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nraveling the structural details of

assemblies of organic molecules

adsorbed on surfaces is an essen-
tial element in understanding a wide range
of important surface and interface phenom-
ena, both in naturally occurring and syn-
thetic systems, and is critical for accelerat-
ing the design and development of new
types of functional surfaces and interfaces.
Examples range widely across wetting
behavior,' * molecular electronic devices,>®
protein and cellular adsorption,”® and
phase behavior of model biomembrane
systems.1°

A key issue in surface self-assembly (SSA)

revolves around the correlation between
the chemical and structural elements of the
initial adsorbent surface and isolated mol-
ecules and the final state which arises after
adsorption under some specified condition.
One can view SSA loosely as a quasi-2D sub-
set of the general hierarchical self-assembly
process'! in which molecules self-organize
across a plane containing a distribution of
pinning sites, with the restriction that in
many cases the adsorption process is highly
irreversible, leading to a final structure
dominated by kinetic paths with limited
self-ordering. In more detail, the final struc-
ture develops in processes guided by a bal-
ance between intermolecular packing
forces, substrate—molecule bonding ener-
getics, and molecular ensemble—substrate
lattice matching.'>
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ABSTRACT The structures of self-assembled monolayers formed by chemisorption of octadecanethiol onto
the surfaces of GaAs(001), (110), (111-A)-Ga, and (111-B)-As have been characterized in detail by a combination
of X-ray photoelectron, near-edge X-ray absorption fine structure, and infrared spectroscopies and grazing
incidence X-ray diffraction. In all cases, the molecular lattices are ordered with hexagonal symmetry, even for
the square and rectangular intrinsic substrate (001) and (110) lattices, and the adsorbate lattice spacings are all
incommensurate with their respective intrinsic substrate lattices. These results definitively show that the
monolayer organization is driven by intermolecular packing forces to assemble in a hexagonal motif, such as
would occur in the approach to a limit for an energetically featureless surface. The accompanying introduction of
strain into the soft substrate surface lattice via strong S substrate bonds forces the soft substrate lattice to
compliantly respond, introducing quasi-2D strain. A notably poorer organization for the (111-A)-Ga case compared
to the (111-B)-As and other faces indicates that that the Ga-terminated surface lattice is more resistant to
adsorbate packing-induced stress. Overall, the results show that surface molecular self-assembly must be
considered as a strongly cooperative process between the substrate surface and the adsorbate and that inorganic
substrate surfaces should not be considered as necessarily rigid when strong intermolecular adsorbate packing

forces are operative.

KEYWORDS: GaAs - self-assembly - self-assembled monolayers - grazing incidence
X-ray diffraction - chemisorption - semiconductor surfaces

In general, SSA final states fit within
three limiting cases that depend on the mo-
lecular mobility on the surface, which in
turn is controlled primarily by the depths
of the energy wells for adsorbate—pinning
site coupling. At one limit is the example of
alkyl chains grafted at Si(111)-H surfaces
via covalent Si—C bonds.''> In this case,
the molecules are strongly bonded to the
silicon surface in deep wells with energies
>>kgT, thus eliminating adsorbate transla-
tional mobility. The low mobility and large
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mismatch in molecular sizes and substrate lattice spac-
ings result in incomplete coverage, commensurate su-
perlattice molecular films with extremely short-range
order in which inherent defects will not anneal out.

At the other limit, molecules are decoupled from the
pinning lattice (template) and exhibit large surface mo-
bility, exemplified by cases such as Langmuir-type sur-
factant assembly at the air/water interface, physisorbed
sexiphenyl molecules on alkali halide surfaces,’® or wax
hydrocarbon monolayers absorbed on silicon wafers."”
One example of this for solid surfaces is n-alkylsiloxane
self-assembly on highly hydrated SiO, surfaces.’® % In
this case, the assembly approaches a limit in which self-
organization is driven by intermolecular packing forces,
resulting in translational and orientation order with
dense packing at a 20.3 A%/molecule reciprocal areal
density.?! An intermediate case between these limits is
represented by alkanethiolates on Au(111) surfaces??~2*
in which the S—Au bonds pin the molecules into a com-
mensurate overlayer superlattice.?>~2 Although the ini-
tial formation of these monolayers results in short trans-
lational order® due to surface mobility limitations,3°
long-range translational order can be achieved over
time3? or by thermal annealing.>® Of the many organic
monolayer systems reported, the structure and molecu-
lar organization of organo-thiolate self-assembled
monolayers (SAM) adsorbed on Au surfaces have been
the most widely studied, in part, because their interme-
diary characteristics of assembly enable facile forma-
tion of dense, highly conformal molecular films that can
be applied and utilized in many applications.

The use of organothiolate SAMs on Au, or other
metal, surfaces'? is technologically limiting, and as a re-
sult, self-assembling chemistries on semiconducting
surfaces have also been investigated, particularly on
the group IV'>34737 and IlI-V semiconductors, impor-
tant for electronic device applications.>*~>' The group
IV substrates, as mentioned above, involve high-energy
bonds which prevent long-range self-organization of
the grafted molecules,’™3*~37 but in the case of al-
kanethiolates adsorbed on GaAs(001) surfaces, it is
now recognized that translationally ordered SAMs can
be formed, as demonstrated by our recent report of
pseudohexagonal overlayers for n > 15 in C,Hy,+15-.2
These results showed that the inherent mismatch be-
tween the substrate spacing and symmetry of the
square lattice pinning sites and the ideal molecular lat-
tice spacing and hexagonal symmetry for crystalline
packing of vertically oriented chains was overcome by
distortion of the (001) surface lattice to accommodate a
preferred molecular packing incommensurate with the
intrinsic square lattice. It was observed, however, that in
spite of the surface lattice strain, there is a strong ten-
dency for the SAM domains to align along the intrinsic
substrate [110] crystal directions, indicating that the un-
derlying (001) substrate does impart some influence
on the direction of the final molecular unit cell.
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With these observations in mind, we wanted to un-
derstand how the substrate surface atom arrangements
on different GaAs crystal faces might be manifested in
structural differences of the corresponding SAMs and,
in particular, look for the interplay between the poten-
tially competing forces of molecular packing lattice
strain. It already has been shown for the case of al-
kanethiols on Au how different crystal termination faces
result in important differences in the structure of the
SAMs. For example, high-coverage SAMs formed on
{111} textured polycrystalline and single-crystal fcc(111)
surfaces are found to adopt ~26—30° chain tilts with a
n(\/3 X \/3)R30° lattice structure (n = 1,2)."%°37%7 In
comparison, SAMs formed on the fcc(100) square lat-
tice surface adopt a ~14° chain tilt and either an incom-
mensurate or ¢(2 X 2) lattice spacings.”>*® The ~14°
tilt is similar to alkanethiolate SAM conformation
formed on Ag, Pt, Pd, and Cu polycrystalline {111}
surfaces'>>°761 as well as alkanethiolates formed on
the GaAs(001) surfaces.®? On the Au(110) surface, the al-
kanethiolate molecules adopt a ~37° chain tilt with a
commensurate ¢(2 X 2) structure.5® Following this ap-
proach, we were interested in studying analogous
trends of the alkanethiolate molecules adsorbed on
the different low-index crystallographic faces of GaAs.

On the low-index crystallographic faces of GaAs,
(001), (110), (111-A, Ga-terminated), and (111-B, As-
terminated), structural differences in the monolayer or-
ganization are also expected not only because of differ-
ences in the lattice arrangements but also due to
differences in the surface chemistries.®* The unrecon-
structed (001) GaAs surface is a polar, square lattice, ter-
minated by either Ga or As atoms, each with two back
bonds and two unsaturated dangling bonds.®* The
drive to minimize the chemical instability imparted by
the dangling bonds results in the prevalence of many
(001) reconstructions, usually based on dimer row struc-
tures.5> The (001) surface is different from the (110) rect-
angular lattice surface both structurally and chemi-
cally. The (110) surface is the most chemically stable of
the low index surfaces due to its nonpolarity, which
arises from equal Ga and As atoms present at the sur-
face.®* These characteristics also make it the dominant
cleavage plane.5657

The other low-index surface planes, (111-A)-Ga and
(111-B)-As, are structurally different from either the
(001) or (110) surfaces. Both the (111-A) and (111-B) sur-
faces have a hexagonal polar surface terminated in Ga
or As, respectively. Unlike the polar (001) surface, how-
ever, each Ga or As atom has only one dangling bond.
Due to the fact that the Ga (As) atoms contribute 3e™
(5e7) of the 8 electrons in the GaAs tetrahedral sp?
bonds, when cleavage occurs, the Ga surface rehybrid-
izes to three filled sp? bonds, while the As atom will re-
tain its sp> hybridization, with one lone pair.®* As a re-
sult, the (111-A)-Ga surface is more stable than the
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(111-B)-As surface and serves as the stop etch plane
for the (111) orientation.®¢’

