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Atomic oxygen reactions with semifluorinated and n-alkanethiolate
self-assembled monolayers

A. J. Wagner, G. M. Wolfe, and D. H. Fairbrother®
Department of Chemistry and the Department of Materials Science and Engineering,
Johns Hopkins University, Baltimore, Maryland 21218
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The interaction of atomic oxygefO(®P)) with semifluorinated self-assembled monolayers
(CF-SAMs, two different n-alkanethiolate self-assembled monolayers, and a carbonaceous
overlayer derived from an x-ray modifiedtalkanethiolate SAM have been studied usingsitu

x-ray photoelectron spectroscopy. For short atomic oxygen exposures, CF-SAMs remain intact, an
effect ascribed to the inertness of C—F and C—C bonds toward atomic oxygen and the well-ordered
structure of the CF-SAMs. Following this initial induction period, atomic oxygen permeates through
the CRk(CF,); overlayer and initiates reactions at the film/substrate interface, evidenced by the
formation of sulfonate (RS%) species and AlD;. These reactions lead to the desorption of intact
adsorbate chains, evidenced by the loss of carbon and fluorine from the film while tis¢ C(1
spectral envelope and the )1F(1s) ratio remain virtually constant. In contrast, the reactivity of
atomic oxygen with alkanethiolate SAMs is initiated at the vacuum/film interface, producing
oxygen-containing carbon functional groups. Subsequent reactions of these new species with atomic
oxygen lead to erosion of the hydrocarbon film. Experiments on the different hydrocarbon-based
films reveal that the atomic oxygen-induced kinetics are influenced by the thickness as well as the
structural and chemical characteristics of the hydrocarbon overlayer. Results from this investigation
are also discussed in the context of material erosion by AO in low Earth orbi20@ American
Institute of Physics.[DOI: 10.1063/1.1640336

I. INTRODUCTION exposure to LEG®~®In response to this phenomena, a large
) _ ) ) ) number of ground-based laboratory studies have been carried
The reactions of radical and atomic species with surfacegt on various polymerfe.g., Kapton, FEP Teflon, Polyeth-

are important in situations including plasma _etang, ylene, Polyethersulfon¢PES and Polyvinylidene fluoride
plasma-enhanced chemical vapor depositiamd thin film (PVDF)]*3-1517-235 determine the effects of AO exposure
depositio™* Despite the importance of radicals in these

are poor_ly understoo%lAs_ aresult, plasma processes, InCIUd'tion steps has emerg€ddue to the complexity of the LEO
ing semiconductor etching and polymer modification Strateénvironment(containin VUV and UV radiation. AO. as
gies, have been developed from empirical observationswe” as lower concentgrations of species that ilinclud,é 0]
Atomic oxygen(AO) interactions with organic films repre- P '

+ 25,26 _
sent a particularly important class of radical-surface reac—No » N2, H, and Q) and the often complex and het

tions. For example, oxygen radical—surface collisions are £'09€N€ous nature of the polymeric substrates employed on
component of oxygen plasma treatments that are used to efPacecraft in LEO. A further complication arises from the -
hance adhesirand biocompatibility. Similarly, as a result N€€d to generate hyperthermal AO, since gas phase species in
of the importance of silicon oxidation and the use of oxygenLEO strikes a spacecraft’s surface with mean impact energies
plasmas in semiconductor processing, studies of AO reaf approximately 4.5 eV due to the impressed velocity of the
tions with clean silicorf, fused silica® and hydrocarbon ter- Orbiting vehicle?® In LEO the synergistic interaction of
minated Si100) surface¥’ have also been reported. VUV/UV irradiation and oxygen (either molecular or

AO [predominantly ground state, é®)] produced from atomig can also produce volatile species, whose production
the UV dissociation of molecular oxygen is also the mostwould ~contribute to the observed mass loss of
abundant species (101 cm~3) encountered by space- fluoropolymers'?
craft, including the space shuttle and the International Space As a result of these complications, recent investigations
Station, in low Earth orbi{LEO) at altitudes between 150 have been directed toward understanding the molecular
and 1000 km above the Earth*?It is now well established events responsible for mass loss and film erosion of poly-
that polymers used as spacecraft coatings are degraded aftaers exposed to various reactive components of the LEO
environment using model systef1s3° For example, recent

