10216 J. Phys. Chem. B003,107,10216-10220

Attenuation Lengths of Photoelectrons in Fluorocarbon Films
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A series of self-assembled monolayers (SAMs) derived from segmentally perfluorinated alkanethiols,
F(CR)n(CH,)1:SH, wheren = 4, 6, 8, 10, on gold was used to measure the attenuation lengthu,
photoelectrons possessing kinetic energies between 900 and 1400 eV in fluorocarbon films. The intensities
of the photoelectron peaks from the gold substrates decreased exponentially with incregising attenuation
lengths of 40 A at 1403 eV, 34 A at 1151 eV, and 25 A at 940 eV. The attenuation lengths for photoelectrons
in the fluorocarbon films were indistinguishable from those in hydrocarbon films measured with SAMs derived
from n-alkanethiols on gold.

Introduction regarding the behavior of electrons in fluorocarbon fifnhuch

Electron spectroscopies can be used to evaluate the Coml:)osi_current research targets the use of fluorocarbon materials as thin-

tion and/or structural properties of materials in a quantitative film coatings for the purposes of lubrication, thermal resistance,

fashion provided that the following two parameters are known: chemical Inertness, adhesmn, and wetting in a wide range of
(1) the chemical environment of the material and (2) the technological applicationsHowever, because the attenuation

attenuation lengthslj of the emanating electrons as a function lengths of photoelectrons n flgorocarbons_have never been
of their kinetic energy (KE}.3 The intensity [) of Auger measured directly, characterization of these films using electron

electrons or photoelectrons emitted from an element A in a SPectroscopies has relied thus far on the assumption that
substrate that is covered with a homogeneous overlayer film of fluorocarbons and hydrocarbons attenuate photoelectrons

thicknessr is described by equivalently?=12 The substitution of fluorine atoms for hydrogen
atoms in organic compounds has afforded materials with unique
I, =1, exp[-7/(A sina)] (1) chemical and physical properties, whose existence is partly a
0

result of the greater atomic size of fluorine compared to

whereA, is the element in a bare substrate ani the angle hydrogert® Due to their larger size, fluorine atoms would be
between the surface parallel and the analyzer axis (i.e., the€XPected to scatter photoelectrons to a greater degree than
takeoff angle)i3 Equation 1 shows that the attenuation length Nydrogen atoms; however, the presence of the larger fluorine
of electrons of given kinetic energies in the overlayer can be 0ms might also alter the molecular density and physical
determined by measuring the change in the intensities of structure of the organic film to affect thg overall attenuation of
electrons as a function of a known variation in film thickness. Photoelectrons. In an effort to determine how the structural
Furthermore, absolute values bfcan vary dramatically with differences between f_Iuorocarbons and hydrocarbons affect
the composition of the attenuating overlayér. phot_oelectron attenuation and _to lay the groundwork for more
For hydrocarbon films, Bain and Whitesides determined the detailed anquses of the chemlqal and structural propertles.of
attenuation lengths of photoelectrons with kinetic energies in these materials, we sought to directly measure the attenuation
the range 9061400 eV by using X-ray photoelectron spec- lengths of electrons in fluorocarbon thin films using a system
troscopy (XPS) to analyze self-assembled monolayers (SAMs) that maintains both molecular density and physical structure
on gold derived from the adsorption ofalkanethiols: This constant, while varying the thickness of the fluorocarbon
film/substrate system is ideally suited for determining attenuation overlayer.
lengths because the thickness of the film can be precisely To this end, we synthesized a series of segmentally per-
adjusted by varying the chain length of thalkanethiols. Later, fluorinated alkanethiols (F(Gl(CH,)1:SH, wheren =4, 6, 8,
Laibinis, Bain, and Whitesides extended the range of kinetic 10; series 1; denoted FnH11SH), used them to prepare SAMs
energies to 5001400 eV by studying-alkanethiolate SAMs on gold, and analyzed the resultant SAMs by XPJhe
on copper and silver substrate$n more recent studies of  overlayer films generated from these adsorbates consist of a
n-alkanethiolate SAMs on gold, Lamont and Wilkes used XPS hydrocarbon region of constant thickness located immediately
with varied incident photon energies to analyze photoelectrons above the gold surface, followed by a fluorocarbon region in
having even lower kinetic energies (i.e., 340100 eV)$ which the thickness increases incrementally wit{Figure 1).
Although the aforementioned studies have advanced our Accordingly, the attenuation of electrons from the gold sub-
understanding of the behavior of electrons in hydrocarbon films, strates in this series is expected to vary solely as a function of
there have been, to our knowledge, no analogous studiesthe thickness of the fluorocarbon layer. In the analyses by XPS,
" . - — — we monitored the attenuation of the AwAf Au 4ds2, and Au
ngggﬁ?ggdlrr;%:}uégrrﬁelir er?IB.iotI:)Z?c%)luaﬁz Igﬁvironmental Nanotech- 4ps:2 photoelectrons with Kinetic energies in the range@QO
nology, Department of Chemistry, Rice University, 6100 Main St., Houston, 1400 eV from the gold substrate through the fluorocarbon films
TX 77005. (Figure 2). For comparison, we also monitored the attenuation
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Figure 1. lllustration of SAMs on gold derived from the segmentally fluorinated alkanethiols, FnNH11SH (series 1). The hydrocarbon segments are
represented by the zigzag lines, and the fluorocarbon segments are represented by the filled rectangles. The average tilt angles of these segments,
On = 32° and 6 = 20°, are showri*
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Figure 2. High-resolution X-ray photoelectron spectra of the (a) Arb4fb) Au 442, and (c) Au 4p;; regions for the SAM on gold derived from
F10H11SH. The data illustrate representative signal-to-noise ratios in these studies.

