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The structure of octadecyltrichlorosilane (OTS) self-assembled monolayers (SAMs) on sapphire
(0001) was studied by Å-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 is shown to correlate
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, 2].
Their many applications range from organic field-effect
transistors [3], photovoltaic devices [4], biosensors [5] and
enzyme electrodes [6] to adhesion promoters [7] and lubri-
cants [8]. For basic science, they are intriguing model sys-
tems for the study of self-organization in two-dimensional
matter under the complex interplay of van der Waals
(vdW), covalent and electrostatic interactions [2]. The
most widely studied SAMs are alkylsilanes on the native
oxide of silicon [1]. However, being amorphous, the na-
tive oxide can not promote lateral ordering, or tune the
structure, of the SAM by epitaxy. The SAM’s observed
hexagonal order originates, therefore, from the chain-
chain vdW interaction. However, the difference in the
chain-chain spacing and the length of an intralayer Si-O-
Si oligomer [9] frustrates the lateral packing and yields a
reduced crystalline coherence length, as we discuss below.
Here we explore how a highly ordered substrate, single-

crystal sapphire Al2O3 (0001), affects the structure of
an OTS SAM. Surface-specific x-ray scattering measure-
ments yield a detailed sub-molecular-resolution deter-
mination of the SAM’s structure, hitherto studied on
sapphire only by low resolution, or macroscopic, meth-
ods like AFM, XPS, and ellipsometry [10]. The ultra-
smooth sapphire enables high resolution x-ray reflectiv-
ity measurements of the SAM’s vertical structure, re-
vealing a monolayer consisting of a stack of three dis-
tinct sub-layers. Laterally, the SAM consists of ver-
tically aligned molecules, with closely-packed, fully ex-
tended alkyl chains exhibiting hexagonal order, as does
the underlying sapphire substrate, but with a lattice mis-
match of 1% at room temperature, increasing to 3%
at T = 60 ◦C. A novel type of epitaxial relation be-
tween the two lattices is found, where the underlying
sapphire lattice imparts to the SAM’s crystallites a pre-
ferred azimuthal orientation with a large angular width

and powder-like tails. In addition, the SAM’s crystalline
coherence length, ξ, is found to increase as the relative
azimuthal rotation angle, ϕ, decreases to zero. This in-
crease is shown to correlate well with the angular de-
pendence of the separation of corresponding sites in the
monolayer and substrate lattices. We now discuss these
results in detail.

FIG. 1. Measured (symbols) x-ray reflectivity curve R(qz)
for an OTS-SAM on sapphire and the corresponding Fresnel
RF (qz) curve (line) of an ideally flat and abrupt sapphire
surface. Inset: schematic representation of the OTS-SAM
monolayer on a sapphire substrate. The substrate-OTS bonds
and the OTS-OTS cross links are shown, respectively, as red
and blue lines.

The SAM’s vertical structure, shown schematically in
the inset of Fig. 1, was determined by x-ray reflectiv-
ity (XRR) [11] using a setup described previously [3].
XRR measures R(qz), the reflected intensity fraction of
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an x-ray beam of wavelength λ incident on the SAM
at a grazing angle α. qz = (4π/λ) sinα 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, RF (qz). Note the large measurable
range, up to qz ∼ 1 Å−1, yielding high spatial resolution.
This is due to the very low roughness of the sapphire,
σ0 ≈ 2 Å. The Kiessig-like fringes [11] 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 = 2π/(∆qz) = 33 Å, based on the
fringes’ periodicity, ∆qz ≈ 0.19 Å−1. This d is signifi-
cantly larger than the 24-26 Å calculated for the molec-
ular length [12, 13], and the 23-27 Å refined from XRR
measurements for the same SAM on native SiO2 [13–
15]. To elucidate the origin of this large discrepancy, and
the SAM’s internal structure, a detailed modeling of the
XRR’s surface-normal structure is required.

(a) (b)

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.