Of the four low-index GaAs surfaces, alkanethiolate
self- assembly has primarily been studied on the tech-
nologically relevant (001) surfaces.38>%68-72 |n compari-
son, there are only a few known studies of the struc-
ture of organothiolate monolayers formed on the other
low-index GaAs surfaces, and of these, only GaAs(110)
has been investigated.”>~7% In one study using lateral
force microscopy, octadecanethiolate (ODT) SAMs
formed on (110) surfaces were found to form periodic
rows 5.7 A apart, rotated 55° to the other. A ¢(2 X 2) lat-
tice structure with a chain tilt of 57.4° was proposed.”
On an analogous IlI—-V semiconductor surface, InP(110),
the “upright” phase of dodecanethiolate monolayers
formed by vapor dosing the surface was investigated
by X-ray absorption near-edge fine structure spectros-
copy (NEXAFS) and scanning tunneling microscopy
(STM) and found to have a chain tilt of 34°, with the mol-
ecules tilted toward the [001] crystallographic
direction.””~7° No studies of the structures of organothi-
olate monolayers on any lll—V semiconductor (111) sur-
face are currently available. One recent study investi-
gated organo-thiolate monolayer formation on Ge(111)
surfaces and found that they form less robust SAMs
compared to the same monolayers prepared on the
Ge(100) surface.®

Since the specific atom structure and surface chem-
istry of each of the (001), (110), (111-A)-Ga, and (111-
B)-As GaAs surfaces differ greatly from each other, our
aim was to investigate the influence of substrate chem-
istry and lattice structure on SAM organization on GaAs
surfaces. For an adsorbate, we chose octadecanethiol
(ODT) molecules, known to form densely packed mono-
layers on GaAs(001) surfaces.>? Using the same rigor-
ous assembly conditions previously used for the (001)
surface,®? SAMs were formed on the (110), (111-A)-Ga,
and (111-B)-As surfaces and then thoroughly character-
ized by a combination of liquid contact angle probe
measurements, NEXAFS spectroscopy, infrared reflec-
tion spectroscopy (IRS), high-resolution X-ray photo-
electron spectroscopy (HRXPS), and grazing incidence
X-ray diffraction (GIXRD). The results show that the
SAMs on (110) surfaces have similar structures to those
reported for (001) surfaces, including highly hydropho-
bic and oleophobic wettabilities, a nearly identical near
vertical molecular tilt and an incommensurate,
pseudohexagonal unit cell, aligned along the intrinsic
substrate [100] direction, in contrast to the [110] align-
ment for the SAM on the (001) surface. An important
finding for the (111) surfaces is that hexagonal packed,
highly organized SAMs form on the As-rich (111-B) sur-
face, whereas low coverage poorly organized monolay-
ers form on the Ga-terminated (111-A) surfaces, an indi-
cation that the Ga-terminated substrate surface is more
resistant to accommodation to the preferred adsorbate
ordering. Finally, SAM formation on epi-GaAs(001) sur-
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TABLE 1. Summary of the Advancing Contact Angle (6,)
and Associated Hysteresis (A0) Made with H,0 and
Hexadecane (HD) on ODT SAMs on GaAs Surfaces (all
angles are in degrees)

GaAs crystal face 02,0 Abyy, 0210 AByp
(001) M =£3 16 =4 43 +1 2+1
(110) 110 =2 n=*4 42 +3 2+2
(111-A)-Ga 107 = 4 206 43+3 5+4
(111-B)-As m=2 15*5 39+3 5+3

faces with no step edges reveals no preferential align-
ment of the SAM domains with the intrinsic GaAs lat-
tice, thus demonstrating that any correlations of the
molecular domain alignment and intrinsic substrate lat-
tice occur only through substrate step edges.

RESULTS

Wettability of ODT SAMs on GaAs(110), (111-A)-Ga, and (111-B)-
As. Sessile drop measurements of ODT SAMs on the
GaAs surfaces were made with H,O and hexadecane
(HD) probe liquids. The advancing contact angle mea-
surements (6,) and associated hysteresis values (A6) of
these drops are summarized in Table 1.

The contact angle measurements for the ODT SAMs
on GaAs(110) and (111-B)-As surfaces are, within error,
the same as the contact angle measurements made for
ODT SAMs on GaAs(001) surfaces.5? For ODT SAMs
formed on GaAs(111)-Ga surfaces, the 6, and A0 values
are much different from the ODT SAMs on either
GaAs(001), (110), and (111-A)-Ga surfaces. In fact, the
wettability of the ODT SAMs on GaAs(111)-Ga surfaces
by water is similar to that of dodecanethiolate
[CH3(CH,);S-, DDT] SAMs on GaAs(001) surfaces, which
have been shown to be more disordered and less
densely packed than the corresponding ODT SAMs.>
In comparison, it is noted that the hexadecane wettabil-
ity of ODT SAMs on GaAs(111-A)-Ga is nearly the same
as the ODT SAMs formed on GaAs(110), (001), and (111)-
As.

Surface Chemical Bonding and Monolayer Packing Density
from HRXPS. As 3d and Ga 3d Spectra. The As 3d and Ga 3d
HRXPS spectra (Figure 1) were taken at a photon en-
ergy of 130 eV for maximum surface sensitivity (the
electron mean free path is a minimum at 50—100 eV
KE),8%®1 but additional spectra also were obtained at
several other photon energies. In order to view the un-
derlying trends in detail, the spectra were decomposed
into individual components and fitted self-consistently
by a series of doublets with the fitting parameters cho-
sen using the full set of spectra from all of the different
photon energies. The results of the previous work on
the GaAs-based SAMs3862 were taken into account to
help verify the fitting parameters. The As 3d region was
fit with three doublets assigned to bulk GaAs (~41.1
eV), elementary arsenic (As®, ~41.8 eV), and As—S bond
(~42.35 eV), along with a broad peak at high BE re-
lated to As oxides (Figure 1, unshaded). The Ga 3d re-
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Figure 1. Ga 3d (130 eV) and As 3d (130 eV) HRXPS spectra
of ODT SAMs on the GaAs(001), (110), (111-A)-Ga, and (111-
B)-As faces. A decomposition of the spectral features by dou-
blets related to individual chemical species is shown. As 3d
spectra: GaAs (light gray), elementary As (gray), S—As
(black), As oxides (unshaded). Ga 3d spectra: GaAs (light
gray), a Ga oxide or the surface Ga 3d component (gray),
Ga oxides (unshaded).

gion was fit with two doublets assigned to bulk GaAs
(~19.2 eV), gallium oxide, or a surface Ga 3d compo-
nent (~19.5 eV), along with a broad peak at high BE re-
lated to further Ga oxides (Figure 1, unshaded). Note
that the above BEs correspond to either the As 3ds,, or
Ga 3ds/;, component.

The oxide-related features show that only minor
amounts of surface oxide exist on the SAMs on the
(100) and (110) faces, whereas more appears on the
(111) faces. Note that because of the ambiguity in the
assignment of the Ga 3d feature at ~19.5 eV, which can
represent both oxide and surface Ga° species, the ac-
tual oxide content can be better monitored on the ba-
sis of the As 3d spectra. Most of the native oxides on
bare GaAs(001) surfaces can be removed transiently by
wet chemical etching®® (see also Supporting Informa-
tion) but reappear upon standing in air, which is typi-
cal for a nonprotected GaAs surface.®? This same trend
was observed for the bare (110), (111-A)-Ga, and (111-
B)-As surfaces.®® Thus the ODT molecules retard oxida-
tion of the underlying GaAs substrate for all faces,
though judging from the group of spectra, the effect
appears to be greater for the square lattice (001) and
(110) surfaces compared to the hexagonal (111-A)-Ga
and (111-B)-As ones.

Of particular interest with respect to the
adsorbate—substrate bonding is the observation that
the As 3d doublet assigned to As—S bonding is consid-
erably weaker for ODT/(111-A)-Ga than for the (100),
(110), and (111-B)-As substrates. This difference also can
be seen directly in the overall spectral envelopes, em-
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Figure 2. O 1s (580 eV), C 1s (350 eV), and S 2p (350 eV)

HRXPS spectra of the ODT SAMs on GaAs(100), (110), (111-
A)-Ga, and (111-B)-As surfaces (top to bottom).

111B
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phasized by the different slopes of the high BE side of
the major two-peak feature. This infers that As—S bond-
ing dominates on the (100), (110), and (111-B)-As sub-
strates, whereas Ga—S bonding dominates on the (111-
A)-Ga face. With this in mind, one would expect the
appearance of a Ga—S doublet in the Ga 3d spectra
but the spectra are difficult to fit in this BE region be-
cause of the close proximity of the peak at 19.5 eV.3®

§ 2p Spectra. Examination of the S 2p spectra in Figure
2 shows that for all four faces a single doublet at 162.5
eV (S 2psy,) is observed, coinciding with the previously
reported value for ODT/GaAs(001) surfaces.®® The over-
all spectral shape of the S 2p spectra of ODT/GaAs(111-
A)-Ga is distinctly different, however, compared to the
other three surfaces. Consistent with the As 3d and Ga
3d spectra, we interpret these observations in terms of
dominant Ga—S bonding on the (111-A)-Ga substrate in
contrast to dominant As—S boding on the (111-B)-As,
(110), and (001) faces. In general, the S 2p features are
not sufficiently well-resolved to be able to quantitate
the fractional binding, so one can conclude that in all
cases both types of bonding may exist but one or the
other is dominant. Note, however, that there is a notice-
able difference in the effective width of the S 2ps/,1/2
components for the (111-A)-Ga SAM, for which these
components cannot be resolved, compared to the three
other surfaces, for which these components can be
clearly resolved (cf. Figure 2). This suggests a higher
structural inhomogeneity for the (111-A)-Ga SAM.

