


Fig. 1 A schematic drawing of F10H2S/Au, F10H11S/Au and
F10H17S/Au. The average tilt angles of the Ñuorocarbon and hydro-
carbon parts and the entire Ðlm thickness derived from the XPS and
NEXAFS (in brackets) data are marked (see ref. 36 for details).

(n \ 2, 11 and 17 : F10H2SH, F10H11SH and F10H17SH,
respectively) on polycrystalline gold. This allows a direct com-
parison of the electron-induced damage in the hydrocarbon
and Ñuorocarbon parts. The structure and chemical composi-
tion of these SAMs have been studied by us recently36 which
forms the basis for the current investigation. The results of
this recent investigation are summarized in the schematic
drawings of F10H2S/Au, F10H11S/Au and F10H17S/Au in
Fig. 1. The hydrocarbon and Ñuorocarbon chains of the
adsorbed SFATs retain the expected planar zigzag and helical
conformation of the respective bulk materials. The Ñuoro-
carbon chains, which are oriented almost perpendicular to the
substrate for F10H2S/Au, assume a slightly more tilted orien-
tation in SFAT SAMs with the longer hydrocarbon moieties.
These moieties exhibit similar tilt and twist angles to AT
chains in conventional AT SAMs. In agreement with the large
molecular volume of the helical Ñuorocarbon chains, a hex-
agonal arrangement of the SFAT molecules with an intermo-
lecular spacing of 5.8È5.9 was found for F10H2S/Au,A�
F10H11S/Au and F10H17S/Au.34,35 The latter two Ðlms are
slightly more disordered as compared to F10H2S/Au.35

In the following section the experimental procedure and
techniques are brieÑy described. Thereafter, the results are
presented and brieÑy discussed in section 3. A detailed
analysis of the data is given in section 4 followed by a
summary in section 5.

2. Experimental
The synthesis of F10H2SH, F10H11SH and F10H17SH is
described elsewhere.37 SFAT monolayers were prepared by
immersion of polycrystalline gold Ðlms (200 nm thickness)
evaporated on titanium-primed (20 nm) polished single-crystal
silicon (100) wafers (Silicon Sense) in 1 mM thiol solutions in
analytical grade dichloromethane.38 After immersion for 24 h,
the samples were carefully rinsed with dichloromethane and
blown dry with pure nitrogen.

The SFAT Ðlms were irradiated with electrons of kinetic
energy of 10 eV. The exposure was varied between 300 and
8000 lC cm~2, the doses were estimated by the multiplication
of the exposure time by the delivered current density (about
2.5 lA cm~2). The used Ñood gun provided a static electron
beam. The gun was mounted in a distance of about 15 cm
from the sample to assure its uniform illumination. The
current density and the homogeneity of electron beam were
measured and controlled by a Faraday cup.

Electron induced damage was monitored by angle resolved
near edge X-ray absorption Ðne structure (NEXAFS) spectros-
copy and X-ray photoelectron spectroscopy (XPS) in the same
UHV chamber where electron irradiation occurred. The com-
bination of these techniques enables one to probe both the
occupied and unoccupied states of an organic layer and to

monitor its composition, spatial structure and chemical iden-
tity. The time for an individual NEXAFS/XPS measurement
was selected as a compromise between the signal-to-noise
ratio in the spectra and the damage induced by X-rays during
spectra acquisition. Control measurements show that the
X-ray damage was noticeably smaller than the e†ect induced
by electrons. Only a selected number of exposures, namely
300, 1000, 3000 and 8000 lC cm~2 were applied to minimize
the entire time of the spectroscopic characterization.

Both the irradiation and characterization were performed at
room temperature and at a base pressure better than
2 ] 10~9 mbar. The experimental vacuum chamber was
attached to the HE-TGM 2 beamline39 at the synchrotron
radiation facility BESSY-1 in Berlin. The NEXAFS spectra
were acquired at the C 1s absorption edge with an energy
resolution of about 0.65 eV. The measurements were per-
formed in the partial-yield mode with a retarding voltage of
[150 V. The angle of light incidence was varied from 90¡ (the
E-vector in the surface plane : normal incidence) to 20¡ (the
E-vector near the surface normal : grazing incidence) to
monitor the orientational order within the SFAT Ðlms. The
corresponding approach is based on linear dichroism in X-ray
absorption, i.e. the strong dependence of the resonant pho-
toexcitation process on the relative orientation of the light
polarization with respect to a molecular orbital of interest.40