dAuthor to whom correspondence should be addressed. Electronic mai]".heore“caI studies have_ fp_cused_ on the potential for hyper—
howardf@jhu.edu thermal OfP) atoms to initiate direct carbon—carbon chain
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bond breaking in hydrocarbons and fluorocarbons usingnabling the evolution of a single film under the influence of
ethane and hexafluoroethane as model compounds for polAO to be followed. During the earliest stages of the reaction,
ethylene and fluoropolymer@.g., Teflo, respectively’32  the dynamics of AO interactions with the film are dominated
Results from this study suggest that the®P) species in by the incorporation of new oxygen-containing functionality
LEO are capable of initiating chain breaking in both hydro-at the vacuum/film interface. Once a steady-state concentra-
carbon and fluorocarbon materials. tion of C—-0O, G=0, and O—&=0 groups has been estab-
In experimental studies of polymer surface processedijshed, the production of volatile carbon containing species,
one recent development has been the application of selfncluding CG, is responsible for etching the hydrocarbon
assembled monolayer€SAMs) as models for polymeric film. Under these conditions, the rate of carbon desorption is
interfaces’®>~3° SAMs are well-defined organic interfaces constant due to the fact that the effective diffusion length of
that exhibit a number of desirable characteristics for surfacexygen radicals in the film is less than the thickness of the
studies. For example, in electron-based surface spectroscogiydrocarbon film. Upon prolonged exposures, AO penetrates
analysis(e.g., XPS of SAMs, changes in the interfacial re- the film/substrate interface, producing A and sulfonate
gion can be accurately quantified in the absence of an oftetRSQ;) species, whereupon the loss of carbon from the film
overwhelming background signal associated with the Bulk. exhibits pseudo-first-order kinetics due to the limited thick-
Similarly, the ultrathin nature of these monolayésgically ~ ness of the remaining overlayer.
<50 A) eliminates the unwanted effects of charging during  In the present study, we report on the reaction of AO
interactions of charged particlé®ns or electronswith the ~ with a semifluorinated self-assembled monolay@f-SAM),
film and also enables changes in the substrate signal to #decanethiolate and hexadecanethiolatalkanethiolate
employed to quantify changes in film thickness duringSAMSs, and an x-ray modified hydrocarbon film derived from
reactions’ The validity of employing SAMs as models for hexadecanethiolate, usimgsitu XPS. AO reactions with the
polymeric interfaces is also highlighted by the fact that for aCF-SAM are characterized by an induction period due to the
common reactive SpeciQe_g_, AQ the measured recession ordered nature of the film and the chemical inertness of the
rates of alkanethiolate SAMs and PE have been shown to fe—C and C—F bonds toward direct reactions with AO. Once
Comparab|e(within an order of magnitudé7136140 Despite AO permeates thrOUgh the overlayer, reaCtiVity within the
these advantages SAMs do possess some experimental lin¢F-SAM is initiated by O atom reactions at the film/
tations, most notably their instability toward x-ray or elec- Substrate interface, leading to the production o;®4and
tron beam exposurd** RSG; species and desorption of intact adsorbate chains. In
A number of studies have explored the reactions of oxy-contrast, reactions with the-alkanethiolate films are initi-
gen plasmas and reactive oxygen spef@€P),0"] with  ated at the vacuum/film interface and lead to the desorption
self-assembled monolayer§SAMs).3°-3745 For example, Of volatile carbon-containing species and the formation of an
Georgeet al. have studied the effect of Oplasmas on octa- €tch front. The carbon desorption kinetics are found to be
decanethiolate SAMs adsorbed on g&id® Using mesh and ~ Sensitive to the thickness, structural, and chemical character-
glass baffles to remove selected reactive species within tH&tics of the hydrocarbon films.
plasma, they observed a much slower oxidation and etching
rate when ions and UV/VUV radiation were removed from || ExPERIMENT
the plasma discharge. Results from these studies led the au- _
thors to conclude that a balance exists between substrafs Sample preparation
etching and oxidation. Etching of the film was attributed to  SAMs were prepared by immersing Asputter-cleaned
the ions present in the plasma, while oxidation was a resulpolycrystalline gold substratesiia 5 mM ethanol solu-
of reactions involving O{P) and Q. More recently, Jacobs tion of (i) 1H, 1H, 2H, 2H-perfluorodecanethiol
and co-workers have studied the reactions of hyperthermalCF,(CF,),(CH,),SH) for CF-SAMs*? (ii) dodecanethiol
(E=5eV) O" ions with a decanethiolate SAM adsorbed on (CH,(CH,),,;SH) for C,-SAMs, or (iii) hexadecanethiol
Au(111).3" XPS analysis revealed that the incorporation of(CHs(CH,)sSH) for C,e SAMs** each for a period of
oxygen into the film competes with erosion. For hyperther-12—-24 h. Gold substrates were then removed from the thiol
mal O" ions, the rate of carbon removal was found tos58  solution and rinsed with ethanol, hexanes, and water prior to
times greater than for the hyperthermal®@) species but insertion into an ultrahigh vacuurftUHV) chamber. X-ray
100-1000 times greater compared to recession rates meaodified SAMs that comprise a cross-linked carbonaceous
sured for the thermal GP) species. The enhanced reactivity structure were formed by exposing pristingsGAMSs to x
of the hyperthermal O species is believed to result from a rays for an extended period of tin{@6 h) and then stored
combination of the enhanced chemical reactivity inherent irunder UHV conditions for at least 20 h before exposure to
charged particles and the increased impact energy of hypeAO.*°
thermal species. X-ray irradiation is known to initiate electron-stimulated
In a previous study we have carried out a detailedC—F, C-H, C-C and S-Au bond breaking within
mechanistic study of the interaction of AO generated by therSAMs*~#4These bond breaking processes compromise the
mal dissociation of molecular Owith an x-ray modified structural integrity of the SAM! Therefore, to minimize the
hydrocarbon film usingn situ XPS*° The film was stabi- effects of x-ray irradiation in the present investigation, XPS
lized toward further degradation and chemical modificationanalysis was carried out on SAMs only after exposure to AO.
during XPS analysis by the initial period of x-ray exposure,Furthermore, each SAM was only used for a single AO ex-
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(8 -~ 600 and S() XPS regions of a CF-SAM
/I,\ [CF;(CF,)7(CH,),S—Au] as a function of AO expo-
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(e S 165 the native CF-SAM ar¢i) C—F species a+=688 eV in
() Ea the F(1s) region; (i) CF; (292.8 eV}, CF, (290.2 eV},
S and C—C/C-H(284.5 eV groups in the C(%) region;
SO . ) . ’
()~ Ss \& and (iii) native thiolate R—S species [fg, peak at
s 'l' ~ 161.8 eV). Products of the interaction of AO with the
(c)” : .. \2& : CF-SAM correspond to the AD; peak at 530.2 eV in
S the O(1s) region and sulphonate (R—-$§0O species
b) ry + 30 [(2p3) peak at 166.9 eY The backgrounds in the
N : C(1s) and S(2) regions are shown as solid lines. Each
FAERY XP spectra shown in Fig. 1 corresponds to results ob-
(a).” I o 0 ‘:A’. tained on a separately prepared CF-SAM that was ana-
. lyzed by XPS only after AO exposure.
1 v I 1 1 ' ! v v v v v 1 | 1 1

690 687 684 536 533 S30 527 294 291 288 285 282 171 168 165 162 159
Binding Energy (eV)

posure and then discarded; therefore, the results shown these conditions the AO species are assumed to have ther-
this investigation correspond to single exposures of AO tamalized with the heated capillary, and thus possess an aver-
numerous SAMs. In this context the systematic variations irage kinetic energy oKTapiary (=0.11 eV) during subse-
the chemical composition of the CF-SAMs, the-GAMs  quent surface reactions. All of the experiments carried out as
and the Gg-SAMSs observed as a function of increasing ex- part of this investigation were carried out with the AO source
posure to AQ(Figs. 1-5 are a reflection of the reproducibil- operating at 45 W and a chamber pressure ~ob

ity of the chemical and physical properties of the nativex 10 7 Torr. The source was calibrated and the flux of AO
SAMs. Experiments carried out on x-ray modified optimized by monitoring the formation of A®; on pure Au
C,s-SAMs were the only exception, owing to their stability substrate4? It should also be noted that XPS analysis of the
toward additional x-ray exposuf@ Thus, measurements re- SAMs used in this study revealed that oxygen was the only
ported on the x-ray modified & SAMs were carried out on new element detected during exposure to AO. This was taken

a single sample. as evidence for the chemical purity of the AO generated from
the thermal gas cracker. During experiments, surfaces are
B. Sample analysis exposed to a mixture of AO and molecular oxygen

