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ABSTRACT Structural trends for a homologous series of n-alkanethiolate self-assembled monolayers (SAMs),
CH,,.5— with 12 = n = 19, on GaAs(001), studied by a combination of grazing incidence X-ray diffraction

and infrared spectroscopy, along with ancillary probes, show an overall decay in organization with decreasing n,
with the largest changes occurring below n = 15—16. The long-chain monolayers form a mosaic structure with
=10 nm domains of molecules organized in an incommensurate pseudo-hcp arrangement with nearest neighbor
distances of 4.70 and 5.02 A, a 21.2 A? area per chain, two chains per subcell in a herringhone packing with a
chain tilt angle of 14°, and preferential domain alignment along the substrate [110]([110]) step edge direction.
In contrast, for n < 14 no evidence of translational ordering is seen and the alkyl chains exhibit a loss of
conformational ordering and coverage relative to the n > 16 cases. A 4’-methyl-biphenyl-4-thiolate companion
SAM shows evidence for ordered structures but with lattice parameters close to those expected for a structure
commensurate with the intrinsic GaAs(001) square lattice. These trends are explained on the basis of competitions
between lattice, interfacial, and intermolecular forces controlling the nanoscale structures of the SAMs. Overall
these results provide an important aspect of understanding the effects of SAM formation on surface properties
such as electronic and chemical passivation.
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he formation of ordered, densely

T packed self-assembled monolayers

(SAMs) on metal and semiconductor
surfaces has been of longstanding
interest."? The assembly process is medi-
ated by the interplay of molecule-substrate
attachment, molecule-molecule packing,
and SAM-ambient interface energetics. At-
tachment chemistries range across Bron-
sted acid-base interactions (e.g., RCOOH to
the native oxide surfaces of Al and Ag>*),
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and accepted July 16, 2007. adsorbed water mediation (e.g., Langmuir-

type SAMs with RSiO,H, to Si0,*), and co-
valent—polar interactions (e.g., RSH to
Au,2°Ag,>"r GaAs'''?). In general, the
most incisive studies of assembly structures
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have been for simple linear chain aliphatic
adsorbates, which involve stabilization by
alkyl chain intermolecular interactions.
Monolayers prepared from alkanethiols
are the most widely studied example, and
structures have been characterized for
SAMs on both metal surfaces, including
Au,1°'13 Ag,2’1° Cu,1o Pd,m and Pt,15 and
semiconductor surfaces, including GaAs,"
InP,'%""%and InAs.2° Though well-organized
alkyl-type SAMs on these substrates all ex-
hibit dense packing with highly hydropho-
bic and oleophobic wetting responses, fun-
damental differences in surface chemistry
can impose distinct structural differences in
coverage, packing symmetry, molecular tilt
angle, bonding geometry, and odd-even
chain length effects. For example, alkane-
thiolate SAMs formed on Au{111} and
Ag{111} have different lattice structures: a
(\/3X+/3)R30° superlattice with a ~26-30°
molecular tilt angle for Au{111}*?'"%> and
an incommensurate superlattice with a
~10° molecular tilt angle for Ag>'%2%%”
The detailed understanding of the com-
plexities of SAM structures is best known
for the cases of alkanethiolates on noble
metal surfaces, due in good part to careful,
systematic development of structural
trends for homologous series of different
length alkanethiols where molecule-sub-
strate bonding can be kept nearly invariant
and changes in film properties can be inter-
preted primarily in terms of chain-chain in-
teraction effects.'® 3712228732 Thijs under-
standing has been broadly important in
guiding developments in a number of ap-
plications including corrosion resistance,

www.acsnano.org



molecular electronic devices, and nanolithography,
which all involve the ability to construct densely packed
arrays with minimal defect densities.3**

In the case of alkanethiolate monolayers on semi-
conductor substrates, there have been almost no sys-
tematic studies of structure, despite the technological
importance of these materials. This is most notable for
GaAs, which is widely used for electronics and optoelec-
tronics devices®>>~3” and for which densely packed SAMs
can be formed. In a previous report,'? a combination
of infrared spectroscopy (IRS), near edge X-ray absorp-
tion fine structure (NEXAFS), liquid drop contact angle,
and X-ray photoelectron spectroscopy (XPS) measure-
ments were used to conclude that octadecanethiolate
(C,g) SAMs on GaAs(001) can be well-organized with a
high degree of chain conformational ordering, direct
S—(GaAs) bonding, and a ~14° tilt from the surface nor-
mal. Of particular note was the implication from the
data that the average spacings between the molecules
did not fit with the intrinsic (001) substrate square lat-
tice spacings; thus the adsorbate bonding sites would
have to be incommensurate with the intrinsic substrate
lattice. Comparison of this conclusion with the earlier
reports of the formation of commensurate overlayer
structures from chemisorption of simple inorganic sul-
fide species on GaAs(001)*®*™** shows that the alkyl
chains in the alkanethiolates must exert significant in-
fluence on their monolayer structure. In our earlier re-
port** it was also observed that the short chain C,, SAM
appeared much more disorganized with lower cover-
ages, implying that the existing substrate bonding site
distributions were unfavorable for uniform adsorbate
packing and the diminished chain-chain interactions
were not sufficient to force the chains into a high de-
gree of organization. Clearly, gaining an accurate un-
derstanding of the basis for these effects would ben-
efit greatly from a rigorous, systematic study with a
homologous series of n-alkanethiols.

Recently, there have been two reports of compari-
sons of the characteristics of monolayers from different
length alkanethiolates on GaAs(001) surfaces.*>*¢ Jun
and co-workers, in a study of the electrical passivation
of alkanethiolates SAMs, have reported thickness trends
for a homologous series of even chain length n-alkane-
thiolate and dithiolate SAMs on GaAs(001) in which
the thickness values were deduced from XPS and single
wavelength ellipsometry (SWE) data.*> From both ana-
lytical methods, the SAMs were concluded to exhibit a
~60° molecular tilt, similar to the value in the first report
of alkanethiolates SAMs on
GaAs(001),"*” but conflicting sig-
nificantly with a more recent, rig-
orously derived value of 14 * 1°
for a highly organized C,5 SAM."?
Jun and co-workers also noted a
“clear break”** in their observed
linear behavior in the thickness—
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chain length dependence data at n = 14 (for
C,H,,+15"). Nesher and co-workers, in a study of the
electrical characteristics of GaAs-(001) n-alkanethiolate-
Hg junctions for alkyl chains with n = 12, 14, 15, and
18,%648 characterized the SAMs by XPS-derived thick-
nesses, contact angles, and IRS-derived estimates of the
relative extent of chain conformational ordering. For
the case of the C,g SAM they concluded that the chains
were densely packed and oriented nearly perpendicu-
lar to the surface, in agreement with our earlier report,'?
but did not show any evidence for any distinct break
in the structure-chain length trends. Overall, although
these studies provide some useful qualitative informa-
tion of the SAM structures, it is problematic to extract
any details of the existence of translational ordering of
the SAM adsorbate molecules or quantitative evidence
for specific chain structure characteristics such as tilt
angles.

Recognizing the important gaps in the structural as-
pects of alkanethiolate SAMs on GaAs (001) surfaces,
we have continued our investigations to include a ho-
mologous series of these SAMs formed from our earlier
developed, highly controlled preparation methods for
organized monolayers.'? Our approach involves the use
of multiple, quantitative surface probes coupled with
rigorous data interpretation. In this paper we report
structural and surface wetting trends for a series of
monolayers assembled from C H,,  ;SHwith12 =n =
19. In addition, an aromatic molecule SAM terminated
by a CH; group was prepared from 4’-methyl-biphenyl-
4-thiol (MBT, structure 2 in Scheme 1) and studied in de-
tail for comparison with the aliphatic hydrocarbon cases
to better understand the contributing factors that drive
self-assembly on GaAs(001) surfaces. MBT was chosen
for comparison because it is a homologue of other
phenyl systems that have been investigated on metal
surfaces,”®*° has shown to assemble on GaAs(001)
surfaces,®’>* and also has strong IR intensities, an im-
portant factor for obtaining unambiguous IRS spectra
on low reflectivity surfaces. Because of the inability of
scanning tunneling microscopy to probe the thicker,
long-chain alkanethiolate SAMs and the difficulty of ap-
plying high precision atomic force microscopy to these
substrates,'? we chose grazing incidence X-ray diffrac-
tion (GIXRD) as the primary probe for characterizing sur-
face ordering.

From combined IRS and GIXRD results we establish
for the first time the presence of translationally ordered

BOH, + I Br > Br

1

i. n-BuLi, Sg
_— SH
ii. HCI

2

Scheme 1. Reaction scheme for the 4'-methyl-biphenyl-4-thiol molecule.
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Figure 1. Alkanethiolate, C,H,, .S, monolayer characteristics on GaAs(001) as a function of chain
length, n. (A) Advancing contact angle 0, of H,0 and hexadecane (HD). (B) Associated hysteresis (0,
- 0,) for H,0 and HD contact angles. (C) Percent As,O, from the total XPS As 3d signal (for n > 16 no
As,O, signals were detected within the noise limit). (D) XPS C 1s intensity, where the solid line is a
guide to the eye for the experimental data and the dashed line is the theoretical dependence based
on a constant monolayer coverage and film density for all values of n and referenced to the inten-

molecular interactions acting
as driving forces capable of in-
ducing short range restructur-
ing of the intrinsic (001) sur-
face lattice.

RESULTS

Surface Organization from
Contact Angle Measurements. For
each monolayer, the advanc-
ing angle of a sessile drop (6,)
was measured for H,O and HD
probe liquids. These values
and the resulting hysteresis
(6, -0, ) are reported in Fig-
ure 1A and B.