Following previous studies [16, 17], the SAM’s surface-
normal electron density, ρ(z), is modeled by a stack of
1, 2 or 3 ”slabs”, each of uniform, but variable, elec-
tron density, ρi, and thickness, di. A Gaussian rough-
ness of width σi is assumed at each interface. An addi-
tional slab with d0 = ∞, ρ0 = 1.18 e/Å3, and roughness
σ0 represents the sapphire. This model ρm(z) is then
used to least-squares fit the measured XRR curves by
the Abeles transfer matrix method, as implemented in
the MOTOFIT package [18]. The fit yields the best val-
ues for the model-defining parameters: ρi, di and σi.
Fig. 2(a) shows the best fits in solid lines, and the

corresponding ρ(z) profiles, in the same colors, - in (b).
A 1-slab model, which accounted well for octadecanol
monolayers on sapphire [17], clearly provides here a poor

fit. A 2-slab model, used successfully for OTS SAMs on
native SiO2 [14, 19], provides a better fit. However, the
resultant SAM thickness, 30.7 Å, is significantly larger
than the extended molecule’s length, 26-27 Å, and the
refined substrate roughness, 0.3 Å, is unphysically small.
A 3-slab model yields a near-perfect fit, with physically-
realistic parameter values. Here the top slab (3) repre-
sents the alkyl chains, the middle slab (2) - the high-
density cross-linking region of lateral Si-O-Si bonds [9],
and the bottom slab (1) - the substrate-adjacent low den-
sity region of the headgroup-substrate bonds (Fig. 1, in-
set). As the fit is only weakly sensitive to the values of ρ1
and ρ2, they were fixed, respectively, to zero and the den-
sity of silicon, ρ ≈ 0.7 e/Å3. The thickness and density
of slab 3 were also fixed at values calculated for close-
packed, vertically-aligned, extended alkyl chains, 23 Å
and 0.32 e/Å3, respectively. Furthermore, the rough-
nesses of the sapphire and slabs 1 and 2 were fixed at
2 Å. The thicknesses of slabs 1 and 2 and the roughness
of slab 3 were then fitted, yielding d1 = 3.7 ± 0.1 Å,
d2 = 2.7 ± 0.1 Å and σ3 = 3.5 ± 0.1 Å. The total SAM
thickness, 29.4 Å, is now closer to the 27 Å measured
thickness of OTS on native SiO2 [14], and the extended
molecular length derived from the 1.27 Å molecular-axis-
projected C-C distance [20]. The few Å discrepancy
may in part reflect both incomplete 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 α is kept small and the detector scanned out of the
reflection plane by an angle 2θ, yielding a lateral diffrac-
tion vector qr ≈ (4π/λ) sin θ, which probes the surface-
parallel order [11]. Using a vertically-aligned linear de-
tector, the qz distribution of the scattered intensity at
each qr, known as a Bragg rod (BR), was measured si-
multaneously. The SAM’s epitaxy was explored by GID
scans at different azimuthal substrate rotations, ϕ, rela-
tive to the sapphire’s (1010) peak.
Fig. 3(a) shows the measured (qr, qz) intensity map,

the BR, for the single GID peak found. The single peak
indicates a lateral hexagonal molecular order within the
SAM. The absence of higher order peaks is typical of
rotator phases [16, 21, 22], and is due to the molecu-
lar form factor’s fast fall-off with qr. The peaking of
the BR’s intensity in Fig. 3(a) at qz ≈ 0 Å−1 indicates
vertically-aligned molecules [16], although a small, 1-2◦,
tilt can not be ruled out. As the peaks’ qr-position is ϕ-
independent (see below), this ϕ-distribution attests to
a non-zero GID peak intensity over a broad range of
ϕ positions, i.e. to a powder-like behavior of the OTS
monolayer. This point, impacting on the epitaxy issue,
will be further discussed in below. 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 predominately ro-
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FIG. 3. (a) Grazing incidence X-ray diffraction intensity
map in the (qr, qz) plane showing a Bragg rod, originat-
ing in the OTS monolayer. (b) Measured intensity vari-
ation (red line) upon azimuthal substrate rotation, ϕ, at
qr = 1.505 ± 0.010 Å−1 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 φ =0.1◦ (black),
1◦ (red), 2◦ (purple), 3◦ (blue), and 20◦ (green). Curves are
spaced vertically for clarity. Inset: SAM-sapphire lattice con-
stant mismatch, ε, vs. temperature T .

tationally aligned with the sapphire since both azimuthal
(ϕ) scans peak at the same position. Note that the sap-
phire peak shown in Fig. 3(b) is weak since the qr posi-
tion where the ϕ scan was measured is that of the SAM’s
peak, which is somewhat smaller than the qr of the sap-
phire peak.
The SAM’s azimuthal scattering peak in Fig. 3(b) is

well fitted (black solid line) by a Lorentzian profile of a
half width at half maximum of (10.0 ± 0.2)◦, (excluding
the very sharp sapphire peak at ϕ = 0), and a constant
intensity at large ϕ. The constant term is suggestive of
powder-like behavior and further support is provided by
the ϕ-independent qr peaks position (see below).
The qr widths of the peaks shown in Fig. 3(c)

appear to exhibit ϕ-dependent behavior. To quan-
tify this observation, the measured curves were fit-
ted by an intrinsic Lorentzian lineshape [14], I(qr) =
(I0κr/2π)/