of the photoelectrons through hydrocarbon films using SAMs deionized water and absolute ethanol. Upon removal from
on gold derived from a series ofalkanethiols (H(CH)mSH, solution, the resultant SAMs were rinsed sequentially with
wherem = 8, 10, 12, 14, 16, 18; series 2; denoted CmSH). dichloromethane, toluene, and ethanol to remove any physi-
sorbed material. Finally, the films were blown dry with ultrapure
Experimental Section nitrogen prior to immediate characterization. Analyses of the

Materials. Gold shot (99.99%) was purchased from Ameri- films py optical _ellipsometry and polarization modulation
cana Precious Metals, and chromium rods (99.9%) were refle(_:tlon absorptlon mfrart_ed spectroscopy (PM-IRRAS) were
purchased from R. D. Mathis Co. Polished silicon (100) wafers consistent with those previously reportédvieasurements of
were purchased from North East Silicon Technologies, Inc., and the wettabilities of the films using contact angle goniometry
were washed extensively before use. Absolute ethanol wasWere consistent with the formation of well ordered filiis.
purchased from McCormick Distilling Co. Reagent-grade  XPS Analysis of SAMs.A PHI 5700 X-ray photoelectron
dichloromethane and toluene were purchased from EM Science.spectrometer equipped with an 350 W monochromatic &l K
The segmentally perfluorinated alkanethiols used in this study X-ray source lfy = 1486.6 eV) incident at 0relative to the
were synthesized using procedures established in our §f8Bp.  axis of a hemispherical energy analyzer was used to obtain
After purification, the isolated compounds exhibited spectral spectra of freshly prepared samples. The spectrometer was
data that were consistent with those reported in the liter&tute. configured to operate at high resolution with a pass energy of
Then-alkanethiols used in this study were either purchased from 23.5 eV, a photoelectron takeoff angle)(of 45° from the
Aldrich Chemical Co. or synthesized using common procedures. surface parallel, and an analyzer spot diameter of 880For

Preparation and Characterization of SAMs. Gold sub- a given film, spectra were collected at room temperature with
strates were prepared by thermally evaporating an adhesion layer base pressure of 3 10~° Torr for the following photoelec-
of ca. 100 A of chromium followed by c2000 A of gold at a trons: Au 4%, (20 eV window; 2 scans over 10 s), Au=d
rate of 1 A/s onto the polished surfaces of the silicon wafers. (20 eV window; 6 scans over 30 s), Au##(30 eV window;
Deposition pressures were maintained at ca< 80°° Torr. 9 scans over 45 s), C 1s (25 eV window, 8 scans over 40 s),
The freshly prepared gold-coated wafers were cut into slidesand F 1s (20 eV window, 6 scans over 30 s). To reduce
(ca. 1 cmx 3 cm) using a diamond-tipped stylus. The slides systematic errors, the films were analyzed in random order. To
were washed with absolute ethanol, blown dry with ultrapure minimize damage to the films induced by X-rays, total acquisi-
nitrogen, and immersed in solutions of the respective thiols (1 tion times for a given spot were limited to less than 3 ffin.
mM in ethanol) for no less than 24 h. The solutions were For all SAMs, spectra of the O 1s region (22 eV window, 2
prepared in weighing bottles that were cleaned by soaking in scans over 10 s; collected during the analyses) failed to detect
piranha solution (3:1 F8OW/H>05) for 1 h. Caution: Piranha the presence of any oxidized species, and spectra of the S 2p
solution reactwiolently with organic materials and should be  region (20 eV window, 20 scans over 100 s; collected after the
handled carefullyThe bottles were then rinsed extensively with analyses) detected only gold-bound sulfur species{BE1.9
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12.2 TABLE 1: Photoelectron Intensity Ratios for SAMs on Gold
121 4 Derived from Series 1
12.0