(O(®P)/0,). The absence of reactivity, evidenced by the in-
variant C(1s) signal and the absence of any intensity in the
O(1s) XPS region for any of the SAMs following exposure

) g X to either(a) molecular oxygen dosed onto the SAMs through
acquired using a Mg K (1253.6 eV x-ray source operating the radical source at similar pressures and exposure times

at 15 kV and 300 W with a take-off angle of 4,'50 from the reported in the present study but with the source held at room
sample normal. XP spectra were acquired using a pass efj

¢ : ¢ 2mperature; oi(b) the radical source heated to the same
ergy o 44i75 e\_/ and a step Slz€ 0 .0'125 eVistep. For €XZonditions used to generate A@5 W), but in the absence of
periments involving the CF-SAM binding energy scales wer

i  WelColecular oxygen for a period of several hours, indicates that
referenced to the Gipeak at 290.2 eV, while for the various

X . all of the reactions reported in this investigation are initiated
hydrocarbon films the C-C/C—H peak position at 284.5 ebe AO
was used. XPS data analysis was performed using commer-
cially available software employing 100% Gaussian peaks
and linear baseline subtraction. IIl. RESULTS

A. Effect of AO exposure on CF-SAMs

Figure 1 shows the evolution of the )1 O(1s),
AO was generated using a Thermal Gas Cracker TC-5@(1s) and S(2) XP spectral regions for separately prepared
(Oxford Applied Researghpositioned in a line of sight to the semifluorinated self-assembled monolay@§-SAMS as a
sample(target-to-sample distance of5 cm), as described function of increasing exposure time to AO. Figure 2 shows
previously*® The gas cracker works by passing molecularthe variation in the O(4), S(2p), and Au(4 ) XPS areas,
oxygen through a metallic capillary, which is heated towhile Fig. 3 shows the corresponding variation in the §)(1
~1000 °C by electron beam irradiation. The heated capillarnyand F(1s) XPS areas as well as the )1F(1s) ratio. It
causes molecular oxygen to dissociate into a stream afhould be noted that the S§p, Au(4f), C(1s), F(1s) XPS
atomic, low-energy reactive species, notably®).*’ Under  areas and the C&)/F(1s) elemental ratios have been nor-

In situ x-ray photoelectron spectroscopyPS) measure-
ments were carried out in an UHV chambeP(.&5
% 10~8 Torr) containing the AO sourc®:*6XP spectra were

C. Oxygen radical /atom source
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FIG. 2. Variation in(a) the O(1s) XPS area(b) the thiolate R—S—inverted

open triangles and sulphonate (RS©-filled circles areas in the S(@) FIG. 3. Variation in(a) the integrated C(4) XPS area(b) the integrated

region, and(c) the Au(4f ) XPS area as a function of AO exposure. The F(1s) XPS area, andc) the C(Is)/F(1s) XPS ratio as a function of AO

insert in (a) displays an expanded region of the oxygen §(XPS area  €xposure time. The dashed line {@)—(c) indicates the AO exposure at
illustrating the onset of oxygen uptake. The onset of oxygen uptake in thavhich O(1s) intensity is observed.

film is shown explicitly as a dashed line {8)—(c).

AO exposure of 90 min, however, Fig(cl shows that a
malized to the pristine CF-SAM, while the OfL XPS area small peak appears a+530.2 eV in the O(%) region
has been normalized to the G{)1XPS area observed after [shown explicitly in the insert in Fig.(3)]. The dashed line
720 min of AO exposure to the CF-SAM. Thus, the datadrawn in Figs. 2 and 3 indicates the duration of the induction
shown in Figs. 2 and 3 provides a measure of relativeperiod (=75 min), during which time the CF-SAM remains
changes within the film’s chemical composition. intact and the film is chemically unaltered.

Figure 1a) shows the XP spectra of a native CF-SAM The new peak observed in the Gilregion(530.2 eV
film before exposure to AO. The F§) region in Fig. 1a)  after 90 min of AO exposure coincides with that observed
exhibits a single peak assigned to fluorine bound to carboduring exposure of clean Au substrates to AO, and is as-
(C—P), centered at=688 eV, while the C(%) region con- cribed to the formation of Au—O bonds associated with
tains three distinct peaks due to the ,CR292.8 eV}, CF,  Au,0;.°'7>3This assignment is also consistent with a slight
(290.2 eV}, and C-H/C-C(284.5 eV} species, and the broadening observed in the Auf3# XPS profile to higher
S(2p) region contains a R;./2py, doublet (23,  binding energiegnot shown due to the presence of oxidized
=161.8 eV) consistent with the formation of a gold—thiolate Au atoms?*®>3However, due to the presence of a large back-
(R—S—Au bond*® No spectral intensity is observed in the ground signal associated with the gold substrate coupled
O(1s) region. The XP spectra shown in Figalare consis- with the fact that the overall gold intensity changes during
tent with published XP spectra of QfCF,);(CH,),SH ad-  exposure to AQdue to the film’s erosionthe production of
sorbed on Al?*°*CFurthermore, the absence of intensity in Au,0O5 is most clearly evidenced by the appearance and peak
the C(1s) region between the GFpeak at 290.2 eV and the position of the O(%) signal. In this context it should be
C—H/C-C peak at 284.5 eV indicates that the x-ray exposuraoted that the O(4) peak positiorfand slight broadening of
necessary to acquire the XP spectra shown in Fig. does the Au(4f) signal to higher binding energipsssociated
not itself produce any changes to the film's chemical comwith Au,O; production was calibrated by exposure of AO to
position, notably the production of CF groui§s?*° a pure gold substrate as shown in Fig. 1 of Ref. 40.