(1sand 0 Ts Spectra. On all four surfaces, the BE posi-
tions of the C 1s peaks are similar (Figure 2). Note, how-
ever, that the slightly weaker C 1s signal with a slightly
broader fwhm of ~0.86 eV for the (111-A)-Ga SAM com-
pared to the three other surfaces, which exhibit almost
identical fwhm values of ~0.77 eV, suggests a lower
packing density and higher structural inhomogeneity
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Figure 3. C K-edge NEXAFS spectra of ODT SAMs on the
four GaAs crystal surfaces acquired at an X-ray incidence
angle of 55°. The characteristic absorption resonances are
marked.

for the (111-A)-Ga SAM. This can be attributed to the
shift in dominant adsorbate —substrate bonding from
As—S to and Ga—S with the suggestion that the SAMs
do not form as well with Ga—S bonding. For all faces,
the O 1s signals are quite weak, consistent with the con-
clusions of only trace substrate oxidation from the Ga
3d and As 3d spectra.

Overall Conclusions from the HRXPS Spectra. The main points
from the HRXPS spectra are that the presence of the
ODT SAMs retards oxidation of the underlying GaAs
substrate for all faces but the (111) faces appear to be
more susceptible to slow oxidation. Most importantly,
the data show that the dominant surface bonding shifts
from As—S on the (100), (110), and (111-B)-As faces to
Ga—S on the (111-A)-Ga face and that the SAMs do not
organize as well on the latter surface as on the former
ones.

Molecular Orientation from NEXAFS Carbon K-Edge Spectra.
Conformational Order and Molecular Orientation. Following the
methods previously developed for utilizing NEXAFS for
determining the average orientational configuration of
the SAM molecules on GaAs substrates,®? spectra were
obtained at different X-ray beam angles and the data in-
terpreted in terms of a linear dichroism analysis. In
brief, the absorption resonance intensity is plotted
against the angle of incidence of the impinging X-ray
beam and the data analyzed in terms of the direction
of the electric field vector with respect to the transition
dipole moment (TDM) direction of the molecular or-
bital resonance of interest. Since at a 55° incidence
angle (~magic angle) the sample appears isotropic,
these spectra serve as a convenient reference for ab-
sorption resonance assignments.®* As seen in Figure 3,
the general carbon K-edge resonance features of all
four ODT SAMs are quite similar. The spectra exhibit
(1) a C 1s absorption edge related to C 1s — continuum
excitations; (2) 287.7 (R¥), ~293.4 and ~301.6 eV reso-
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Figure 4. Difference between the C K-edge spectra of ODT
SAMs on the four different GaAs surfaces acquired at X-ray
incidence angles of 90 and 20°. The dashed lines correspond
to zero. The characteristic absorption resonances are
marked.

nances characteristic of extended, all-trans alkyl chains.
The latter three resonances are attributed to mixed va-
lence/Rydberg states®* 8 with a dominance of Rydberg
states, %8 valence, antibonding C—C o* and valence,
antibonding C—C’ o* orbitals, respectively.t#*° The
sharp leading edge R* feature shows that the alkyl
chains have high conformational order.

The variable angle difference (90—20°) spectra (Fig-
ure 4) reveal significant linear dichroism, which is inter-
preted based on the previous assignments of the R*
and the C—C ¢* and C—C’ ¢* TDM orientations as per-
pendicular and parallel, respectively, to the long axis
of the alkyl chains.?*~°2 The main analysis focuses on
the intense R* resonance involving a plane-type orbital
with the characteristic intensity dependence given by:®*

Iy,0) = A{P x %[1 - }1(3 05?0 — 1)3 cos?y — 1)] +
_ 1 2
(1 = P)x 5(1 + cos y)} (1)

where A is a constant, P is a polarization factor of the
X-rays, and vy is the angle between the sample normal
and the normal of the molecular orbital plane. To avoid
normalization problems, the intensity ratios /(6)//(90°),
1(6)/1(55°), and 1(6)/1(20°) were analyzed,®* where /(6),
1(90°), 1(55°), and 1(20°) are the intensities of the R* reso-
nance at X-ray incidence angles of 90, 55, and 20°, re-
spectively. As an example, the /(6)//(90°) intensity ratios
for the ODT SAMs on the four different GaAs crystal
faces are presented in Figure 5, along with the respec-
tive best fits according to eq 1. Significantly, these de-
pendences are quite similar for the (100), (110), and
(111-B)-As faces but distinctly different for the (111-
A)-Ga surface. The values of the average tilt angles of
the alkyl chains derived from the angular data are com-
piled in Table 2.
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Figure 5. Angular dependencies of the R* resonance inten-
sity ratio /(0)//(90°) for the ODT SAMs on the (100), (110),
(111-A), and (111-B) GaAs crystal faces (red circles, blue
squares, yellow triangles, and green triangles, respectively),
along with the respective best fits according to eq 1 marked

by the solid lines.

In addition to the above standard evaluation proce-
dure, we processed the NEXAFS data using the differ-
ence spectra, which were calculated similar to the
90—20° spectra presented in Figure 4. According to pre-
vious work,2* upon subtracting two NEXAFS spectra re-
corded at different X-ray incidence angles 6 and 6;, one

obtains

1) = 1,0)) = ¢[1 = 3 sinaJ(cos? 0 — cos?0,)

()

1(0) = 1,(6,) = C,(1 — 3 cos’y)(cos” 6 — cos” 6),)

3)

for a vector (v) and a plane (p) and orbital, respec-
tively. /,,(6) and 1,5(6+) are the resonance intensities, o
is the angle between the sample normal and the TDM
of the vector orbital, y was described above, and C,, is
a normalization constant, which depends on the excita-
tion probability from the C 1s core level into a given
molecular orbital. Following eqgs 2 and 3, we plotted the
intensities of the difference peaks for the R* and o*
C—C resonances versus cos?> § — cos? 20° for ODT SAMs
on the four different GaAs surfaces in Figure 6, along
with the corresponding data set for HDT/Au. The slopes
of the lines, which are quite similar for the (100), (110),
and (111-B)-As faces but distinctly different for the (111-

TABLE 2. Molecular Tilt Angles of ODT Self-Assembled
Monolayers on the GaAs(100), GaAs(110), GaAs(111-A)-
Ga, and GaAs(111-B)-As Surfaces Derived from the C

K-Edge NEXAFS and IR Spectra“

tilt angles of ODT on GaAs Crystal Faces (degrees)

C1s resonance: (100) (110) (111-A)-Ga
R*, absolute intensity ~ 18.0 17.8 28.0
R¥, difference 16.4 17.5 263
a* (—(, difference 15.8 17.2 29.1
C s average value 16.7(*=0.8) 17.5(%0.2) 27.8(%*13)
IRS 15(+1.5) 18(£1.5) <30

(111-B)-As

19.0

179

16.4
17.7(=0.9)
20(=1.5)

“The NEXAFS tilt angles derived from three different methods and the average tilt

angle from these methods are reported.
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Figure 6. Plots of the intensities of the R* (top panel) and
o* C—C (bottom panel) difference peaks for ODT assembled
on the four (100), (110), (111-A), and (111-B) GaAs crystal
faces and HDT assembled on Au{111} versus cos? 0 — cos?
20° along with the respective linear fits using least-squares
analysis. The derived average alkyl chain tilt angles are sum-
marized in Table 2. The data for HDT assembled on Au{111}
are reported for comparison.

A)-Ga surface, give us Cp(1 — 3 cos? y) and G(1 — 3/,
sin? a) for the R* and o* C—C resonances, respectively.
Then, assuming the average tilt angle of the alkyl chains
in HDT/Au to be 30°, in accordance with our own re-
sults and literature data,®#*°~%2 we calculate C, and G,
and get the average tilt angle of the alkyl chains in ODT
SAMs on the four different GaAs surfaces. The respec-
tive data are included in Table 2.

Overall, the NEXAFS results of sharp R* resonances
provide qualitative evidence that the SAMs are in gen-
eral well-organized with extended alkyl chains in domi-
nant highly trans conformations. The angle-dependent
data of the resonances give chain tilt angle values
(Table 2) of ~17° for the (100), (110), and (111-B)-As
faces but comparably larger (~28°) for the ODT SAM
on the (111-A)-Ga substrate.

Chain Conformational Ordering and Orientation from IRS C—H
Stretching Mode Frequencies. Chain Conformational Ordering.
Changes in the C—H stretching mode peaks provide a
qualitative measure of the chain conformational order
of each SAM and have been analyzed previously for the
ODT SAM on GaAs(001).62 For ODT SAMS on the (110)
and (111-B)-As index GaAs surfaces, these modes ap-
pear at the same frequencies as the ODT SAMS on
GaAs(001), 2850 cm ™' [—CH,— sym str (d™)], 2878 cm ™!
[CH3 sym str (r*) split by Fermi resonance (FR) interac-
tion with the CHz asym def], 2917 cm™' [—CH,— anti-
sym str (d7)], and 2967 cm~" [CH; asym in-plane str
(ra7)] (see Figure 7). For ODT SAMS on the (111-A)-Ga
surface, both the d* and d mode peaks shift relatively
to higher frequencies (~2719—2720), but most notably,
the intensities are significantly decreased and the peaks
broadened, indicative of a decrease in the chain confor-
mational ordering. The spectrum is quite similar to that

www.acsnano.org



da,2850 |
I1x1 (0

(100)

"‘—"'WWMM/\-/.,\M_“ -
(110) /1

(111B)-As

(111A)-Ga

/L
T T 74

|
1200 1400

I L 1
2800 3000
Wavenumber, cm!