For both H,O and HD, 6, in-
creases nearly monotonically
with chain length and reaches
maximum values of 111 * 3°
and 43 * 1°, respectively,
close to the values obtained
in other well-formed alkane
SAMs, e.g., ~110-115° [(0, —
6,) ~10°] and ~43-45 = 1°
[(6,-6,) ~4 = 1°] for alkane-
thiolate/Au{111}'° and
~112-114° and ~45° for octa-

sity of the C;5 SAM. (E) d™ mode IR peak position. See text for details.

arrangements of the adsorbate molecules in the ali-
phatic SAMs. From ancillary XPS and contact angle mea-
surements we conclude that there is a gradual de-
crease, as opposed to an abrupt change, in SAM
thickness, coverage, and surface organization with de-
creasing chain length with apparent limiting coverages
and surface organization for n = 16. Extensive GIXRD
data acquired for the case of the C;5 SAM definitively
show the presence of a mosaic structure with <10 nm
domains with molecules arranged in a rhombohedral or
pseudo hexagonal close-packed (pseudo-hcp) unit cell
structure, oriented along the [110]([110]) direction but
incommensurate with the underlying bulk GaAs(001)
lattice substrate. The IRS measurements also show a
subtle odd-even chain length dependence of the C-H
stretching modes that can be understood by the pres-
ence of two types of chains in the unit cell differing by a
~90° (setting angle) twist angle around the long-chain
axis, consistent with a highly dense crystalline packing
of the hydrocarbon chains.'® For n = 14 the SAMs fail to
show any diffraction pattern and the IRS data indicate
a significant decrease in the conformational ordering of
the chains. Finally, the MBT molecule forms a mosaic
structure of ordered, oriented domains as evidenced by
a weak diffraction pattern but with larger molecule
spacings than for the alkanethiolate SAMs. Overall our
data on both types of SAMs are consistent with inter-
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decylsiloxane/SiO, SAMs.>~”

The contact angles for our
GaAs SAMs slowly decrease below n = 14—15, eventu-
ally reaching values associated with poorly formed
SAMs at n = 12. The dip in the hysteresis values for wa-
ter (Figure 1B) for n = 16, 17 suggests that there is a cor-
responding slight diminishing in the surface region or-
ganization for these SAMs; the HD hysteresis data,
however, do not show this effect. Overall, the wetting
data show that the surfaces of the longer chain SAMs
are well organized with dense packing of the CH,
groups. Finally we note that the water contact angle
values depend on the measurement time. For example,
within 10 min the contact angles on a C,g SAM dropped
from an initial value of 112 = 2°to 94 = 6°. This effect
can be understood in terms of the ability of penetrated
water molecules to etch the GaAs substrate and under-
cut the monolayer.>>>°

Permeability to 0, from XPS Measurements of GaAs Surface

Oxidation. The Ga 3d and As 3d region spectra of the
SAMs show main peaks centered at binding energies
(BE) of 19.2 and 41.1 eV, respectively, which can be fit
with two doublets assigned as the contributions from
bulk Ga (19.0 eV) or As (40.9 eV) species and surface Ga
(20.0 eV) or As (41.6 eV) species'>>” (spectra shown in
Supporting Information). No BE shift or peak broaden-
ing was observed as a function of chain length. To fol-
low the oxidative stability, the freshly made SAMs were

www.acsnano.org
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Figure 2. (A) XPS C 1s peak positions (eV). (B) FWHM (eV)
for different length n-alkanethiols assembled on GaAs(001).

C 1s Peak FWHM

transferred to the XPS vacuum chamber within 5 min
of preparation and immediately exposed to vacuum.

For n > 16, no oxidized surface species (As,O, or
Ga,0,) are observed, but for n < 16, an onset of a
monotonic increase in oxidized species (more notice-
ably of As,0,) with decreasing chain length is observed
(see Figure 1C). Previous work'? has shown that the
C,s SAM is stable toward appearance of the oxidized
species for at least 2 weeks of air exposure. For C,4 and
C,, monolayers, ~1% and ~2% of the total As 3d sig-
nal is from As,O, species, respectively, whereas 5% and
14% of the total As 3d signal is due to As,O, species, re-
spectively, for freshly etched GaAs and native oxide sur-
faces.>® Thus although alkanethiols are capable of re-
moving residual oxidized species on freshly etched
surfaces,'*** for C,, the amount of surface oxide form-
ing immediately after monolayer formation is almost
the same as that which forms on the freshly etched
GaAs surface. These data indicate that O, molecules
penetrate into the SAM at increasing rates with decreas-
ing chain length, consistent with the wetting data (Fig-
ure 1A), which point to increasingly poor organization
of the alkyl chains with decreasing n.

Adsorbate Coverage from XPS C 1s Spectra. Analysis of the
C 1s region of the monolayers shows that the C 1s BE
peak decreases from 285.0 to 284.5 eV across the range
of n = 19-12 while the associated peak full width at
half maximum (FWHM) increases (Figure 2), similar to
reported correlations for alkanethiolate SAMs on Ag
and Au.>°"®" These trends have been attributed to elec-
trostatic screening effects and do not reflect shifts in
the chemical state of the C atoms.®?

The main feature of interest is the correlation of the
C 1s peak intensities (as integrated areas) with the n val-
ues. Because the C 1s cross section is constant for all
the C atoms in the SAMs, for our condition of a 90° pho-
toelectron exit angle (perpendicular to the substrate)

www.acsnano.org

one expects a simple correlation based on the attenua-
tion relationship:

— (A @A\
I= [ pee " dz (M

where z = distance into the alkyl chain matrix from
the S-C interface towards the vacuum interface, z, =
the total thickness of the alkyl chain matrix, p, = intrin-
sic C 1s photoelectron emission intensity per unit thick-
ness (dl/dz), with no overlayer attenuation, and A = C
1s photoelectron attenuation length for the alkyl chain
matrix. Expressed in terms of a ratio to the C,¢ C 1s SAM
intensity with A = 35.4 A and an alkyl chain matrix thick-
ness increment of 1.21 A per C atom (per n) gives I,//,4
= 2.18 (e~ 293427 _ 1),5% As shown in Figure 1D, however,
for n < 16 the integrated C 1s intensity deviates to
lower values. For example,

(I12/I18)exp — 20.0
(ha/ hehheory  L31.1)(0.733)]

=0.88 (2)

where 1,4, I, are the integrated C 1s peak intensities
(see Figure 1D). This decrease can be attributed to a de-
crease of ~12% in the C atom surface density (cover-
age) for the C,, compared to the C,g SAM. On this ba-
sis the correlation in Figure 1D shows a constant
coverage for n = 16 with deviations to lower surface
coverage of ~4-5% for n = 15, 14 and reaching ~8%
and 12% for n = 13 and 12, respectively.*

Attempts were also made to compute the C:S
stoichiometries and sulfur coverage from the C 1s and
S 2p signals.®® However, because of the overlap of the
S 2p region by the Ga 3s core level and As plasmons,’?
quantitative peak fitting of the S 2p region was prob-
lematic and no reproducible trends could be derived.

Chain Conformational Ordering from IRS C-H Stretching Mode
Frequencies. Changes in the C-H stretching mode peaks
with n provide a qualitative measure of the chain con-
formational order of each SAM and have been analyzed
previously for the C,5 SAM on GaAs(001)."? For the
longest chain length (n = 19) these modes appear at
2850 cm ™' [-CH,- sym str (d™)], 2878 cm ™' [CH; sym str
(r*) split by Fermi Resonance (FR) interaction with the
CH; asym def], 2917 cm ™' [-CH,- antisym str (d )], and
2967 cm ™' [CH; asym in-plane str (r; )] (see Figure 3).
As observed in Figure 3, at low values of n both the d™
and d* mode peaks show a shift to higher frequen-
cies, a decrease in intensity and increased broadening,
indicative of a decrease in the chain conformational
ordering.

The peak frequencies are summarized in Table 1
and are compared to the data for the crystalline state
of the C, 4 thiol dispersed in a KBr pellet and the liquid
state of neat 1-dodecanethiol (C,,). In general the
agreement between the SAM and crystalline state d
mode peak frequency values indicates that all of the
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Figure 3. IRS spectrum as a function of chain length for
n-alkanethiol monolayers on GaAs. The number of carbons
atoms in the chain, n, is indicated. Vertical lines are drawn as
a guide to the eye to show the shift in peak position (cm™’)
for decreasing chain length with respect to the longest (n =
19) chain. Simulated IRS spectra using a 2 chain per unit
cell model with chains in an all-trans configuration (blue dot-
ted lines) are included for comparison for chains n = 15—19.
An additional simulated spectrum showing the effect of in-
corporating 50% gauche defects into the terminal -(CH,CH)
group for the 2 chain per unit cell model is shown for C,4
(red dotted line).

SAMs have significant degrees of conformational order-
ing, similar to the cases of alkanethiol molecules as-
sembled on gold, silver, and copper surfaces.'®'® The
plot of the d™ peak position versus n in Figure 1E shows in
more detail that for n = 16 the peak frequencies level off
in the 2916-2917 cm ! region, consistent with near lim-
iting degrees of chain organization and conformational
ordering,'®'® whereas for n < 16 there is a gradual in-
crease in frequency with decreasing n, an indication of de-
creasing conformational order and monolayer organiza-
tion with decreasing chain length. In turn, this overall
structural trend with decreasing chain length is quite con-
sistent with the decrease in surface organization (wet-
ting data, Figure 1A), the increase in the permeation of
O, (XPS As 3d data, Figure 1C) and the decrease in adsor-
bate surface coverage (XPS C 1s data, Figure 1D).

even odd

Figure 4. Schematics of laboratory and molecular coordi-
nate frames for all-trans n-C,H,,, . ,S™ adsorbates on a sur-
face, where n is even (left) and odd (right). The chain tilts are
defined by angle ® from the surface normal, with the +
and - directions indicated, and the twists (counterclock-
wise) around the long-chain axis by W, with W = 0 for the
C-C-C plane perpendicular to the surface plane, as shown.
The inset in the center shows the terminal portion of the
chain in the molecular coordinate frame. The rotation of the
CH; moiety around the adjacent C-C bond (bold line) to
form gauche conformers is described by angle ¢ with ¢ = 0
for the all-trans chain. The inset also shows the direction of
the r; mode transition dipole moment (red arrow), which lies
in the C-C-C plane for the trans conformation.

