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Surface elemental and structural characterization of hexadecanethiol and heptadecangthial (C

C,; for shory and 16,16,16-trifluorohexadecanethiol (FCself-assembled monolaye(SAMs) on

a Au{111} surface have been obtained from time-of-flight scattering and recoiling spectrometry. The
clean Au surface was also characterized in order to identify the azimuthal orientation of the SAMs
with respect to the substrate. Classical ion trajectory simulations were used to relate the
experimental scattering and recoiling data to the surface structure. The scattered and recoiled atoms
originate from the outermost five—six atomic layers, and azimuthal anisotropy was observed in the
measurements. The results provide a model for the SAMs in which the alkyl chains chemisorb with
the S atoms situated above the face-centered-dfitis threefold sites of the Ad11} surface to

form a continuous film with a (3X y3)R30° structure that fully covers the Au surface. The
orientation of the molecular axis azimuth of the SAMs relative to the Au azimuthal directions was
determined. The data indicate that the molecular chains have specific tilt and twist angles relative to
the Au surface and six coexisting domains resulting from the six equivalent tilt directions of the
molecular axis. Dramatic changes in the anisotropic patterns of the ion scattering azimuthal scans
from the surfaces of the SAMs with different terminations were observed. These phenomena result
from the different tilt angles of the CHand Ck groups. The data are consistent with free rotation

of both the CH and CFK groups. The ¢ SAM exhibited the best azimuthal features and was more
resistant to radiation damage from the incident Acattering beam than the other films. Due to the

tilt angle of the SAMs, an “ion’s eye view” of the structure, i.e., the positions of the atomic cores
as experienced by the incoming keV ions, reveals a regular array of sloping cavities within each unit
cell. © 1998 American Institute of Physids50021-960808)70244-2

I. INTRODUCTION ture, order, and bonding of these films. These structures have
agllso been studied theoreticaify?® using molecular dynam-

alkanethiols on metal surfaces to form well-defined organidcs S|mulat|qns and qugntum mechanical c_alculanops.
overlayers known as self-assembled monolay8rsMs) has The various experlm_ental and theoretical s_tud|es refer-
been an active area of research over the past decade due®aced above have provided an excellent basis for under-
the considerable interest of these films for basic research arfianding the structures of SAMs. In this paper, we apply,
for technological applicationsSAMs are usually prepared for the first time, the technique of time-of-flight scattering
on metal substrates by immersion of the substrate into a s@nd recoiling spectrometfy(TOF-SARS to investigate the
lution of the adsorbate in an organic solvent such as ethanohormal alkanethiolCHs(CH,),-1SH], wheren= 16 (hexa-
Synthetic methods for preparation of these dense, orientedecanethial and 17 (heptadecanethipland an alkanethiol
molecular films have been described.detailed understand- Wwith a CF; terminal group[ CF;(CH,);sSH] (16,16,16-tri-

ing of the structure, molecular packing, and surface terminafluorohexadecanethiplwhich were deposited on a ALLL

tion of these films is essential for understanding the relationsurface. Henceforth, we will refer to these molecules gs C
ships between microscopic structure and macroscopi€,;, and FGg, respectively. Analysis of such complex struc-
chemical and physical properties. An array of experimentatures is a major challenge for TOF-SARS. Our objective is to
analytical techniques, including x-ray photoelectron speciake advantage of the novel capabilities of TOF-SARS in
troscopy (XPS),® ellipsometry? reflection infrared order to attempt to answer some of the outstanding questions
spectroscopy, transmission electron microscdpyTEM),  concerning the structures of the surfaces of SAMs. Some of
atomic force microscopy™* (AFM), scanning tunneling these questions concern the nature of the chemisorption site
microscopy”~* (STM), Raman spectroscopy,metastable of the alkanethiol chains on thi11 metal surfaces, the
induced electron spectroscdfy(MIES), and low energy orientation of the terminal groups at the surface, the degree
electronl,_g‘ﬂlqw energy He ator; and grazing incidence of free rotation of the terminal groups, the tilt and twist
x-ray?® diffraction, have been used to characterize the strucangles of the chains, and the differences in the degree of
ordering of even and odd carbon chains of nearly the same
dAuthor to whom correspondence should be addressed. chain length.

The chemisorption of organosulfur compounds such
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Here we detail the capabilities of TOF-SARS and itsll. METHODS AND MATERIALS

application to structural analyses of organic films. First, the TOF-SARS was used for surface elemental analysis and
high surface sensitivity of the technique provides informa-qu ctyral characterization. Details of the technique have

tion on the outermost layers of the SAMSs. It does not prob,een gescribed elsewhéeBriefly, a pulsed noble gas ion
down to the sulfur-metal interface, which is buried beneathyeam jrradiates the sample surface in an ultrahigh vacuum
16 or 17 layers of carbon atoms. In order to identify theyny) chamber, and TOF spectra of the scattered and re-
chemisorption site of alkanethiols on metal surfaces, we havggiled ions plus fast neutrals are measured. The primary 4
recently?® investigated the chemisorption of the simplest pro-gev beam employed herein was Néor scattering from the
totypical model alkanethiol compound, methanethiolpy substrate atoms and Arfor recoiling of H, C, and F
[CHsSH], on P{11% and AY{111} surfaces. The nature of atoms. The ion pulse width was 50 ns, the pulse repetition
the chemisorption site of methanethiol on a surface can bgyte was 30 kHz, the average beam current was 1 n%/cm
probed directly by TOF-SARS since by judicious choice ofand the TOF drift region was 90 cm long. The Ar scattering
beam incidence and scattering angles, it is possible to prokgnd H, C, and F recoiling intensities were calculated as the
down to the metallic substrate. It is generally believed thaintegrated intensity in 0.3:s windows centered under the
chemisorption occurs at a threefold site in which the adsorrespective peaks following background subtraction. The an-
bate is centered above an equilateral triangle formed by thregular notation is defined as follows: is the beam incident
first-layer atoms. There are, however, two different threefoldangle relative to the surfacé;is the crystal azimuthal angle;
sites on{111} surfaces, i.e., the fcc site, which is directly 6 is the scattering and recoiling angle.

above a third-layer atom and the hexagonal-close-packed Classical ion trajectory simulations were carried out by
(hcp) site, which is directly above a second-layer atom. TOF-means of the three-dimensional scattering and recoiling im-
SARS, coupled with classical ion trajectory simulatidhs, aging code(sARric) developed in this laboratorysAricC is

has recently showfi that CHSH is chemisorbed on fit11} ~ based on the binary collision approximation, uses screened
by bonding of the S atom to a fcc threefold site at roomCoulomb potentials to describe the interactions between at-
temperature. At elevated temperatures, both the S and C @@ms, and includes both out-of-plane and multiple scattering.
oms are bonded to the Pt surface at fcc and hcp threefol@etails of the simulation have been published elsewfrere.
sites, respectively. Second, TOF-SARS has short-range Hexadecanethiol (f5) and heptadecanol were purchased
structure sensitivity, i.e., it samples the ordered regions offom Aldrich Chemical Co. and used as received. Heptade-
the surface on a length scale afl0 A. These ordered re- canethiol (G;) was synthesized from heptadecanol using
gions produce anisotropic scattering and recoiling feature§tandard methods. 16,16,16-TrifluorohexadecanethiolFC
that contain compositional and structural information. TheWas Synthesized using an established procetfufiae pol-

disordered regions and defects produce isotropic scatteridgned {114 Au single-crystzl surface was cleaned by re-
and recoiling features that are observed as a continum%eatoed cycles of 0.5 keV Arsputtering and annealing to
background in the angular scans. For example, the structur? °C In the UHV chamber. Annealing was accomplished

of crystalline paraffin film¥ and benzerié chemisorbed on by electron bombardment heating from behind the crystal.