For CF-SAMs exposed to AO for 15, 30, 45, and 60 min ~ The appearance of oxygen for AO exposure30 min
there were no detectable changes in the chemical composioincides with the onset of fluorine and carbon loss from the
tion of the film or the gold substrate, as detected by XPSfilm, measured by the C&) and F(1s) peak areasFig. 3).
Thus, the F(%), O(1s), C(1s), and S(2) XPS areas re- Although the total carbon content in the film decreases
main unchanged compared to the native CF-SAM. For arsteadily for AO exposure3-90 min (Fig. 3), Fig. 1 shows
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that the C(%) spectral envelope remains qualitatively un-the CF-SAM lead to erosion of the film and a consequent
changed from that of the native CF-SAM. For example, thencrease in the intensity of the detected Atij4photoelec-
C(1s) spectral envelopes in Figs(a)l and 1e) are compa- trons.
rable, although the integrated )1 XPS area in Fig. ()
has decreased to 68% of the value associated with the native .
CF-SAM. It should be noted, however, that the loss i CF \é Effect of AO exposure on  n-alkanethiolate SAMs
CF, and C-C/C—H peaks is accompanied by the appearance Figure 4 shows the evolution of the O}l C(1s),
of a small amount of new spectral intensity between the CFS(2p), and Au(4f ) XPS regions of G;-SAMs as a function
peak at 290.2 eV and the C—C/C—H peak at 284.5 eV. Thef increasing AO exposure. Prior to AO exposiFdy. 4(a)],
assignment of this new component is discussed in Sec. Ithe GgSAM exhibits no intensity in the O region, a
The F(1s) XPS area exhibits a similar variation to that of the single peak in the C(9) region centered at 284.5 g¢orre-
integrated C(%) XPS area, remaining constant for AO ex- sponding to the C-C/CHCH; speciey a R-S
posures<90 min but decreasing at longer exposure times(2ps,:2p15) doublet with the P4, peak at 161.8 eV and a
Indeed, Fig. 3 shows that despite the loss of fluorine and\u (4f,,:4f5,,) doublet with the 4, peak centered at 83.8
carbon from the film, the C(§)/F(1s) ratio [shown in Fig.  eV.>® After 30 min of AO exposure Figure(d) shows that a
3(c)] remains virtually constant for all AO exposures. peak at 532.8 eV is observed in the @) Xegion, indicative
During the initial period of AO exposure, the only of the incorporation of carbon-containing oxygen functional
sulfur-containing species observed in the @ 2egion are  groups(C-0O, C=0 and O—G=0O—hereafter referred to as
the gold—thiolatédR—S—Ay sulfur atoms associated with the CO, specieginto the film3° As a result of the production of
native CF-SAM observed between 165-160 eV. Howeverthese CQ species, the C(d) region broadens to higher bind-
Figs. Ad)—1(g) and Fig. 2 show that after 120 min of AO ing energies® Following 180 min of AO exposuréFig.
exposure the S(® region broadens noticeably to higher 4(c)], changes in the O) and C(1s) XP spectral regions
binding energies and after an AO exposure of 165 min a newndicate that the concentration of carbon-containing oxygen
component can be resolved betweeti66.5-169 eV. This functionality in the film has increased, while the concentra-
new spectral feature can be identified with the production ofion of C—C and C—H bound speci@seasured by the in-
a sulfonate (R—S§) species (P3, peak at ~167.0 tensity of the C(%¥) peak at 284.5 eV has decreased. A
eV).39%4-%6 The S(%) XPS area of these two sulfur- comparison of the integrated area of the €)spectral en-
containing specie$R—S and R—Sg) as a function of AO velopes in Figs. &) and 4c) also points to the overall loss
exposure are plotted in Fig(l®. This analysis shows that of carbon from the film that accompanies exposure of the
once sulfonate species have been produced, their relative G, SAM to AO. Despite the loss of carbon from the film, an
tensity increases at the expense of the native thiolate speciemnalysis of the S(g), Au(4f ), and O(X) regions indicates
Thus, for AO exposure times 120 min, the R—S@species that after 180 min of AO exposure, no chemical transforma-
become the exclusive sulfur-containing species in the filntions have occurred to either the sulfur atoms located at the
(Fig. 2.%7 film/substrate interface or to the Au substrate itself, the latter
The Au(4f) XPS peak areaXPS data not shown evidenced by the absence of any Au—O species in thesO(1
shows a modest increase during AO expodiig. 2(c)].  region.
Thus, after 400 min of AO exposure, the Ad(#peak area For Cg SAMs exposed to AO between 180 and 300
has increased by 30%, indicating that reactions of AO with min, the concentration of carbon-containing oxygen func-
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() C,-SAM in the concentration of CQOspecies observed in the Of)1
region and a corresponding increase in the Au(#tensity
(Fig. 4). Ultimately, for a G- SAM exposed to AO for 540
* min there is no discernable carbon left in the film, and the
. surface is composed exclusively of sulfonate species and
s *e Au,0s [Fig. 49)].
Figure 5 shows the variation in the total carbon content
[determined from the integrated area of the §(XPS pro-
file] and Ay,O5 concentration as a function of AO exposure
to (a) a Ci-SAM, (b) a C,,-SAM, and(c) an x-ray modified
Cie-SAM. The variation in the carbon content among the
R three films exhibit qualitative similarities, with two distinct
s e regimes. For each film, the carbon content in the film ini-
0 s . . . tially decreases linearly with increasing exposure to AO. At
i the point where ApO; is observedshown as a dashed line
(¢) X-ray Modified C,-SAM in Fig. 5, however, the rate at which carbon is lost from the
films as a function of AO exposure increases. For each of the
three hydrocarbon films studied the linear decrease in the
carbon content during the initial stages of AO-induced reac-
2 - e Carbon tivity, corresponding to zeroth-order kinetics, are shown as
& Au,04 solid lines. Figure 5 reveals that although the qualitative
r r v v r variation in carbon content of the three films is similar, the
100 200 300 400 500 600 time scales for the reaction kinetics vary considerably.