Chain Orientations from IRS C-H Stretching Mode Intensities.
For all chain lengths, the d~ and d* modes have posi-
tive absorbance features that increase in intensity, as
expected, with increasing n (Figure 5). It has been pre-
viously established for the C,5 SAM through analysis
of the IRS d™ mode intensities and the NEXAFS spectra
that the chains are extended in dominant all-trans con-
formations with an average 14-15° chain tilt (®) and
43° twist (W)."? For reference, coordinate frames are
shown in Figure 4.

Application of the same IRS simulation analysis pro-
cedure to the d mode peaks in the present data set re-
sults in best fits for &, ¥ = 15°,43° forn > 15.°° Forn <
15, however, the quality of the best fits rapidly decays
with decreasing n for model structures with possible tilt
angles from 0-30° and a range of twist angles.®” The
upper bound of ® = 30° was used because our spec-
tra simulations show that ® > 30° results in inversion
to negative absorbance features for both d modes.'?
The main discrepancy in the n < 15 fits is due to the de-
viations in the peak positions and FWHM values (see
Supporting Information), which is expected on the ba-
sis of the increasing conformational disorder for the
shorter chains (see above), whereas the simulations are
based on the optical function spectra obtained from

TABLE 1. Peak Positions for n-Alkanethiol C-H Stretching Modes in Crystalline and Liquid States and Adsorbed on GaAs(001)

H,

CH,

bulk, cm~’
mode aystalline® liquid® n=19 n=18
d- 2919 2925 2917 2917
d* 2849 2856 2850 2850
n 29607 2961 2967 2967
. 2949 2955 e e
r* R 288" 2872 2878 2877

C,Hy,...SH on GaAs(001),” cm ™’

n=17 n=16 n=15 n=14 n=13 n=12
2917 2918 2918 2918 2919 2920
2850 2850 2850 2850 2851 2850
2967 2967 2967 2967 2967 2967
e e e e e e
2877 2879 2878 2879 2879 2879

“Peak positions were determined as an average for all independent spectra taken. Standard deviations for each reported peak position were ~0.2-0.5 cm ™", ®Crystalline-state posi-
tions were determined from the transmission spectra of CH,(CH,),,SH dispersed in KBr. “Liquid-state positions were determined from the transmission spectra of CHy(CH,),,SH. “The r;
mode is masked by the strong r; feature in the crystalline- and liquid-state spectra but can be resolved by curve fitting. The r, mode is very weak as a result of orientation effects'” and
could not be observed because of signal to noise limitations. ‘The r, FR mode shows up as a shoulder on the d™ mode in the liquid-state spectra and is completely masked in the
crystalline-state spectra but can be resolved by curve fitting.
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Figure 5. (Top) Intensity variance of the d~ mode with chain
length. (Bottom) Intensity variance of the r; mode. For both
plots, open symbols represent simulated intensities ob-
tained from a 2 chain per unit cell, all-trans model. Bottom
Inset: Comparison of the simulated r; mode intensities us-
ing a single chain per unit cell model (black triangles) with
the experimental (black squares) and simulated 2 chain per
unit cell model (black, open squares).

bulk polycrystalline state samples (pure thiol or disul-
fide).

While analysis of the d modes provides information
on the structure of the main backbone, analysis of the
r, mode can provide information on the structure and
orientation of the end CH; group. There are two fea-
tures to note. First, the d mode absorbance features re-
main positive for all n, whereas the r; absorbance fea-
tures remain negative (Figure 5). As reported
previously,'*®® this behavior can be understood on
the basis of electromagnetic effects arising from the dif-
ferences in the real parts of the complex refractive in-
dex tensor elements for the two types of modes. Sec-
ond, for 16 < n < 19 the d™ absorbance intensities
decrease nearly monotonically, whereas the r; intensi-
ties show a distinct odd-even variation that disappears
for n < 16. This variation can be straightforwardly inter-
preted in terms of the variation of the orientation of
the -CH; group with shifting from even to odd chain
lengths while the -(CH,)- backbone maintains a con-
stant orientation (see Figure 4).

For the simulation of the r, mode spectra the transi-
tion dipole moment direction is first fixed in the molec-
ular coordinates with ¢ = 0 (all-trans chain). For initial
laboratory frame conditions of & = 0, ¥ = 0 (chain axis
parallel to z and no twist) the terminal C-CH; bond is
oriented +35.5° from the z-axis. The simulations were
carried out with two types of models: (1) a single chain
representing the average structure of the molecules in
the monolayer and (2) a pair of independently oriented
chains representing the average structure for a mono-
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layer with a 2-chain per unit cell structure. In the 2-chain
model the final spectra were calculated as '/2(S; + S,),
where S, and S, are the two individual spectra. For the
simulations the chain tilts and twists were set to ® =
+15°0or —15°and W = 43°, respectively, to match the
best fit chain orientation from the d modes, and the ter-
minal -CH; group then rotated at selected values of
the angle ¢ around the adjacent C-C chain bond to
break the planar character of the chain. Simulations
were only carried out for n = 15 where accurate fits of
the chain tilt could be obtained (see above). A sche-
matic of the coordinate frame and chain models is
shown in Figure 4.

For the single chain model with ¢ = 0 (all-trans
chain), the simulations match the modulation charac-
ter of the odd-even r} intensity pattern only when the
odd and even chains have tilts of opposite sign, viz.,
Dy, = —15°and &,y = +15° The magnitude of the
intensity value modulation, however, is much too ex-
treme to fit the experimental spectra; see Figure 5.
Variation of the CH; twist angle ¢ does not result in
any significant improvement.

In contrast, an ideal all-trans (¢ = 0) 2 chain model
with @, = —15° VY ., = 43° and 133° (a schematic
of this model is shown in Figure 4) gives the best fits
and is included for comparison with experimental spec-
tra in Figure 3.°° This structure is essentially a herring-
bone packing with a 90° setting angle between the
C-C-C planes, similar to the well-known structure for
alkanethiolate SAMs on Au{111} SAMs, which exhibit
2 chains per unit subcell (see Supporting Information
for details).'*”°

For chain lengths with n < 15 the odd-even modu-
lation of the r, intensities vanishes. This cannot be ex-
plained by assuming that the chains have an increased
cant, since an even more pronounced odd-even trend
should be observed even if the chain tilt increases.
Rather, this is consistent with the conclusions from the
evidence in the previous sections that the chains be-
come increasingly conformationally disordered with de-
creasing chain length, thus leading to a smearing of
the distributions around the average molecular orienta-
tion parameters. A similar argument has been applied
to alkanethiol monolayers on Au where gauche con-
formers diminished the odd-even effect observed in the
r, mode intensities.'®

Translational Ordering from GIXRD. GIXRD of the (,, SAM. Bragg
reflection scans on six independently prepared C, g SAM
samples revealed two types of first-order Bragg reflec-
tion patterns, labeled I and Il for reference, which de-
pended on the specific sample. Both patterns represent
the same unit cell symmetry and lattice spacings. The
overall results are summarized in Table 2.

In pattern I, observed for most of the samples, the
Bragg peak intensity showed maxima at nominal 60°
azimuthal separations, an indication of preferential ori-
entation of the thiol domains along hexagonal symme-
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TABLE 2. Summary of Bragg Reflection Data for C18 SAM on GaAs(001)

azimuthal positions of

dence of the Bragg reflections
in the two monolayer structures
could be due to the presence

Bragg reflections . .
(p;reftop =10 azimuthal separation Of. two dlffere.nt S.AM domal;
Bragg ) for the [110] between specific alignments differing by 30°.
r::;:::‘n FX:: d::::m direction), deg Bragg reflections (5¢) Note that the ~60° separated
(A= (] () I I 1 1 reflections of 60°, 53°, and 67°
1.49 0.08 74 b, = 64 by = —31 Sy = 32 are close to the 63°, 52°, and 65°
g = —51 by =140 dbyg = 65 g = 39 by =67  spacings in pattern I, an indica-
Pg = 61 dbge =52 dbg =21  ddy =53 tion that there are no significant
dp =90 Oy =63  Bdde=29  Bbe=60 (ifferences in the derived unit
151 0.09 66 =1 e =128 3y = 38 cells. Attempts to determine the
b =1 3, =21

“l'and Il refer to the two monolayer structures described in the text. Structure | and Il have azimuthal peak separations of ¢ =
~60°and & + ~30°, respectively. “The azimuthal separations for structure Il with reflections separated by nearly ~30° and

~60° are both considered; see text for details.

try. With the azimuthal angle ¢ set to zero for the
[110] reference direction (see Figure 11),”* two of the
reflections were observed at +19° off the [100] direc-
tion (¢ = 64°) and —6° off the [010] direction (¢ =
—51°), both corresponding to g,, = 1.49 A~" (Figure
6A).”"72 The observed radial FWHM (A) of 0.08 A~ for
the two peaks yields an average domain size of ~74
A.73 In comparison, domain sizes of ~250, ~120, and
~60-75 A have been reported for alkanethiolates on
Au{111}* and Ag{111}?° and alkaneselenolates on
Au{111}.”° The third peak was observed at 1° off the
[110] direction (b = 1°) to give a different diffraction
spacing of g,, = 1.51 A (Figure 6B). The associated Ag,,
=0.09 A~ corresponds to a domain size of ~66 A.
The existence of two slightly different g, values and
the deviations from exact 60° azimuthal peak separa-
tions (see Table 2) indicate a distorted or pseudo hex-
agonal structure.

Azimuthal rotation of the sample around each Bragg
reflection peak setting showed an azimuthal Ad smear-
ing with a FWHM = ~28°. This value represents the ori-
entational inhomogeneity of monolayer domains
across the surface. In the case of a perfect powder, no
independent azimuthal peaks would be observed; in-
stead, the azimuthal scan would show a constant inten-
sity corresponding to an in-plane powder ring. We
note that A¢ =~ 28°is large compared to other SAM sys-
tems, which typically have Ad ~ 1-10°2629737¢ and
are hence considered single crystalline. This result
shows that there is only a weak azimuthal alignment
of the thiol domains on GaAs compared to other SAM
systems, e.g., alkanethiolate domains on Au(111).