The raw NEXAFS spectra were normalized to the incident
photon Ñux by division through a spectrum of a clean, freshly
sputtered gold sample. For absolute energy calibration the
simultaneously measured photoabsorption signal of a carbon
covered gold grid with a characteristic resonance at B285 eV
was used. This resonance was separately calibrated by using
the NEXAFS spectra of a graphite sample (HOPG), the sig-
niÐcant p*-resonance of HOPG being set to 285.38 eV.41

The XPS measurements were performed in normal emission
geometry. A VG CLAM 2 spectrometer and a Mg-Ka X-ray
source, operated at a power of about 260 W and placed at a
distance of several centimeters from the samples, were used.
The energy scale was referenced to the Au peak at 84.04f7@2eV.42 For both the pristine and irradiated samples a wide scan
spectrum and the F 1s, O 1s, C 1s, S 2p and Au 4f narrow
scan spectra were measured. The energy resolution for the C
1s, S 2p and Au 4f regions was about 0.9 eV. The spectra were
normalized to the total electron yield to correct for small dif-
ferences in sample positions and X-ray source intensities. In
our experience this procedure works rather well in the case of
AT-like SAMs,18,36 which is explained by the much higher
value of the absorption cross section of gold as compared to
the corresponding value in alkanethiols.40 The resulting
spectra were Ðtted by using a Shirley type background43 and
symmetric Voigt functions44 with variable Gauss and Lorentz
contributions. To Ðt the doublet related to a deÐ-S 2p3@2, 1@2nite sulfur species we used a pair of Voigt peaks with the same
FWHM and Gauss/Lorentz proportion, the standard42 spinÈ
orbit splitting of 1.2 eV and the intensity ratio of 2
(S 2p3@2/S 2p1@2).From the XPS data the e†ective thickness of the SFAT
Ðlms was estimated using the intensity ratios of the Au 4f
emission for the SFAT-covered and clean gold substrates.45
An exponential attenuation of the Au 4f signals by the SFAT
Ðlms was assumed. Because the attenuation length for Ñuori-
nated AT SAMs is not known we use the respective value for
AT SAMs for the entire SFAT layer : j(Au 4f7@2) \ 31 A� .46,47
At least for the pristine SFAT Ðlms this approximation results
in the e†ective thicknesses which are very close to those
derived from the orientational information obtained by
NEXAFS spectroscopy (see Fig. 1).36

No contaminations were observed in the SFAT Ðlms. In
addition to the XPS and NEXAFS characterization the
quality of the pristine SFAT Ðlms was checked by infrared
reÑection absorption spectroscopy.36
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3. Results

3.1. NEXAFS measurements

NEXAFS experiments provide information about the
occurrence and average orientation of the unoccupied molecu-
lar orbitals within the organic Ðlm of interest.40 In Figs. 2 and
3 the C 1s NEXAFS spectra recorded at an X-ray incident
angle of 55¡ and the di†erences of the NEXAFS spectra
acquired at X-ray incident angles of 90¡ and 20¡ for both the
pristine (bottom curves) and irradiated SFAT Ðlms, respec-
tively, are presented. Whereas the di†erence spectra reÑect the
dependence of the resonance intensities on the incidence angle
of the light, the spectra acquired at the magic X-ray incidence
angle of 55¡ exclusively reÑect the electronic structure of the

unoccupied molecular orbitals of the investigated Ðlms and
are not a†ected by the angular dependence of the adsorption
cross-sections.40

The C 1s NEXAFS spectra for the pristine SFAT SAMs
contain two absorption edges at B287.7 and B294.0 eV
related to the C 1s ] continuum excitations for carbon atoms
bonded to hydrogen and Ñuorine, respectively. The spectra are
dominated by the pronounced resonances at B292.5, B295.5
and B299.0 eV related to the transition from C 1s state to the
CÈF r*, CÈC r* and CÈF r* orbitals of the Ñuorocarbon
part, respectively.29,30,48 The corresponding transition dipole
moments are believed to be oriented almost perpendicular
(C 1s ] CÈF r*) and along the chain axis (C 1s ] CÈC
r*).29,30,48,49 As to the hydrocarbon part, only a noticeable
resonance at B288.0 eV alternatively assigned to the C 1s

Fig. 2 NEXAFS spectra of the pristine (bottom curves) and irradiated F10H2S/Au (a), F10H11S/Au (b), and F10H17S/Au (c) acquired at an
X-ray incident angle of 55¡. Characteristic NEXAFS resonances are indicated in (a) and (b).