Atomic Oxygen Exposure (min)

(=)
N
[ )
[
[ ]

> (5]
N
[, SIS P
[ ]
>
L
>

(b) C,,-SAM

7

o
[ )

XPS Area (arb. units)

.
[ )

>3
[ ]
[ )
[ ]

< —
& "
(=3

=

IV. DISCUSSION
FIG. 5. Variation in the integrated C§l XPS area(®) and the AyO;
concentration(V) [the latter determined from deconvolution of the (1  A. Reactivity of the CF-SAM with AO
region] as a function of AO exposure time fofa) C,sSAMs, (b) .. .
C,»SAMS, and(c) an x-ray modified Gs-SAM. The solid lines represent 1+ /nitial period of AO exposure

the best—fi_t values corresponding to zeroth—order_kinetics for carbon loss Figures 1-3 reveal that, for short AO exposures, the CF-
from the film (sge the te_xt_ fo_r detailsThe dasheql line represe_nts the AO SAM is chemically unreactive toward AO. This assertion is
exposure at which reactivity is observed at the film/substrate interface, evi= )
denced by the appearance of . supported by the absence of any measurable change in the

XPS areas within the C&), F(1s), or S(2p) regions com-

pared to the pristine CF-SAM, coupled with the absence of
tionality remains virtually constant. This is supported experi-oxygen uptake. The initial inertness of the CF-SAM toward
mentally by the fact that for this time period the area of thereactions with AO can be ascribed in part to the close-
higher binding energy shoulder in the )1XPS region packed, well-ordered molecular film that is formed during
(Fig. 4) assigned to CQspecies and the Of) peak area the reaction of the CFCF,),(CH,),SH adsorbate with
[measured from the CE€) region remain virtually un-  Au.*?°° As a result of the well-ordered nature of the film,
changed. The total carbon contdmionitored by the inte- permeation of AO to the underlying Au substrate is hindered.
grated area within the Cg) region|, however, continues to This initial period of chemical inertness is indicated by the
decrease over this same time interfalg. 5@)], due to a vertical dashed line in Figs. 1-3. In addition to the physical
loss of C—C/C—H carbon atonisf. the C(1s) regions in  characteristics of the film, the lack of initial chemical reac-
Figs. 4c) and 4d)]. tivity between AO and the CF-SAM indicates that the’B)

For AO exposures=300 mins(Fig. 4), AO penetrates to atoms generated by thermal dissociation in the atom source
the film/substrate interface, evidenced by the appearance ¢E,;,~0.11 eV) are unable to activate either C—F or C-C
sulfonate (R—S¢) species in the S(®) regiorr*>*>®(2p;,  bond cleavage within the CF-SAM, shown schematically in
peak centered at167 eV) and the broadening of the Ol  Fig. 6(a). A similar example of an induction time in the re-
spectral envelope to lower binding energies due to the proactions of ordered SAMs has been observed in atmospheric
duction of AyO; species(the peak centered at530.2 oxidation studies ofh-alkanethiolates adsorbed on copper,
eV).>1-%3 Analogous to the results obtained on the CF-SAMwhere for CH(CH,),,SH and CH(CH,),,SH adsorbates no
(Figs. 1 and 2 once the R—SQspecies are produced, their evidence of oxidation was detected for atmospheric expo-
relative concentration increases rapidly, such that for AO exsures <100 h>® This effect was ascribed to the lack of
posures>300 min they are the dominant sulfur-containing chemical reactivity betweenand the C—H and C—-C bonds
species within the film. Similarly, over this same time periodof the alkanethiolate monolayer coupled with the well-
the AwO; signal continues to increase, evidenced by theordered and densely packed nature of the SAM. Figure 1 also
evolution of the O(%) XPS peak at 530.2 eVFig. 4. The  suggest that although there is no measurable change in the
continued loss of carbon from the filiierosion for these area of the S(R) peak during this induction time, the thi-
extended AO exposures is indicated by the loss of XPS inelate peak is broader than that observed for the native CF-
tensity within the C(%) region(Figs. 4 and § the reduction SAM prior to AO exposurgFig. 1). A similar phenomenon
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FIG. 6. A schematic depiction of atomic oxygen reactions WihCF-SAMs andb) C,s- SAMs. The various stages of reactivity are depicted for both films
following specified AO exposures.

was also observed during AO exposure to alkanethiolatguent reactivity is at least initiated in proximity to defect
SAMs (Fig. 4). The reason for this peak broadening is un-sites(e.g., domain boundarigsvithin the SAM rather than
clear but may reflect an increase in structural disorder withiruniformly throughout the film. This assertion is also consis-
the CF-SAM due to AO exposure. In this context it should betent with proposed mechanisms for oxygen transport studies
noted that a broader Sp2 region has been observed in XPS through lipid bilayer® and alkanethiolate SAMZ. The
studies of n-alkanethiols adsorbed on polycrystalline Cu gyerall defect density within the CF-SAM is also expected to
substrate¥->®and has been ascribed to a more heterogeneoyss influenced by the nature of the Au substrates. In the

bonding environment at the film/substrate interface. Any in'present investigation polycrystalline gold substrates were

crease in the structural disordgr within the CF-SAM i_s alsoemployed. Although the CF-SAMs formed on these sub-
likely to increase the permeability of AO through the film.