single crystal metal surfaces have been deciphered by TOITIhe surface was considered clean and well ordered when no

SARS. Third, the ability to directly detect hydrogen with Impurity peaks were observed in the TOF-SARS spectra and

high sensitivity allows study of the nature of the surfacethe low energy electron diffractiofLEED) image exhibited

o . sharp spots in a hexagonal pattern. The SAMs were prepared
hydrogen, its involvement in the surface structure, and thé = . ; . i

. ex situby immersing the gold substrate into 1 mM solutions
degree of free rotation of the methyl end groups on the sur-

f Th i limitati in studving SAMs terminated i of the alkanethiols in ethanol for periods of 24 h. Following
ace. the main fimitations in stuaying s terminated i ointroduction into the vacuum system, no further treatments
other end groups are the limited mass resolution and th

e ; o e Yere performed, since sputtering would have damaged the
sensitivity of fluorinated moieties to radiation damage'monolayer and annealing would have likely desorbed it, at
Fourth, since this is a real-space technique, interpretation i, gt partially. The chamber was baked at a low temperature
the data in terms of model structures is straightforward, an(zl~50 °C) for several days upon insertion of each new
the data can be simulated directly using classical ion trajecéample. The major limitation of the experiment is the sample
tory calculations. More detailed comparisons to other teChdegradation under ion bombardment. Even though TOF-
niques can be found elsewhére’ SARS uses a low flux, pulsed ion beam, these organic mol-

The paper is organized as follows. Section Il briefly de-ecyles are extremely sensitive to the impinging keV ions.
scribes the experimental and computational methods used Recoil events can damage a molecule, manifested as dehy-
the study. Section IIl provides some structural considerationgrogenation in case of H recoil or cleavage of C—C bonds in
that are helpful for presentation and interpretation of the excase of C recoil. Introduction of these types of defects is
perimental and simulated results. The experimental resultsssentially irreversible since the defective structure cannot be
are presented in Sec. IV, first for the clean underlyingcorrected by annealing as in metal and semiconductor
Au{111} substrate and then for the three different SAMs. Thesamples. LEED measurements were not attempted on the
simulations of the angular scans are presented in Sec. $AMs due to the well known high sensitivity of these films
along with the models used in the calculations. The results ofo electron beam damage. Furthermore, LEED pattétfis
the experiments and simulations are discussed in Sec. VI aref SAMs are available in the literature.
the conclusions are summarized in Sec. VII. The total ion dose required for acquisition of a single
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TOF-SARS spectrum is- 1_01 ions/cnt. The total ion dose ‘atoms are accessible to the beam at different incident angles
after 3cpmplet|on of an azimuthal scan on a fresh sample i3, This can be observed in Fig. 1 from the drawing of the
~10" ions/cnt and produces no observable de_zgra}datlon ottoms in the plane perpendicular to tiel1} surface along
the sample surface. However, sample degradation in the forgp,o 30°(211) azimuth and along the 9G112) azimuth.
of loss of some of the surface hydrogen was observed after  g4ch molecular chain was allowed three degrees of free-
performing such scans several timggpically four to five 4oy a5 shown in Fig. 2(i) the tilt angle of the molecular
times on a single sample. Therefore, the accumulated totalain with respect to the surface normalii) the molecular

ion dgo_se where degradation was first noticed was  ayis azimuthy, i.e., the angle between the projection of the
X 10" ions/cn, which 0‘3?4 be com;r)ﬁared with the surface nqjecular axis onto the Ad11 plane and the A{10) azi-
carbon density of~4x 10" atoms/cm. At this stage, N0 ik which is the Au nearest-neighbor direction, djiid
am;otrppy of the scattered ion intensity can be measurgqhe twist angleu, defined by the angle made by the chain
which indicates that the surface structure is already hea""¥)lane and the plane perpendicular to the surface containing
disturbed. Further irradiation leads to an increase of the Afo chain axis. SAMs are composed of an ordered assembly
multiple scattering peak from Au. This indicates that SOmest gych oriented molecules. Since keV ions scatter from
ions can reach the substrate through the defective, sputteregl)mic cores. i.e.. the nucleus plus core electrons, whose
SAM layer. A sharp Au scattering peak eventually appears atjii are<0.2 A, an “ion’s eye view” of a SAM surface is

the final stage of degradation. All data, presented herein werg .oher open structure, as shown in Fig. 3.

collected in the range of low ion doses<5 '
x 10'% ions/cnf) in order to avoid the complications of
sample degradation. IV. EXPERIMENT RESULTS
A. Time-of-flight spectra

lll. STRUCTURAL CONSIDERATIONS A typical TOF spectrum from the clean Au surface is

It is helpful to use structural models in order to aid in theshown in Fig. 4. The peak is identified by using the simple
presentation and discussion of the TOF-SARS experimentddinary collision approximation to determine the scattering
results andsARIC simulations. Such models are presented inand recoiling energies and corresponding flight times for the
this section. The proposed model for the SAMs is derivedvarious atomic collisions involved. The spectrum of clean
from the experimental and simulated data, as will be detailed\u exhibits a single sharp, intense peak for scattering from
in the ensuing sections. Au atoms, i.e., As), which is centered at 7.2s. A broad,