Fig. 3 The di†erences of the NEXAFS spectra recorded at X-ray incident angles of 90¡ and 20¡ for the pristine (bottom curves) and irradiated
F10H2S/Au (a), F10H11S/Au (b), and F10H17S/Au (c). The anisotropy maxima related to the characteristic NEXAFS resonances are indicated
in (b).
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Fig. 4 Intensities of the p* (circles, solid line), R* (up triangles, dotted line), and r*(CÈF) (down triangles, dashed line) resonances extracted from
the NEXAFS spectra of F10H2S/Au (a), F10H11S/Au (b), and F10H17S/Au (c) in Fig. 2. The intensities of the R* and r*(CÈF) resonances are
normalized to the respective values for the pristine Ðlms. The intensities of the p* resonance are normalized to the respective intensity for the
strongly (8000 lC cm~2) irradiated F10H17S/Au.

excitations into pure valence CÈH orbitals,40 predominately
Rydberg states50 or mixed valence Rydberg states51 is
observed in the spectra for F10H11S/Au and F10H17S/Au.
The characteristic CÈC r* and CÈC@ r* resonances of the
hydrocarbon part at B293 and B302 eV, respectively,49,52,53
overlap with the strong resonances related to the Ñuorocarbon
part and are, therefore, practically non-distinguishable. Conse-
quently, only the resonance at B288 eV, which we will denote
as an R* resonance (a possible admixture of antibonding CÈH
r* orbitals should be, however, taken into account), is repre-
sentative for the hydrocarbon part of SFAT SAMs. The
orbitals related to this resonance are oriented perpendicular
to the alkyl chains axis.49,52,53

The pronounced linear dichroism of the NEXAFS reso-
nances seen in the di†erence spectra in Fig. 3 implies well-
ordered, densely packed layers. The signs and amplitudes of
the anisotropy maxima indicate a predominately perpendicu-
lar orientation of both the Ñuorocarbon and hydrocarbon
parts. The tilt of the Ñuorocarbon segment increases with the
length of the hydrocarbon moieties (see ref. 36 for details).

Exposure of SFAT SAMs to 10 eV electrons results in
noticeable changes in both the NEXAFS spectra (Fig. 2) and

the respective di†erence curves (Fig. 3). The intensities and
angular anisotropy of the NEXAFS resonances decrease with
increasing exposure and a new resonance at B285.1 eV, which
is characteristic for C2C double bonds (p*-resonance) appears
(the dose dependences of the p*, R* and CÈF r* resonance
intensities are presented in Fig. 4). As in the case for AT
SAMs3,17h19 these changes can be attributed to orientational
and conformational disordering, desorption of hydrogen, Ñuo-
rine, and carbon-containing fragments, and the formation of
C2C double bonds in the irradiated Ðlms. Strongly irradiated
SFAT Ðlms are completely disordered (no linear dichroism
after irradiation with a dose of 8000 lC cm~2) mixtures of
saturated and unsaturated hydrocarbons.

The decrease of the resonances and anisotropy peaks
related to the Ñuorocarbon part is most pronounced, implying
that this upper part of the molecule is predominately a†ected
by the electrons. The almost complete disappearance of the
corresponding resonances for strongly irradiated SFAT SAMs
indicates very extensive desorption of Ñuorine. Comparison of
the spectra in Figs. 2(a), (b) and (c), the di†erence curves at
1000 lC cm~2 in Figs. 3(a), (b) and (c) and the dose depen-
dences of the CÈF r* resonance intensities in Fig. 4 shows,

Fig. 5 The C 1s XP spectra of F10H2S/Au (a), F10H11S/Au (b), and F10H17S/Au (c). The bottom curves correspond to the pristine Ðlms while
the upper spectra are related to the irradiated Ðlms. The observed emission peaks are Ðtted by several Voigt functions.
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Fig. 6 The F 1s XP spectra of F10H2S/Au (a), F10H11S/Au (b), and F10H17S/Au (c). The bottom curves correspond to the pristine Ðlms while
the upper spectra are related to the irradiated Ðlms. The observed emission peak is Ðtted by a single Voigt function.