Figure 7. IRS spectrum of ODT molecules assembled on the
four low-index GaAs surfaces. Vertical lines are drawn as a
guide to the eye to show the shift in peak position (cm™).
Simulated IRS spectra using a two-chain per unit cell model
with chains in an all-trans configuration (dotted lines) are in-
cluded for comparison for the high-frequency C—H stretch-
ing region. Simulations were not performed for the (111-
A)-Ga SAM spectrum because the spectral features were
associated with significant alkyl chain disorder.

for the dodecanethiol on GaAs(001) SAM, which is ob-
served to have poor organization with no evidence of
translational ordering.>

In the low-frequency region of the p-polarized spec-
trum (Figure 7), the 1467 cm ™' peak is assigned to the
CH; scissor deformation mode (8 CH,). No obvious split-
ting is seen within the resolution and signal/noise of
our spectra. Splitting has been noted to occur in this
mode for close-packed polymethylene chains in a two-
chain/unit subcell in an orthorhombic packing crystal
structure.”®> While this type of structure arises in al-
kanethiolate/Au{111} SAMs,* well-defined splitting of
this mode has been observed only at low temperatures
(e.g., for the CyHysS/Au{111} SAM).%*

Chain Orientation. For all ODT SAMs formed on the four
low-index GaAs surfaces, the d* and d~ modes have
positive absorbance features similar to the features ob-
served for ODT SAMs on GaAs(001) (Figure 7). It has
been previously established for this SAM through analy-
sis of the IRS r,” mode intensities that the molecules
adopt a two-chain/unit cell structure. Accordingly,
simulations of the spectra of the ODT SAMs on the
(110) and (111-B)-As surfaces were carried out for an air/
SAM/GaAs sample with fully extended, oriented chains
in a two-chain/unit cell structure. The SAM layer thick-
ness was set at the NEXAFS derived values of
23.5(0.3), 23.2(+0.3), and 22.9(+0.3) A for the (001),
(110), and (111-B)-As surfaces, respectively, and a single
set of values of the refractive index dispersion with fre-
quency was used for GaAs. In the two-chain model, the
final spectra were calculated as 1/2(S1 + S2), where S1
and S2 are the two individual spectra.

The previously determined best fit for the ODT/
GaAs(001) system (shown in the figure for comparison)
corresponded to a chain tilt, ® = —15(%=1.5)°, and
twists, ¥ = 43°,133° (both =10°), consistent with a her-
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ringbone packing and 90° setting angle between the
C—C—C planes.*? For the ODT/(110) and (111-B)-As
SAMs, best fits were obtained with chain tilts ® = —18
and —20° (both =1.5°) and twists ¥ = 43°,133° and

¥ = 43°,133° (all =10°), respectively, in excellent agree-
ment with the NEXAFS data, showing the self-
consistency of the film thickness and chain orientation
values. The results for all of the best fit chain tilt angles
are summarized in Table 2.

For the ODT/GaAs(111-A)-Ga SAM, a singular best
fit with simulations assuming fully extended all-trans
chains could not be determined. A range of chain tilts,
@ = 25-30° and twists, ¥ = 40—45°, were found to
have similar fits to the data. Since tilt angles >30° re-
sult in negative intensities for the d* and d~ modes,5?
a limit of a 30° molecular tilt angle was imposed. The in-
ability to fit the ODT/GaAs (111-A)-Ga spectra to an
ideal all-trans two-chain model is consistent with the
considerable conformational disorder.

Translational Ordering from GIXRD. Summary of GIXRD of 0DT
SAMs on GaAs(001). Previously,>? GIXRD data for the ODT
SAMs on GaAs(001) surfaces were shown to have dis-
tinct translational ordering of the adsorbate. Analysis of
the Bragg reflections observed at slightly off ~30
and/or ~60° intervals led to the derivation of a
pseudohexagonal unit cell exhibiting NN spacings of
4.70 and 5.02 A, domain sizes of ~66—74 A, and pack-
ing densities of 21.2 A%/molecule. These results are used
for comparison for the ODT SAMs adsorbed on the
GaAs(110), (111-B)-As, and (111-A)-Ga surfaces.

GIXRD of the ODT SAMs on GaAs(110). Bragg reflection scans
on independently prepared ODT SAM samples on
GaAs(110) revealed Bragg reflection patterns with peak
intensities showed maxima at nominal 60° azimuthal
separations, an indication of preferential orientation of
the thiol domains along hexagonal symmetry. With the
azimuthal angle ¢ set to zero for the GaAs[100] refer-
ence direction (see Figure 8C), two of the reflections
were observed at 1° off the [100] direction (b = 1°)
and 58° off the [100] direction (b = 58°), correspond-
ing to g,, = 1.48 A" (Figure 8A) and g, =1.51 A™" (Fig-
ure 8B), seen in the radial maps, respectively. A third
peak was also observed at —63° off the [100] direction
(b = —63°) corresponding to gy, =1.51 A% The ob-
served radial fwhm (A) of 0.10 A~ for the three peaks
yields an average domain size of ~70 A.°® The existence
of two slightly different g,, values and the deviations
from exact 60° azimuthal peak separations (see Table
3) indicate a distorted or pseudohexagonal structure
and is similar to the same structural trend observed for
the ODT SAMs on GaAs(001) surfaces.

Azimuthal rotation of the sample around each Bragg
reflection peak setting showed an azimuthal width Ad
with a fwhm of ~25°. This value represents the orienta-
tional inhomogeneity of monolayer domains across
the surface. In the case of a perfect powder, no inde-
pendent azimuthal peaks would be observed; instead,
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Figure 8. X-ray diffraction through the first-order diffraction
peaks of the ODT monolayers GaAs(110) as a function of q,,.
(A) Radial map along the [001] direction; the monolayer re-
flection is observed at g,, = 1.48 A-". (B) Radial map along
the [1—10] direction; the monolayer reflection is observed at
Gy = 1.51 A~. (C) Azimuthal orientation (d) of the ODT
monolayer reflections with 8¢ ~ 60°. The position of the
[100] substrate directions is marked with a vertical line. The
monolayer reflections are observed 1, 58, and —63° off the
GaAs[001] direction (b = 0°).

the azimuthal scan would show a constant intensity
corresponding to a homogeneous in-plane powder
ring. This result shows that there is only a weak azi-
muthal alignment of the thiol domains on GaAs com-
pared to other SAM systems, for example, alkanethi-
olate domains on Au(111), but is consistent with the
degree of orientation observed for ODT SAMS on
GaAs(001) surfaces. However, this weak alignment of
the ODT SAM s along the [001] direction of the

GaAs(110) substrate is the same direction DDT SAMs
were observed to orient on InP(110) surfaces.””7°

Analysis of the radial peak position along specific
azimuths yields two different nearest neighbor (NN) dis-
tances, 4.83 A along the = 27° (90 + —63°) and the
b = 91° (90 + 1°) directions and 5.10 A along the ¢ =
148° (90 + 58°) direction. These NN distances and their
azimuthal separations (3¢, see Table 3) lead to a recip-
rocal areal density of ~21.3 A2/molecule, approximately
the same density as the reciprocal areal density re-
ported for ODT SAMS on GaAs(001) surfaces. The azi-
muthal texture of the monolayer in-plane powder ring
is similar to what has been observed for these SAMs by
LFM, but the inter-row spacings are smaller than the
5.7 A spacings observed previously.”*

Figure 9 depicts the proposed lattice structure su-
perimposed on an ideal unreconstructed, GaAs(110)
surface with the [001] direction indicated for reference.
The schematic incorporates the two-chain per unit cell
herringbone structure as predicted by the IRS spectra. A
representation of the pseudohexagonal unit subcell is
also shown. Note that none of the NN distances of the
SAM monolayer structure correspond within errors to
the NN (2.450, 3.995) or NNN (4.680 A) distances of the
intrinsic GaAs(110) rectangular lattice plane, and thus
the hexagonal monolayer is highly incommensurate
with the intrinsic substrate surface lattice, but there are
preferable lattice matches in one direction.'® Given the
preferential alignment of the adsorbate molecules
along the [100] direction, the Bragg reflections and
their azimuthal orientation were used to construct the
reciprocal space unit cell and the real space orientation
of the monolayer with respect to an ideally terminated
(110) GaAs surface and are shown in Figure 9. Although
the exact termination and reconstruction of the (110)
surface is not known, it can be inferred from these rep-
resentations that the incommensurate pseudohexago-
nal structure of the ODT SAMs results from the mono-
layers trying to accommodate specific binding sites on
the (110) surface.