One of the objectives of this study is to relate the strucdow intensity Ar multiple scattering peak, i.e., Auns), is
ture of the SAMs to that of the Ad11 substrate, i.e., relat- observed at-7.7 us. There is no evidence of contaminants
ing the Au crystallographic azimuthal directions to thein this spectrum.
nearest-neighbor and next-nearest-neighbor directions of the Typical TOF spectra from the G C;7, and FGg SAM-
SAMs. In order to accomplish this, after TOF-SARS mea-covered Au surfaces are shown in Fig&a)55(b), and %c),
surements had been made on a SAM, the film was removeekspectively. The spectra from the hydrocarbon SAM-
from the surface by sputtering and annealing without movingcovered surfaces exhibit peaks due to recoil of H at 5.1 and
the Au substrate. The azimuthal features of the Au were the@ at 6.3 us, i.e., Hf) and Cf). The spectrum from the
measured, allowing direct relation of these Au features to théluorocarbon SAM-covered surface exhibits a peak due to
previously measured SAM features. The first-layer Au atomsecoil of F atoms, i.e., F(), at 7.2us in addition to H¢) and
exhibit 60° periodicity, whereas the subsurface layers exhibiC(r). The FGg molecule differs from the ¢ molecule by
120° periodicity, as shown in Fig. 1. If the incident ion beamreplacement of the terminal methyl group by a trifluorom-
scatters along the 30° directig{211) azimuth or along the ethyl group. This leads to a decrease of the)H{eak in the
90° direction ((112) azimuth, the second- and third-layer TOF-SARS spectrum of Fig.(6) by about 30% as compared
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FIG. 3. Proposed “ion’s eye view” model for the GHCH,),;sSH SAM on
Au{111}. The methyl C atoms at the surface are represented by solid black
circles. The methylene C atoms of the molecular chains are represented by
progressively smaller circles of lighter shades of gray with descending depth
below the surface. The H atoms are represented by small open circles. The
S atoms at the Au surface are labeled as such. Due to the inclination ang . .
of the chains, the cores of the upper 12 C atoms of each chain are directg G. 5. TOF-SARS spectra of 4 keV Ar scattering and recoiling from self-
; ‘ ‘ 0 . ssembled monolayers on a {A@l} surface.(@ CH;(CH,);sSH at 6
exposed to the surface normal. The outline of th@X 3)R30° unit cell is —50° (b) CHA(CH H —50e- CFA(CH.)--SH ~50°- (d
indicated. This “ion’s eye view” of the surface exhibits a regular array of _>" (b) CHy( 2)1§° at 6=50°; (c) CH(CHy)1sSH at §=50°; (d)
sloping cavities of width~5.0, length~8.7, and depth~12 A within each ,CH_3(CH2)155H _at 9=48 - 0 is the scattering and recoiling angle and the
unit cell. The inset shows the azimuthal orientation of thé1Ad} structure ~ Incident angle isy=22°.
with respect to that of the SAM unit cell. Note the different length scales
used to represent the SAM and the Au structures.

7 3 g0 12
Flight-Time (ps) Flight-Time (us)

is due to Ar multiple scattering from the C atoms, i.e.,
C(ms). Since the critical angf for Ar single scattering from
C atoms in the classical limit i9=sin"}(Mc/M ) =17°,
the scattered Ar atoms observed in this region fer40°

The sharp scattering peak of A&uis not observed on the mus_r_rt:ave s_ac{‘_h ungergone atﬁ!eatst thlr)ee bmgr)]: coltl;]smncs.
SAM-covered surfaces because the Ar atoms do not pen- € radiaion damage efiects observed for Ing

etrate through the 16 or 17 layer carbon chains down to théample are shown in Fig. 6. The relativerfiaind C¢) peak

Au substrate. This result shows that the SAMs form continu-'mens'tIeS decrease due to loss of hydrogen and carbon and

ous films that fully cover the Au substrate. No sharp Artjhe redlatlvte ;Cms) |nten3|tt);1 Increases thtg_ mc(;ea&fnt% '?.T
scattering peak is observed from the SAMs themselves b 205€ due o damage and the consequent cisorder of the 1lims.

cause the#=50° scattering angle used in the experiment iswhleolsAL(S)/ nge?kd_ b'?con::.st V'St'_'ble Efitth a S ::\asﬁ of
far above the critical angles for single scattering of Ar from lons/cnd, ‘indicating that portions ot the ave

light atoms such as H, C, and F. The Ar multiple scatterin%een sputtered away and the ion beam has direct access to
feature becomes more distinct as the scattering angle is lo he Au substrate.

ered. For example, at=40°, the broad, monotonically de-
creasing intensity feature in the region 7—12 of Fig. 5d)

to Fig. 5a), which gives a good estimate of the fraction of
the hydrogen recoil signal K} resulting from the terminat-
ing moieties.

B. Identification of the Au {111} azimuthal directions

1. Incident angle « scans

Information on the subsurface structure along planes
perpendicular to the surface can be obtafndy measuring
Clean Au(111) scattering or recoiling intensities as a function of the incident
anglea along different azimuthal direction$ At grazinge,
all atoms lie within the shadow cones of their preceding
neighbors. A is increased, the impact parameter required
for scattering or recoiling int@ becomes accessible and a
sharp increase in the scattered or recoiled intensity is ob-
served due to focusing of ions at the edges of the shadowing
12 and blocking cones. This critical incident angtg observed

at lowesta corresponds to the angle at which first-layer at-
_ oms move out of the shadowing and blocking cones of their
FIC. 4. TOF-SARS spectrum of 4 keV Ar scattering ffom a cleatlAdy - g, |over neighbors. Subsequent critical incident anglgs
surface. Ags)=quasisingle scattering of Ar from Au; Ams=multiple . :
scattering of Ar from Au; incident angle=22°; scattering and recoiling OPserved at higher correspond to the angles at which
angle 6=50°. subsurface-layer atoms move out of the shadowing and

Au(s)

Counts (Arb.Units)

8 10
Flight-Time (us)
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b 10" FIG. 7. Incident angler scans of 4 keV Ne scattering intensity éualong
- two azimuthal direction$=30 and 90° on the clean AlLl11} surface. The
positions of the critical incident angles., as determined by a simple
(c) iti f th itical incid | d ined b impl
shadow cone analysis, are denoted by dashed lines. A simple shadow cone
13 analysis of the critical incident angles, expected for 4 keV Ne scattering
(b) < 5x10 along these two azimuths is shown as insets above the plots. These insets
represent planes that are perpendicular to{idd} surface and contain the
30 and 90° azimuths. Bulk interatomic spacings were used for these simu-
(a) lations.
2 4 6 8 10 12

Flight-Ti
ight-Time (uis) a and § direction. The high intensity of this peak is a result

FIG. 6. TOF-SARS spectra of 4 keV Ar scattering and recoiling froma C  Of the many scattering centers accessible to the beam at this

SAM on Au{111 at #=40 anda=20° taken after different ion iradiation angle. This identifies thé=90° direction as thé112) azi-
doses: (@ <5x10¥ions/cnf, (b) ~1x10%ions/cnf, (c) ~2 muth.
X 10 ions/cnt, and(d) ~1x 10 ions/cnf.

