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The structure of octadecyltrichlorosilane (OTS) self-assembled monolayers (SAMs) on sapphire
(0001) was studied by A-resolution surface specific x-ray scattering methods. The monolayer was
found to consist of three sub-layers where the outmost layer corresponds to vertically oriented, closely
packed alkyl tails. Laterally, the monolayer is hexagonally packed and exhibits pseudo-rotational
epitaxy to the sapphire, manifested by a broad scattering peak at zero relative azimuthal rotation,
with long powder-like tails. The lattice mismatch of ~ 1 — 3% to the sapphire’s and the different
length scale introduced by the lateral Si-O-Si bonding prohibit positional epitaxy. However, the
substrate induces an intriguing increase in the crystalline coherence length of the SAM’s powder-
like crystallites when rotationally aligned with the sapphire’s lattice. The increase correlates well
with the rotational dependence of the separation of corresponding substrate-monolayer lattice sites.

Self-Assembled Monolayers (SAMs) have been in-
tensely studied since their inception in the 1980s [1-
4]. Their many applications range from organic field-
effect transistors [5], photovoltaic devices [6], biosen-
sors [7] and enzyme electrodes [8] to adhesion promot-
ers [9] and lubricants [10]. For basic science, they are in-
triguing model systems for the study of self-organization
in two-dimensional matter under the complex inter-
play of van der Waals (vdW), covalent and electro-
static interactions [2]. They also provide deep insights
into the principles underlying the formation, structure,
and possible control, of interfaces separating different-
symmetry, and/or different-scale, ordered bulks and thin
films, a broad subject loosely termed epitaxy. Epi-
taxy impacts on a wide range of research and appli-
cation areas, ranging from strained surface layer relax-
ation [11], through quasicrystal film formation [12], quan-
tum structures [13], and microelectromechanical sys-
tems (MEMS) [14], to biomimetic thin-film growth pro-
cesses [15], bio-mineralization [16], and stacking of lipid
bilayers [17]. Thus, the novel pseudo-rotational epitaxy
uncovered here, has potentially broad-ranging implica-
tions in many fields

The most widely studied SAMs are alkylsilanes on the
native oxide of silicon [1]. However, being amorphous,
the native oxide can not promote epitaxy and the SAM’s
observed hexagonal order originates from the chain-chain
vdW interaction. In addition, the different chain-chain
spacing and Si-O-Si bond length [18] frustrate the lateral
packing and yield a reduced crystalline coherence length,
&, as discussed below.

Here we explore how a highly ordered substrate, single-
crystal sapphire AloO3 (0001), affects the structure of an
OTS SAM. This choice of substrate was motivated by its
match, both in hexagonal symmetry and in near lattice
spacing, with the OTS alkyl chains. The sapphire’s in-
plane lattice constant, as,, = 4.76 A [19], is only 1.2%

smaller than that of the OTS monolayer on silicon. This
small mismatch was expected to increase the probability
of commensurate epitaxy as occurs in the initial growth of
Ge on Si [20], where the 4.8% lattice mismatch is fourfold
larger. Surprisingly, this expectation did not materialize
here, as shown below. Instead, a novel type of epitaxy,
pseudo-rotational epitaxy, emerged.

Sample preparation followed standard procedures [2—
4, 21, 22] detailed in the supplemental material at [URL
will be inserted by publisher]. Surface-specific x-ray
scattering measurements yield a detailed sub-molecular-
resolution determination of the SAM’s structure, hith-
erto studied on sapphire only by low resolution, or
macroscopic, methods like AFM, XPS, and ellipsome-
try [23]. The ultra-smooth sapphire enables high resolu-
tion x-ray reflectivity measurements of the SAM’s ver-
tical structure, revealing a monolayer of standing up
molecules. Laterally, the SAM consists of vertically
aligned molecules, with closely-packed, fully extended
alkyl chains exhibiting hexagonal order, as does the un-
derlying sapphire, but with a lattice mismatch of 1% at
room temperature. The two lattices exhibit a novel type
of epitaxial relation where the sapphire imparts to the
SAM’s crystallites a preferred azimuthal orientation with
a large angular width and powder-like tails. This is in
contrast to existing experiment and theory for substrate-
monolayer epitaxy, where identical symmetry, but dif-
ferent lattice constant, usually yields a compression and
relative azimuthal rotation of the substrate and mono-
layer lattices [24-34]. In addition, ¢ is found to increase
as the relative azimuthal rotation angle, ¢, decreases to
zero. This increase is shown to correlate well with the
angular dependence of the separation of corresponding
sites in the monolayer and substrate lattices. We now
discuss these results in detail.