SAM  C1s(CH)/Au4f;, C 1S(CR)/Au4f, F 1s/Au 4,

11.9 4
> ns \ FAH11SH 0.108t 0.007 0.033+ 0.002 0.54+ 0.03
g 11.7 4 F6H11SH 0.10H- 0.006 0.053+ 0.004 0.77£ 0.04
8 11.6 1 F8H11SH 0.096t 0.004 0.08H 0.001 1.00+ 0.02
£ 15 F10H11SH 0.09@&: 0.007 0.10A 0.006 1.24+ 0.06
£ 1.4
::2 ] derived from series 1, however, all exhibit equivalent 2-D lattice
11 1] constants of ca. 5.8 A, as measured by atomic force microscopy
1.0 . (AFM),2* demonstrating that the packing density is constant
4 6 8 10 across this series. In certain previous studies of fluorinated
Number of Fluorocarbons, n alkanethiolate SAMs on gof;1425we examined the structural
Figure 3. Intensities of the Au 4f, (M), Au 4, (@), and Au 4p;2 properties of films generated from a series of adsorbates

(®) photoelectrons as a function ofin SAMs derived from series 1. possessing perfluorodecyl terminal segments and hydrocarbon
The data for Au 4p, have been raised vertically by 0.8 for clarity. segments having variable lengths (i.e., FAGHCH,),SH,
F10HySH)1214.25Both IRRAS and near edge X-ray absorption
fine structure spectroscopy (NEXAFS) revealed that the tilt
angle from the surface normal of the fluorocarbon segments
(0r) depended on the length of the hydrocarbon segments;

eV).1821 Multipak V5.0A (Physical Electronics, Inc.) was used

to resolve the peak intensities using Shirley background
subtraction. For a given SAM, peak intensities were averaged
over at least two different spots per slide and at least two Sl'desspecifically,ep increased ay increased#25 The tilt angles of

per sample. All peaks were referenced to the Ayp4feak at the fluorocarbon and the h .

T ydrocarbon segmenty (vithin

a binding energy (BE) of .84'0 e\(. A.‘S a result., the Auddiu SAMs on gold derived from F10H11SH were estimated with
4psp, and F 1s peaks exhibited binding energies of 335.2, 546.5, NEXAFS to befr = 20 & 5° and6y = 32 + 4°.14 Given these

i‘nd 688.6 eV, dregpec;:vely. The C dls spectra cofntr?lnf(_ald IOeaksdata, we can assume with confidence that the tilt angles of the
that corresponded to t e@H.:FZ' and Ck regions of the films shorter perfluorinated segments in SAMs derived from series 1
and exh|b|tedzzb|nd|ng energies of 284.6, 291.1, and 293.4 eV, (F8, F6, and F4) also equal 205°, because the length of the
respectively’?* The resolution of the peaks for the Auzf hydrocarbon spacer in this series remains constant at eleven

AU Ads;z, AU Apsz, F 13’. and C 1s regions was 0.8, 4.0, 49 methylene units (see Figure 1), and the 2-D lattice spacing of
1.7,and 1.2 eV, respectively. Linear regression of the data usingp o il groups remains constant at ca. 5.8'A.

the Ieast-squares method was performed u_sing Microsoft Exc:_el To determine whethe?y remains constant in SAMs derived
XP. Errors in the measurements presented in Figure 3 are W|th|nfrom series 1, we examined the C/Au intensity ratio of the C