2. Azimuthal angle é scans

blocking cones of atoms in layers nearer to the surface. The The surface periodicities can be determitdaly moni-
positions of thea 's provide a direct measure of the inter- toring the scattering or recoiling intensities as a function of
atomic spacings as shown elsewhére. the crystal azimuthal anglé. The minima are coincident
The crystallographic azimuthal directions of the{fAlll ~ with low-index azimuths where the interatomic spacings are
surface can be determined by measuring incident angle short and the surface atoms are inside of the shadowing and
scans along thé=30 and 90° directions. TOF spectra simi- blocking cones cast by their aligned nearest neighbors, re-
lar to those for clean Au in Fig. 4 were obtained and thesulting in low intensities. AsS is scanned, the atoms move
intensity of the scattering peak was plotted as a functiosm of out of the shadow cones along the intermedigtiirections
as shown in Fig. 7. The critical incident anglg is measured where the interatomic spacings are long, resulting in an in-
at the position corresponding to 50% of the peak height aftecrease in intensity. The widths of the minima are related to
background subtraction. Along th&=90° direction, only the interatomic spacings along the particular direction. Wide,
two peaks are observed corresponding to twits, whereas deep minima are expected from short interatomic spacings
along theé=30° direction, three peaks are observed correbecause of the larger degree of rotation abdrequired for
sponding to threex.'s. In order to interpret these scans, atoms to emerge from neighboring shadows.
the shape of the shadow cone for 4 keV Ne scattering from  TOF spectra similar to those for clean Akig. 4) were
an Au atom was calculated. This shadow cone shape can lmbtained and the intensity of the scattering peak was plotted
used to obtain a simple and quick identification of thés as  as a function of5, as shown in Fig. 8. Thé scan for the Au
follows. As shown in Fig. 7, for5=30° the firsta,=14°  surface exhibits well-defined 120° periodicity with deep,
corresponds to focusing by first-layer atoms onto their firstwide minima along the=0 and 60° directions due to the
layer neighbors and the secoad=50° corresponds to fo- short first-layer interatomic spacings along these azimuths.
cusing by first-layer atoms onto their second-layer neighborsThe minimum alongd=30° is narrow and very shallow due
this identifies thes=30° direction as th€211) azimuth. For to the long first-layer interatomic spacings. The minima
the =90° direction, the three's observed are as follows. alongd=—30 and 90° are narrow due to the long first-layer
The firsta,=14° corresponds to focusing by first-layer at- interatomic spacings along these azimuths and different from
oms onto their first-layer neighbors. The secaag=30°  those of thed=30° direction due to the different second-
corresponds to focusing by first-layer atoms onto theirand third-layer atomic arrangement. The incident angle of
second-nearest neighbors located in the second-layer. The=14° used in thiss scan is high enough to allow the beam
third a.=72° corresponds to focusing by first-layer atomsto sample the second-layer atoms, thereby providing a dis-
onto the subsurface rows whose atoms are aligned along thiiction between the5=30 and thes=—30 and 90° azi-
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FIG. 8. Azimuthal angled scan of 4 keV Ne scattering intensity A from 2 : : :
the clean Afl11} surface. Incident angle=14; scattering anglé=50°. 2 1004 (p) : .a./f\. C(ms) :
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tern by 30°. The 120° repetition period of the LEED pattern i ./
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SARS 80 . 3 . 4
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C. Azimuthal structure of the SAMs Azimuthal Angle (deg.)

Azimuthal scans were carried out on the SAMs in orderFIG. 9. Azimuthal angles scans using 4 keV Arions for (a) H and C
to gain information on their surface azimuthal periodicity, "écoiling intensities, H() and C¢), from the Ge surface with¢=50° and
atomic structure, degree of order, and their relationship to the?) A" multiple scattering intensity from carbon@s), on the G surface

X R with 6=40°. Incident anglex=22°. The azimuthal referenc®=0° corre-

underlying Au structure. The TOF-SARS technique has beegponds to the Ai111 substrate110) direction.
widely used for surface structural studies of single-crystal
materials, including mostly metal, semiconductor, and metal
oxide surfaces® There are at least five major differences o ]
between these materials and SAMs that must be consideré&lgnals as ;hovyn in Fig.(8. The 6=0° ammu}h refers to
for ion scattering. First, the SAMs have organizedthe (110) direction of the A§11L substrate(Fig. 1). The
structure$ but the flexible hydrocarbon chains do not pos-H(r) signal exhibits maxima every 60° which are shifted by
sess the rigid order of single crystals. Second, the light H ang0° With respect to the nearest-neighbor directions of the Au
C atoms have large vibrational amplitudes and rotational moSubstrate(Figs. 1 and & The C() signal exhibits minima
tions that tend to broaden the TOF spectra anddfend s ~ €very 60° which coincide with the H} maxima. We repro-
scans. Third, the light H, C, and F atoms are most efficientiyduced this result several times on three differepf<amples.
detected as recoils since the Ar scattering cross section froth"€ same pattern was consistently observed, although the
C is small and the critical angles for single scattering off€atures weakened every time that the measurement was re-
heavier projectile atoms are low. Also, the recoiling crosgP@ated on a single sample, showing evidence of surface deg-
sections themselves are small. Fourth, the SAMs are mad&dation under ion irradiation. The §(maxima correspond
up of individual chains of organic molecules that are chemi0 the azimuths with the largest C—C interatomic spacings
cally reactive. Fifth, ion-induced surface damage cannot b&"ext-nearest-neighbor C atom directiprd the minima
annealed as in metal and semiconductor crystals. In order fgPrespond to the azimuths whererf (s severely blocked
obtain good azimuthal scans, one has to find a compromis@ue to short C—C interatomic spacingearest-neighbor C
between a sufficient ion dose to obtain good statistics with&tom directions H(r) is primarily blocked by the heavier C
out causing degradation of the surface. Surface degradatig§oms. therefore the f minima correspond to directions of

limits the number of azimuthal scans that can be performedlignment of C and H atoms. No azimuthal features were
on a single sample. observed at very low incident angles, i.e., less than 15°,

which indicates that the surface disorder and/or roughness
1. The CH3(CHZ)1sSH/AU{111} SAM was sufficient to obliterate the azimuthal sensitivity for such
A clear azimuthal anisotropy with a 60° periodicity was grazing trajectories.
found for the Gg samples from both the Hf and C¢) Figure 9b) shows the azimuthal anisotropy for Ar scat-
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tering with #=40° from C atoms, i.e., the broad @9 fea- 100
ture from Fig. %d). The azimuthal scan exhibits maxima
every 30°, coinciding with both the nearest-neighbor C atom
and next nearest-neighbor C atom directions of theSAM.
Unlike recoiling, multiple scattering collisions have the high- 95+
est probability of occurring along the azimuthal directions of
highest atomic density. This result is consistent with the re-
coiling data, showing that near-surface organization exists in 904
the form of well-defined atomic rows of the molecular ad-
sorbates.

