nominal values for tip radius was used. Contact

mechanical measurements were performed in a dry nitrogen

atmosphere (humidity & 5%, 20±258C).

3. Results and discussion

3.1. ESCA

3.1.1. Compositional analysis

ESCA analysis (Table 2) of all HFP RF glow discharge

exposed surfaces exhibited predominant signals from ¯uor-

ine (,58%) and carbon (,40%), indicating that a ®lm had

been deposited. Incorporation of contaminating species

such as oxygen and nitrogen in the ®lms were detected

only to trace amounts (,1% oxygen; nitrogen not detected).

In the case of ®lms prepared at 2 W/30 s, a substrate signa-

ture was observed, indicating that these ®lms were thinner

than the 60 AÊ ESCA sampling depth.

3.1.2. Comparison of C1s envelope to monomer structure

High-resolution analysis of the HFP ®lm C1s window

indicated an overall envelope that mimicked the HFP mono-

mer (Fig. 1). Although it appeared that some degree of the

monomer structure was retained in these ®lms (CF3/CF2/CF

,1:1:1), the ¯uorine to carbon ratio (F/C) in the ®lm was

reduced ,40% relative to the monomer. This corresponds

to an extraction on average of one to two ¯uorines per

monomer unit during reaction initiation, and is consistent

with reported values [7]. The CF3 and CF2 peaks appear to
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Table 2

Compositional Analysis

Reactor power (W) F (%) C (%) O (%)

2 58.9 ^ 2.3 38.7 ^ 2.6 2.4 ^ 0.3

5 57.4 ^ 1.4 41.5 ^ 1.0 1.2 ^ 0.5

10 56.5 ^ 1.0 42.6 ^ 0.8 1.0 ^ 0.5

20 56.9 ^ 0.9 41.7 ^ 0.5 1.4 ^ 0.5

40 57.8 ^ 0.3 41.25 ^ 0.5 1.0 ^ 0.2



be well de®ned under all conditions tested. However, the

CF±CFx and C±CFx peaks are broader and diffuse. Spectral

broadening in this region occurs as a result of secondary

shifts of the primary carbon due to adjacent neighbor bind-

ing conditions, overall environmental effects, or the

presence of double bonds to the primary carbon [17]. The

presence of a signi®cant C±CFx peak in all samples was an

indication of a highly polymerized surface ®lm. The C±CFx

peak was easily distinguishable from adventitious hydrocar-

bon located at 285 eV.

3.1.3. Control of ¯uorine to carbon ratio

Through analytical peak ®tting of the C1s spectral

window, a number of surface chemical properties could be

calculated. The most consistent results were obtained by

®rst performing an overall peak ®t, allowing the full-widths

at half maximum (FWHM) to be ¯oating variables in the

solution. Once this ®t was obtained, the FWHM of the CF2

peak was made equal to the CF3 FWHM and both para-

meters ®xed. The peak ®t algorithm was then performed

again, and the spectral areas obtained. Peak ®tting in this

manner allowed for separation of the broadening in¯uence

of the CF±CFx peak from the CF3 and CF2 components [19].

The F/C of HFP ITG ®lms was dependent upon the power

applied to the reactor (Fig. 2). The range of F/C available

through this procedure was small, ,1.35±1.5, or 10%. A

slight decrease in F/C with increasing deposition time was

also noted (Fig. 2 inset). This result suggests competitive

etching processes that take place at the growing ®lm surface

which tend to remove F atoms from the ®lm. Advanta-

geously, the F/C ratio range of 1.35±1.50 lies exactly in

the design regime that has been described for maximal

protein retention [11]. The dynamic range of F/C achievable

in this process appears to arise from spectral changes in the

CF3 component, and a shifting of the CF±CFx peak, not from

changes in the CF2 peak. These phenomena are consistent

with increased fragmentation of the monomer and ¯uorine

extraction at high powers.

3.1.4. Control of the CF3/CF2 ratio

In the HFP ®lm, the CF3 and CF2 components are compo-

sitionally enhanced over the CF±CFx and C±CFx species.