TABLE 3. Summary of the Bragg Reflection Data for the ODT SAMs on GaAs(110), (111-B)-As, and (111-A)-Ga and epi-

GaAs(001)
azimuthal separation between
Bragg reflection fwhm Ag,, domain size azimuthal positions of specific Bragg reflections
GaAs surface position (A~") ()] (R Bragg reflections (degrees) (3¢b) (degrees)
(100)** 1.49 0.08 ~70 by = 64 S = 67
1.51 0.09 by = —51 Sy = 53
by’ = b = 60
(110) 1.48 0.12 ~70 bl =1 Sy = 57
1.51 0.11 ~70 bgP= 58 Sy = 59
bl =—63 Sbp = 64
(111-B)-As 1.48 0.1 ~70 b= -3 ddb = 60
(111-A)-Ga 1.48 0.16 ~70 ba=60 3d = 60

%Values are with respect to & = 0° for the [100] direction on the GaAs(110) surface. *Values are with respect to & = 0° for the [110] directions on the GaAs(111) surfaces

and were fit to a certainty of 0.1—0.7°, depending on each individual sample.
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Figure 9. (Left) Molecular unit cell embedded in a larger, ideal monolayer overlayer structure. The monolayer structure is
shown in real space with respect to an ideal intrinsic As-terminated (110) 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. (Right) Representation of a unit

subcell and the associated lattice parameters.

GIXRD of the ODT SAMs on GaAs(111-B)-As and GaAs(111-A)-Ga
Surfaces. Bragg reflection scans on independently pre-
pared ODT SAMs on GaAs(111-B)-As samples revealed
that Bragg reflection patterns with peak intensities
showed maxima at nominal 60° azimuthal separations,
an indication of preferential orientation of the thiol do-
mains along hexagonal symmetry. With the azimuthal
angle ¢ set to zero for the GaAs [110] reference direc-
tion (see Figure 10), two of the reflections were ob-
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Figure 10. X-ray diffraction through the first-order diffrac-
tion peaks of the ODT monolayers GaAs(111-B)-As as a func-
tion of q,,. (A) Radial map along the [110] direction; the
monolayer reflection is observed at q,, = 1.48 A-'. (B) Ra-
dial map along the [112] direction; the monolayer reflection
is observed at g,, = 1.48 A-1. (C) Azimuthal orientation (¢)
of the ODT monolayer reflections with 3¢ = 60°. The posi-
tion of the [120] substrate directions is marked with a verti-
cal line. The monolayer reflections are observed —3 and 57°
off the [110] direction (b = 0°), corresponding to 8 = 60°.
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served at 3° off the [110] direction (¢ = —3°) and 57°
off the [110] direction (¢ = —57°), corresponding to Gy
=1.48 A~ (Figure 10). The observed radial fwhm (A) of
0.11 A=" for the peaks yields an average domain size of
~70 A2 Unlike the rectangular GaAs(001) and (110)
surfaces, on the hexagonal (111-B)-As surface, only one
Gy value was observed. Furthermore, since the azi-
muthal peak separations are 60° apart, this indicates
that the SAMs organize in an undistorted hexagonal
structure.

Analysis of the 8¢ = 60° azimuthal dependence
yields one nearest neighbor (NN) distance, 4.90 A. This
NN distance and its azimuthal separations (8¢, see
Table 3) lead to a reciprocal areal density of ~20.8 A%
molecule, slightly less dense than the reciprocal areal
density reported for ODT SAMS on GaAs(001) and (110)
surfaces.

Figure 11 depicts the proposed lattice structure su-
perimposed on an ideal unreconstructed, As-
terminated GaAs(111) surface with the [110] direction
indicated for reference. The schematic incorporates the
two-chain per unit cell herringbone structure as pre-
dicted by the IRS spectra. A representation of the hex-
agonal unit subcell is also shown. Note that none of the
NN distances of the SAM monolayer structure corre-
spond within errors to the NN distance (3.995 A) of the
intrinsic GaAs(111) hexagonal lattice plane, and thus
the monolayer is highly incommensurate with the in-
trinsic substrate surface lattice. Note also, however, this
incommensurate structure does not lead to the obser-
vation of homogeneous powder rings in the azimuthal
scans. Rather, the distinct presence of azimuthal peaks
(width of ~10°) indicates a preferred order of the thi-
olate molecules on the surface. The Bragg reflections
and their azimuthal orientation were used to construct
the reciprocal space unit cell and the real space orienta-
tion of the monolayer with respect to an ideal As-
terminated (111) GaAs surface and are shown in Figure
11.

On the GaAs(111-A)-Ga surface, a similar superlat-
tice structure of the ODT SAMs on the GaAs(111-B)-As
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surface was observed. With the azimuthal angle ¢ set
to zero for the GaAs [110] reference direction (see Fig-
ure 12), reflections were observed at 60° off the [110] di-
rection (b = 60°). Like the GaAs(111-B)-As surface, only
diffraction spacing corresponding to g,, = 1.48 A-"was
observed from the ODT monolayers on this surface.
From the fit of the integrated intensity of the diffrac-
tion peak, a peak width Ag,, = 0.16 A~ was deter-
mined, corresponding to a domain size of ~70 A. Analy-
sis of the 8¢ = 60° azimuthal dependence yields one
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Figure 12. X-ray diffraction through the first-order diffrac-
tion peaks of the ODT monolayers of GaAs(111-A)-Ga as a
function of g,,. (A) Radial map along the [110] direction; the
monolayer reflection is observed at g,, = 1.48 A-1. (B) Radial
map along the [112] direction; the monolayer reflection is
observed at g,, = 1.48 A-1. (C) Azimuthal orientation (¢) of
the ODT monolayer reflections with 3¢ = 60°. The positions
of the [110] and [112] substrate directions are marked with
a vertical line. The monolayer reflections are observed 60°
off the [110] direction (b = 0°), corresponding to 8¢ = 60°.
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nearest neighbor (NN) distance, 4.90 A, with a recipro-
cal areal density of ~20.8 A%/molecule, similar to the
(111-B)-As surface.

Unlike the diffraction peaks of the ODT SAMs on
the (001), (110), and (111-B) surfaces, the diffraction
peaks on the (111-A)-Ga surface have faintly associ-
ated powder rings. This indicates that there is no azi-
muthal alignment of the thiol domains on the (111-
A)-Ga surface compared to other GaAs SAM systems.
Additional, in-plane, sharp (Aq,, ~ 0.01 A™") Bragg
peaks at g, = 1.39, 1.41, and 1.68 A~" on the ODT SAMs
were also observed on the radial maps of these samples
(see Figure 12), even after minimal X-ray beam expo-
sure. While these peaks are observed to grow after sig-
nificant (~12—24 h) X-ray beam exposure on other
well-formed ODT/GaAs systems (i.e., 100, 110, and 111-
B-As), the immediate appearance of these X-ray-
induced monolayer structures suggests a higher sus-
ceptibility of the Ga-S bonding to x-ray damage com-
pared to As-S bonding.

Role of Step Edges: ODT SAMs on epi-GaAs(001). In our previ-
ous report,>? we noted that on the basis of GIXRD data
ODT SAM formation on the surface of a GaAs(001)
single crystal shows a strong tendency for the SAM do-
mains to align along the substrate [110] crystal direc-
tions. This observation was concluded to be 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. In
order to test this conclusion, further experiments were
done with epi-GaAs(001) substrates which contain no
inherent step edges.

The results of liquid drop contact angle, quantita-
tive IRS, and XPS measurements for the epi-GaAs(001)
ODT SAMs show complete agreement with our earlier
results on the standard single-crystal (001) surfaces con-
taining step edges (data are given in the Supporting In-
formation). Since these characterizations would not be
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Figure 13. X-ray diffraction through the first-order dif-
fraction peaks of the ODT monolayers on epi-GaAs(001)
as a function of q,,. (A) Radial map along the [110] direc-
tion; the monolayer reflection is observed at g,, = 1.49
A-1. (B) Radial map along the [110] direction; the mono-
layer reflection is observed at g,, = 1.49 A~". In both
scans, a sharp 11/ rod is observed, indicative of a well-
ordered GaAs(001) surface. (C) Azimuthal orientation (&)
of the ODT monolayer reflections with 8¢ ~ 30°. The po-
sition of the [110] substrate directions is marked with a
vertical line. The monolayer reflections are observed —6,
—37, —56, and 31° off the [100] direction (b = 0°).
expected to reflect subtle effects of occasional step
edges on the surface, the agreement indicates that the
same overall molecular packing is obtained on both the
epitaxial and the standard crystal (001) surfaces.