the size of the data points. 1s(CH) and Au 4%, photoelectron peaks. Given the constant
adsorbate packing density, any change#\nshould lead to
corresponding variations in the C/Au ratio. Table 1 shows,
The intensities of the gold photoelectrons in SAMs derived however, that the C 1s(GHAu 4f7, ratios remain roughly
from both series 1 and series 2 are assumed to follow eq 1. Theconstant throughout series 1, suggesting that variatioré of
attenuation of these intensities as a function of film thickness with n are negligible. We can therefore assume a constant
can be evaluated by taking logarithms on both sides of eq 1 to thickness for the hydrocarbon regions in all of the SAMs derived
give from series 1 and thus an equivalent attenuation of the gold
photoelectrons due to the hydrocarbon region of these SAMs.
In(l,,) = —©/(4 sina) + constant (2) Consequently, any observed variations in the attenuation of the
gold photoelectron intensities for SAMs derived from series 1
For a series of SAMs having constant adsorbate packing density,can be attributed solely to the variations in the thickness of the
the film thickness is given by the following functior: = xd, fluorocarbon region of these SAMs.
wherex is the number of incremental units per adsorbate, and The C 1s(CE)/Au 4f;, and F 1s/Au 4fj, ratios provided in
d is the length per incremental urit® For n-alkanethiolate Table 1 show that increasing indeed corresponds to a
SAMs on gold (series 2)x = m, the number of Chlgroups systematic increase in the thickness of the fluorocarbon over-
per adsorbate, and| the monolayer thickness per gigroup, layer. It follows that the attenuation lengths for the gold
is calculated by multiplying the chain length (1.27 A perCH  photoelectrons through fluorocarbon films can be estimated from
group; derived from X-ray diffraction studies ofalkanes) by eq 2 using a plot of Iff,) versusx. In this analysisx = n, the
the cosine of the average tilt angle of the alkyl chains from the number of CF groups per adsorbate, augd the thickness of
surface normal (30 derived from infrared reflection absorption  the fluorocarbon layer per Gigroup, is calculated by multiply-
spectroscopy (IRRAS) studies ofalkanethiolate SAMs on  ing the chain length (1.30 A per GBroup; derived from X-ray
gold) to give a value ofl = 1.27 cos 30, which corresponds  diffraction studies of perfluoroalkanés)-26-27by the cosine of
to d = 1.10 A48 Substitution of these values farin eq 2 the average tilt angle of the fluorocarbon chains from the surface
reveals that a plot of In(Au) versusshould give a straight line  normal (20; vide supra) to give a value af = 1.30 cos 20,
with slope equal tal/(A sin o), which can be manipulated to  which corresponds td = 1.22 A.
yield 4. Figure 3 plots the natural log of the intensities of the Au
Accurate determination of for fluorocarbon films using 4f7p0, AU 4052, and Au 4, photoelectrons versus(for SAMs
SAMs derived from series 1 requires knowledge of the influence derived from Series 1). Table 2 shows the slopes and the derived
of both the hydrocarbon and the fluorocarbon segments on theattenuation lengths for SAMs derived from serie$ The good
film thickness. In general, the adsorbate packing density in linear fits of the data confirm the appropriateness of eq 1 in
fluorinated alkanethiolate SAMs on gold varies nonlinearly with describing the behavior of photoelectrons in this series. The
the size of the terminal perfluoroalkyl segméf#324 SAMs attenuation lengths for this series exhibit the expected decrease

Results and Discussion
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TABLE 2: Attenuation Lengths Calculated from Gold lengths. It seems that any increased attenuation arising from
Photoelectron Intensities in SAMs on Gold Derived from the replacement of hydrogen atoms with larger fluorine atoms
Series 1 is offset by the fact that the resulting fluorocarbon segments
photoelectron KE (eV) slope A (R) must pack less densely (i.e., fewer chains per unit area) than
Au 4f7p 1403 —0.044 40+ 3 the original hydrocarbon segments. Apparently, electrons interact
AU 405/ 1151 —0.051 34+1 with a quantity of matter in the relatively loosely packed

AU 4psp 940 —0.070 25+1 fluorocarbon films that is equivalent to that in the more densely
packed hydrocarbon films. In other words, the less densely
with decreasing kinetic energy of the photoelectrbrisin packed fluorocarbon segments effectively scatter the photoelec-