strates produces a densely packed overlayer, the defect den-
sity in these filmgat grain boundaries, for exampls likely
2. Reactivity of AO at the substrate [film interface to be reduced on more well-ordered single crysta(14d)
Reactivity within the CF-SAM is initiated by the perme- substrates_. As a result, the duration of the_ induction period
ation of AO through the uppermost portion of the CF_SAM’observed in the present study may well increase for CF-
which contains exclusively C—F and C—C bonds, to the film/SAMS adsorbed on AQ11).
substrate interface. The permeation of AO to the film/  Once chemical reactivity is initiated at the film/substrate
substrate interface is accompanied by the onset of chemicilterface, the desorption of carbon and fluorine from the CF-
reactivity within the film, evidenced by the appearance ofSAM is observedFigs. 1 and B Furthermore, a comparison
sulfonate (R—S@) species and AiD; [Figs. 1 and &)]. of Figs. 2 and 3 demonstrates that oxygen uptake is corre-
Although the detailed mechanism responsible for the migralated with the loss of both fluorine and carbon from the film.
tion of the reactive specig®O) through the CF-SAMs can- This supports the idea that carbon and fluorine desorption
not be determined unambiguously from XPS studies alone, firom the CF-SAM is initiated by reactions of AO at the
is reasonable to assume that O atom permeation and subgiém/substrate interface. Despite the desorption of both car-
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bon and fluorine from the film, however, the C/F ratio re- ments such as GFCF,);- CH, that are “carbon deficient”
mains essentially invariant throughout the course of the recompared to those that contain intact adsorbate chaigs,
action [Fig. 3(c)], indicating that carbon and fluorine are CF,(CF,),(CH,),S0;]. Indeed, both the loss of the “carbon
being lost at an equal rate. deficient” species such as QEF,);-CH, and the loss of
Figure 1 also shows that during exposure to AO thefluorine from C—F bond cleavage during collisions between
C(1s) spectral envelope remains essentially unchanged fromdarbon-based radicals such as ;GFF,),-CH, and Ck
that of the native CF-SAM, despite the desorption of fluorinegroups within the adsorbate structure will increase the C/F
and carbon from the film. For example, analysis of the norXps ratio, consistent with the slight increase in the film's
malized C(X) spectra shown in Fig. 1 reveals that the C/F XPS ratio following prolonged AO exposurés-250
CF;:CF,:CHj, ratio remains virtually unchanged from that min). It should be emphasized, however, that compared to
of the pristine CF-SAM for all but the longest AO exposures.the loss of entire adsorbate chains due to AO-induced C—-S
Taken in conjunction with the nearly constant C/F ratio ob-and Au-S bond cleavage, these processes represent a minor
served during AO exposures to the CF-SAM, these resultsecondary reaction pathway. Thus, even after 720 min of AO
strongly suggest that the desorption of carbon and fluoringxposure to the CF-SAM, the XPS intensity in the €)1
from the film is dominated by the loss of fragments thatregion between 290.2 and 284.5 eV is less than 10% of the
incorporate intact adsorbate chains. These volatile speci@stal original C(1) area for the native CF-SAMFig.
that contain intact adsorbate chains are postulated to result—bottom spectia Similarly, the slight increase in the C/F
from AO-induced carbon—sulfur and sulfur—gold bond XPS ratio is only a minor perturbation compared to the total
cleavage processes, initiated by AO reactions at the filmamount of carbon and fluorine lost from the film during ex-
substrate interface. Thus, the chemical identity of these volaposure to AO. Indeed, the nearly constant C/F XPS ratio
tile species are postulated to include fragments such agbserved in this study suggests that AO reactions with the
CF3(CF,)7(CH,), and CR(CF,);(CH,),S0;, as shown in  adsorbate chain are dominated by C—S and/or Au—S bond

Fig. 6. cleavage events, leading to the desorption of intact adsorbate
chains, rather than C—C bond cleavage due to AO reactivity
3. Secondary processes with the CH—CH, linkage, which would produce a volatile

An analysis of the C(&) envelope in Fig. 1 reveals that “carbon-deficien_t” specigs and a more sigr_1ificant increase in
once the AO-induced desorption of fluorine and carbon fronfh® C/F XPS ratio than is observed experimentally.
the CF-SAM is initiated, a small amount of additional inten-
sity appears in the C@) spectral envelope between the CF
peak at~290.2 eV and the hydrocarbon C-C/C—H peak at* Fate of sulfur
~284.5 eV. This additional intensity is postulated to arise in  In contrast to fluorine and carbon, the fate of sulfur dur-
part from reactions between AO and the native,Gigecies ing reactions with AO appears to involve a competition be-
proximate to the film/substrate interfat®which lead to the  tween oxidation, producing a sulfonate spediesidenced
formation of carbon-containing oxygen functional groupsby the evolution of the S(®) region shown in Fig. ], and
(C-0, C=0, and O—c=0) still bound to the Au substrate. oxidation coupled with the desorption of R$€peciege.g.,
In addition, we propose that the new XPS intensity observe€F;(CF,);(CH,),S0;]. In the present study sulfur desorp-
in the C(1s) region between the GFand C—-C/C—H peaks is tion is implicated by the decrease in the $j2XPS area
a reflection of the CF species produced from secondary C—Buring exposure to AO, despite the loss of both fluorine and
bond cleavage reactions between volatile carbon-containingarbon from the film. If sulfur desorption did not occur dur-
radicals[e.g., CR(CF,);—CH,—-CH,] liberated by AO re- ing AO exposure, the loss of carbon and fluorine would pro-
actions at the film/substrate interface and, @Foups associ- duce an increase in the S§p XPS area, in contrast to our
ated with Ck(CF,),(CH,),S adsorbate species still tethered experimental observations. Furthermore, the [§(Z(1s)
to the Au substrate, that occur as the carbon-containing radXPS ratio(calculated from the data contained in Figs. 2 and
cals escapddesorh from the film. Experimental evidence 3) remains relatively constant for all but the longest AO ex-
for C—F bond cleavage from reactions involving carbon-posures, consistent with the idea that sulfur and carbon de-
containing radicals such as §EF,);—CH,—-CH, can be sorption from the film are correlated. In this context desorp-
found in recent tandem mass spectrometry experiments byon of RSQ, species has also been identified in the UV
Cooks and co-workers, who observed the formation ofphoto-oxidation of alkanethiolate SAMs, where a decrease in
FCH,OCH, during the interaction of the radical the S(2) area was observed despite the loss of cafBon.
-CH,OCH;, ion at low incident kinetic energgl8 eV) with However, not all of the sulfur atoms at the film/vacuum in-
semifluorinated SAM surfacéd.In contrast, reactions of the terface desorb. This is evidenced most clearly in the present
closed-shell methoxymethyl cation GEICH, with the same  investigation by the continued presence of bound sulfonate
surface, also at low collision energies, did not produce angpecies during AO reactions with thg £SAM (Fig. 4) de-
fluorine-containing species, indicating that C—F bond activaspite the loss of virtually the entire carbon content of the
tion is associated with reactions involving the carbon-film. The fact that this competition between desorption and
containing radicaf* oxidation is observed for both the CF-SAM and the al-
We also postulate that AO reactions with the SHCH, kanethiolate SAMs is probably a reflection of the similar
group proximate to the film/substrate interface leads to C—G@hemical bonding environment of the initial thiolate sulfur
bond cleavage and the ejection of a small number of fragatoms(R—S—Au in both systems.
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5. Influence of chemical and structural characteristics This is observed experimentally by the absence of oxidation

on AO reactivity for sulfur atoms located at the film/substrate interface during
In the CF-SAMs, initial reactivity induced by exposure the initial stages of AO-induced reactions, despite significant

to AO is controlled by the permeation of oxygen atoms to thechemical transformations within the hydrocarbon film. In

film/substrate interface due the chemical inertness of botl§ontrast, reactivity within the CF-SAM is initiated by AO