GIXRD measurements, on the other hand, will be
sensitive to step edge effects on the lateral organiza-
tion of the ODT molecules. The surface corrugation on
a perfect GaAs(001) surface can give rise to preferential
orientations of the thiol hexagons.'® If the hexagons
are lined up with the equivalent [100] and [010] (or al-
ternatively [110] and [110]), there would be maxima
separated by 30°. With the azimuthal angle ¢ set to zero
for the GaAs[110] reference direction (see Figure 13C),
diffraction scans on independently prepared ODT SAM
samples on epi-GaAs(001) revealed reflections at
—56,—37, —6, and 31° off the [110] direction (¢ = 0°).
The corresponding g,, = 1.49 A~" (Figure 13) was seen
in the radial maps along the [110] and [1—10] direction
of the substrate. The observed radial fwhm (A) of 0.11
R~"for the diffraction peaks yields again an average do-
main size of ~70 A.°® In both scans, a sharp 11/ crystal
truncation rod (CTR) of the substrate is observed, indica-
tive of a well-ordered GaAs(001) surface. This diffrac-
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tion signal is significantly different from the ODT SAMs
on GaAs(001) surfaces,*? where two different diffraction
spacings were observed, but no CTR, indicating a much
higher roughness. Here, the diffraction spacing of g,,
=1.49 A~ corresponds to the diffraction spacings of
the ODT SAMs on GaAs(001) along the nonstep edge di-
rections.”? The much stronger appearance of the GaAs
truncation rods suggests that the epitaxial surfaces are
significantly smoother than the surfaces that resulted
after wet etching the native oxide.”®

Overall, these maxima differ by steps of ~30° and
are similar to the ~30° separation observed in pattern
Il of the ODT SAMs on GaAs(001) surfaces. In another
sample of ODT SAMs on epi-GaAs(001), separations of
~60° were also observed, consistent with the observa-
tion that on (001) surfaces the different azimuthal de-
pendence of the Bragg reflections in the two monolayer
structures could be due to the presence of two differ-
ent SAM domain alignments differing by 30°.

It should also be noted that, like the GaAs(111-A)-Ga-
terminated surfaces, the ODT molecules assembled on
the epitaxial GaAs(001) surfaces were far more suscep-
tible to beam damage. However, in the case of the epi-
taxial GaAs(001), as the SAMs were exposed to the
X-ray over time, there was a reduction in the intensity
of the diffraction pattern finally resulting in the com-
plete absence of diffraction peaks. This is in stark con-
trast to the other GaAs surface faces, where prolonged
exposure to the X-ray beam resulted in new, beam-
induced, highly crystalline phases.

DISCUSSION

Overview Summary of the Results. In our previous report
of alkanethiolate and arenethiolate SAMs on GaAs(001)
surfaces, we showed the intricate balance between the
molecule—substrate and intermolecular interactions in
determining the final SAM structure. In that study, the
balance was probed by changing the number (i.e., chain
length) and type (i.e., van der Waals, w—) of interac-
tions between the self-assembling molecules®? with the
finding that for alkanethiolates a high degree of self-
organization did not set in until ~16 C atom or greater
chains. In the present study, variations in the GaAs crys-
tal termination have been made while keeping the in-
termolecular interactions constant by focusing solely on
the ODT adsorbate molecule with an 18 carbon alkyl
chain. In this way, we could explore correlations of
structure with the substrate intrinsic lattice symmetry
and spacings.

A comprehensive summary of the molecular struc-
tures observed on the different GaAs termination faces,
along with the intrinsic substrate lattice characteristics
for reference in the discussion, is given in Table 4. There
are four important points to notice.

First, the molecular lattices all exhibit a general hex-
agonal type of symmetry, regardless of the underlying
intrinsic substrate lattice symmetry. Second, the nearest
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TABLE 4. Summary of Structural Parameters for the Different SAM and Intrinsic GaAs Crystal Surfaces in This Study®

GaAs(001) GaAs(110) GaAs(111)-As GaAs(111)-Ga

unit mesh (GIXRD) aFb a*b a=b a="b

a=4704 a=4834 a=4904 a=4904

b="5024 b=5104

aF B aF B a=p a=p

a=115° o =159° a = 60° a = 60°

B =65° B=121°
packing geometry (GIXRD) pseudohexagonal pseudohexagonal hexagonal hexagonal?’
intrinsic substrate lattice spacings, A 3.995 2.450, 3.995 3.995 3.995

SAM relation to substrate (GIXRD)

incommensurate; aligned
along [110]°

incommensurate; aligned
along [100]°

incommensurate; aligned
along [110] or between [110]

incommensurate; along
[110] or between [110]

and [211] and [211]
average SAM domain size (GIXRD), A ~170 ~70 ~70 ~60
SAM area (GIXRD) per molecule, A2 ~21.2 ~213 20.8 20.8
intrinsic area per substrate atom, A2 15.96 9.787 3.460 3.460
molecular tilt angle (NEXAFS, IRS), deg” 17 18 18 ~28
2-Chain model molecular twists (IRS), deg® 43,133 43,133 43,133 no fit obtained

“The intrinsic substrate lattice spacings and area per atom refer to a bare, GaAs surface with the intrinsic bulk structure. *Average error of ~ =1, ‘Indicates substrate step

edge direction. “GIXRD shows a very weak monolayer signal, indicative of a poorly ordered monolayer. Average error of 10°.

neighbor adsorbate spacings are remarkably similar for
all of the surfaces. Third, the specific values in each case
are incommensurate with the intrinsic substrate lattice
spacings, even in the cases of the hexagonal (111) sub-
strates. In agreement with the conclusions in our previ-
ous report on the GaAs(001) SAM, these results show
that the molecular organization is driven primarily by
the intermolecular forces between the molecules to as-
semble in a hexagonal motif, such as would occur in
the limit of a featureless surface, such as a liquid, but
with shorter range order than can be sustained on a
liquid.

In discussing the interplay of forces in driving the
surface adsorbate organization, it is helpful to consider
limiting cases of surface assembly, as shown in Figure
14. On a liquid surface (Figure 14, case lll), the barrier for
lateral translation of adsorbates is on the order of kT or
lower, which effectively allows the intermolecular pack-
ing forces to drive the assembly to long-range order
with spacings dictated by the lowest potential energy
packing. Though the GaAs cases, with constant hexago-
nal molecular packing regardless of lattice symmetry,
are reminiscent of the liquid substrate limit, it is clear
that the strong substrate—molecule binding puts
alkanethiolate—GaAs surface assembling more toward
the limit of strong substrate bonding, such as case |
(Figure 14), in which the molecules are pinned at spe-
cific substrate lattice points in deep wells with no lat-
eral mobility to anneal, for example, the case of adsor-
bates bonded to Si(111) via covalent C—Si bonds.'*'®
Note for the intermediate case Il (e.g., alkanethiolates on
Au(111)) the adsorbates are pinned at specific surface
lattice sites with favorable spacings to allow commen-
surate template-coupled superlattices but with lateral
mobilities sufficiently high to allow annealing for long-
range adsorbate ordering.?* We conclude from our re-
sults that the major difference from these cases is that
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the interatomic forces between the Ga and As atoms
in the substrate are insufficient to serve as a rigid tem-
plate for the SAM organization, and the substrate sur-
face lattice undergoes some degree of compliant strain
during the monolayer formation to assemble similarly
to what would occur on a liquid substrate but with
much shorter range order, as shown by comparing
cases I-A and Ill in Figure 14. The differences in SAM cov-

Figure 14. Schematics of three limiting cases of molecular
surface self-assembly. The schematics show alkyl chain mol-
ecules pinned at substrates with varying limits of
adsorbate—surface barriers for lateral translation from site
to site (hopping barriers), where the hopping barriers are in-
dicated by dashed red curves. From left to right, the hop-
ping barriers decrease from large with deep wells to ~O0. (1)
Limiting case of large hopping barriers with no lateral mobil-
ity, leaving adsorbates pinned at specific lattice sites. This

is the case of kinetic control of organization where the
monolayer cannot anneal and any order is due to coinciden-
tal fitting of molecular sizes with lattice pinning site spac-
ings. (Il) Intermediate case in which the molecules are
pinned at surface lattice sites but hopping barriers are on
the order of kT or slightly larger, allowing annealing of the
monolayer to a template-imposed superlattice. (lll) Case of
a featureless liquid substrate with complete lateral mobility
and complete decoupling of the monolayer organization
from the substrate structure. (llI-A) Case of ODT on GaAs in
which the adsorbates are pinned to substrate lattice atoms
by strong covalent bonds but the substrate surface lattice is
able to undergo strain to allow molecular packing to achieve
the types of structures on a liquid substrate but with much
shorter range order due to the limited ability of the GaAs
substrate to compliantly strain over distances of the molec-
ular correlation lengths (~6—7 nm). The picture shows a red
region in the substrate surface layer in which compliant
strain is occurring, but the strain decays at the edges to de-
grade further adsorbate ordering in that region.
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erage and/or organization between the Ga- and As-
terminated (111) surfaces would seem to indicate an in-
herent difference in the ability of molecular packing
forces to strain the two lattices.

Finally, the average areas per molecule are signifi-
cantly less than the intrinsic areas per substrate atom,
an indication that a significant fraction of the substrate
atoms remains unbonded to molecules in the final
structures. It is likely that the atoms are instead pre-
dominantly terminated by the H atoms from the ad-
sorbed thiol, but this issue remains in question.

Comparison of SAM Structures on Monolithic and epi-GaAs(001)
Faces. The ODT SAM structure on a monolithic GaAs(001)
surface containing dominant [110] steps was investi-
gated previously in detail.>? In the present study, an epi-
taxially grown, step-free surface has been used. Both
surfaces essentially give identical SAM structures with
the main exception that on the epitaxial surface the
ODT domains exhibit no preference for alignment along
any of the intrinsic substrate lattice directions, in con-
trast to the monolithic case with preferential alignment
along the [110] steps. These data support our previous
conclusion that the SAM domains preferentially nucle-
ate at step edges and grow outward along the (111) ter-
races. In turn, this conclusion implies that the chemi-
sorption occurs faster at the step edges, presumably
because of more favorable energetics for the S—H bond
dissociation.