The SAM’s vertical structure, shown schematically in
the inset of Fig. 1, was determined by x-ray reflectiv-
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FIG. 1. Measured (symbols) x-ray reflectivity curve R(q-)
for an OTS-SAM on sapphire and the corresponding Fresnel
Rr(g-) curve (line) of an ideally flat and abrupt sapphire sur-
face. Inset: schematic representation of the OTS-SAM mono-
layer on a sapphire substrate. Chemical bonds are shown as
solid lines.

ity (XRR) [35] using the setup described previously [5].
XRR measures R(q.), the reflected intensity fraction of
an x-ray beam of wavelength A incident on the SAM
at a grazing angle a. ¢, = (47/\)sina is the surface-
normal scattering vector. The measured XRR is shown
in Fig. 1 along with the Fresnel XRR of an ideally smooth
and abrupt interface, Rr(q.). Note the large measurable
range, up to ¢, ~ 1 A=, yielding high spatial resolution.
This is due to the very low roughness of the sapphire,
0o ~ 2 A. The Kiessig-like fringes [35] observed in Fig. 1
are due to interference of rays reflected from the SAM’s
top and bottom interfaces, and yield an estimate of the
SAM’s thickness, d = 27/(Aq.) ~ 33 A, based on the
fringes’ periodicity, Aq, ~ 0.19 A=, This d is signifi-
cantly larger than the 24-26 A calculated for the molec-
ular length [36, 37], and the 23-27 A refined from XRR
measurements for the same SAM on native SiOy [37-
39]. To elucidate the origin of this large discrepancy, and
the SAM’s internal structure, a detailed modeling of the
surface-normal structure is required.

Following previous studies [19, 40], the SAM’s surface-
normal electron density, p(z), is modeled by a stack of
1, 2 or 3 ”slabs”, each of uniform, but variable, electron
density, p;, and thickness, d;. A Gaussian roughness of
width o; is assumed at each interface. An additional slab
with dg = o0, pg = 1.18 e/A3, and roughness o( repre-
sents the sapphire. This model p,,(z) is then used to
least-squares fit the measured XRR curves [41-43]. The
fit yields the best values for the model-defining parame-
ters: p;, d; and o;.

Fig. 2(a) shows the best fits in solid lines, and the
corresponding p(z) profiles, in the same colors, in (b).
A 1-slab model, which accounted well for octadecanol
monolayers on sapphire [19], clearly provides here a poor
fit. A 2-slab model, used successfully for OTS SAMs on
native SiOy [38, 44], provides a better fit. However, the

FIG. 2. (a) Fresnel-normalized measured XRR (symbols) of
OTS on sapphire and the corresponding model fits (lines) for
1- (brown), 2- (blue) and 3-slab (black) models, vertically
spaced for clarity. (b) The same-color fit-derived electron
density profiles with (solid lines) and without (doted lines)
surface roughness.

resultant SAM thickness, 30.7 A, is significantly larger
than the extended molecule’s length, 26-27 A, and the
fit refined substrate roughness, 0.3 A is too small to be
physical. Similar unphysical roughness values also ap-
pear for OTS on silicon and together they suggests a
limitation of the previous model [38, 44]. In order to
solve this conundrum we have constructed a 3-slab model
which results in physically-realistic parameters and yield
a near-perfect fit with R%-values [45] for R/Rp of 0.87,
as compared to 0.33 and 0.28, for the 2-slab and 1-slab
model respectively. Here the top slab (3) represents the
alkyl chains, the middle slab (2) - the high-density cross-
linking region of lateral Si-O-Si bonds [18], and the bot-
tom slab (1) - the substrate-adjacent low density region
of the headgroup-substrate bonds (Fig. 1, inset). As the
fit is only weakly sensitive to the values of p; and po,
they were fixed, respectively, to zero and the density of
silicon, p =~ 0.7 e/ A3, ds and p3 were also fixed at values
calculated for close-packed, vertically-aligned, extended
alkyl chains, 23 A and 0.32 e/ A3, respectively. Further-
more, the roughnesses of the sapphire and of slab 1 were
fixed at 2 A. dy, do, 02 and o3 were then fitted, yield-
ing, respectively, d; = 3.7+ 0.1 A, dy = 2.7+ 0.1 A,
05 = 21+£0.2 A and 03 = 3.5+ 0.1 A. See Supple-
mental material at [URL will be inserted by publisher],
which includes Refs. [42, 46], for parameter confidence
analysis and discussion of the correlation between fitted
parameters. The total SAM thickness, 29.4 A, is now
closer to the 27 A measured thickness of OTS on na-
tive SiO2 [38], and the extended molecular length derived
from the 1.27 A molecular-axis-projected C-C distance
[47]. The few A discrepancy may in part reflect both
incomplete silane-sapphire bonding of the silane group
with the sapphire and the lattice corrugation from the
incommensurate lattice.