In pattern I, five monolayer reflections are observed
atd, = —31° +1°, +40° +61°, +90° and +128°. Over-
all, these peaks differ by steps of ¢,, = ~30° instead of
&, = ~60° observed for pattern I. The same lattice spac-
ings along the same symmetry directions (see Support-
ing Information), however, are observed, with the
monolayers aligning at +1° from the [110] GaAs(001)
substrate direction. The different azimuthal depen-
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thiol form factor and thus the
molecular tilt angle from the
from the rod scans as a func-
tion of g, proved inconclusive
as a result of the broad nature
of the diffraction peaks.

Analysis of the ¢, = ~60° azimuthal dependence
yields two different nearest neighbor (NN) distances,
5.02 A along the & = 91°(90° + 1°, slightly off the [110],
ie. [110]) and the ¢ = 39° (90° + 51°) directions and
4.70 A along the ¢ = 154° (90° + 64°) direction. These
NN distances and their azimuthal separations (3, see
Table 2) lead to a reciprocal areal density of ~21.2 A%/
molecule, slightly higher than the reciprocal areal den-
sity reported for SAMS alkanethiolates on Au (~21.8
A?/molecule)'®?>?%77 but less than the most dense
phases observed for Langmuir films of fatty acids on
water (~17-19 A% /molecule),”® alkanethiolates on Hg

A. —1.49

1.68

[220]
e

Intensity, a.u.

Uxy
fC.  _—ea0 g0l
{[1]-0]) ([100]) {maon ([010]y ]
[230] [200] [220]  [020]

Intensity, a.u.

100 B0 A0 40 20 0 20 40 .60
azimuth angle, (*)

Figure 6. X-ray diffraction through the first-order diffraction
peaks of the C,5 monolayers GaAs(001) as a function of q,,.
(A) A monolayer reflection with g,, = 1.49 A=". (B) Along the
[110] direction, the monolayer reflection is observed at Ay
= 1.51 A", (C) The azimuthal orientation (¢) of the C,4
monolayer reflections with Ad =~ 60°. The position of the
substrate directions are marked with a vertical line. The
monolayer reflections are observed 1° off the [110] direc-
tion (¢ = 0°) with subsequent peaks oriented ¢ = 64° and
-51°, corresponding to 8¢ = 63°and 52°, respectively. See
text for details.
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(18 A% /molecule),”® or even octadecyltrichlo-
rosilane (OTS) monolayers on SiO, surfaces

~20 A% /molecule).®° Figure 7A depicts the
proposed lattice structure superimposed on

an ideal unreconstructed, As terminated

GaAs(001) surface with the [110] direction in- Q

dicated for reference. The schematic incor- ®e®

porates the 2-chain per unit cell herringbone
structure as predicted by the IRS spectra. A
representation of the pseudohexagonal unit
sub cell is shown in Figure 7B. Note that

none of the NN distances of the SAM mono-
layer structure correspond within errors to

the NN distance (3.995 A) or the next near-
est neighbor (NNN) distance (5.65 A) of the
intrinsic GaAs(001) square lattice plane and
thus the monolayer is highly incommensu-
rate with the intrinsic substrate surface lat-
tice. Given the preferential alignment of the
adsorbate molecules along the [110]

direction and the previously established direct
bonding to the substrate, primarily at As
sites,'24446:31.53.54 it appears that the process of
monolayer formation involves a combination of
chemical bonding and restructuring of the intrinsic
GaAs(001) surface, driven by the intermolecular
packing forces. The steps necessary to achieve full
covalent bonding are suggested in Figure 7C. Prefer-
ential alignment of adsorbates along the [110] step
edge direction of GaAs(001) has been observed for
many systems including C4,2"®* and various
chalcogenides.?*#* The scanning tunneling micros-
copy observation that the step edges on the (001)
surface run parallel to this direction®' imply that the
high energy step edge atoms are the preferred ini-
tial binding sites of adsorbate molecules.

GIXRD of the (,, SAM. Because the contact angle and
XPS and IRS data of the C,, monolayers indicated a
reduced degree of organization and coverage rela-
tive to the SAMs with n > 15, GIXRD measurements
were made on C;, SAMs to compare the transla-
tional order to the C,4 case. Analysis of a number
of samples at different spots for the C,, SAMs
showed no evidence of Bragg reflection from the
monolayer (see Supporting Information). Even along
the high-symmetry [110] direction where the C,4
SAMs were observed to align, no monolayer reflec-
tions were observed. Since the presence of the
monolayer was confirmed by SWE and IRS measure-
ments, the absence of any reflections indicates that
no significant translational order exists.2> For com-
pleteness, a wide azimuthal scan was taken and only
out of plane reflections along the [110] directions
arising from the GaAs (11/) scattering rod are ob-
served; no monolayer peaks were observed (see Sup-
porting Information).
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Figure 7. (A) The molecular unit cell embedded in a larger, ideal monolayer over-
layer structure. The monolayer structure is shown in real space with respect to an
ideal intrinsic As-terminated (001) GaAs surface. The gray ellipses represent top
down vertical projections of untilted thiolate chains onto the substrate plane with
the C-C-C planes indicated as blue bars. The relative twists of the chains show
the herringbone pattern deduced from the IRS data. (B) Representation of a unit
subcell and the associated lattice parameters. (C) Schematic side view representa-
tion of the monolayer structure along the [110] substrate direction. Note that the
5.02 A adsorbate spacings determined from GIXRD do not match the ideal As atom
spacings along the [110] direction in the intrinsic (001) substrate plane. Given the
presence of S-As chemical bonds, this mismatch implies the As atoms must shift
and reorganize during chemisorption of the alkanethiols to accommodate the mo-
lecular spacing.

Comparison of a CH,-Terminated Aromatic Thiolate Monolayer
to Alkanethiolate Monolayers on GaAs(001). Adsorbate Molecule
Orientation by IRS. The IRS spectra of MBT molecules self-
assembled on GaAs(001), and on Au{111} for compari-
son, are shown in Figure 8. The highly metallic Au sub-
strate results in positive absorbance features; in
contrast the GaAs substrate shows both positive and
negative features.'>®® These differences are expected
on the basis of the specific optical conditions and the
different complex dielectric functions of these two
materials.®®%° To assist in assigning the vibrational
modes and determining the orientation of their respec-
tive transition dipole moments, a normal mode analy-
sis was done using DFT calculations for a single, isolated
MBT molecule with an optimized geometry. Because
the resulting geometry predicts a 37° twist of ring 2
(connected to the methyl group; see Figure 9) with re-
spect to ring 1 (connected to the thiol), this geometry
was utilized for assigning the modes and transition di-
pole directions. The mode assignments, frequencies
and transition dipole moment directions of the major
peaks are summarized in Table 3. The transition dipole
moments were assigned by direct inspection of the nor-

GaAs 7

800 1000 1200 1400 1600 3000
Wavenumber, cm™'

Figure 8. IR spectrum of MBT on Au and on GaAs. The IR
spectrum of the monolayer assembled on Au is included for
comparison. ldentification of these peaks is presented in

Table 3.
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mal mode motions. The effect of variation of the twist
of ring 2 shows up primarily in the r1, r2 aryl C-H in
plane stretch modes.

Using the standard simulation procedure®® based
on the assigned transition dipole moment directions
and the optical function spectra obtained from analy-
sis of spectra of polycrystalline MBT dispersed in KBr
pellets, the orientations of the MBT molecules on the
GaAs(001) and Au surfaces were derived. The SAM
monolayer thickness on both surfaces was initially set
to 12.4 A (derived from the untilted DFT optimized ge-
ometry molecular length of 10.5A, corrected for the 1.94
A s-atom thickness contribution®” and the resultant
value subsequently adjusted for each new simulated
molecular tilt angle).2® Analysis of the modes with tran-
sition dipoles oriented parallel to the main longitudi-
nal axis of the MBT molecule yielded a tilt (®) of 26° =
10° for this axis from the surface normal for both SAMs,
showing good consistency with NEXAFS derived val-
ues of @ = 30° for MBT SAMs on GaAs(001) surfaces,>*
though slightly larger, but within error, of the & = 19°
derived tilt angle from grazing incidence X-ray diffrac-
tion (GIXRD) experiments for MBT SAMs on Au sur-
faces.”® Analysis of the modes with transition dipoles
oriented perpendicular to the long axis and in and out
of the plane of the ring 1 gave best fit values of ¥ = 55°
+ 10° on Au surfaces and W = 60° = 10° on GaAs(001)
surfaces for the twist angle of ring 1 with ring 2 fixed at
37° from ring 1. Attempts to fit the spectra with paral-
lel rings gave comparatively poor fits in which the r1, r2
aryl C-H in plane modes show significantly increased
deviations from the experimental values. Therefore, we
conclude that the optimized geometry derived from
DFT calculations represents the conformation of the
MBT molecules in the SAM structure.

TABLE 3. Peak Assignments of MBT Monolayers Assembled on GaAs(001)

frequency, cm ™'
mode assignment” GaAs Au isotropic®

r1, 12 aryl (=H str, ip 3023 3026 3028
Vasyme CHs 2924 2921 2917
Voyms CHs 2864 2866 2857
r1orr2 (v,) 1599 1612 1594

1526 1521 n.o.
11,12 (v45,) 1492, sh 1486, sh 1492
Bagym CH3 1482 1478 1484
11,12 (V1gp), Beym (Hs 1390, sh 1393, sh 1394
Sy CHy 1381 1379 1376
1,12 (Vy,) 1148 n.o. 1139
11, (V10,) 1108 n.o. 1109
r2-CH, ring deformation 1004 1002 1002
aryl (=Hop, 11,12 (v,5,) 803 805 805

“The mode assignments are made using the DFT calculations and are described according to what the literature commonly
suggests for modes in these positions. r1 refers to the ring attached to the thiol, and r2 refers to the ring attached to the methyl.
5Bulk peak positions were determined from the simulating a 12 A isotropic film of 2 on a Au surface. “Approximate dipole di-
rections were determined from DFT calculations. See text for details. “The peak directions refer to the direction of the peaks in
the GaAs spectra. All peaks were observed to be positive in the Au spectra. Abbreviations used: n.o. = not observed; sh =

shoulder; str = stretch; ip = in the plane of the respective ring.
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transition dipole peak

in x—z plane of each ring -

Twist (y) = 60 © (+10 °)

2
r2(y)=-37°r1

Tilt () = 26 ° (+ 10 ©)
y

Figure 9. Representation of the 4’-methyl-biphenyl-4-thiol
(2) molecule oriented in a coordinate system in which the
x-y plane represents the substrate surface. The molecule is
initially oriented with ring 1 (r1, attached to the thiol) in the
x-z plane and ring 2 (r2, attached to the methyl) is twisted
-37° into the x-y plane from ring 1. The final configuration,
as shown in this figure, is defined by a twist (W) of the entire
molecule about the z-axis and a tilt (®) about the y-axis in
the x-z plane. The best fit value of the angles determined
from IR measurements of this molecule assembled on a
GaAs(001) surface are indicated.