Interpreting the azimuthal scans from thges@Gamples

presented in Fig. 9 is not straightforward and requires com- 85+

puter simulation. Nevertheless, a few important qualitative

conclusions may be drawn at this stage. First, the extent of 100

the intensity variations with the azimuthal rotatigfig. 9) is

small (~10% as compared to typical scans from single- —~ 95

crystal metal surfaces-70%), such as the AiL11} substrate g

(Fig. 8). This indicates that, as expected, the surface is suf- g

ficiently organized to produce azimuthal anisotropy, but does s 9

not possess the rigid ordering of metallic single crystals. ;

Even if a perfect packing of the alkane chains is assumed, the g

wagging motions of such flexible molecular chains can im- S 85

part large lateral and perpendicular displacements from the &

ideal lattice site positions. This disorder decreases the shad- — 80

owing and blocking effects that produce the anisotropy in the 100

S scans. The second conclusion concerns ttrg @(nima of

Fig. 9a which occur at 30° from the Adll nearest- 80
neighbor directions. From simple shadowing and blocking

arguments, a lower @f intensity is expected along the

SAMs nearest-neighbor directions, i.e., the directions of 60
shortest C—C spacings. This is fully consistent with previous

AFM® and LEED studieS 2! that indicate a (3% /3)R30 40
adsorption of alkanethiols on ALll;. Since the alkane

chains are believed to be tilted, there may be several domains 20 -
coexisting at the surface. With an i1} surface, six
equivalent tilting directions might be expected, which can o L ; i
lead to six different domains for the SAMs. 0 30 60 90 120 150

Azimuthal Angle (deg.)
2. The CH4(CH,),;sSH/AU{111} SAM
. FIG. 10. Azimuthal angleS scans of H, C, and F recoiling intensities,rhi(
The G molecules differ from the ¢ molecules by one (1), and F¢), using 4 keV AF ions from: (a) the G, surface withd
additional methylene group in the chain. This is expected to=50 anda=22°; (b) the FG¢ surface withg=50 anda=22°; (c) the F()
modify the orientation of the end methyl groups at theintensity from the FG surface with¢=50 anda=7 and 40°. The azi-
surface5'37 The o samples were prepared and analyzed inmuthal referenced=0° corresponds to the AlL11} substratg(110) direc-
) . . tion.
exactly the same manner as thg; Gamples, allowing a di- on
rect comparison. Surprisingly, the azimuthal scans of these

Cy7 samples displayed very poor features. Representativgijity of having defective samples. The anisotropy in the
scans comparable to those of Figa9and obtained under gcans was noticed only at the very beginning of ion irradia-
exactly the same conditions are shown in Fig(@ONote  tjon The data very quickly became isotropic by the second
that the intensity scale is expanded relative to Fi@).9The o third 5 scan, implying that any further disorder produced
H(r) signal still shows weak maxima nedr-—30 and 30° 5t the surface makes structural measurements impossible. It
with ppssmly an |nter_med|ate maximum neait 10. Thg appears that, although thedand G; SAMs differ by only

C(r) signal shows an irregular variation, with weak minima 5ne methylene group, the extent of their surface azimuthal

near —30, 30, and 90°. The overall intensities are muchperingicity as determined by TOF-SARS and their sensitivity
weaker than those observed for thes@olecules and are i irradiation by keV ions are markedly different.

only slightly larger than the statistical fluctuations of the

measurement, which are of the order of a few percent. How-

ever, these azimuthal variations are not totally random. The- The CFs(CHZ)1sSH/AU{111} SAM

measurement was reproduced on three different samples and The azimuthal scans in Fig. @ obtained under the
the scans were always similar; this argues against the possame conditions as the other two SAMs show some weak
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variations of the H(), C(r), and F¢) signals. These signals 05 . H()
are lower along the 30 and 90° directions, which are the —cm
directions of the major orientations of the SAM molecular 041

chains. The scans of Fig. @), which were taken at grazing 0.3

incidence @=7°) and grazing exit $=10°) angles, also 0.2, 5= 15°
show weak minima for () along these directions, but no - -
variation was measured for H{ and Cf). At such a graz- § 0.14

ing incidence, the ions will mainly probe the order of the L g0l | -t
topmost layer, i.e., the order of the CHroups. The weak g

minima observed in Fig. 16) are a direct result of the sur- S 0.4+

face order possessed by the @ffoups, i.e., these groups do & 03] 8 = 240°

not assume random orientations. The observed features indi-
cate that the packing of the F£SAM is consistent with that 0.2

of the hydrocarbon SAMs. Furthermore, this observation is o 1-

consistent with previous AFM measureméntshich de- ]

tected similar packing structures of fully hydrogenated and 0.0

trifluoromethyl terminated 13 carbon atom SAMs. Monolay- t 2 3 4 5 6 7 8
Layer Number

ers formed from fully fluorinated alkanethiols have been

shown to possess an altogether different packing strutiure.riG. 11. Fraction of H and C atoms recoiled by 4 keV*Aons from the
first through the eight atomic layers of thgGAM with the beam aligned
along two different azimuthal direction$=15 and 240°a=22; §=50°.

V. CLASSICAL ION TRAJECTORY SIMULATIONS

Due to the complex nature of the surfaces of the SAMsjayer of origin of the recoils is strongly dependent on the
it was necessary to use classical ion trajectory simulations tgeam azimuthal alignment. Most of the recoils originate
relate the experimental data to the surface structskRIC  from the first four atomic layers and no significant signal
was used for these simulations. The models tested wergomes from below the seventh layer. The high recoil signal
based on a hexagonal lattice of molecular chains as sugrom the third and fourth layers is due to focusing of the
gested by our azimuthal scan of Fig. 9 and by other structurghcoming ions onto these layers by the SAM structure and
studies® of SAMs. A lattice parameter of 4.995 A, which is subsequent scattering from these layers. This is a direct result
V3 times the A§111} surface lattice parameter, was used andof the “jon’s eye view” of the open nature of the SAM
the molecules were arranged in & y3)R30 structure on  structure as shown in Fig. 3. These simulations of the sam-
the surface. Each molecular chain was allowed three degregsing depth show that 5 SAMs can be modeled by using
of freedom as shown in Fig. 2: the molecular tilt angleéhe  alkyl chains having only eight carbon atoms.
molecular axis azimutly, and the twist angle. The experimental spectra of the SAMs in Fig. 5 show no
A. TOF-SARS sampling depth on SAM surfaces scz_;lttering peak from the _Au sgbstrate for a fresh sample.

This has been tested by simulating g Gyer on a A411L}

The first important question that needs to be answered igyrface. The molecule was approximated by its carbon back-
the sampling depth in the ion scattering measurements. Th§gne without hydrogen, since hydrogen atoms do not pro-
keV ions scatter from atomic cores, i.e., the nucleus plus corgyce any significant shadowing and blocking. The simulated
electrons. Such atomic cores have radii of the order 0.1-0.20F spectrum, shown in Fig. 12, does not exhibit any con-
A. Therefore the “ion’s eye view” of a (3% 3)R30° SAM  trihution from the Au substrate. The same simulation carried
surface structure is an open lattice, with a nearest-neighbqjyt with only a seven carbon alkyl chain, however, exhibits a
distance of~5 A, consisting of light atoms which do not scattering peak from the Au substrate. Clearly, the 4 keV
scatter the Ar ions efficientlyFig. 3. The ions are thus Ar+ jons are able to penetrate the seven atomic layers, where
expected to substantially probe the subsurface methylengey are scattered from the Au substrate, and then traverse
groups below the terminating Gtdr CF; groups. The depth  the seven atomic layers again in order to be detected. This

sensitivity of the scattering spectra was estimated by using easurement is consistent with the sampling depth simula-
model consisting of hypothetical crystalline alkanethiol filmstons of Fig. 11.