However, changing the reactor input power in¯uenced the

surface incorporation of CF3 more so than the CF2 compo-

nent. This behavior was roughly linear (Fig. 3). At high

powers (40 W) the CF3 peak was reduced relative to the

CF2 peak, similar to that seen by Chen et al., and is consis-

tent with enhanced ¯uorine extraction at high powers that

drive the deposition/etching equilibrium towards an etching

regime [7]. However, at low powers (e.g. 2 W), the CF3 peak

was dominant in the spectral window. This plasma regime is

described as being `energy starved'. The range of variation

in CF3/CF2 was ,0.85±1.2 or 30%. Since previous work by

Favia et al. has indicated that the CF3 surface component is

positively correlated with protein retention, the ability to

enhance incorporation of the CF3 species in the surface
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Fig. 2. Fluorine to carbon ratio (F/C) as function of applied reactor power.

F=C � �3 £ %CF3 1 2 £ %CF2 1 %CF�=Total as calculated from the high

resolution C1s spectra. This analysis proved consistent with F/C calculated

from the compositional spectra. Inset displays the F/C ratio as a function of

deposition time for a constant power of 5 W.

Fig. 3. Correlation of CF3/CF2 ratio to applied reactor power. Calculated

from the high resolution spectra.
Fig. 1. High resolution C1s ESCA spectra of RFGD-HFP ®lms as function

of reactor power. Binding energies have been charge corrected by referen-

cing the CF2 peak to 292.0 eV. The vertical scaling has been offset for

presentation purposes.



®lm represents a signi®cant advantage of RF-glow

discharge in the energy starved regime.

3.1.5. Shifting of CF peak

A second effect of increasing the reactor power is also

noted. The CF±CFx peak shape becomes more prominently

resolved and shifts to higher binding energy relative to the

C±CFx peak (Fig. 2, 20 and 40 W ®lms). The shift in the

peak maximum is ,1 eV, which might be a secondary effect

of the CF3 component reduction, or caused by the same

reaction mechanism. There was no peak shift noted as a

function of reaction time. The character of the CF±CFx

peak at low powers was similar to that found in TFE, but

at high powers had shifted in binding energy to a peak

position similar to that found in PFP [10]. TFE monomer

contains a primary double bond (CF2yCF2), while PFP

monomer has no double bond character (CF3±CF2±CF3).

Since the plasma conditions used at low powers are energy

starved, it is expected that greater retention of the monomer

structure would occur in the surface ®lm. The lowest energy

bond to be broken in the HFP monomer is the C±C bond (80

kcal/mol) between the CF and CF3 moieties [2]. The CyC

double bond (142 kcal/mol) is nearly twice as energetic, and

may be more likely to participate in the surface polymeriza-

tion reaction at low powers. Therefore, the CF±CFx peak

shifting seen in HFP as a function of reactor power is

supportive evidence for the retention / elimination of double

bond character in the surface ®lms. This data supports the

assumption of having CFyCF2 bonds with a binding energy

assignment in the region of 289 eV.

3.1.6. Degree of crosslinking

NEXAFS studies have shown that `in the glow' RF glow

discharge polymerized TFE ®lms are highly disordered due

to random branching and crosslinking [20]. The strong

contributions in the HFP C1s spectra of the CF±CFx and

C±CFx peaks indicate a similarly high degree of branching

and crosslinking in the HFP surface ®lm. The CF±CFx

species represents branching sites in the polymer. However,

the presence of residual double bond character (which

would be a chain propagating species) located in this bind-

ing energy window makes resolution of the degree of

branching dif®cult. If we consider only the percentage

contribution of the C±CFx peak, then ,30% of the carbon

atoms are involved in crosslinking. Assuming the crosslinks

are randomly distributed in the polymer, an average run of

linear polymer would be approximately 4 carbons in length:

(CFn)4, n � 1; 2. As calculated, the loss of CF3 should not

affect this parameter, although the mechanism of CF3 loss

may in¯uence the crosslinking behavior. The range of cross-

link density (including branching) was 45±55%, with

minima occurring at 2 and 40 W, and maxima occurring

at 10 and 20 W (Fig. 4) This behavior is consistent with

loss of monomer structure due to increased etching

processes.