Although the 26° molecular tilt angle of the MBT
SAMs on GaAs(001) is markedly different from the low
values for the alkyl SAMs with n > 15, it agrees well with
the 30° molecular tilt angle from NEXAFS measure-
ments>* and is close to the tilt angles reported for SAMs
of similar molecules, terphenyldithiol and quaterphe-
nyldithiol, on GaAs.2° The 26° molecular tilt angle of the
MBT SAMs on Au is slightly larger than the 19° tilt angle
measured for MBT SAMs
from grazing incidence
X-ray diffraction (GIXRD)
experiments>® but is,
within error, similar to the
tilt angle derived for other
biphenyl thiolate SAMs ho-
- mologues measured by
- NEXAFS.* The implications
of the different molecular
tilts with regards to SAM
derivative  Structure on each surface
derivative  are deferred to the Discus-

- sion section.

- There is a general

- agreement in the peaks

* observed in the experi-
mental IRS spectra for the
MBT SAMs assembled on
GaAs(001) and Au surfaces
with respect to their simu-
lated IRS spectra (see Fig-

direction® direction?
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ure 8) and with respect to the isotropic spectra de-
rived from the bulk optical constants (see Table 3).
There are several inconsistencies, however. First, in both
the GaAs and Au SAMs a new peak is observed at
~1522 cm™ " that is not observed in the bulk spectra.
At this point, the exact identification of this mode is un-
known, but it may be a very weak mode that we ob-
serve in the normal mode analysis from the DFT calcu-
lations but is enhanced when the molecule assembles
and becomes constrained by other molecules on the
surface. Second, neither the 1108.5 nor the 1139.2cm™
mode is observed in the IRS spectra of the MBT SAMs
on Au surfaces, although they are observed as weak fea-
tures on GaAs(001) surfaces. This is particularly surpris-
ing since both modes have z-oriented transition dipole
moments, which, given the same molecular orientation
and the observation of all other z-oriented transition di-
pole moments on both GaAs(001) and Au, should also
be observed on both surfaces.

Finally, we note that the derivative shapes in the ob-
served at 1380.6 and 1390.1 cm ™' peaks in the GaAs
SAM spectra are not observed in the simulations. This
likely indicates that the exact dipole directions lie
slightly out of the z-direction and corrections would be
needed in the simulations to account for this deviation
from the assumed directions.

Permeability to 0, from XPS Measurement of GaAs Surface
Oxidation. XPS spectra of the Ga 3d and As 3d regions re-
veal spectra with similar attenuation intensities ob-
served from the C,, monolayers and similar oxidation
of the GaAs substrate (see Supporting Information). Ap-
proximately 3% of the As 3d signal was determined to

1
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10 11 12 13 14 15 16 17

Figure 10. First-order diffraction peaks of the MBT mono-
layers along the [100] and [110] directions of GaAs(001) as
a function of g,,. (A) Along the [100] direction, a weak mono-
layer reflection is shown at q,, = 1.41 A=". An additional
peak, of unknown origin was also observed at g,, = 1.29
A=1.7" (B) Along the [110] direction, a weak monolayer re-
flection is shown at q,, = 1.32 A=". The (11)) scattering rod
of the GaAs(001) substrate at Gy = 1.54A" is also observed
in this scan.
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be due to As,O,. This is approximately the same amount
(2%) of substrate oxidation observed after assembly of
the C,, alkanethiolate monolayers and also observed
from previous HRXPS measurements of MBT SAMs on
GaAs(001).>3 These data show that the MBT and C,,
SAMs exhibit similar permeabilities to O, and thus pre-
sumably have similar packing densities.

Translational Ordering by GIXRD. The single weak, broad dif-
fraction peak in Figure 10 occurs at g,, = 141 A~
along the [100] direction of the GaAs(001) substrate
and corresponds to a NN distance of 5.10 A. The associ-
ated peak width Ag,, = 0.23 A~ corresponds to a
small domain size of ~29 A. An additional peak, of un-
known origin was observed at g,, = 1.29 A" in this
scan and extended across all values of g,.”"

Along the [110] direction of the GaAs(001) sub-
strate, a larger lattice spacing of the monolayer was ob-
served. In Figure 10 a weak, broad, in-plane reflection
corresponding to the monolayers is observed at g, =
1.32 A~", corresponding to a lattice spacing of 5.54 A
along the [110] symmetry direction. From the fit of the
integrated intensity of this peak (see Figure 10) a peak
width Ag,, = 0.19 A~ was determined, corresponding
to a small domain size of ~31 A. A Bragg reflection
from the (11/) scattering rod of the GaAs(001) substrate
atq,, = 1.54 A™" is also observed.

The lattice spacings observed for the MBT SAMs on
GaAs(001) are significantly larger than those observed
for C,5 SAMs on GaAs(001). Along the [100] direction, a
spacing of 5.10 A was observed, close to the lattice
spacing (4.97-5.20 A) predicted for the ~25-30° molec-
ular tilt angle determined by NEXAFS®® and IRS model-
ing measurements. Furthermore, the intensities are
much weaker and the domain sizes much smaller than
those observed for the C,5 SAMs on GaAs(001). This in-
dicates little order is present within the MBT monolay-
ers, consistent with the susceptibility of the SAM to oxi-
dation. The 5.54 A lattice spacing observed along the
[110] symmetry direction of GaAs is nearly the same di-
mension as the NNN distance of the GaAs(001) sub-
strate (~5.65 A) and may be a result of the MBT mono-
layers binding to specific intrinsic substrate sites along
this direction.

These data show that the structure of the MBT
monolayers on GaAs(001) is much different than the
structure of the same SAMs on Au.>® On Au, two phases
were reported: a dense, upright, hexagonal phase and
a less dense striped phase.”® In the upright, hexagonal
phase, smaller tilt angles (~19°) and lattice spacings
(~5 A) were observed. These differences are counter-
intuitive based on the larger tilt angles and NN dis-
tances observed for alkanethiols on Au{111} surfaces
versus the smaller tilt angles and NN distances observed
for alkanethiols on GaAs. This indicates that intermo-
lecular interactions are particularly important for deter-
mining the final monolayer structure of SAMs on GaAs.
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DISCUSSION

The discussion is organized as follows: First we dis-
cuss the results for the alkanethiolate monolayers, start-
ing with those for the long chains with n > 15 and mov-
ing to the short chains (n = 12—15). Next we discuss
the MBT monolayer results and finally make some gen-
eral conclusions about the differences between the ali-
phatic and aromatic structures.

Alkanethiolate SAMs. Long Alkyl Chain SAMs: Chain Packing Forces
Drive Formation of Ordered, Incommensurate Structures. For the ho-
mologous series of alkanethiolate monolayers as-
sembled on GaAs(001), the combination of wetting,
XPS, IRS, and GIXRD measurements are all consistent
with a structural trend in which for chains longer than
~15 carbons (n > 15) the monolayers are highly orga-
nized with the chains conformationally ordered and ar-
ranged in a herringbone type of packing, similar to the
structures of well-formed assemblies on Au{111}.'%%°
This type of packing is reminiscent of the simple unit
subcell of a rhombohedral-like symmetry alkane
crystal®®? in which each subcell has two chains with
the C-C-C plane of one chain rotated ~90° around the
long axis relative to the orientation of the other chain
plane (the setting angle). Our previous NEXAFS data'?
establishes that the chains are near vertically oriented
with an average chain tilt angle of 14-15°, fully consis-
tent with a quantitative analysis of the present IRS data.
Finally, the GIXRD data for the C,g SAM show the pres-
ence of distinct translational ordering of the adsorbate.
Analysis of the Bragg reflection peaks observed at
slightly off ~30° and/or ~60° intervals leads to a
pseudo hexagonal unit cell exhibiting NN spacings of
4.70 and 5.02 A (see Figure 7), domain sizes of ~66-74
A, and packing densities of 21.2 A%/molecule.

A striking aspect of this structure is the strong mis-
match between the NN adsorbate spacings in the near
hexagonal symmetry adsorbate lattice and the 3.995
and 5.65 A NN and NNN spacings of As (or Ga) atoms
in the intrinsic square symmetry (001) substrate surface
plane. Given the previously established direct sub-
strate atom-S chemical bonding,'>#%4¢>1333% prima-
rily to As atoms, it is clear that the substrate surface at-
oms must shift positions during the assembly process in
order to accommodate the placement of the
As-SC,gHs5, moiety in an ordered arrangement while
maintaining a fixed As-S bond distance. The spacing
mismatch is illustrated schematically in Figure 7C. The
small domain correlation lengths (~70 A) can be under-
stood in terms of insufficiency of the chain packing
forces to completely drive substrate surface lattice re-
structuring to a fully reconstructed structure commen-
surate with the lowest energy chain packing structure.
Thus as the domains grow, the hexagonal molecular
packing structure starts to decay as the substrate lat-
tice spacings cannot fully accommodate. This would re-
sult in the tendency for a “tufted” chain structure to
start forming to maintain chain packing at the grow-
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ing domain edges and finally a break in domain growth
as the tufted structure can no longer bridge to an adja-
cent molecular domain.