addition, the attenuation lengths measured for the hydrocarbontrons to the same degree as the more densely packed hydro-
films of series 2 f(Au 4f7,)) = 40+ 3 A, A(Au 4052 = 32+ carbon segments.
2 A, A(Au 4psp) = 26 + 2 A] are entirely consistent with those
reported previously (see Figure S1 and Table S1 in the ~oncusions
Supporting Information}:62° Comparison of these data with
those in Table 2 indicates that the attenuation lengths of The attenuation lengths of photoelectrons with kinetic energies
photoelectrons in SAMs derived from series 1 are indistinguish- between 900 and 1400 eV in fluorocarbon films were measured
able from those in SAMs derived from series 2, which leads to with a series of segmentally fluorinated alkanethiolate SAMs
the conclusion that electrons with kinetic energies between 9000on gold and were compared to those obtained for hydrocarbon
and 1400 eV are attenuated equally by close-packed and well-films measured with a series nfalkanethiolate SAMs on gold.
ordered fluorocarbons and hydrocarbons. The attenuation lengths of photoelectrons in the fluorocarbon
Suzuki et al. have shown that the attenuation lengths of films decreased with decreasing kinetic energy of the photo-
photoelectrons in organic thin films are dependent on the electrons and were found to be indistinguishable from those in
following three parameters: (1) the elemental composition, hydrocarbon films. The similar attenuation in the fluorocarbon
which determines the different electron scattering cross-sectionsfilms was attributed to the lower packing densities of segmen-
present in the films, (2) the atomic densities, because a densetally fluorinated moieties compared to those of hydrocarbon
collection of atoms increases attenuation, and (3) the film moieties, which can plausibly counteract the increased attenu-
structure (i.e., molecular orientation and packing density within ation that might be anticipated by substituting relatively small
the film), which dictates the optimum atomic density and hydrogen atoms with larger fluorine atoms. The trends in
overlayer thicknes¥ The films derived from series 1 all possess electron attenuation presented here should not be limited to
attenuating overlayers consisting of only carbon and fluorine. SAMs on gold, but should also be valid in other systems in
Furthermore, the densities of these atoms in the overlayer arewhich semicrystalline fluorocarbon films are composed of
determined by the packing density and molecular tilt of the helical perfluoroalkyl segments.
segmentally perfluorinated alkanethiol adsorbates, which we
have shown to remain constant within films of series 1. Acknowledgment. The National Science Foundation (DMR-
Therefore, the only parameter that changes within series 1 as9700662), the Texas Advanced Research Program (003652-
the number of Cf groups per adsorbate is increased is the 0307-2001), and the Robert A. Welch Foundation-(B20)
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with those of series 2 provides insight into the observed results. for predoctoral fellowships. We also thank Mr. H. Justin Moore
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in the overlayer is expected to increase the photoelectron

attenuation because fluorine possesses a larger electron scattering Supporting Information Available: Figure of intensities
e I :
cross-sectioi” However, because the data indicate that photo- 55 4 fnction of the number of carbons and table of attenuation

electrons are not significantly attenuated more by fluorocarbon lengths for hydrocarbon SAMs on gold (series 2). This material

films, a change in the structure of films of series 1 thatleads 10 js gy ajlable free of charge via the Internet at http://pubs.acs.org.
a lower atomic density of fluorine (and hence lower electron

scattering) must occur.

The substitution of fluorine atoms for hydrogen atoms in a
trans-extended alkyl chain.is expecteq to increase the molecular (1) riggs, D.; Seah, M. PPractical Surface Analysjs2nd ed.;
volume due to the larger size of fluorine atofriEhe presence  Wiley: Chichester, 1990; Chapters 175, 9.
of the fluorine atoms, however, also produces unfavorable 1,3-  (2) Ratner, B. D.; Castner, D. G. I8urface Analysis-The Principle
diaxial repulsions that are relieved by the carbon chain adjusting TechniquesVickerman, J. C., Ed.; Wiley: Chichester, U.K., 1997; p 43.
its conformation from trans-extended to heli#alhese effects _th(f‘)t The _?mb"’t‘b'“ty of an e'gc”ot” ‘.’V'”I‘ agiven 't‘t'”‘?“c Srongy escaptd

. . . without signiticant energy loss due to Inelastic scattering arops to 1/e ot its
give rise to the larger van der Waals (vdW) diameter of 5.6 A original value at a distance normal to the surface that is defined as the
for perfluoroalkyl segments compared to that of 4.2 Arfaiky! escape depth. The terms attenuation length and escape depth are often used
segment8.1426.27The larger molecular volume of perfluoroalkyl  interchangeably. The attenuation length is only identical to the inelastic
segments is responsible for the decreased packing density ofnean free path, the average distance that an electron with a given kinetic

. . energy travels between successive inelastic collisions, in the absence of
segmentally perfluorinated alkanethiols self-assembled on goldejastic scattering?

(lattice spacing= 5.8 A) compared with that afi-alkanethiols (4) Bain, C. D.; Whitesides, G. MI. Phys. Chem1989 93, 1670.

self-assembled on gold (lattice spacing5.0 A)12:23.24 (5) Laibinis, P. E.: Bain, C. D.; Whitesides, G. B1.Phys. Chen.991
The structural differences between fluorocarbons and hydro- 95, 7017.

carbons can be used to rationalize the observed attenuation (6) Lamont, C. L. A.; Wilkes, JLangmuir1999 15, 2037.
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