3.2. SFM

3.2.1. Roughness and morphology

Contact mode SFM image analysis of the HFP ®lms

prepared by RF glow discharge revealed surfaces that

were pinhole free, and very smooth. (Fig. 5) The RMS

roughness of these ®lms varied from 4±20 AÊ over image

sizes of 9±100 mm2. Increasing power or deposition time

appeared to have no effect on the ®lm morphology or rough-

ness. Separation of the ®lm into islands as seen in C2F6

`afterglow' ®lms was not observed, even for ®lms ,60 AÊ

[11]. However, the morphology of the surface did suggest

surface growth kinetics consistent with island formation.

These islands appear to be less than 50 nm in diameter.

Features such as sub-micrometer spheres noted by Chen et

al., were not observed in the conditions studied here,

although these particulates have been detected when

prepared at 100 W applied power [7,8]. Since our plasma
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Fig. 4. Degree of crosslinking in HFP ®lms as function of applied reactor

power. Degree of crosslinking is calculated from the C1s spectra by:

%crosslinks � ��%CF±CFx1C±CFx�=Total�:

Fig. 5. Contact mode SFM image of 20 W/8 min ®lm. RMS roughness for

this image is 4.5 AÊ .



was energy starved, the deposition rate was decreased to

allow for smooth, continuous deposition, with reduced

competitive etching effects at the surface. Given the smooth

nature of these ®lms coupled with the tight binding proper-

ties, they are attractive substrates for the investigation of

protein structure.

3.2.2. Modi®cation of surface structure

It was noted that prolonged imaging of the HFP surfaces

at increased normal loads could disrupt the ®lms and induce

surface features. Selective modi®cation of the surfaces was

possible by choosing a desired scan area, increasing the tip

loading, and increasing the surface velocity. Two general

types of behavior were found.

(1) At large scan areas and moderate applied loads, the

®lms tended to ripple (Fig. 6), perpendicular to the scan

direction. This type of wave induction has been reported

in many polymeric surface ®lm systems, and is thought to

be a manifestation of `Schallmach waves' [21±24]. Forma-

tion in the soft ¯uoropolymer ®lms occurs in response to the

relatively soft ®lm being moved under the hard SFM tip.

The periodicity of the ripples induced in the HFP appeared

to be primarily a function of the surface velocity, although

this relationship was not studied in depth. The dependence

on surface velocity was not described in the induction of

ripples in gelatin ®lms [24]. It is possible that the strong

adhesion of the HFP ®lms to the SFM tip plays an important

role in this process.

(2) At small scan sizes (,5 mm) high surface velocities

( , 40 mm/s), and large tip loading values (.60 nN), the

®lms tended to disrupt and wear, revealing an underlayer

that resisted further abrasion (Fig. 7). It is felt that this

underlayer is the ®lm substrate. This behavior was common

to all ®lm types, but the normal force required to disrupt the

®lm increased with decreasing F/C ratio. The ®lm resistance

to deformation appeared to be a function of the degree of

crosslinking, although it is also possible that differences in

the surface chemistry alter the lateral forces acting in the

system resulting in differential relative wear. Further studies

are required to clarify this point. Direct disruption of the

®lms provided the means to measure the ®lm thickness and

thereby calculate the growth rate of the overlayer. Fig. 7

displays a set of holes created by SFM lithography. At

high powers and 8 min deposition time, the 10 W ®lms

required .8 h scanning to reach the substrate. In the case

of the 20 and 40 W (8 min) ®lms, the substrate was not

completely exposed even after 16 h of increased load scan-

ning (kcant � 0:35 N/m). The 8 min 40 W ®lms were espe-

cially resistant, but the 30 s 40 W ®lms could be etched to

the substrate. Thus, two conclusions could be drawn. First,

the increased tip loading needed to disrupt the ®lms was

probably due to changes in the tip-sample interaction, and

the bulk structure of the HFP ®lms. This was expected in

light of the changes in F/C ratio, and degree of crosslinking

as determined by ESCA. Secondly, the dif®culty in remov-

ing surface ®lm from thicker coatings was probably not due

to changes in the HFP structure, but rather a contact pressure

effect. As the tip penetrated deeper into the ®lm, the contact

area increased, thus reducing the effective force/unit area on

the ®lm. The reduced force/unit area decreased the rate of

wear, similar to the effects seen in Fig. 7.