The SAM’s lateral order was explored by grazing-
incidence diffraction (GID). Here the x-rays’ incidence
angle « is kept small and the detector scanned out of the



(Lreapqre)

FIG. 3. (a) Grazing incidence X-ray diffraction intensity
map in the (¢r,q.) plane showing a Bragg rod, originat-
ing in the OTS monolayer. (b) Measured intensity vari-
ation (red line) upon azimuthal substrate rotation, ¢, at
¢ = 1.505 + 0.010 A~' and its Lorentzian fit (thick black
line). A bare substrate scan is also shown (black line). (c)
Measured (symbols) GID peaks at different azimuthal rota-
tions, and their Lorentzian fits (lines), for ¢ =0.1° (black), 1°
(red), 2° (purple), 3° (blue), and 20° (green). Inset: SAM-
sapphire lattice constant mismatch, ¢, vs. temperature 7.

FIG. 4. Crystalline coherence length, &, of the OTS’s crys-
tallites as a function of the substrate’s azimuthal rotation ¢
from the in-plane sapphire peak. The line is the fit to the
model discussed in the text. Inset: Sketch illustrating the
displacement ¢ as discussed in the text.

reflection plane by an angle 26, yielding a lateral diffrac-
tion vector ¢, & (4w /\)sin@, which probes the surface-
parallel order [35]. Using a vertically-aligned linear detec-
tor, the ¢, distribution of the scattered intensity at each
g¢r, known as Bragg rod (BR), was measured simultane-
ously. The SAM’s epitaxy was explored by GID scans at
different azimuthal substrate rotations, ¢, relative to the
sapphire’s (1010) peak.

Fig. 3(a) shows the BR of the single GID peak found.
This peak indicates a lateral hexagonal molecular or-

der within the SAM. The absence of higher order peaks
is typical of rotator phases [40, 48, 49]. The BR’s
¢. ~ 0 A~! peak in Fig. 3(a) indicates vertically-
aligned molecules [40]. As the peaks’ g,.-position is ¢-
independent (see below), this o-distribution attests to a
powder-like behavior of the OTS monolayer. The broad
azimuthal distribution from the SAM (red circles) is in
contrast to the sharp, resolution-limited peak from the
uncoated substrate (open circles). The SAM is predom-
inately rotationally aligned with the sapphire since both
azimuthal (¢) scans peak at the same position. The sap-
phire peak in Fig. 3(b) is weak since the ¢ scan was mea-
sured at the SAM’s ¢,-peak’s position, which is somewhat
smaller than the sapphire’s.

The SAM’s azimuthal scattering peak in Fig. 3(b) is
well fitted (black solid line) by a Lorentzian profile of a
full width at half maximum of (10.0 £ 0.2)°, (excluding
the very sharp sapphire peak at ¢ = 0), and a constant
intensity at large ¢. The constant term is suggestive of
powder-like behavior and further support is provided by
the ¢-independent ¢, peaks position (see below).

The ¢, peak widths in Fig. 3(c) exhibit
p-dependent  behavior. Thus, the measured
curves were fitted by a Lorentzian [38], I(¢,) =
(Iokr/27)/ [(@r — q0)* + (1r/2)?], convoluted with the
measured Gaussian resolution function. The fits (lines)
demonstrate the ¢-independence of the peak position
at go = 1.505 + 0.010 A~'. The corresponding lattice
constant, aors = 4m/(v/3qy) = 4.82 A is ~ 1%
larger than the sapphire’s as,p = 4.76 A [19], which
prohibits a perfect epitaxy between the monolayer and
the substrate. The 4.82 A lattice constant is very close
to its value for OTS on the native SiO5 surface [49] and
for surface frozen alkane monolayers [50], suggesting
that the spacing originates from the chain-chain vdW
interactions. In contrast, the Si-O-Si lateral bond length
is 3.3 A [51], shorter than aprs, and on the native SiO
surface it has been suggested that this difference is the
origin of the short ¢ [18], discussed next.