of different chain lengths, starting from a single methyl
group, i.e., SCH on Aul1ll. For each new CH group
added to the molecular chain, the amount of Hand C¢)
detected in the simulation was recorded using incident, azi- A major question concerns the configuration of the mo-
muthal, and scattering angles similar to those used in théecular chains. Since there are three angleg, and v in-
experimental measurements. The difference between the reelved in specifying the chain orientations, all possible per-
coiling yield for a chain with(n) C atoms and the yield for a mutations of the configurations of the chains could not be
longer chain with 6+1) C atoms, i.e.,I(,+1—I,), gives the simulated. We have therefore selected a reasonable set of
amount of Hf) and C¢) generated from the additional sub- angles from those reported in previous stutite§as a start-
surface (+1)th-layer. The results of this calculation for ing point. The simulation is actually even more complex
two different azimuths are shown in Fig. 11. The atomicsince the individual chains have no symmetry. Although the

B. Molecular chain configuration of the C ;5 SAM
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FIG. 12. Simulated TOF-SARS spectra for SAMs composed of molecular 7~ RSB Bog 3 & %9
: e > 2004 . ¥ X ¥ .
chains containing 7 carbon layers and 16 carbon layers. No hydrogen atom:* . - o
were included in the chains. Primary ions 4 keV A= 22; §=40°. b ] \-_ ..I \-_ _I
0 -
€ 100 AP U pr
o - : EHHH.# “.HH'H.‘*
surface lattice is hexagonal, a full azimuthal scan covering
6=2360° is necessary for simulation. The results of these 0 (cé ' T ' T
simulations do not exhibit any periodicity on a scale of less s00] 1 i —o—H(r) ?
than 360°, in contrast to the 60° periodicity observed experi- (LY —a—C(r) ?j’
mentally (Fig. 9). This is direct evidence for the coexistence ] d%i ° o ol%%lo o o ol®
of six equivalent domains on the surface, as the chains cat o f ooﬁ o o Il 45 5o
assume six equivalent tilting directions on the{ALL} sur- 200+ iﬁg EL[Q gfi E g gi
face. Each of these domains is tilted by some multiple of 60° ] ° ° °
with respect to the others. This situation was simulated by - - ﬁ - i
first calculating the asymmetrical fulb=360° azimuthal 1001 7 w77 w7
scan representing a single domain. This single domain resul k F’ « = ",\ ’4 I‘ « = ",\ ’4
was then shifted by 60° five different times to represent six ] -\;' "5,,- -y ‘ﬁr
different domains. Assuming that each of the domains has 1 A — . S
equal probability, the results of the six individual azimuthal -30 0 30 60 20

scans were added. The final result is an azimuthal scan witt Azimuthal Angle (deg.)
a 60° periodicity. .

Itis ggnerally ag!’eélC]E'38 that the molecular axis azi- FIG. 13. saric simulations of the azimuthal anglescans of Hf) and C()
muth » (Flg. 3 is a“gned with the SAMs next-nearest- from C,s SAMs using 4 keV At ions. The angles defining the configura-
neighbor direction #=0°), corresponding to the substrate’s tions were:(a A=30 and 35y=0, x=0°; (b) A\=35, v=0, u=55°; (0)
nearest-neighbor direction, with a tilting angle in theA=35, »=0, ©=90°. The experimental data from Fig. 9 are shown for
range?1718.22=24 of \ ~27_37°: calculations were per- Comparisona=22; 6=50°.
formed fora =30 and 35°. Calculations were also performed
for two different molecular axis azimuths;=0 and 30°.
Only the 0° direction was found to provide agreement withgood match for the experimental data of Fida)9 These
the experimental data. The next step was to vary the twidfinal simulated scans were also obtained by mixing the two
angle u. Three configurations were testgd) untwisted (u equivalent twist rotations, i.egx =55 and—55°. Energeti-
=0°), with the molecular plane perpendicular to the surfacecally a clockwise or a counterclockwise twist of the same
(2) twisted by u=55°, which is a twist of the alkane crys- amplitude are exactly equivalent and are equally likely to
talline phase, and3) a fully twisted molecule £=90°).  occur. Better agreement with the experimental data is ob-
The simulation using configuration numbép) with u tained by using this assumption. Therhi(naxima along the
=55°, shown in Fig. 1@), was the only one that provided a nearest-neighbor directions are accurately reproduced in Fig.
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FIG. 14. saric simulations of azimuthal anglé scans of H() from a g . .’“‘- H
methyl group tilted by 319a) in a single domain an¢b) in six equivalent o 1604 \. : L.J
/ Lt ]
domains that are rotated by 60° from each other.22; §=50°. :t' \. . u
- ! s
, ‘5 1501
13(a), and even the small secondary maxima at O and 60° are g 4.
confirmed. The Q() scan is also well reproduced, with wide b= o fo
minima coinciding with the H() maxima and wide maxima 5 140 ‘u'
centered around=0 and 60°. The simulation with =35° ¥ ’
provides shghtly better agreement with the experimental data 30 i) 30 50 50
than the one withh =30°. Azimuthal Angle (deg_)

The simulation using configuration numbdy, i.e., the

untwisted model, is shown in Fig. {t3; it provides poor !
agreement with the experimental scan. It shows abnormallg
high H(r) intensity at 0 and 60° and incorrect variations of

FIG. 15. saric simulations of azimuthal anglé scans using 4 keV Ar
ns: (@ H(r) and Cf) from a C chain with tilt anglex =35, molecular
zimuth directionv=0, and twist angleu=55°. (b) H(r) from a methyl
group tilted by 61° in a single domaifc) H(r) from a methyl group tilted

the C() intensity. The simulation using configuration num- by 61° in six equivalent domains that are rotated by 60° from each other.

ber (3), i.e., the fully twisted case, is shown in Fig.(&8 it
is also unrealistic, exhibiting high € maxima where

minima are observed experimentally in Fida

C. Configuration of the methyl groups at the surface

of the C ;5 SAM

The positions of the three hydrogen atoms of the methybroup near the surface by the C atoms since the C—H bond
groups were arbitrarily fixed in the above simulations. Thelength is only 1.07 A. According to the previous model, the
exact configuration of these methyl groups at the surface anshethyl group in a ¢ chain is tilted by~31° from the sur-
the possibility of their free rotation about the C—C axisface normal. In order to verify this, eight fixed methyl
should be distinguishable, since these methyl groups contritgroups, each one rotated by 15° from the previous one to

ute to about one-third of the total HY signal (Fig. 5). If the

a=22; 6=50°.