C—F and C—C bonds. The role of structural integrity within reactions at the film/substrate interface due to the inertness of

the CF-SAMs is also likely to play a role in the overall C—C and C—F bonds toward the thermalized AO employed

reaction time scale. This idea is supported by results obtaine@ this investigation. These differences are illustrated sche-

in related experiments carried out as part of this investigamatically in Fig. 6.

tion, where CF-SAMs exposed to a dose of x-ray irradiation

insufficient to produce any change in the ) Iprofile still 2. Carbon desorption kinetics

exhibited a marked increase in their reactiiand degrada- Figure 5 shows that the C§1 XPS area decreases lin-
tion) during subsequent exposure to AO compared to CFegrly during the initial stages of AO reactions for all three of
SAMs that were not exposed to any x rays prior to AO eX-the hydrocarbon films studied in this investigation. Despite
posure. this decrease in the C§1 XPS area, however, the Auf3
XPS area remains virtually unchanged. For example, a com-
parison of the Au(4) spectra shown in Figs.(d and 4c)

The interaction of AO with the alkanethiolate SAMa- ~ réveals that the intensity of the Au{} transitions and the
cluding the x-ray modified G-SAM) also leads to the pro- INtégrated XPS intensity within the Auf4 region are
duction of A0, and RSQ species as well as erosion of the nearly |q§nt|cal, despite significant changes in the_chgmlcal
organic film. However, the detailed molecular level eventscOmMposition and carbon content of the film. This indicates
associated with the interaction of AO with CF-SAMs and thethat the decrease in the Cf}signal is dominated by the loss
alkanethiolate SAMSs studied in this investigation differ sig- ©f carbon from the film rather than any change in the effec-
nificantly. In the following discussion we shall focus on the tive €scape depth of the Cg]l photoelectrons due to the
reactivity of AO with the G- SAM before comparing these Ncorporation of oxygen into the film.
results with those obtained on the,£SAM and the x-ray Carbon (_jesorpnon from t_hg film is a result of the forma-
modified hydrocarbon filniderived from the Gy SAM). tion of volatile carbon-containing species, notably CO and

o CO,, produced during AO reactions with the C€pecies in
1. AO reactivity with C 15-SAMs the hydrocarbon film&2*“°As carbon is lost, underlying

In contrast to the CF-SAM, AO reactions with the three hydrocarbon layers are exposed at the vacuum/film interface.
hydrocarbon films are initiated by éR)-mediated H atom Subsequent AO reactions with these newly exposed carbon
abstraction from the C—H bonds at the vacuum/film interfaceatoms sustains the erosion and leads to the creation of an
and the subsequent formation of carbon-containing oxygemtch front. This etch front is responsible for the decrease in
(CO,) functional group$® Experimentally determined acti- the total carbon content of the two alkanethiolate SAMs and
vation energies for hydrogen abstraction from saturated hythe x-ray modified G-SAM studied in this investigation.

B. Reactivity of alkanethiolate SAMs with AO

drocarbons typically lie in the range 14—30 kJ mglcom-
pared to theoretically determined values>®150 kJ mol *
for C—C bond cleavag®®* Thus, it is clear that GP) in-

The fact that the overall thickness of the film, measured by
the Au(4f ) XPS area, does not change significantly during
the initial stages of AO reactions can be ascribed to the bal-

teractions with hydrocarbons are dominated by H atom abance between carbon desorption and oxygen incorporation

straction from C—H bond®, followed by the reaction of
atomic and molecular oxygen with the resultant alkyl

radicals?>° This can be represented schematically, thus

into the film.
Since the flux of oxygen atoms generated by the atom
source is constant under our experimental conditions, the ini-

tially linear decrease in carbon contgshown in Fig. 5 is

—C-H + o¢fp — —C N - OH consistent with zeroth-order kinetics, indicative of a constant

! ! rate of carbon desorption that is independent of the carbon

(1) content/thickness of the film. This kinetic dependence has

been explained by the fact that, in this linear regime, the

] s N i \(C\) concentration of carbon-containing species that can react
—? * 0O (R — 0 _(f_OH » o7 with impinging oxygen atomgand subsequently desorb due

to the formation of CO and Cf is constant, due to the
2 limited penetration depth of oxygen atoms within the hydro-

carbon films*® Ultimately, under these conditions a steady-
In the case of the g-SAM, the production of these carbon- state etch front is produced. This is denoted by an AO expo-
containing oxygen functional groups is evidenced by the apsure interval for which a nearly constant Gj1XPS area is
pearance of an O@) peak at=532.1 eV and the broadening observed, despite the fact that the total carbon content in the
of the C(1s) spectral envelope to higher binding energiesfilm continues to decrease. In the case of thg EAM, this
(Fig. 4). The fact that AO reactions in the three hydrocarbonis observed between180—320 min of exposure to AFFig.
films are restricted to the vacuum/film interface is a reflec4), illustrated schematically in Fig. 6. Corresponding
tion of the limited penetration depth of AO in these filfis. changes to the C&) region during this stage of the reaction
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[compare Figs. &), 4(d), and 4e)] indicate that the concen- [measured by the integrated G)1XPS ared AO-induced
tration of CQ, species remains essentially unchanged, whilgeactions result in a more rapid erosion of the x-ray modified
the concentration of C—C/C—H species decreases, consisten},-SAM [Fig. 5c)]. This increased reactivity is believed to
with the production of a steady-state etch front. be a result of the potential for the rapid AO addition to
For prolonged O atom exposures, a point is reachedarbon—carbon double bonds, formed during the x-ray modi-
when the rate of carbon loss from the film increases. In Figfication process in the x-ray modified filf'ﬁ',67 coupled with
5 the approximate AO exposure that corresponds to thishe greater permeability of the structurally disordered x-ray
change in the carbon desorption kinetics is represented by @odified Gg SAM** toward AO. It should also be noted that
dashed line for the {&-SAM, the G»SAM and the x-ray variations in the chemical composition of the x-ray modified
modified Gg-SAM. An analysis of Fig. 5 shows that this AO C,s SAM during exposure to AO are similar to those re-
exposure also corresponds closely to the exposure for whighorted in our previous investigatidfi, although in the
significant oxygen reactivity is observed at the film/substrateyresent study a higher incident AO flux was employed. This
interface, evidenced by the production of Ay in the  was necessary to enable the AO reactions of the four differ-
O(1s) region and the appearance of a sulfonate (Rz)SO ent films studied in this investigation to be completed on an
species in the S(@ region. This onset of AO reactivity at experimentally accessible time scale.
the film/substrate interface is also correlated with a rapid
decrease in the concentration of oxygen-containing carbon
(CO,) species. This change in the carbon desorption kinetics ) ) )
is attributed to the fact that once AO is able to penetraté- © @lom reactions with fluoropolymers in LEO
through to the film/substrate interface, the concentration of nd during plasma processing
carbon available to rea¢and subsequently desonith in- Reactions of AO with fluorine-containing organic thin
cident oxygen atoms becomes limited by the film’s thicknessfilms are of relevance to studies of polymer degradation in
As a result, the rate of carbon lost from the film for AO LEO, where fluoropolymers such as FEP are exposed to the
exposures in excess of the dashed line initially incre&Sks. effects of sustained GP) exposure>*>%0ur results indi-
should be noted that although the carbon desorption kineticsate that for thermalized oxygen atoms, C—C and C—F bonds
are now influenced by the fact that film’s thickness is smallerare not susceptible to AO-induced scission. Thus, the elec-
than the penetration depth of oxygen atoms within the filmtronegativity of fluorine appears to preclude a direct O atom-
the facility of AO-induced Au—S and C—S bond cleavége mediated abstraction mechanism in C—F bonds, in contrast to
noted in the reactions of AO with the CF-SANhay also the potential for hydrogen abstraction in C—H bonds. Simi-
contribute to an increase in the effective desorption rate ofarly, direct AO-mediated C—C bond breaking does not ap-