In considering this type of interplay between the
chain packing forces and the compliance of the GaAs
surface lattice it is useful to examine the limiting case
given by the upright phase assemblies of alkyl chain
molecules on liquids where the structurally featureless
surface imparts high adsorbate mobility, provides no
energetically favored pinning sites and leads to domi-
nant chain packing driven assembly. Reported GIXRD
experiments of Langmuir films of alkyl chain molecules
adsorbed on liquid surfaces, including long fatty acids
or alcohols on water,”® fatty acids on liquid Hg,”>~*° and
alkanethiolates on liquid Hg,”® reveal common pack-
ing trends for these systems as the chains approach
their most dense phase. For the upright phases in the
lower density packing range, the molecules can be de-
scribed generally as face centered rectangular or non-
centered rectangular unit cells with tilted chains (~25-
30°). As the molecules are forced closer together under
surface compression, they shift to well ordered hexago-
nal unit cells with the chains oriented nearly perpen-
dicular (<10°) to the substrate. For all these systems (at
constant temperature) the phase transition to a hex-
agonal structure occurs when the molecules are packed
=20-21 A%/molecule,”®7%37% similar to the 21.2 A%/
molecule reciprocal areal density for the C,3 SAMs on
GaAs(001).

In greater detail, Langmuir phases can be rich in sub-
structure with observable differences in packing densi-
ties, tilt angles, correlation lengths, and translational or-
der as compression increases to approach the final
densest packed phase. These differences, described in
detail in a comprehensive review,”® reveal the delicate
balance between inter-molecular chain interactions and
substrate-head group interactions in the final mono-
layer structure. For example, for Langmuir films of long-
chain fatty acids absorbed on water surfaces, order is in-
duced by the interchain interactions (~2-4 KT per CH,)*°
which dominate over the hydrogen bonding (~15-21
kT)°” between the carboxylic head groups and the wa-
ter interface. As a result, long translational correlation
lengths (>1000 A) and NN spacings of ~4.84 A in the
dense hexagonal phase are observed.”® In contrast, Hg-
supported alkanethiolate Langmuir films, which have a
strong Hg-S liquid-head group interactions (~200
kJ/mol)°®°® reminiscent of the As-S binding energy
(~400 kJ/mol) for the C,5 SAMs on GaAs(001),°®°° have
very short translational correlation lengths (<90 A) in
the hexagonal phase but NN spacings (4.84 A) similar to
those of the carboxylic acid Langmuir films.”® The short
correlation lengths of the alkanethiolate-Hg films, simi-
lar in magnitude to those of the C,5 SAMs on GaAs(001)
(~66-74 A), have been attributed to a frustrated pack-
ing of the alkyl chains imparted by the influence of
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strong S-Hg-S bonds that form at the molecule-liquid
interface.”®

It is also useful to compare the GaAs(001) case to
other structures of monolayers formed on surfaces
that cannot provide an ordered template, such as octa-
decyl siloxane (ODS) on highly hydrated SiO,,%° Lang-
muir-Blodgett (LB) fatty acid films on the hydrated na-
tive oxide surfaces of Cu and Ag and LB fatty acid films
on Au."® Unlike the C,5 SAMs on GaAs(001), these
monolayer systems show a simple, undistorted hexago-
nal structure but do show very small correlation
lengths, ~45 and ~140 A, respectively, similar to the
C,s SAMs on GaAs(001). The ODS monolayers are re-
ported to exhibit a 4.84 A NN spacing and a ~20.3 A%/
molecule reciprocal areal density,®° slightly smaller than
the 4.9 A and 20.8 A%/molecule values observed for the
fatty acids, regardless of the noble metal substrate.'®*°"

Although the close correspondence between the
chain assembly structures on the limiting substrate-
decoupled lattice pinning cases of liquid surfaces and
the GaAs(001) substrate case could be taken to imply
that the GaAs surface atoms are quite mobile (“liquid-
like”), we also note the GIXRD data show a strong ten-
dency for the SAM domains to align along the substrate
[110] crystal directions. This observation is consistent
with a transitioning assembly mechanism in which the
initial adsorbate thiols chemisorb at [110] step edges in
preference to the lower energy (001) surface plane
and then subsequently seed domain growth across
the (001) plane such that the emerging strong intermo-
lecular packing forces dominate the overall SAM ener-
getics and force substrate terrace atom restructuring.'°?
This type of step edge nucleation mechanism has pre-
viously been proposed for LB films of fatty acids on
single crystal noble metal surfaces where uniform align-
ment of the monolayers with the metal surfaces was ob-
served during monolayer deposition.'®®

Short Alkyl Chain SAMs: Chain Packing Forces Are Insufficient To
Drive Formation of Ordered Structures. For chain lengths n <
15, the conformational ordering, translational ordering,
and packing of the alkane chains diminish, accompa-
nied by a decrease in surface organization and resis-
tance of the substrate to oxidation in air. These effects
can be understood in terms of the reduced chain pack-
ing energies caused by the lower number of van der
Waals interactions in the shorter chains. Following the
film growth mechanism postulated above, it would fol-
low that as the packing forces decrease with chain
length, the ability of the intermolecular interactions to
force restructuring of the GaAs substrate surface atoms
would gradually decrease. The result would be decay-
ing film order and decreasing coverages due to increas-
ing NN spacings as the adsorbates shift gradually to-
ward but never reach a limit of spacings and symmetry
dictated by the intrinsic square (001) lattice. For the
C,> SAMs, it may be that they are close to the limit of
a bonding to the intrinsic 5.655 A NN sites. This is a large
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lattice spacing at which significant disorder has been
predicted in alkanes by molecular dynamics simula-
tions'® and is consistent with the absence of observ-
able diffraction peaks. Thus, the final SAM structure ap-
pears to be a result of competition between specific
binding sites on the intrinsic GaAs(001) surface and the
drive to maximize the intermolecular interactions.

MBT SAMs: Marginal Aromatic Ring Interactions Do Not Drive Dense
Packing. As with the case of long-chain alkanethiolate ad-
sorbates, our GIXRD data show that the MBT SAMs on
GaAs(001) adopt a hexagonal type of packing structure.
In contrast though, the MBT SAMs exhibit lower cover-
ages of 23-26 A?/molecule and larger NN distances of
5.15-5.50 A, while the IRS data indicate a larger 26° mo-
lecular tilt angle. Given the similar S-substrate bond-
ing attachment in both cases, these differences can be
interpreted in terms of the differences in minimum en-
ergy packing structures arising from alkyl chain versus
phenyl ring m—m interactions. Various biphenyl adsor-
bate molecules have been studied extensively on noble
metal surfaces to elucidate the importance of intermo-
lecular interactions, and it has generally been found
that increasing the number of m—m interactions drives
the structures towards increasingly vertically oriented
SAMs.*® This suggests that the m— interactions in the
MBT on GaAs(001) case are not sufficient to drive the
structure to a near vertical orientation.

Comparisons between Aliphatic and Aromatic SAMs and the Issues
of Substrate Surface Atom Restructuring and Substrate Defects. The ef-
fects of intermolecular interactions driving the struc-
tures of the thiolate SAMs on GaAs(001) can be seen
clearly by looking at the limiting case of simple S-atom
adsorption. Exposure of GaAs(001) surfaces to (NH,),S,
solutions results in simple (2X1)-S or (1X1)-S adlayers,
commensurate with the underlying intrinsic GaAs(001)
surface,®®° a stark contrast to the incommensurate
alkanethiolate and MBT cases and definitive evidence
that S-(GaAs) bonding itself does not drive any sub-
strate surface reconstruction. An instructive compari-
son can be made with the cases of chemisorption of
long-chain alkanethiolates and small S-containing spe-
cies on Ag(111) surfaces wherein S, H,S, or CH;SH form
a commensurate (\/7X~/7), R10.9° superlattice with a
4.4 A NN spacing®®'°* while octadecanethiolate, with
minimum intermolecular packing distances larger than
the (\/7X+/7) NN spacings, forms an incommensurate,
hexagonal adlayer with an expanded 4.7 A NN
distance.’®?” Note that since the Ag(111) and Au(111)
surfaces have near identical lattice spacings (2.89 A), the
alkanethiolate/Ag(111) overlayer might be expected to
form a (\/3X1/3),R30° commensurate structure with
~30° tilted chains, similar to the Au(111) case. Forma-
tion of an incommensurate overlayer occurs, however,
to achieve a more closely spaced, less tilted phase.®