The ¢-dependent intrinsic widths, x.,., yield £ of the
SAM’s 2D crystallites through the Debye-Scherrer for-
mula, £ = (0.9 - 27)/k, [52, 53]. &(p), shown in Fig 4,
varies from (120 +6) A at ¢ = 0.1° to (60 + 5) A at
© = 20°. The last value agrees well with the £ ~ 65 A
for OTS on native SiOs, calculated from previous mea-
surements. [49]. That ¢ is, however, -independent due
to the amorphous nature of the underlying oxide.

To determine the SAM’s thermal evolution, GID mea-
surements were repeated for temperatures up to 60 °C
at ¢ = 20°. While k,, and hence &, are found to
be T-independent, the lattice mismatch, ¢ = (apors —
Gsap)/Gsap, shown in the inset to Fig. 3(c), increases
linearly from 1.2% at 25 °C to 2.8% at 60 °C, yield-
ing an areal expansion coefficient ay = (dA/dT)/A =
0.94 x 1073 K~! where A is the OTS’s molecular area.
Interestingly, the same a4 is obtained for OTS on native



SiO4 [54] despite the absence of preferred orientational
order. The absence of cross-linking in purely vd W-bound
organic monolayers of alkanes, alcohols and fatty-acids,
supported either on their own melt or on liquid mer-
cury [50, 54] results in a 40%-100% larger a4 than that
found here.

Next we discuss the substrate-monolayer epitaxy, an
important and extensively studied subject [27, 55]. Sev-
eral theoretical approaches have been developed to ac-
count for epitaxy in theses systems [30-34]. However,
no single theoretical model has emerged as yet for de-
scribing the rich epitaxial behavior experimentally ob-
served for overlayers, and some important systems, e.g.
halogens and alkalis on metals, are still not under-
stood [24, 33]. In hexagonal systems, e.g. atomic
monolayers on graphite [29] and on single-crystal metal
facets [24, 25], and graphene on metals [26-28], the
monolayer-substrate lattice mismatch relaxes by a com-
bination of compression and relative azimuthal rotation
of the substrate and overlayer lattices. The rotation an-
gle depends on the corrugation potential landscape of the
substrate, the substrate-monolayer interaction strength,
and the elastic properties of the monolayer. These fac-
tors induce in many systems rotation angles in the sub-
strate’s symmetry, or non-symmetry, azimuthal direc-
tions [24, 30, 31]. Moreover, the rotation angles are few,
and sharply defined. In contrast, Figs. 3 and 4 demon-
strate that here a broad central peak is observed in the -
scans with 2D-powder-like tails. This, along with the -
independence of aprs demonstrate that a crystallite ro-
tation is not accompanied by an elastic lattice relaxation.
The monolayer’s lattice does not lock into that of the
underlying substrate even though the lattice mismatch is
small, 1.2% only. Thus, the epitaxy is very weak. Never-
theless, it is still sufficiently strong to induce an increase
in & for crystallites closely aligned with the substrate’s
lattice, i.e. ¢ ~ 0. Furthermore, the weakness of the
epitaxy suggests that a relatively small fraction of chains
binds covalently to the surface, i.e. a large fraction of
head-groups are cross-linked but not surface-bound, and
the epitaxial behavior is hence largely vdW in nature.
A large fraction of covalently surface-bound molecules
would imply a much stronger epitaxial behaviour and
would likely prohibit the broad azimuthal orientation dis-
tribution of crystallites found here. Since XRR shows a
high coverage, similar to OTS on silicon [37-39], it can
be concluded that these two systems are very similar in
terms of lateral head-group cross-linking.