Comparison of SAM Structures on the (001) and (110) GaAs
Surfaces. The GaAs(001) and (110) substrates, which ex-
hibit square and rectangular intrinsic lattice symmetry,
respectively, both form pseudohexagonal ODT SAM
structures, in accordance with the domination of inter-
molecular packing forces over interatomic surface lat-
tice forces of the substrate and the formation of strong
As—S surface bonding. Some insight into the overlayer
structure can be gained by considering the structure of
the ideal unreconstructed substrate which consists of
parallel zigzag rows of alternating Ga and As atoms
along the [110] direction with NN distances of 2.46 A.
This distance is far too small to accommodate rows of
alkanethiolate molecules (~4.5 A diameter), while
along the [100] direction, with a 5.65 A NN spacing,
the distance is much too large to be assigned to any
of the lattice spacings observed for the ODT SAMs
(Table 4). A third NN distance of 4.68 A exists 25° off
the [100] direction and is approximately the spacing
predicted from a 15° molecular tilt. This is quite close
to the same direction (& = 27° versus ® = 25°) of the
smallest NN spacing observed for the ODT SAM on
GaAs(110). Furthermore, along the [100] direction, ev-
ery two lattice spacings of the ODT SAM (d = 8.55 A) co-
incide with ~1.5 X the unit cell dimension (d = 8.40
R) in this direction. As a result, rows of ODT molecules
can nearly align with the zigzag rows that run perpen-
dicular to the [100] direction. Thus, the pseudohexago-
nal superlattice of the ODT SAMs seems to originate
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from the molecules trying to simultaneously accommo-
date specific binding sites along multiple directions
with multiple NN neighbor distances. Due to this com-
plexity, it is not surprising that the incommensurate
SAMs have small correlation lengths (~60 A).

The preference for adsorbates to align along the zig-
zag rows is not without precedence. Dodecanethiolate
monolayers on InP(110) have been reported to align
along the these rows, with their chains tilted toward the
[001] direction.”””® Scanning probe studies of single-
walled carbon nanotubes adsorbed on GaAs(110) and
InAs(110) surfaces also have similar alignment.””

Finally, the GIXRD measurements show that the ODT
domains on the (110) surface preferentially align along
the [200] direction of the rectangular intrinsic unit cell,
which coincides with the dominant step edge direction.
As with the previous case of the (001) monolithic sub-
strate surface in which the monolayer domains align
along the dominant step edge [110] direction of the
substrate,>? it appears that the domain growth in the
(110) case is preferentially nucleated at step edges.

Comparison of Chemisorption on the (111-A)-Ga versus (111-
B)-As Surfaces. All of the data for the ODT SAM on
GaAs(111-B), As-rich surface support a hexagonally or-
dered structure with conformationally ordered chains at
a near vertical orientation, though the SAM lattice spac-
ing does not conform to any commensurate superlat-
tice for the instrinic (111-B) lattice. Since the XPS data
and general SAM stability are consistent with the forma-
tion of S—As bonding, it appears that the strong molec-
ular packing forces between the chemisorbed alkaneth-
iolate chains, coupled to the substrate lattice via the
chemisorptions bonds, drive the SAM structure to a fi-
nal preferred hexagonal symmetry at the cost of impos-
ing lateral distortion of the intrinsic substrate lattice
spacing. The short SAM domain correlation length of
~70 A is consistent with this adsorbate-induced sub-
strate surface strain. The tendency for the hexagonal
SAM domains to incorporate orientational alignment
with the intrinsic hexagonal substrate unit cell, as
shown by alignment with the [170] direction, appears
to be due to growth from step edges on the substrate.

In contrast, while the GIXRD data also support for-
mation of a incommensurate hexagonal symmetry
SAM on the (111-A), Ga-rich surface, the alignment
with the substrate intrinsic unit cell directions is lost
and the diffraction spots are considerably weaker than
for the (111-B) case. Further, the IRS, XPS, and NEXAFS
results indicate that the chain conformational order and
coverage are lower than typical well-organized SAMs,
although the surfaces remain quite hydrophobic and
oleophobic from contact angle measurements. These
data combined suggest that only a few ordered do-
mains may be scattered across the surface while the
major component of the SAM consists of large, inter-
spersed regions with lower coverages and considerable
disorder. This would support the observation of diffi-
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culty in fitting the IRS spectra with even a single all-
trans chain model.

The differences between the SAM structures on the
Ga- and As-terminated (111) surfaces indicate an inher-
ent difference in the ability of molecular packing forces
to strain the two lattices. In both cases, S substrate
bonds are formed, providing strong coupling of the ad-
sorbates to the substrate lattice. In fact, previous evi-
dence shows that the Ga—S bond is actually stronger
than the As—S bond for GaAs surface bonding.”® The
noticeably poorer organization for the (111-A)-Ga case
compared to the (111-B)-As and other faces indicates
intrinsic differences in the abilities of the Ga and the As
surface lattices to respond to the applied stresses of
the chain organization forces, most likely with the Ga
surface layer more resistant to restructuring, consistent
with the generally higher stability of Ga versus As termi-
nation for GaAs.%%%” In the limit of a completely rigid in-
trinsic Ga surface lattice with 3.995 A NN spacings,
given the ~4.5 A diameters of the extended ODT
chains, the closest packed ODT superlattice would be a
(\/3 X \/3)R30° structure with chain tilts of ~50° and
6.92 A NN adsorbate distances. An approach to this
structure would account for the larger chain tilt angles
for the Ga case, but we note that the apparent hetero-
geneity of the SAM structure (see above) indicates that
the lattice strain is not uniform across the surface, re-
sulting in both the formation of both ordered and dis-
ordered SAM domains.

CONCLUSIONS

In this study, octadecanethiol has been used as a
constant adsorbate molecule for self-assembly on dif-
ferent crystal faces of GaAs, ranging from (001) and
(110) with intrinsic square and rectangular symmetries,
respectively, to the Ga-terminated (111-A) and As-
terminated (111-B) intrinsic hexagonal symmetry faces.
The main finding is that the molecular lattices all exhibit
a hexagonal type of symmetry, regardless of the under-
lying intrinsic substrate lattice symmetry, while the spe-
cific adsorbate spacings, even for the hexagonal cases,
do not match the underlying intrinsic substrate lattice
spaces. In agreement with our previous conclusion on
the GaAs(001) SAM, these results definitively show that
the molecular organization is driven primarily by the in-

EXPERIMENTAL METHODS

Materials. Octadecanethiol (ODT), CH3[CH,];,SH, was obtained
from Aldrich Chemical Co. (Milwaukee, WI) and used as received.
Four types of GaAs substrates were used for monolayer forma-
tion: single side polished n*-type doped (100), (110), (111-A)-Ga,
and (111-B)-As wafers, (2 in., Si dopant, 0.8—4 X 10'%/cc, prime
epi-ready grade, American Xtal Technologies, Fremont, CA). Full
2 in. wafers were used for infrared spectroscopy, single wave-
length ellipsometry, contact angle, and grazing incidence mea-
surements; for all other characterizations, the wafers were
cleaved into ~1 X 1 cm? shards.
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termolecular forces between the C18 alkyl chains to
force the assembly toward a close-packed hexagonal
structure, such as would occur in the limit on a perfectly
featureless surface, such as a liquid. The strong cou-
pling of the molecular chains to the substrate atoms
via chemical bonding propagates stress into the sub-
strate surface lattice. In each substrate case, the inter-
atomic forces between the Ga and As atoms are insuffi-
cient to serve as a rigid template for the SAM
organization, and the substrate surface lattice under-
goes strain with each type of substrate lattice reaching
a limit of strain that approaches but does not achieve
the ideal SAM hexagonal structure. The noticeably
poorer organization for the (111-A)-Ga case compared
to the (111-B)-As and other faces indicates there are dif-
ferences in the ability of the two surfaces to respond
to the stresses with the Ga-terminated surface appar-
ently more resistant to strain, resulting in a heteroge-
neous adsorbate structure, perhaps dependent on de-
fects. Experiments with epi-GaAs(001) substrates show
that the SAM domains exhibit no preferential alignment
to the intrinsic substrate lattice directions, thus support-
ing the conclusion that dominant steps on a given sur-
face trigger SAM nucleation, presumably due to lower
activation barriers for dissociative chemisorption at step
edges. Overall, the results of this study demonstrate
the strong driving forces that intermolecular packing in-
teractions can exert in determining the final self-
organized assembly structures for cases of soft sub-
strates such as heterocompound semiconductors. In
this sense, one should consider both the surface and
adsorbates as forming a new quasi-2D chemical prod-
uct, which has a unique structure that neither of the re-
actants could achieve as isolated species, reminiscent
of the well-known strong surface lattice reconstruction
effects that can occur upon chemisorption of reactive
atoms on transition metal surfaces.”® In the present
case, it is the strong intermolecular interactions from
the large number of molecule—molecule contact points
along the chains that drive the reconstruction forces.
Exploration of such effects in other types of heterocom-
pound semiconductors over a wide range of materials
of technological interest is underway in our
laboratories.