3.2.3. Patterned ®lms

Since the higher power ®lms were not easily etchable by

direct SFM lithography, a set of photolithographically

patterned samples were coated with HFP, developed and

imaged. Fig. 8 shows an SFM topograph of a patterned

HFP ®lm in a region of 20 mm boxes. The surface topogra-

phy reveals raised regions of ¯uoropolymer, separated by

exposed silicon. Film thicknesses were calculated from the

line scan and histogram analyses performed perpendicular
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Fig. 6. Direct surface patterning. Wave formation due to tip-sample wear is

induced as a function of surface velocity. 5 W/8 min ®lm.

Fig. 7. Direct surface patterning. Direct etching of a 5 W/8 min ®lm, as a

function of applied load and wear time. The boxes were etched with the

following conditions: upper left (65 nN/7 min), upper right (65 nN/3 min),

lower right (38 N/1 min), lower left (16 nN/1 min), and center (65 nN/1

min).



across the patterns. Fig. 9 shows the effect of power and

deposition time on the growth of the ¯uoropolymers. There

was good agreement in the ®lm thickness as a function of

reactor power measured from the photolithographically

patterned ®lms and the ®lms patterned by SFM lithography.

A linear curve ®t to the initial portion of the curve gives a

growth rate of 22.2 AÊ /W-min. Assuming a density of 2.21 g/

cm3, this value corresponds to a deposition rate (Rd) of 0.5

mg/cm2-W-min, which is a factor of ,300 less than that

used by Chen et al. [7]. The markedly reduced deposition

rate is consistent with the surface dominated reaction para-

meters used to obtain the smooth featureless ®lms. It should

be noted that in order to remove the photoresist, an acetone

stripping procedure was initially attempted. The HFP ®lms

were delaminated by this treatment, as described by Chen et

al. This behavior is interesting since one might expect the

solubility parameter of HFP to be similar to PTFE (gPTFE �
12.7 MPa1/2, g acetone � 19.5 MPa1/2) [25]. However, the HFP

®lms do not display the crystalline structure of PTFE which

tends to dominate the solubility behavior. Delamination was

not observed when the ®lms were immersed in ethanol

(gEtOH � 26.7 MPa1/2) or methanol (gMeOH � 29.7 MPa1/2).

It was also noted that the surfaces appeared to degrade

slightly through the development procedure. Pinholes and

defect sites, not seen in the unpatterened ®lms, were

revealed within the HFP lanes. In some cases delamination

of the HFP lanes was observed. We feel strongly that re®ne-

ment of the photolithography and development protocols

will eliminate these deleterious effects.

3.2.4. Surface modulus

Point force spectroscopy of the HFP ®lms revealed signif-

icant differences compared to the silicon controls. Force

versus displacement curves on the HFP surface displayed

a weak repulsive force near the contact point upon approach,

and a large adhesive force upon retraction. The slope of the

constant compliance region on the ¯uoropolymer ®lms was

non-linear. Using the method described by Radmacher et

al., an indentation versus applied load curve was developed

[12,15]. This curve displayed two regimes. At low loads

�t, 1200 nN) there appeared to be a power law dependent

behavior to the indentation (Fig. 10). At high loads

�t$ 1200 nN), the de¯ection response approached that of

the silicon reference substrate �ESiOx
� 151 GPa), [26], due

to the polymer ®lm compression and resulting in¯uence of

the stiff underlayer. This behavior is consistent with the

elastic response of thin ®lms under static force curve analy-

sis [15]. Curve ®tting the indentation curve using the Hert-

zian contact mechanical model and assuming a range of tip

radii, �60 $ R $ 5 nm) the surface modulus could be esti-

mated as 1:2 ^ 0:5 , EHFP , 5:5 ^ 1:8 GPa (average of 10
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Fig. 9. Film thickness as function of deposition time and reactor power.

The linear ®t to the data excludes the 20 W/8 min and 40 W/8 min ®lms (V).

Fig. 10. Indentation versus load response of an HFP 5 W/8 min ®lm. Curve

®t to initial regime (load , 1200 nN) using a Hertz model

�F � �4=3� £ �E=1 2 n2�� £ R1=2 £ d3=2�, where F is the loading force, E is

the Young's modulus, n is Poisson's ratio (assumed to be 0.5), R is the tip

radius, and d is the indentation into the ®lm. d is calculated from the

difference of the sample response to the response on silicon. Two repre-

sentative data sets are shown for the purpose of illustrating the degree of

variation observed in the ®lm response.