The ¢ dependence of £, shown in Fig. 4, can be ratio-
nalized as follows. For large ¢ an intrinsic, p-independ
& ~ 60 A is observed, identical with that observed
for OTS on native amorphous SiO2 [49]. & is likely
determined by the vdW interaction of the OTS alkyl
tails and the lateral Si-O-Si bonds of the OTS head-
groups. In addition, Fig. 4 shows that & must include
a term which increases with decreasing ¢, presumably

as a result of the increasing rotational epitaxy to the
substrate. This term can be obtained by a simple ge-
ometrical argument as follows. Assume two identical,
overlapping hexagonal lattices, a crystal and an over-
layer, with an interface-normal rotation axis through a
coinciding lattice site. Expand now the overlayer lattice
by a multiplicative factor of (14¢) displacing the over-
layer site by distance a = 5252 relative to the crystal
site, and rotate it azimuthally by an angle ¢, displacing
the overlayer site by a distance b = 25(1 + ¢)sin(¢p/2).
Simple geometry (Fig. 4 inset) shows that this will
cause an overlayer site some distance é from the axis
to move away from its initially coinciding substrate site
by a distance 6§ = /a2 + b2 — 2abcos(90° — ¢/2) =

f\/EQ +4(1 + £) sin?(p/2). Once § exceeds some critical
value, 7, (which may be a fraction of, or the full, nearest
neighbor distance in the bottom lattice) the two lattice
sites may be considered to cease being epitaxially related
to each other. However, all overlayer sites at distances
shorter than £ from the rotation axis will have § < N
and hence remain epitaxial to the substrate. Thus, n im-

poses a @-dependent limit, 77/\/82 +4(1 + ) sin?(p/2),

on the radius £ inside which the two lattices may be con-
sidered epitaxially related. Making now the reasonable
assumption that epitaxy causes the increase in the over-
layer’s crystalline coherence length £ over &y, we can write

E=¢&+E=¢+ 77/\/82 +4(1 +¢)sin?(p/2). For a
more realistic, non-abrupt loss of epitaxy with increasing
é , contributions to this loss from crystal defects, possible
very small € variation upon rotation, etc., £ can be gen-

eralized to £ = &) + 77/\/52 +4B(1 + ¢) sin?(p/2), where
B is a fit parameter. In spite of its simplicity this ad-hoc
expression seems to capture the main features of the -
variation of &, as demonstrated by its good fit to the, ad-
mittedly few, measured £ values, shown in Fig. 4, which
yields & = 57 A, = 0.87 A, and B = 4.5. This said, it is
clear that a more physical, molecular-level, model which
accounts for the disorder inducing Si-O-Si bonds is re-
quired to fully account for £(¢) and the unusual type of
epitaxy found here, which we denote as pseudo-rotational
epitaxy. Such theory should take into consideration all
lateral molecular interactions within the overlayer, and
those between the overlayer and the substrate’s corruga-
tion potential.

This study provides an unprecedentally detailed, A-
resolution, description of the surface-normal and surface-
parallel structure of an OTS monolayer self-assembled on
an ordered sapphire substrate. XRR shows the mono-
layer to be ~ 2.5 A thicker than the extended molecu-
lar length. This may reflect both an incomplete silane-
sapphire bonding and the lattice corrugation from the in-
commensurate lattice. GID measurements demonstrate
that the OTS monolayer consists of surface-normal-




aligned molecules, ordered hexagonally, as does the un-
derlying sapphire (0001) facet. However, the monolayer’s
~ 1% larger lattice constant prevents perfect epitaxy be-
tween the two lattices. In previously studied similar sys-
tems the mismatch relaxes by an azimuthal rotation of
the two lattices by a single (or few) sharply-defined an-
gles [30, 33, 34], or, for a small, few-percent, mismatch,
remain unrotated, in spite of the energy cost of the resul-
tant strain [24, 32]. Here, the monolayer exhibits a very
broad distribution of the crystallite’s azimuthal rotation
with powder-like tails and a rotation-independent lattice
constant, implying a weak epitaxial relation, which en-
hances the crystallites’ azimuthal orientation and crys-
talline coherence length £, as ¢ = 0 is approached. The
later correlates quantitatively with the separation of cor-
responding lattice sites in the substrate and the mono-
layer. This constitutes an intermediate type of epitaxy,
denoted here as pseudo-rotational epitaxy, where no po-
sitional or rotational epitaxy exist between substrate and
monolayer, yet the monolayer’s crystalline properties, &
and crystallite orientation in this case, are influenced by
epitaxy to the substrate. To our knowledge, such behav-
ior has not been hitherto reported, and we hope that this
study will lead to theoretical treatments of such systems.
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