however, that both Ñuorine desorption and orientational dis-
ordering of the Ñuorocarbon part are less pronounced in
F10H2S/Au than in F10H11S/Au and F10H17S/Au. The
hydrocarbon parts in the two latter Ðlms seem to retain their
orientational order longer than the respective Ñuorocarbon
parts. In fact, the relative decrease of the angular anisotropy
for the Ñuorocarbon resonances is stronger than that observed
for the hydrocarbon resonances [Fig. 3(b) and (c)]. Interesting
is the appearance of the absorption edge related to Ñuorine-
free carbon (B287.7 eV) in strongly irradiated F10H2S/Au
(Fig. 2), which reveals extensive desorption of Ñuorine from
the Ñuorocarbon part. This edge is practically non-
distinguishable in pristine F10H2S/Au because of the rela-
tively small portion of hydrogen-bonded carbon.

The formed C2C double bonds have no preferable orienta-
tion, which directly follows from the di†erence curves shown

in Fig. 3. Formation of C2C double bonds occurs noticeably
faster in F10H11S/Au and F10H17S/Au as compared to
F10H2S/Au, which can be seen in Figs. 2 and 4.

3.2. XPS measurements

Complementary information is provided by the XPS data.
The C 1s, F 1s and S 2p XP spectra of F10H2S/Au (a),
F10H11S/Au (b) and F10H17S/Au (c) are shown in Figs. 5, 6
and 7, respectively. The intensities of the observed emission
peaks are presented in Fig. 8. The thicknesses of the SFAT
SAMs derived from the XPS data are depicted in Fig. 9.

In the C 1s XP spectra of the pristine SFAT SAMs in Fig. 5
the emission maxima at binding energies (BE) of 292.7, 290.3
and 284.8 eV related to and entities,CF3 , CF2 CH2respectfully, can be easily distinguished. In agreement with the

Fig. 7 The S 2p XP spectra of F10H2S/Au (a), F10H11S/Au (b), and F10H17S/Au (c). The bottom curves correspond to the pristine Ðlms while
the upper spectra are related to the irradiated Ðlms. The observed emission structures are Ðtted by one (for pristine Ðlms) or two doublets of Voigt
functions (with Ðxed intensity ratio of and an energy separation of 1.2 eV) related to the pristine thiolate moieties and to a newS 2p3@2/S 2p1@2 \ 2
sulfur species induced by electron irradiation.
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Fig. 8 Intensities of XP peaks for F10H2S/Au (circles, solid line),
F10H11S/Au (diamonds, dashed line) and F10H17S/Au (squares,
dotted line) derived from the spectra presented in Figs. 5È7. (a) Inte-
gral F 1s XP intensity (from Fig. 6) ; (b) C 1s XP intensity (from Fig. 5)
related to the hydrocarbon (grey symbols) and Ñuorocarbon (black
symbols) parts, for F10H2S/Au the contribution exclusively related to

and entities are also shown (thin solid line, openCF2/CF3 CF3circles) ; (c) integral C 1s XP intensity (from Fig. 5) ; (d) : integral S 2p
XP intensity (from Fig. 7). The contributions related to the hydrocar-
bon parts in (b) and the integral S 2p XP intensity in (d) are corrected
for the attenuation by the respective overlayers. All intensities are nor-
malized to the respective values for the pristine SFAT Ðlms.

composition of the SFAT SAMs, the intensity of the CH2-increases with increasing length of the hydrocarbonmaximum
part, whereas the intensities of the andCF3- CF2-maxima
remain approximately constant (see ref. 36 for details). In
accord with the latter Ðnding similar intensities of the F 1s
emission peak are observed for all three pristine SFAT Ðlms
(Fig. 6). In the S 2p spectra a single S 2p doublet at a BE of

Fig. 9 Dose dependence of the F10H2S/Au, F10H11S/Au and
F10H17S/Au Ðlm thicknesses. The values were derived from the inten-
sity ratios of the Au 4f emissions for the AT-covered and clean gold
substrate. The thickness reductions after irradiation with a dose of
8000 lC cm~2 given with respect to the thickness of the pristine Ðlms
and as absolute values are also presented.

B162.0 eV and B163.2 eV is observed(S 2p3@2) (S 2p1@2)(B161.8 and B163.0 eV for F10H2S/Au). This doublet is
commonly related to the thiolate species bonded to the gold
surface. The positions and FWHM (B1.2 eV) of the S 2p3@2and peaks are essentially the same as for conventionalS 2p1@2AT SAMs. The low signal-to-noise ratio of the S 2p spectra is
related to the attenuation of the corresponding signal by the
overlayer and the short acquisition time chosen to minimize
X-ray induced damage during the measurement.