With this in mind, it is instructive to look more
broadly at related cases in which chemically bonded
overlayer structures form via a competition between in-
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termolecular interaction driven substrate reconstruc-
tion and pinning at frozen sites on the intrinsic sub-
strate lattice. At one extreme the final assembly
structure approaches the limit of a free liquid substrate
with no directed adsorbate bonding, whereas at the op-
posite extreme the assembly approaches the limit of a
fully commensurate superlattice on the intrinsic sub-
strate lattice. An example that shows the interplay of
substrate bonding, substrate atom mobility and inter-
molecular interactions is given by MBT SAMs on
GaAs(001), Au(111), and Hg surfaces.**'°> On Au(111),
the MBT molecules form a hexagonal unit cell with a re-
ciprocal areal density of 21.6 A%/molecule and NN dis-
tances of 4.99A.°° In contrast, the same molecules as-
sembled on Hg have nearly the same reciprocal areal
density as on Au surfaces (21.84 A>/molecule) but in-
stead form a rectangular unit cell structure with dimen-
sions of 5.56 X 7.84 A, very similar to the unit cell di-
mensions for the bulk biphenyl 3D structure.'®® We
infer from this comparison that for Au(111) the sub-
strate lattice remains essentially rigid with the thiolate
moieties pinned at fixed lattice sites such that intermo-
lecular interactions are only able to adjust secondary
molecular packing, whereas for Hg the mobile substrate
atoms allow the biphenyl intermolecular interactions
to dominate the ordering. The structure of the MBT SAMs
on GaAs(001) seems to be a hybrid of these cases for
which both a hexagonal unit cell and NN distances on
the order of the bulk MBT crystal are observed.
Substrate and adsorbate defects represent the in-
verse of the ordering character in a SAM and can be of
critical importance in determining the performance of a
SAM, e.g., chemical and electronic passivation of a sen-
sitive substrate. The effect of the chemisorbed mono-
layers on the chemical passivation (prevention of oxide
growth) has been discussed earlier. Of particular inter-
est here is the relevance to the longstanding interest in
using surface treatments for precise control of the sur-
face electronic properties (remove surface traps and un-
pin the Fermi level) of the GaAs(001) surface.'®®'%7 In
our previous study** we showed that formation of a
near limiting case of a highly organized C,4 thiolate
SAM does not effectively passivate the electronic char-
acter of the GaAs(001) surface, which implies that criti-
cal surface defects are not removed by the assembly
process. In light of the current results this observation
can be understood in terms of a frustrated restructur-
ing of the GaAs surface lattice, which results in short
correlation lengths of the ordered C,g SAM domains
with extensive substrate surface atom defect domain
boundary regions. This type of a mosaic structure pro-
vides a variety of possible surface trap sites that would
defeat surface passivation. In accordance, we note that
chemisorption of an inorganic S overlayer, which forms
a simple commensurate structure with no indication of
surface lattice restructuring, is considerably more effec-
tive in electrical passivation than an alkanethiolate SAM.**
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Finally, we note that although we have been suc-
cessful in forming SAMs with alkanethiols and MBT mol-
ecules on GaAs(001), attempts to form well-organized
SAMs on GaAs with various other thiols, e.g., aromatic
thiols with electron-withdrawing substituents such as
NO,, have not been successful. We point out a possible
explanation in terms of the variations of the strengths
of the substrate atom-S(molecule) bonds caused by
factors such as inductive and resonance effects. For ex-
ample, one would expect that as the (molecule)S-As (or
Ga) bond strength diminishes from substituent effects,
it would become increasingly difficult for molecular
packing forces to induce substrate restructuring, thus
forcing the system towards the frozen pinning lattice
limit with NN adsorbate spacings determined by the
first arrangement available beyond the steric repulsion
limit. In this case the secondary structure due to adjust-
ment of molecular tilts and twists may not provide a
sufficiently tight lattice to stabilize the adlayer against
dissolution into solvent and/or oxidation of the under-
lying substrate, factors that would adversely affect cov-
erages and organization.

CONCLUSIONS

We have demonstrated that long-chain alkanethiols
can chemisorb on GaAs(001) surfaces under simple so-
lution conditions to form a mosaic structure of =10 nm
domains oriented along the dominant step edge direc-
tions of the substrate surface and containing mol-
ecules packed in a fashion reminiscent of assemblies
of alkyl chain molecules on liquid surfaces. The organi-
zation and coverage of these monolayers degrade as
the chain lengths decrease below ~16 total carbons. In
comparison, the formation of a methyl biphenyl-
thiolate SAM shows evidence of ordering with larger
NN spacings and larger tilt angles than for the long-
chain alkanethiolate SAMs. In all cases the final struc-
tures can be understood in terms of a balance between
intermolecular packing forces, substrate-molecule
bond strengths, molecular and substrate lattice match-
ing, and substrate surface lattice forces. In the case of
the long alkyl chains the strong molecule-substrate
bonds and intermolecular interactions can force atoms
in the intrinsic square symmetry GaAs(001) surface to
adjust and restructure to form an incommensurate,
pseudo hexagonal adsorbate lattice over short dis-
tances. In contrast, for the shorter chains the inter-
molecular forces are insufficient to drive significant sub-
strate restructuring, which leads to a lower coverge, dis-
ordered structure. In the case of the MBT SAM the pack-
ing forces of the aromatic molecules are sufficient to
form a weakly ordered structure but the NN spacings
are greater than for the ordered long-chain alkane-
thiolate SAMs, an indication that the GaAs(001) surface
atoms adjust to some extent to allow a stable MBT
packing. Overall, this study reveals the subtle but
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critically important balance between intermolecular, in-
terfacial, and lattice forces that arises in molecular
chemisorption on GaAs surfaces and suggests that

EXPERIMENTAL METHODS

Materials. Ethanol (Pharmco, A.C.S./U.S.P. grade) was degassed
through multiple freeze-pump-thaw cycles and stored in a
closed container in a nitrogen gas purged glovebox between
uses. Water was purified to remove organic and ion impurities
(Milli-Q grade water; Millipore Products, Bedford, MA). Ammo-
nium hydroxide (JT Baker, CMOS grade, 30% NH,OH in water)
and hexadecane (Sigma-Aldrich, 99+ % anhydrous) were used as
received.

Two types of GaAs(001) = 0.5° substrates were used for
monolayer formation: undoped double side polished and single
side polished n"-type doped wafers (Si dopant, 0.8-4 X 108/
cm?, prime epi-ready grade, American Xtal Technologies, Fre-
mont, CA). Two-inch n*-type GaAs wafers were used for reflec-
tion IR; undoped wafer samples (~1 X 1 cm?) were used for all
other studies; both types of wafers were used as received. No dif-
ferences were observed between the SAM properties for doped
and undoped wafers.

Synthesis of Alkanethiols. Alkanethiols C H,, ,SH (n = 12,15,
16, and 18) were obtained from Aldrich Chemical Co. (Milwau-
kee, WI) and were used as received. Potassium thioacetate,
1-bromotridecane, 1-bromotetradecane, 1-bromoheptadecane,
and 1-bromononadecane, used to synthesize all other alkaneth-
iols (n = 13, 14, 17, and 19) were obtained from Fluka Chemical
Corp. (Milwaukee, WI). Nucleophilic substitution of alkyl bro-
mides with potassium thioacetate yielded the corresponding al-
kane thioacetates.'®'%® The alkane thioacetates were hydrolyzed
using 4 N NaOH to obtain the respective alkanethiols. The prod-
ucts were purified by column chromatography and were charac-
terized by NMR and GC/MS.

Synthesis of 4'-Methyl-biphenyl-4-thiol (2). The title compound
was obtained in two steps as described in Scheme 1. First, 4~
bromo-4-methyl-biphenyl 1 was synthesized by a Suzuki cou-
pling reaction between 1-bromo-4-iodobenzene and
4-tolylboronic acid."~""* The bromo derivative was then con-
verted to corresponding thiol 2 using n-BuLi, elemental sulfur,
and concentrated HCL.''*~""8

4'-Bromo-4-methyl-biphenyl (1). In an oven-dried flask under dry ni-
trogen atmosphere was suspended Pd(PPh,), (765 mg, 0.66
mmol, 3 mol%) in 100 mL of degassed toluene. 4-Tolylboronic
acid (3.0 g, 22.06 mmol), 1-bromo-4-iodobenzene (6.24g, 22.06
mmol), and sodium carbonate (2.34g, 22.06 mmol) in degassed
water were added to the above mixture in sequence. The brown
solution was refluxed for 6 h and allowed to stir overnight at
room temperature. The reaction flask was then cooled in an ice
bath to obtain a grey/white precipitate. The mixture was de-
canted into a separatory funnel and extracted with hexanes. The
organic phase was washed with 2 X 30 mL of brine and 2 X 30
mL of water. The solvent was dried over anhydrous sodium sul-
fate and purified by column chromatography using silica gel sta-
tionary phase and hexanes as the eluent to give 4.77 g of the
bromide 1 in 88 % yield. "H NMR (300 MHz, CD,Cl,) 8 (ppm): 2.38
(s, 3H), 7.26 (d, 2H), 7.55, (d, 2H), 7.46 (d, 4H). *C NMR (125MHz,
CDCl5) & (ppm): 121.5, 126. 9, 127.6, 128.66, 128.82, 131.82,
139.97, 140.12. GC/MS: m/z = 246.

4'-Methyl-biphenyl-4-thiol (2, MBT). In an oven-dried two-neck flask
was dissolved 4’-bromo-4-methyl-biphenyl (2, 3.58g, 14.49
mmol) in 35 mL of dry THF under positive nitrogen pressure,
and the mixture was cooled to —78 °C. Then 2.5 M n-BulLi (5.8
mL, 14.49 mmol) was added dropwise over 20 min. The mixture
was stirred at —78 °C for 1 h, warmed and held at —30 °C for 10
min, and again cooled back to —78 °C. A suspension of sulfur
(465 mg, 14.49 mmol) in 8 mL of dry THF was added dropwise us-
ing a 13 gauge needle. Upon addition of the sulfur, the reaction
was allowed to stir at —78 °C for 30 min, and 18% HCI (13 mL)
was added in drops. Upon HCl addition, the reaction was allowed
to warm slowly to room temperature overnight. The reaction
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such effects need to be thoroughly considered in or-
der to understand the properties of SAM systems on a
variety of different types of substrates.

mixture was extracted with 3 X 100 mL of ether and purified us-
ing silica gel column chromatography. A gradient elution begin-
ning with 100 % hexanes, 25:1, 15:1, 4:1 hexanes/ether was used
to give 2.12 g of the thiol 2 in 73 % yield. "H NMR (300 MHz,
CD,Cl,) 8 (ppm): 2.37 (s, 3H), 3.42 (s, TH), 7.24 (d, 2H), 7.33, (d,
2H), 7.46 (d, 4H). >C NMR (125 MHz, CD,CL,)) 8 (ppm): 138.27,
137.156, 137.055, 129.387, 129.432, 129.348, 127.261, 126.960,
20.632. GC/MS: m/z = 200.