carbon-containing fragments in this time regime. pear to contribute to the observed reaction dynamics under
our experimental conditions.

3. Comparing the AO reactivity with C  ;5-SAMS, The inertness of C—C and C-F bonds toward AO

C1,-SAMs, and the x-ray modified C 15-SAM is also consistent with a limited set of experiments carried

out in our laboratory on polyetrafluorethylene [PTFE,

A comparison of Fig. 5 reveals that thgSAM, the o8 )
(CF,—CFR,),].”° Results from these experiments revealed

Ci>-SAM, and the x-ray modified {g-SAM experience X
qualitatively similar variations in their chemical composition that even after 510 min of exposure to AO, the &(frea

during exposure to AO. For example, Figgasand (b) re- ~ measured by XPS was'1%. Thus, during oxygen plasma
veal that the G- SAM and the G, SAM experience a simi- _ réatments of fluorinated polymers such as PPEEoxygen

lar rate of initial carbon loss. Furthermore, the residual Car_lncqrporatlon_ does r_10t appear to be a direct re_su_lt of ther-
bon content in the G-SAM and the G,-SAM at the point malized AO interactions with the substrate but is instead a

when oxygen atoms react with the underlying Au substrat&onsequence of ~secondary reactions between carbon-
(indicated by the dashed lines in Fig\ i also similar. In- containing radicaldthemselves generated, for example, by
deed, differences in the kinetics observed between th&M?#N9 rad|at|20n or electronsand either molecular or
C,-SAM and the G,SAM are simply a reflection of the atomic oxygerf. ,
greater film thickness in the & SAM. Thus, the difference Although C~-C and C-F bonds are themselves not di-
in AO exposure required for AD formation to occur in the rectly susceptible tgthermalized AO-induced scission, our
C.s SAM and G, SAM provides a convenient estimate of results indicate that carbon and fluorine can desorb as a result

the carbon desorption rate, based on the difference in the filfgf AO rea_ctions initiated at other “reactive_centers” within
thickness of G-SAMs and G,-SAMs adsorbed on Au the material. In the present study, these include C-H and
(~3.5 A).% Results from this analysis reveals that in theseC—> Ponds, whose reactions with AO can lead to C~C bond

alkanethiolate SAMs the AO-induced carbon desorption rat&CiSsion and the production of volatile species that include
under steady-state etch conditions<6.02 A min L. carbon and fluorine. For the case of a GHCF, linkage this

Similar reaction dynamics are also postulated to be relS illustrated below:

sponsible for the AO reactions with the x-ray modified

C,6-SAM. However, more rapid film erosion is observed in —C~CFy— + O(¢P) ——= —CCFp— + "OH
this film compared to either the;&SAM or the GgSAM H H

[Fig. 5(c)]. Thus, although the &-SAM and the x-ray modi-

fied C,e-SAM initially possess a similar carbon content 3
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_ o stimulated C—F bond cleavad®*! As a result of the con-
—CChHh,— + O CP)/0; ——= —C-CFy— tinuous C—F bond cleavage during electron or x-ray medi-
H H ated degradation of semifluorinated SAMs, the C/F ratio in-

(4) creases monotonically as a function of increasing x-ray or
electron dose and CF moieties are produced as intermediates
0 D e in the degradation proced$*4273This is in contrast to the
CCh— — ¢ CFz absence of direct C—F or C—C bond breaking processes ob-
served in the present study during the interaction of AO with
(5) CF-SAMs, which proceeds via a more “selective” degrada-

tion process dominated by AO-mediated Au—-S and C-S

The exgtence of this dggradauon pa.thvv_ay is postulated to bSond cleavage, leading to the desorption of adsorbate chains.
at least in part responsible for the ejection of fragments that

are “carbon deficientTe.g., CR(CF,)(CH,)] compared to

the intact adsorbate chaindgragments that include the V. CONCLUSIONS

CF3(CF,)7(CH,), unit] for prolonged AO exposures to the The reactions of thermalized atomic oxygerE,,
CF-SAM. In the context of LEO studies, the existence of this~ .11 eV) with semifluorinated self-assembled monolayers
degradation pathway is also consistent with the order odsorbed on Au are initiated by reactions at the film/substrate
magnitude increase in the measured rate of mass loss f@iterface following the permeation of atomic O through the
PVDF (CR-CH,), compared to PTFE under LEO fyorine-containing overlayer. The reaction of atomic O at

conditions™* " the film/substrate interface produces,®4 and RSQ spe-
cies and the loss of fluorine and carbon, principally from the

5. Influence of hypethermal kinetic energies ejection of intact adsorbate chains. In contrast, O atom reac-
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