The F 1s, C 1s and S 2p XP spectra change with progressive
irradiation. The intensities of the F 1s and peaksC 1sCF3@CF2decrease, this process being less pronounced in F10H2S/Au.
These intensities are presented in Figs. 8(a) and (b) (only for
F10H2S/Au). A pronounced downward shift of the F 1s and

peaks and the appearance of a new C 1s structureC 1sCF3@CF2at a BE of B287.5 eV are also observed. This implies
irradiation-induced desorption of Ñuorine leading to a chemi-
cal modiÐcation of the residual Ñuorocarbon part of the
SFAT SAMs. Considering that a BE of 287.5 eV is very close
to the BE29,42,54 the new emission peak in the C 1sC 1sCFspectra can be assigned to CF entities appearing after the loss
of one or two Ñuorine atoms from or moieties,CF2 CF3respectively. Thus, an essential decrease of the Ñuorine content
in the residual Ñuorocarbon part occurs with respect to the
initial composition. Note, that the moieties are moreCF3strongly a†ected by electron irradiation than the entities.CF2After irradiation with a dose of 8000 lC cm~2 almost all CF3moieties are destroyed or desorbed, whereas B35% of CF2entities survive [compare the dose dependences of the XP
intensities related to and moieties forCF2] CF3 CF3F10H2S/Au in Fig. 8(b)].

The appearance and increase of the peak does notC 1sCFcompensate the decrease of the peak. The entire CC1sCF3@CF21s intensity related to the Ñuorocarbon part (C 1sCF`CF2`CF3
)

decreases with progressive irradiation, which can be clearly
seen in Fig. 8(b) where we present the respective dose depen-
dence. Thus, simultaneous to deÑuorination, desorption of
carbon-containing fragments from the Ñuorocarbon part
occurs. The latter process results also in a loss of Ñuorine
through desorption of alkylÑuorides. But the entire loss of
Ñuorine prevails over the loss of carbon (with respect to the
initial amounts) as mentioned above. This can also be directly
seen from the comparison of the dose dependencies of the F 1s
and intensities in Figs. 8(a) and (b).C 1sCFxThe irradiation-induced carbon desorption from the Ñuoro-
carbon part of all three investigated SFAT SAMs is similar.
This Ðnding has to be considered together with several other
observations such as a similar extent of the thickness
reduction in F10H2S/Au, F10H11S/Au, and F10H17S/Au
(see Fig. 9) and the almost complete disappearance of CF3moieties implying that the part of the SFAT SAMs near the
Ðlm/vacuum interface is essentially strongly a†ected by
electron-induced processes as compared to the lower part. All
these facts suggest that the hydrocarbon part is practically
non-a†ected by the processes leading to the thickness
reduction and this reduction is mainly related to the Ñuoro-
carbon part. This conclusion agrees also with previous results
for conventional AT SAMs3,17,18 showing that irradiation-
induced desorption processes occur predominantly near the
Ðlm/vacuum interface.

The partial desorption of the Ñuorocarbon part results in a
reduced attenuation of the XP signal which causes anC1sCH2increase of the respective intensity with progressive irradiation
for all three SFAT SAMs (Fig. 5). This e†ect can be, however,
corrected for using the found thickness reduction (Fig. 9) and
associating it exclusively with the Ñuorocarbon part. The cor-
rected intensities are presented as gray symbols in Fig.C 1sCH28(b). They remain approximately constant over the applied
dosages in agreement with our assumption that the hydrocar-
bon part is practically non-a†ected by the processes leading to
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the thickness reduction. A small increase of the corrected
intensities implies that a part of the ÑuorocarbonC1sCH2chains loses Ñuorine completely and the resulting ““Ñuorine-

free ÏÏ carbon atoms participate into the peak (thisC 1sCH2process results also in appearance of a low energy absorption
edge in the C 1s NEXAFS spectrum for F10H2S/Au as men-
tioned above). The extent of this process is, however, rather
small which follows from only a B30% increase of C 1sCH2intensity for F10H2S/Au (with respect to 2 entities perCH2chain) and from the lack of the downward energy shift of the