Monolayer Assembly. All monolayers were assembled according
to the standard method described previously.'? Briefly, the na-
tive oxide of GaAs was removed by immersing the substrates in
concentrated NH,OH for 1-5 min. Immediately after immersion,
the sample was rinsed with anhydrous ethanol and dried with a
N, stream, and SWE measurements were taken within 3 min. The
substrates were then immediately immersed in degassed ethan-
olic solutions containing 3 mM C,g and ~10 mM NH,OH and
transferred into a nitrogen-purged glove box (O, < 5 ppm) for
incubation for at least 20 h. The samples were removed from so-
lution, dried with N,, and removed from the glovebox for imme-
diate characterization. Once complete analysis was finished for
a given sample, the sample was recycled for use by exposure to
UV-ozone to remove the monolayer and regrow an oxide layer.
The oxide was subsequently removed by etching with NH,OH.
Use of recycled substrates gave results identical to those with
fresh substrates. The surface morphologies and surface charac-
teristics of the native oxide and NH,OH etched substrates were
identical to those previously reported.'>**

Contact Angle Measurements. Sessile drop measurements were
made using a home-built apparatus with a CCD camera that cap-
tures drop images digitally. The contact angles were analyzed us-
ing ImageJ software (National Institute of Health, U.S.A.). A 20-p.L
drop was dispensed on the surface with a flat-tipped micrometer
syringe (GS-1200, Gilmont Instruments, Barrington, IL) for each
of the two probe liquids, Milli-Q water and hexadecane (HD). The
drop was then pulled at a rate of 50 wm/s across the surface us-
ing a piezo-electric micromanipulator to determine the advanc-
ing and receding angles. This method has been reported to re-
turn an angle somewhere between the max advancing angle
and the equilibrium contact angle."'® A minimum of three mea-
surements were made at different spots for each sample, and at
least 3 samples were tested for each probe liquid.

X-ray Photoelectron Spectroscopy (XPS). The XPS analyses were per-
formed on a monochromatic Al Ka source instrument (Kratos,
Axis Ultra; England) operating with a pass energy of 20 eV and
an energy step of 0.15 eV. These conditions resulted in a FWHM
of 0.71 eV for the Au 4f,, line at 84.0 eV with an average instru-
mental resolution of ~0.8 eV. For internal referencing of C 1s po-
sitions, we chose the bulk As 3d;,, peak. In all cases, collection
times were shorter than the onset of noticeable film degradation
determined by comparing survey spectra before and after data
collection. Data were collected at a take off angle of 90° from the
surface and analyzed using the CASA XPS Analysis program
(Neil Farley, Casa XPS). All spectra were referenced to the As
3ds,, peak at 40.95 eV.

Infrared Spectroscopy. The IR spectra were collected using a cus-
tom, in-house modified FTIR spectrometer (BioRad FTS-7000/
Digilab, Randolph, MA)®® with sample-detector optics mounted
on a goniometer and housed in an external N, or dry air (H,O-
and CO,-free) purge box. The —26 goniometer allowed con-
tinuous selection of angles of incidence from ~87° to ~20° with-
out reconfiguring the optical train. The signal was collected and
focused into a liquid N, cooled MCT broad band detector. Spec-
tra were obtained at 4 cm ' resolution in order to avoid interfer-
ence fringes that occur as a result of multiple back reflections
(fringing) within the crystal faces of the GaAs wafers. Scans were
collected at 20 KHz, and the interferograms were transformed us-
ing triangular apodization with zero filling for increased point
density where needed. The incident beam was p-polarized and
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[110], ¢ =0°

Figure 11. Schematic of the scattering geometry in recipro-
cal space: & = azimuth angle; k and k' = incident and exit
momentum transfer vectors, respectively; Q = scattering
vector; g,, and g, = in plane and out of plane components
of the scattering vector, respectively; and vy and v’ = inci-
dent and exit angles, respectively.

set at an 80° angle of incidence (AOI) from the surface normal.
Typically ~2000 scans were coadded to improve the signal to
noise. For all Au surfaces analyzed, a p-polarized incident beam
set at an 86° AOI from surface normal was used. Typically the
~800 scans were coadded. Spectral intensities are reported as
-log(l/l,), where I is the output power of the IR beam from the
samples and [, is the output power from a reference sample. The
most useful reference was a bare GaAs substrate used immedi-
ately after oxide removal to minimize contamination. More ex-
perimental details have been described previously and can be
found in ref 12.

DFT Calculations. Optimized geometries and vibrational fre-
quencies of the isolated MBT molecule were determined via Den-
sity Functional Theory. The calculations were done using Gauss-
ian 98"2° at the B3LYP/6-31G(d,p) level of theory on a custom-
built 10-pc Linux Cluster (Los Alamos Computers, Los Alamos,
NM). The initial starting orientation consisted of the molecule in
a near-planar configuration with the methyl-phenyl moiety ro-
tated by 5° along the C-C bond to avoid falling into a local
minima associated with the fully planar configuration.

Spectral Simulations. Simulations of the IRS spectra for the SAMs
on GaAs were modeled using a rigorous, full-scale implementa-
tion of the 4X 4 transfer matrix method developed by Yeh'?' and
developed by Parikh and Allara for organic thin film applica-
tions.®® Because GaAs is a semiconducting substrate, the poor
conductivity leads to very little screening of the surface compo-
nents of the electric field, and as a result both parallel and per-
pendicular components of vibrations of the molecules can be ex-
cited.®® This necessitates determination of all matrix elements
of the optical functions. Simulations of the IRS spectra for the
SAMs on Au were modeled using a 3X3 transfer matrix method,
since only perpendicular components of vibrations of the mol-
ecules are excited on metal surfaces.®®

For reflection measurements using IR-opaque doped GaAs
and Au substrates, the SAM structures were modeled as a two-
layer planar stack with an optically infinite isotropic substrate
and a uniaxially anisotropic SAM (oriented chains with no prefer-
ential direction in the surface plane). The GaAs and Au optical
function spectra were obtained by interpolating values found
from literature.'? The SAM optical tensor spectra for each se-
lected chain orientation (tilt) were constructed by scaling experi-
mentally obtained isotropic k spectra of the molecule by the di-
rectional cosines of the transition dipole moments of each mode.
Spectra were simulated for any chosen SAM thickness, chain
tilt, and AOI using codes developed by Parikh and Allara.®® The
calculations yielded reflectivities of the bare substrate (R,) and
SAM-covered substrates (R). The final absorbance spectra were
calculated as -log(R/R,). A wide variety of model structures were
used as inputs to the simulations and the best fit to experimen-
tal spectra provided a basis for characterizing the structure of
each SAM.

Grazing Incidence X-ray Diffraction (GIXRD). Initial attempts to probe
for ordering with various modes of AFM (including non-contact
(NC) mode under UHV conditions) indicated that clean images
are extremely difficult to obtain, even for samples with high or-
ganization shown by IRS and wetting. For STM the highest orga-
nized films (~2 nm thick) were essentially insulating. Accord-
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ingly, GIXRD measurements were carried out. Diffraction
patterns were obtained at the G-2 beamline at the Cornell High
Energy Synchrotron Source (CHESS) using a 100-mm position-
sensitive linear gas detector (Ordela, Inc., Oak Ridge, TN) with a
matching large Soller collimater (JJ X-ray, Denmark), which de-
tects exit angle spectra at specific in-plane scattering angles.'*
Each sample was mounted onto a six-circle k diffractometer
and enclosed in a He-purged cylindrical Mylar cell to protect the
monolayers from oxidation and to minimize localized X-ray dam-
age. An X-ray wavelength of 1.46 A was selected using a beryl-
lium single crystal, and the beam was collimated to T mm height
and 5 mm width, by two sets of slits. The in-plane azimuth direc-
tion was calibrated by aligning along the GaAs[220] direction.'*®
For the radial scans parallel to the surface, a resolution of A q,,, =
~0.02 A" was used. For azimuth scans, an angular resolution
of A = 1° was used. Each exit angle spectrum took ~60-200
s to collect, depending on the beam intensity. Under these con-
ditions we find that the monolayers are insensitive to X-ray expo-
sure, that is, the integrated X-ray scattering intensity and diffrac-
tion positions did not vary within the typical 48 h that each
sample was exposed to the X-ray beam. However, post analysis
of the samples revealed degradation in the monolayer wetting
properties and IRS intensities. All peak positions were deter-
mined by fitting the 2D integrated intensity to a Lorentzian line
shape.’?® To determine the translational order of the Cg, C;5,
and MBT monolayers on the GaAs(001), GIXRD measurements
were performed at a grazing angle of y = 0.24° with respect to
the surface plane. This angle is below the critical angle for total
external reflection from the GaAs substrate of 0.3° and in this
scattering geometry (see Figure 11), the incident wavevector k
is essentially in the plane of the surface. The exit wave vector k’
and thus the scattering vector Q have components parallel to
the surface and perpendicular to the surface. g,, characterizes
the packing of the alkyl chains, and the g, dependence of the
scattering provides information about the tilt of the chains”®

Single Wavelength Ellipsometry (SWE). The SWE measurements
were recorded using a Stokes ellipsometer (Gaertner Scientific
Corporation, Skokie, IL) set at a 70° angle of incidence and oper-
ating at 632.8 nm. The experimentally measured polarization
angles were used to determine film thickness using well-
established modeling methods.2”"'%” The ellipsometric param-
eters of the bare, freshly etched substrate were measured, and
the pseudo-optical constant was calculated. Film thicknesses
were calculated using two models. The first used a three isotro-
pic media (air/SAM/substrate) model in which the SAM complex
refractive index is described as a real scalar (no loss), i = n + ik
= 1.47, and the substrate is assigned the value measured for the
bare substrate just prior to immersion in the thiol solution. The
second model used four isotropic layers (air/SAM/interface/sub-
strate) in which substrate optical function values were taken
from the literature for an As-terminated GaAs surface’?® and
the interface was estimated as a variable-thickness (1-3 A) As-S
layer designed to closely mimic the actual thiolate-GaAs binding
interface.”® The thickness values resulting application of these
models to the ellipsometric data, however, consistently deviated
significantly from other independent measurements of thick-
ness (see Supporting Information). In particular, the use of the
three-medium model led to large sample to sample errors (+2
R), which we attribute to the fluctuations of the chemical charac-
ter of freshly stripped GaAs wafers. We conclude that the simple
three-medium model using a freshly cleaned reference is not
useful for accurate values. The use of the four-medium model
with inclusion of the proper SAM/GaAs interface layer should re-
sult in accurate thickness values, and spectroscopic ellipsome-
try experiments are currently under investigation in our lab to
provide reliable interface data.
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