E(V)�2.4 GPa, x2�7.3; E(S)�3.6 GPa, x2�20.5 (assuming R�20 nm).

Fig. 8. Contact mode SFM of photolithographically patterned C3F6 on

silicon. Image shows a grid pattern of 20 mm squares. Patterns with lines

and squares have been prepared in the feature size range of 5±40 mm.



force versus indentation plots, each force curve an average

of 5 individual force curves.

Uncertainty in the modulus value at small indentations

(,30 nm) has been shown for a range of polymers, includ-

ing polystyrene �E � 1±3 GPa)[14]. It has also been shown

that in this modulus range our commercially available canti-

levers �kcant � 33 N/m) may not be adequate to resolve

small modulus differences due to small indentations [13].

Some variation in the initial response at low loads in the

force curves was noted during the indentation experiments,

possibly due to alterations in the tip properties (see below).

This variation often resulted in poor residual values when ®t

to the Hertzian model. As a result of these uncertainties, we

view the surface modulus value calculated here as an order

of magnitude estimate, and did not attempt to make compar-

isons between ®lms prepared at different powers. Even so,

the modulus value is consistent with the observed wear

behavior of the polymer ®lms as described above. Further-

more, the EHFP calculated here is consistent with that

reported for PTFE, and other ¯uorine containing polymers.

(EPTFE < 0:5 GPa) [27].

In the retraction trace of the force curves on the silicon

surface, the snap-off was found to occur very near the point

of contact. This indicates a lack of adhesive force between

the tip and the sample when examined under dry nitrogen.

On the ¯uoropolymer however, a large snap-off adhesive

force was always measured. This behavior indicates a

high af®nity of the HFP polymer for the tip surface. Since

the HFP ®lms exhibit strong af®nity for the hydrophobic

silicon substrate in polar solvents, and resist delamination

under sonicating conditions, it is reasonable to assume that

the HFP surface would also have strong af®nity for the

silicon or silicon nitride SFM tip surface. The magnitude

of the measured adhesive force correlated to the applied

load. The pull-off was always singular however, indicating

that a unique separation event occurs. Multiple polymer

strands do not appear to adhere to the tip and break sepa-

rately. The adhesive behavior was reversible when

performed on side by side silicon lanes using the patterned

HFP samples [16]. However, it should be noted that follow-

ing extended imaging or force curve analysis, the SFM tips

occasionally displayed anomalous behavior when tested on

clean silicon or mica. We attribute this phenomenon to a

`staining' of the probe tip by the ¯uoropolymer (unpub-

lished results). It is probable in these cases that some mate-

rial from the ®lm adhered very strongly to the tip during

scanning and spectroscopy, thereby contaminating the tip

surface. Due to the variation observed in the indentation

method of calculating the modulus, and the strong adhesion

forces measured on the HFP, we are actively pursuing alter-

nate strategies for mapping the surface nanochemical prop-

erties. Promising avenues include force curve spectroscopic

mapping using the pulsed force `mode' and force modula-

tion microscopy [16,28].

The results of this study indicate that smooth, continuous,

highly adherent ¯uoropolymer ®lms can be produced by

RFGD plasma deposition using HFP as the monomer

source. The ®lm surface chemistry as re¯ected by the F/C

and CF3 content is such that these surfaces should display

tenacious protein binding character. The surface chemistry

is controllable through alteration of the reactor power, while

the thickness may be controlled by the reaction time. The

HFP ®lms are crosslinked, and display a surface modulus in

the range of 1:2 , EHFP , 5:5 GPa. Patterning of the ¯uor-

opolymers is possible by direct or photolithographic tech-

niques. Patternable surfaces with areas of different

biological adhesiveness represent novel probes of cell and

biological function [29], and may eventually be useful for

implant biomaterials. This work describes new methods for

both controlling protein adhesiveness (via surface chemis-

try) and for patterning such surfaces. Biological and biome-

dical applications are currently being explored.
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