peak with progressive irradiation.C 1sCH2The total C 1s intensity decreases with progressive irradia-
tion. This decrease is somewhat larger in F10H2S/Au than in
F10H11S/Au and F10H17S/Au as seen in Fig. 8(c) where the
respective intensities are presented. This can be partly
explained by the fact that the loss of carbon almost exclusively
occurs at the expense of the Ñuorocarbon part, which consti-
tutes the major portion of F10H2S/Au. Also the S/Au inter-
face monitored by the S 2p XP spectra (Fig. 7) should be
considered in this context. For the irradiated SFAT Ðlms the
S 2p spectra exhibit the development of a new emission
doublet which has been associated with the formation of dis-
ulÐde species1h3,18 or/and an incorporation of sulfur into the
alkyl matrix through bonding to irradiation-induced carbon
radicals in the adjacent aliphatic chains.3,19 The evolving
component was Ðtted by a standard S 2p doublet (see section
2) with a binding energy of 163.3 eV close to that of a(S 2p3@2)disulÐde moiety (163.2 eV for or an alkylsulÐdeS 2p3@2)2(163.3 eV for The extent of the irradiation-S 2p3@2).19,55induced sulfur species formation in all three investigated
SFAT SAMs is very similar but the dose dependence of the
integral S 2p intensity in these systems is noticeably di†erent.
In Fig. 8(d) we show the respective intensity changes which
have been corrected for the observed thickness reduction.
Whereas the S 2p intensities for F10H11S/Au and F10H17S/
Au remain approximately constant, the S 2p intensity for
F10H2S/Au decreases noticeably. This suggests that the
irradiation-induced desorption of sulfur-containing fragments
probably including complete SFAT chains does not happen in
F10H11S/Au and F10H17S/Au, but does occur in F10H2S/
Au.

4. Discussion
The presented NEXAFS and XPS results clearly show the
e†ect of low-energy electron irradiation on SFAT SAMs. As
well, the Ñuorocarbon part, the hydrocarbon part, and the
S/Au interface of the initially well-ordered Ðlms are damaged.

The strongest changes are observed in the Ñuorocarbon
part of the Ðlms. The orientational order in the strongly irra-
diated SFAT SAMs is completely lost and about 60È65% of
the Ñuorine atoms and B35È40% of the carbon atoms are
desorbed. The desorption of Ñuorine occurs both directly
through CÈF bond cleavage and as a constituent of severed
alkylÑuorides (CÈC bond cleavage). The residual portion of
the Ñuorocarbon part becomes depleted of Ñuorine : the signa-
ture of the tail groups disappears completely, partialCF3transformation of and entities into CÈF moietiesCF3 CF2occurs, a small portion of Ñuorocarbon part (about 5È10%)
loses Ñuorine entirely leading to C2C double bond formation.
The desorption processes related to the Ñuorocarbon part are
mainly responsible for the observed thickness reduction. Note
that the thickness derived from XPS data resembles the layer
thickness given by the occurrence of a deÐnite amount of sub-
stance. A SAM compression related to its disordering does
not inÑuence the intensities of XP peaks.3

The hydrocarbon part also disorders as a consequence of
electron irradiation. Both the orientational and conforma-
tional order continuously decrease with progressive irradia-
tion and completely disappear in the strongly irradiated

Ðlms. This disordering develops, however, at a slower rate as
compared to the respective process in the Ñuorocarbon part.
Also some dehydrogenation with subsequent formation of
C2C double bonds occurs. A comparison of the NEXAFS
spectra for F10H2S/Au, F10H11S/Au and F10H17S/Au in
Fig. 2 indicates that the extent of C2C double bond formation
in the hydrocarbon part is larger than that in the Ñuoro-
carbon part : The intensities of the p*-resonance for F10H11S/
Au and F10H17S/Au are noticeably larger than that in
F10H2S/Au. The desorption of carbon-containing fragments
from the hydrocarbon part does not occur except for F10H2S/
Au where also sulfur is lost.

The S/Au interface becomes damaged in the same way as
this happens in conventional AT SAMs exposed to low energy
electrons. About 60% of the pristine thiolate moieties trans-
form into a irradiation-induced sulfur species, which can be
alternatively assigned to disulÐdes or alkylsulÐdes. A notice-
able desorption of sulfur-containing fragments probably
including the complete F10H2S chains was observed only for
F10H2S/Au. This Ðnding correlates well with the results of
our previous study18 on irradiation-induced damage in AT
SAMs with di†erent alkyl chain lengths, where we found that
desorption of sulfur-containing fragments is inÑuenced by the
thickness of the alkyl matrix, being noticeably smaller in the
longer-chain Ðlms as compared to their shorter-chain counter-
parts. The main reasons for this phenomena are believed to be
the increasing stability with alkyl chain length in the AT
SAMs and the trapping of severed fragments within the alkyl
layer by carbon radicals.