be above the surface and out of the range of the C atom
shadowing and blocking cones. If the axis is tilted with re-
spect to the surface, there would be strong shadowing and
blocking of the H atoms lying in the lower part of the methyl

cover the 120° symmetry of the methyl group, were created

C; axis of the methyl group is perpendicular to the surfacefor simulation. A completeS=360° azimuthal scan was then
there would be no anisotropy in the H(scans, whether the calculated for each configuration. Finally, all of these scans
group is fixed or freely rotating, because the H atoms wouldvere normalized over the number of incident projectiles and
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FIG. 16. Models of the ¢ and G; SAMs on Au show-
ing the orientations of the “ring” of H atom density at
the terminal methyl groups.

added, simulating the azimuthal scan of a freely rotatingnatic decrease of the €Y anisotropy agrees with the weak
tilted methyl group and its corresponding “ring” of H atom azimuthal pattern observed experimentally in Figi@l0The
density. As can be seen in Fig. (84 the H() scan from a intensity changes fall below the statistical fluctuations of the
methyl group tilted 31° is highly anisotropic. The intensity is method and no clear reproducibfescan was obtained. The
lower in a wide sector around the tilt direction, i.e%, reason for such weak azimuthal features from the $AM
~97°. This corresponds to shadowing of the lower part ofis that, due to the large tilt angle of the methyl groups, the
the methyl H atom “ring” by the C atoms. Similarly, the methyl C atoms and the adjacent second-layer methylene C
intensity is lower in a wide sector around the direction op-atoms exist in planes that are separated by on):6 A.
posite to the tilting direction, i.e§~277°, due to blocking  Since the C atoms in both of these planes are approximately
of H(r) from the lower part of the ring by the C atoms. The equally accessible for recoiling, and they occupy different
recoiling intensity is highest in two narrow sectors perpen-azimuthal positions, the resulting azimuthal features are in-
dicular to the tilt direction, i.e., 0 and 180°, because no effidistinct. The simulated H{ azimuthal variations, however,
cient shadowing or blocking by the methyl C atoms occurs indisplay maxima along the SAMs nearest-neighbor directions
these directions. Finally, it is necessary to consider the exisFig. 15a)], although they are slightly less pronounced than
tence of six domains at the surface, which means six differin the even chain case. These maxima were measured experi-
ent tilting directions. The final scan, obtained by adding thementally[Fig. 10a)], although they were not as clear as in
scans from the six domains, is given in Fig(i4 Clearly, a  the Gg case. Other less intense maxima were observes] at
freely rotating methyl group at the surface whose axis is=30 and 90° that are not suggested by the simulation.
tilted by 31° from the normal leads to H( maxima corre- The freely rotating methyl group was also simulated for
sponding to the experimental observation of Figg9Such  the G, case by following the same procedure as before.
simulations for methyl groups with fixed positions of the H Since the group is highly tilted, the azimuthal scan is now
atoms do not provide azimuthal features in agreement witlyery different from that of the even chain situation as shown
Fig. 9(a). in Fig. 15b). The intensity fluctuates irregularly, with a deep
The simulated total amount of kY recoiled from the  minimum along the tilting direction. The fluctuations are
methyl groups accounts for30% of the amount of H)  partly due to the discrete nature of the calculation and would
recoiled from the entire chain, which is consistent with theyanish if a larger number of configurations were included in

estimation made from the Rgspectrum of Fig. &). the simulation. When considering the usual six different do-
mains, the simulation produces pronounced )Hézimuthal
D. Simulations of the C ;; SAM features, with maxima every 30° as shown in Fig(clL5This

simulation provides a reasonable match for the experimental
containing nine carbon atoms, QIEH,)sSH, was con- é scan of Fig. 1), which also exhibits maxima at approxi-

structed. The molecular configuration was assumed to rﬁm?tely (fevlsry 310 : Thteommc()jr 3m0|r°1|ma obstervbed n tge_ smu—
main the same, i.e\=35°, u=+55, andv=0°. The ma- aon Of FIg- %c) at 0 an are not observed in the

jor difference from the G SAM is that the end methyl group experimental scan .of Fig. 1&. These results indicate that
of the G, SAM is tilted by the larger angle of 61° with most of the H¢) anisotropy comes from the surface methyl
respect to the surface normal. As previously, six domains ard"oups.

assumed, with two equivalent twists. The calculated azi-

muthal scans for @) and H() are shown in Fig. 1&). No

comparison is shown with the experimental data of Fig. . .

10(a) since the observed experimental variations were ex—E' Simulations of the FC ;5 SAM
tremely weak. The G( anisotropy is clearly much less pro- Extensive simulations were not carried out for ;§C
nounced for this odd chain case than for the even chain casince the experimental data of Figs.(B0and 1Qc) exhib-

of Figs. 9, 13, and 14, and no minimum is observed along théed such weak azimuthal variations. We did, however, per-
SAMs nearest-neighbor direction$=0 and 60°; instead, form simulations for fixed and freely rotating glgroups.
maxima are calculated along these two directions. This draAngular parameters similar to those used in Sec. V C fgr C

In order to simulate the 7 SAM, a molecular chain
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were used for CE including a Ck group tilt angle of 31°. These different degrees of order pose major limitations
Such simulations with fixed positions of the F atoms in thefor the structural analysis and the simulations. Only isotropic
CF; groups exhibited a high degree of anisotropy, inconsisdisplacements of the target atoms can be varied irsimec
tent with the weak variations of Figs. ) and 1@c). This  program, which is suitable for simulating the thermal vibra-
anisotropy could only be dampened by assuming a freel§ions in a monoatomic crystal. In the SAMs, there are small
rotating Ck group as for the Cklgroup of Sec. V C. vibrational amplitudes of the atoms making up the chains
that are coupled to the larger translational motions of the
flexible chains themselves. The simulations herein were per-
VI. DISCUSSION formed with isotropic vibrational atomic displacements of

Some outstanding questions concerning SAMs can bQ_'l A, Whi_ch is equivalen_t to freezing the molecular trans_la-
addressed from the experimental and simulated results prdonal motions, but allowing some small bond length varia-
sented here. Interpretation of these results provides an undéjons in the form of vibrational amplitudes inside the chains.
standing of some of the structural features characteristic of N flexibility of the molecular chains near the surface is
SAMs on gold. Unlike the highly ordered single-crystal therefore neglected, which _I|m|t$ the accuracy of the simula-
samples to which the TOF-SARS technique is usually appons. Introduc_mg Iarger V|prat|onal .amplltudes. would be
plied, the SAMs consist of an assembly of flexibieol-  €Ven Iese realistic, since this would ignore the influence of
ecules Models of the G; and G, SAMs are shown in Fig. the chemical bonds of the molecules as well as the van der
16. A schematic drawing of the model proposed for thg C Waals stab!l|zat|on aseomated Wlth mterchal'n mteract.%ns.
SAMs is given in Fig. 3 as an “ion’s eye view” of the [N the ion scattering experiments detailed herein, the
structure, i.e., the positions of the atomic cores as experiOns reach the surface at an incidence angle22° and
enced by the incoming keV ions. As indicated from this fig- Produce recoils of C and H atoms from the methyl groups
ure, due to the tilt angle of the SAMs, the cores of the cand from several methylene groups further below the sur-
atoms are directly exposed to the surface normal down to thEce. The trajectories of the HY recoils from the methyl
twelfth layer of C atoms from the surface. It is thereforegroups will not interact with the neighboring molecular
possible for a keV ion incident at the surface normal to makeshains since they leave at an exit angle of 28°. These recoils
direct scattering collisions with sub-end group C and H at-Will then carry the signature of the methyl group azimuthal
oms as deep as the twelfth layer. Such deep layer collision@nisotropy. The trajectories of the tj(recoils from the me-
are not very probable in our case because of the low inciderthylene groups below the surface, however, will be close to
beam anglew and scattering anglé used in the measure- the atoms of neighboring molecular chains and will interact
ments. Indeed, as shown in F|g 11, most of the recoi|edVith them. Due to the erX|b|I|ty of these chains, the anisot-
atoms come from the outermost four atomic layers. ropy of these subsurface recoils will be attenuated in the