Epitaxial GaAs surfaces were grown via surface quantum
well (QW) structures fabricated at high temperature (580 °C) us-
ing molecular beam epitaxy (MBE) on (001) semi-insulating, epi-
ready GaAs substrates, under As overpressure. First, a 1770 nm
thick GaAs buffer was grown after the desorption of the oxide
layer on the substrate. Next, a 100 nm Al,Ga;_,As (x ~ 0.4) was
grown to form the energy barrier on one side of the QW. Finally,
a 10 nm GaAs QW was deposited on top of Al,Ga;—,As.

Ethanol (Pharmco, ACS/USP grade) was degassed through
multiple freeze—pump—thaw cycles and stored in a closed con-
tainer in a nitrogen gas purged glovebox between uses. Water
was purified to remove organic and ion impurities (Milli-Q grade
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water; Millipore Products, Bedford, MA). Ammonium hydroxide
(JT Baker, CMOS grade, 30% NH,OH in water) and hexadecane
(Sigma-Aldrich, 99 % anhydrous) were used as received.

Monolayer Assembly. All monolayers were assembled according
to the standard method described previously.5? Briefly, the na-
tive oxide of GaAs was removed by immersing the substrates in
concentrated NH,OH from 1—5 min. Immediately after immer-
sion, the sample was rinsed with anhydrous ethanol, dried with
a N, stream, immediately immersed in degassed ethanolic solu-
tions containing 3 mM ODT and ~10 m M NH4OH, and rapidly
transferred within 1 min into a nitrogen purged glovebox (O, <
5 ppm) for incubation for at least 20 h. After incubation, the
samples were removed from solution, dried with N, and re-
moved from the glovebox for immediate characterization or
packaged under Ar in the dark for later analysis. Extended stor-
age for several weeks under these conditions did not affect the
analysis results. 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 of NH,OH.
Use of recycled substrates gave identical results 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.385262

Contact Angle Measurements. Sessile drop measurements were
made using a home-built apparatus with a CCD camera which
captures drop images digitally. The contact angles were analyzed
using ImageJ software (National Institutes of Health, USA). A 20
wL drop was dispensed on the surface with a flat tipped mi-
crometer 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 using a piezoelectric micromanipulator to determine the
advancing and receding angles. This method has been reported
to return an angle somewhere between the max advancing
angle and the equilibrium contact angle.'® A minimum of three
measurements were made at different spots for each sample,
and at least three samples were tested for each probe liquid.

Near-Edge X-ray Absorption Fine Structure (NEXAFS). The fabricated
films were characterized by angle-resolved NEXAFS spectros-
copy at the HE-SGM beamline of the synchrotron storage ring
BESSY Il in Berlin, Germany. The results were compared with the
analogous data set for a hexadecanethiolate SAM on Au{111}
(HDT/Au), which served as reference sample. During analysis, the
samples remained at room temperature and a base pressure of
1.5 X 10~ mbar. The spectra acquisition time was selected in
such a way that no noticeable damage by the primary X-rays oc-
curred during the measurements.'%'~104

Spectral acquisition was carried out at the C K-edge in the
partial electron yield mode with a retarding voltage of —150 V.
Linear polarized synchrotron light with a polarization factor of
~0.82 was used. The energy resolution was ~0.40 eV. The inci-
dence angle of the X-ray light was varied from 90° (E-vector in
surface plane) to 20° (E-vector near surface normal) in steps of
10—20° to monitor the orientational order in the SAMs.

The raw spectra of ODT/GaAs and HDT/Au were normalized
to the incident photon flux by division with a spectrum of a
clean, freshly sputtered gold sample. In the case of ODT/GaAs, a
raw spectrum of freshly sputtered GaAs was subtracted from the
raw spectrum of SAM-covered sample before the normalization,
with both spectra being normalized to the pre-edge intensity.'%
Further, the spectra were reduced to the standard form by sub-
tracting linear pre-edge background and normalizing to the
unity edge jump determined by a horizontal plateau 40—50 eV
above the absorption edge. The energy scale was referenced to
the pronounced =* resonance of highly oriented pyrolytic
graphite at 285.38 eV.#7

X-ray Photoelectron Spectroscopy (XPS). High-resolution XPS
(HRXPS) measurements were carried out at the D1011 beamline
of the synchrotron storage ring MAX Il at MAX-Lab in Lund, Swe-
den, at room temperature and a base pressure lower than 1.5
X 107° Torr. The spectra (Ga 3d, As 3d, C 1s,0 1s,and S 2p) were
collected by a SCIENTA analyzer in normal emission geometry.
Excitation energies in the range of 130—580 eV were used. The
choice of photon energy (PE) for a particular spectrum was based
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on the optimization of the photoionization cross section for the
corresponding core level'®~'% and on adjustment of either sur-
face or bulk sensitivity. The spectra acquisition time was selected
in such a way that no noticeable damage by the primary X-rays
occurred during the measurements,'01-104

The energy resolution was better than 100 meV, allowing a
clear separation of individual spectral components. The energy
width of the individual emissions was close to the intrinsic en-
ergy spread of the respective core level photoemission process.
Energy calibration was performed individually for every spec-
trum to avoid effects related to the instability of the monochro-
mator. The binding energy (BE) scale of every spectrum was in-
dividually calibrated using the Au 4f;,, emission line of a
dodecanethiolate (DDT)-covered Au substrate at 83.95 eV. The
latter value is given by the latest ISO standard.'® It is very close
to a value of 83.93 eV, which has been obtained by us for Au 4f;/,
using a separate calibration to the Fermi edge of a clean Pt
f0i|.103’”0

The decomposition of the HRXPS spectra was performed self-
consistently over the entire data set. The spectra were fitted us-
ing Voigt peak profiles and a Shirley background. To fit the dou-
blet emissions (Ga 3d, As 3d, and S 2p), we used two peaks with
the same full width at half-maximum (fwhm), a reasonable
spin—orbit splitting verified by fit, and branching ratios of 2:1
(2p3/2/2p1s2) and 3:2 (3ds/,/3ds)). Due to the ultimate energy
resolution and the presence of the spectra dominated by a single
doublet, we were able to derive the initial setting for the respec-
tive parameters directly from the spectra and apply these set-
tings to every individual doublet. The resulting accuracy of the
binding energies (BE) and full widths at half-maximum of the
peaks reported here is 0.04—0.05 eV. These values are notice-
ably lower than the ultimate accuracy of the experimental setup
(see, e.g., ref 111); they mostly reflect the distribution of the re-
sulting fit parameters over the spectra of different samples.

For the epi-GaAs samples, lower-resolution XPS analyses
were performed 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 in-
strumental resolution of ~0.8 eV. For internal referencing of C
1s positions, we chose the bulk As 3ds,, peak. In all cases, collec-
tion times were shorter than the onset of noticeable film degra-
dation 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 pro-
gram (Neil Farley, Casa XPS). All spectra were referenced to the
As 3ds/, peak at 40.95 eV.

Infrared Reflection Spectroscopy. The IR spectra were collected us-
ing a custom, 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,0- and CO,-free) purge box."'? The §—26 goniometer al-
lowed continuous selection of angles of incidence from ~87 to
~20° without reconfiguring the optical train. The signal was col-
lected and focused into a liquid N,-cooled mercury cadmium tel-
luride (MCT) broad band detector. Spectra were obtained at 4
cm™! resolution in order to avoid interference fringes that oc-
cur due to multiple back reflections (fringing) within the crystal
faces of the GaAs wafers. Scans were collected at 20 kHz, and the
interferograms were transformed using triangular apodization
with zero filling for increased point density where needed. The
incident beam was p-polarized and set at either 80 or 55° angles
of incidence (AOI) from the surface normal. For large (>1.5in.)
samples, 80° AOIl was used to accommodate a large beam
spread. For samples too small to accommodate this beam spread
(e.g., epi-GaAs samples), a 55° AOI was used. It has previously
been established that these two angles have approximately the
same signal-to-noise ratio.®? Typically ~2000 scans were co-
added to improve the signal-to-noise. Spectral intensities are re-
ported as —log(l/ly), where [ is the output power of the IR beam
from the samples and I, is the output power from a reference
sample. The most useful reference was a bare GaAs substrate
used immediately after oxide removal to minimize contamina-
tion. Experimental details have been described previously.5?
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IRS Spectral Simulations. Simulations of the IRS spectra for the National Institute of General Medical Sciences under NSF Award
SAMs on GaAs were modeled using a rigorous, full scale imple- DMR-0225180.
mentation of the 4 X 4 transfer matrix method developed by
Yeh''® and extended by Parikh and Allara for organic thin film ap- Supporting Information Available: As 3d and Ga 3d XPS core
plications.'”? Since GaAs is a semiconducting substrate, the poor  level spectra of oxide peaks, contact angle, and IRS and XPS mea-
conductivity leads to very little screening of the surface compo-  surements on ODT SAMs assembled on epi-GaAs(001) substrates.
nents of the electric field, and as a result, both para”e] and per- This material is available free of Charge via the Internet at http//
pendicular components of vibrations of the molecules can be ex-  pubs.acs.org.
cited."" This necessitates determination of all matrix elements
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