There are more similarities between the results of the
present study and those of previous publications16,18 indicat-
ing general principles in the mechanism of electron induced
damage in SAMs. First, the irradiation-induced bond cleavage
events leading to subsequent desorption of the severed frag-
ments are predominately localized near the SAM/vacuum
interface. The initial bond scission occurs through elec-
tronically excited states, which can be quenched through the
dipoleÈdipole coupling with its image on the metal
surface.16,18 The probability of quenching decreases with
increasing distance from the metal surface and is smallest at
the vacuum interface. But even if a bond scission occurs, cut
o† fragments can be trapped within the overlayer. The prob-
ability of trapping increases with increasing distance from
the Ðlm surface and is largest for fragments generated near
the S/Au interface. Thus, both quenching of electronically
excited states and trapping of the severed fragments are most
e†ective at the SAM/metal interface with the result that
desorption is most likely at the SAM/vacuum interface. Con-
sidering that the irradiation-induced thickness reduction in
SFAT SAMs (5.4È6.5 correlates well with that observed forA� )
conventional AT SAMs (5.2È6.5 we can assume that theA� )18
sensitivity of CÈC bonds toward electron irradiation is the
major factor determining the extent of thickness reduction. It
was recently shown that this parameter can be noticeably
a†ected by the incorporation of molecular entities which
provide weaker bonds to the adjacent carbon atoms as com-
pared to CÈC bond.19

Another similarity between conventional AT SAMs and the
SFAT Ðlms of this study is a stronger resistance of better
ordered layers toward electron irradiation. In the case of AT
SAMs, Ðlms formed on silver demonstrated a higher stability
of orientational and conformational order with respect to
electron irradiation as compared to the Ðlms on gold.18 The
AT SAMs on Ag are known to di†er from those on Au
through a higher lateral density and a smaller average tilt
angle of the alkane chains.20 In the present study, orientation-
al disordering of the Ñuorocarbon part and desorption of Ñuo-
rine from F10H2S/Au developed slower than in F10H11S/Au
and F10H17S/Au. This correlates with a smaller (B12¡ vs.
20È24¡) average tilt angle of the Ñuorocarbon chain and a
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higher orientational order in F10H2S/Au as compared to
F10H11S/Au and F10H17S/Au.35,36

An interesting phenomenon is the desorption of the entire
SFAT or AT molecules. A cleavage of the SÈAu bond is a
necessary (but not sufficient) prerequisite for this process. The
extent of this cleavage (monitored by the loss of thiolate
species) for both SFAT and AT SAMs is found to be indepen-
dent of the alkyl chain length. It can be therefore assumed
that the SFAT or AT chains do not react as an entire moiety
in the case of electronical excitation of SÈAu bond.

To provide a qualitative reference for later investigations we
have also determined and presented in Table 1 the cross sec-
tions for the observed irradiation-induced processes in SFAT
SAMs. Following the formalism of refs. 16 and 18 these pro-
cesses were described with a standard saturation function

I\ Isat ] (Ipris[ Isat)] exp([pQ/eSirrad) (1)

where I is the value of a characteristic Ðlm parameter in a
course of irradiation, and are the parameter values forIpris Isatthe pristine and strongly irradiated Ðlm (a leveling o†
behavior), respectively, Q is the cumulative charge delivered to
the surface in coulombs, e is the electron charge, is theSirradarea irradiated by the electron beam, and the cross-section p
(expressed here in cm2) is a measure of a rate at which the
saturation behavior is achieved. The expression (1) was used
to Ðt both the decaying and increasing parameters.(Ipris\ 0)
The obtained values are compared with the previously found
cross-sections for electron stimulated processes in AT
SAMs.18 We want to emphasize that the presented cross-
sections only describe how fast the changes occur but not the
extent of these changes. The latter parameters can be deduced
from the presented experimental data.