The results of the azimuthal alignment measurements dg#xperiments and will be overestimated in the simulations. A
Secs. IV B and C show that the molecular chains are tiltectareful examination of some of the H(trajectories from the
along the SAMs next-nearest-neighbor directions, which ignethylene groups shows strong focusing effects by C atoms
the nearest-neighbor direction, i.e., #140) azimuth, of the  of neighboring chains. These effects will be strongly depen-
Au{111} substrate. Our recent stufyof methanethiol on dent on the movements or translational motion of the mo-
PH{111} showed that this simplest prototypical alkanethiollecular chains away from their ideal lattice positions. There-
chemisorbs above the fcc threefold site. This site is consigfore, the azimuthal anisotropy of the H(from the surface
tent with azimuthal alignments found herein, suggesting thamethyl groups, which accounts for about 30% of the total
these longer chain alkanethiols also chemisorb above the fagserved H() intensity, is not affected by this lattice disor-
sites on A{111. Forthcoming studies of methanethiol ad- der. As a result, the simulations will exaggerate the anisot-
sorbed on A{11} will further explore this issue. ropy due to the molecular chain organization, but will pro-

Two quasiindependent systems must be considered indde reliable anisotropies for the topmost atoms of the
structural analysis of these monolayer assemblies: the indBAMs. The H{) anisotropy produced by the surface methyl
vidual alkyl chains and the lattice formed by an assemblagg@roups should, therefore, account for much more than 30%
of these chains. The shadowing and blocking effects thaof the total observed variation.
take place within these two quasi-independent structural sys- Some experimental facts support this assumption. First,
tems are different. Intramolecular effects occur between thalthough the simulations reproduce the main features of the
closely spaced atoms, 1.54 for C—C and 1.08 A for C—H, ofazimuthal scans, the simulated amplitude of the variations is
a single molecule. Intermolecular effects occur between attwo to three times larger than expected experimental ampli-
oms of the different molecules which are separated by atudes, as a result of the surface disorder. This is particularly
least 5 A. The nature of the order within each system is alsprominent at grazing incidence or exit angles where only
different. The atoms building up the individual molecular weak anisotropy, if any, was measured. For such conditions,
chains are almost fixed due to the strong C—H and C—Ghe scattering and recoiling intensities become very sensitive
bonds, although phenomena suchgasichedefects must be to the surface corrugation due to the tilt angle of the molecu-
considered. In contrast, the molecular chain units are flexibléar chains. Second, the €(anisotropy was always found to
near the surface, allowing both lateral “wagging” motion be more sensitive to the radiation induced damage than the
(and hence a quasidisordering of the hexagonal latése H(r) anisotropy, and in many cases therM(anisotropy
well as perpendicular motion. could still be observed when the G(signal showed no dis-
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tinct features. Trajectory analyses show that almost all thetrate nearest-neighbor directigfil0), which is the SAMs
C(r) anisotropic features are produced by shadowing andiext-nearest-neighbor direction. A tilt angle ef35° with
blocking effects between neighboring molecular chains. Theespect to the surface normal is found to be consistent with
C(r) intensity from the topmost carbon layer was found tothe data. This tilt angle results in direct exposure of the C
be largely isotropic. Hence the ©)(intensity variations re- atomic cores to the surface normal down to the twelfth
flect the degree of organization of the molecular chains of th@tomic layer. The molecular planes are also twisted-5p°
SAMs, and these variations are attenuated as the structuvégth respect to a plane normal to the surface. Six domains,
degrades and becomes more disordered. Third, for both theorresponding to the six tilt directions of the molecular
Ci6 and G; SAMs, the best agreement between the experichains, coexist and two equivalent twist orientatiof$5°)
mental and simulated data is obtained with a freely rotatingare consistent with the data. The results do not indicate
methyl group. whether these two orientations can be found in one domain,

When comparing the G and G, SAMs, we would ex- as previously suggestéd® or whether each domain has
pect there to be little difference in the order or crystallinity of only one twist orientation. For even chains, the methyl group
the two films. Furthermore, due to the fact that the EAMs s tilted with respect to the normal by31°; for odd chains,
possess an additional methylene grdapd thus additional the methyl group is tilted with respect to the normal by
van der Waals stabilizatiG) we might expect these SAMs ~61°. Both types of methyl groups are freely rotating. These
to exhibit more order than the;£SAMs. However, the ¢ differences in the methyl tilt angle lead to dramatic changes
azimuthal scans exhibit sharp features while the &zi- in the anisotropic patterns of the ion scattering azimuthal
muthal scans exhibit weak features. The weak features of thecans due to the extreme surface sensitivity of the technique;
C,7 SAM are believed to be caused by the large tilt angle ofthe Gg SAM exhibits sharp anisotropié patterns while the
its methyl groupg~61°), which results in a spacing of only C;; SAM exhibits weak anisotropy in thé patterns. These
~0.6 A between the first two C layers as described in Secweak patterns from the & SAM are most likely due to the
V D. Furthermore, while the Fg SAMs possess well or- short interlayer spacing between the first—second-layer C at-
dered structure[as judged by surface infraredlR)  oms resulting from the large tilt angle of the methyl groups.
spectroscopy], these SAMs exhibit the weakest azimuthal The Gg SAM is considerably more resistant to radiation
features of all. These results reveal a basic limitation ofdamage from the incident Arbeams than the G or the
TOF-SARS: since it is a real-space technique, it cannot disFC,g SAMSs; the origin of these differences is not readily
cern the structures of systems with large unit cells or systemapparent. Azimuthal features were discernible from the data
with many inequivalent atoms in a unit cell. The short first—of the Ck terminated SAM at grazing incidence or exit
second-layer C spacing with C atoms at different azimuthabngles, indicating that the Gigroups at the surface form an
positions in the ¢; SAM and the heavy F atoms of the tilted ordered structure. The observed features indicate that the
CF; group at different heights above the surface in thgsFC packing of the F¢ SAM is consistent with that of the hy-
SAM present structures which are currently at the limitationsdrocarbon SAMs and that the gBroups are freely rotating.
of the TOF-SARS technique.
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