5. Summary

The low energy (10 eV) electron induced damage in self-
assembled monolayers formed from partially Ñuorinated alka-
nethiolates of F10H2SH, F10H11SH and F10H17SH on
polycrystalline gold has been investigated in-situ by X-ray
photoelectron spectroscopy and angle resolved near edge
X-ray absorption Ðne structure spectroscopy. All investigated

SFAT SAMs exhibit qualitatively similar behavior with
respect to low energy electron irradiation. Both the Ñuoro-
carbon and hydrocarbon parts and the S/Au interface are
a†ected simultaneously through the electron-induced disso-
ciation of CÈF, CÈH, CÈC, CÈS and AuÈthiolate bonds and
the appearance of conformational and orientational defects.
These processes result in progressive disordering of initially
well-ordered, densely packed SAMs, desorption of Ðlm con-
stituents, and chemical changes within the residual Ðlm.
Whereas the Ðlm dehydrogenation could be followed only
indirectly, the desorption of all other constituents could be
quantitatively monitored. The noticeable desorption of sulfur-
containing fragments, which probably include the complete
SFAT chains, was only observed for F10H2S/Au. In general,
however, desorbed carbon-containing fragments stem almost
exclusively from the Ñuorocarbon part of the SFAT SAMs.
The desorption of Ñuorine exceeds by B50% carbon desorp-
tion, which implies that Ñuorine desorbs not only as a constit-
uent of the carbon-containing fragments but through
irradiation-induced scission of CÈF bonds.

Chemical changes within the residual SFAT Ðlms include
the complete disappearance of moieties, partial trans-CF3formation of moieties into CF entities, complete loss ofCF2Ñuorine by some of the groups, Ðlm dehydrogenation,CF2appearance of C2C double bonds in both the Ñuorocarbon
and hydrocarbon (predominately) parts, and transformation
of the pristine thiolates into new irradiation-induced sulfur
species assigned to disulÐdes and/or alkylsulÐdes.

Some general tendencies in the reaction of SAMs toward
electron-irradiation can be deduced. First, whereas the entire
SAM is damaged, the Ðlm/vacuum interface is predominately
a†ected by irradiation-induced desorption processes. Second,
the desorption of the complete molecules only occurs in short-
chain Ðlms. Third, better ordered SAMs exhibit a higher sta-
bility toward electron irradiation.
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Table 1 Cross-sections of the electron-irradiation induced processes in units of cm2

F10H2S/Au F10H11S/Au F10H17S/Au ODT/Au

Cleavage of CÈH bonds, (2.1 ^ 0.4)] 10~16 (2.2^ 0.4)] 10~16 (1.9^ 0.2)] 10~16
conformational defects in
the hydrocarbon chain

Cleavage of CÈF bonds, (1.7 ^ 0.3)] 10~16 (2.4^ 0.3)] 10~16 (2.4^ 0.3)] 10~16
conformational defects in
the Ñuorocarbon chain

Formation of C2C bonds (0.5^ 0.2)] 10~16 (1.2^ 0.2)] 10~16 (1.2^ 0.2)] 10~16 (0.85^ 0.1)] 10~16
Desorption of Ñuorine (1.3 ^ 0.3)] 10~16 (1.7^ 0.3)] 10~16 (1.8^ 0.3)] 10~16
Reduction of CF3 groups (3.0 ^ 0.3)] 10~16 (3.0^ 1.0)] 10~16 (3.0^ 1.0)] 10~16
Desorption of carbon (1.8 ^ 0.3)] 10~16 (2.0^ 0.3)] 10~16 (1.8^ 0.3)] 10~16 (1.85^ 0.2)] 10~16

containing fragments
(thickness reduction)

Desorption of sulfur (0.8 ^ 0.4)] 10~16 (0.3^ 0.2)] 10~16 (0.2^ 0.2)] 10~16 (0.27^ 0.04)] 10~16
containing fragments [(0.8^ 0.1)] 10~16]

Reduction of the thiolate (2.0 ^ 0.6)] 10~16 (2.0^ 0.6)] 10~16 (2.0^ 0.6)] 10~16 (1.8^ 0.2)] 10~16
species

Formation of irradiation- (2.0 ^ 0.6)] 10~16 (1.8^ 0.6)] 10~16 (1.8^ 0.6)] 10~16 (1.7^ 0.2)] 10~16
induced sulfur species

The presented values are a measure of a rate at which a saturation behavior is achieved. The Ðrst three lines are derived from the NEXAFS
spectra and the residual cross-sections from the XPS data. The analogous cross-sections for SAMs formed from octadecanethiol (ODT) on Au are
also presented for comparison.18 In the case of sulfur containing fragments desorption the value for dodecanethiolate SAMs on gold is addi-
tionally shown in square brackets.18
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