[

(qr − q0)
2 + (κr/2)

2
]

, convoluted with the
measured Gaussian resolution function. The fits (lines)
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FIG. 4. (a) Crystalline coherence length, ξ, of the OTS’s
crystallites as a function of the substrate’s azimuthal rotation
ϕ from the in-plane sapphire peak. The line is the fit to the
model discussed in the text.

demonstrate the ϕ-independence of the peak position at
q0 = 1.505± 0.010 Å−1. The corresponding lattice con-
stant, aOTS = 4π/(

√
3q0) = 4.82 Å, is ∼ 1% larger than

the sapphire’s asap = 4.76 [17], which prohibits a perfect
epitaxy between the monolayer and the substrate. The
4.82 Å lattice constant is very close to its value for OTS
on the the native SiO2 surface [22] and for surface frozen
alkane monolayers [23], suggesting that the spacing origi-
nates from the chain-chain vdW interactions. In contrast,
a Si-O-Si oligomer gives rise to a spacing of 3.3 Å [24],
shorter than aOTS , and on the native SiO2 surface it has
been suggested that this difference is the origin of the
short crystalline coherence length [9], discussed next.
The ϕ-dependent intrinsic widths, κr, also obtained

from the fits, yield the crystalline coherence length, ξ, of
the SAM’s 2D crystallites through the Debye-Scherrer
formula, ξ ≈ (0.9 · 2π)/κr [25, 26]. ξ(ϕ), shown in
Fig 4(a), varies from (120±6) Å at ϕ = 0.1◦ to (60±5) Å
at ϕ = 20◦. The last value agrees well with the ξ ≈ 65 Å
for OTS on native SiO2, calculated from the measure-
ments of Tidswell et al. [22]. This ξ is, however, ϕ-
independent due to the amorphous nature of the under-
lying oxide.
To determine the SAM’s thermal evolution, GID mea-

surements were repeated for temperatures up to 60 ◦C
at ϕ = 20◦. While κr, and hence ξ, are found to
be T -independent, the lattice mismatch, ε = (aOTS −
asap)/asap, 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 αA = (dA/dT )/A =
0.94 × 10−3 K−1 where A is the OTS’s molecular area.
Interestingly, the same αA is obtained for OTS on native
SiO2 [27] despite the absence of preferred orientational
order. The absence of cross-linking in purely vdW-bound
organic monolayers of alkanes, alcohols and fatty-acids,
supported either on their own melt or on liquid mer-
cury [23, 27] results in a 40%-100% larger αA than that
found here.
Turning now to the subject of substrate-monolayer
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epitaxy, we note that the structural relations between
identical-symmetry, but different lattice-constant, sub-
strate and overlayer have been studied extensively [28,
29]. Several theoretical approaches have been devel-
oped to account for epitaxy in theses systems [30–34].
However, no single theoretical model has emerged as yet
for describing the rich epitaxial behavior experimentally
observed for overlayers, and some important systems,
e.g. halogens and alkalis on metals, are still not un-
derstood [33, 35]. In hexagonal systems, e.g. atomic
monolayers on graphite [36] and on single-crystal metal
facets [35, 37]), and graphene on metals [29, 38, 39], 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 [30, 31, 35]. Moreover, the rotation angles are few,
and sharply defined. In contrast, Figs. 3 and 4 demon-
strate that here a GID peak is observed for all azimuthal
rotations ϕ. Our monolayer exhibits, therefore, a 2D-
powder-like behavior, with crystallite rotations spanning
the measured −30◦ ≤ ϕ ≤ 30◦ range. This non-discret,
broad range, azimuthal orientation distribution, and the
ϕ-independence of aOTS , which demonstrates that a crys-
tallite rotation is not accompanied by an elastic lattice
relaxation, imply that 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 epi-
taxy is very weak. Nevertheless, it is still sufficiently
strong to induce an increase in ξ for crystallites closely
aligned with the substrate’s lattice, i.e. ϕ ≈ 0.
The ϕ dependence of ξ, shown in Fig. 4, can be ratio-

nalized as follows. For large ϕ an intrinsic, ϕ-independ
ξ0 ≈ 60 Å is observed, identical with that observed for
OTS on native amorphous SiO2 [22]. ξ0 is likely deter-
mined by the vdW interaction of the OTS alkyl tails and
the lateral Si-O-Si bonds of the OTS headgroups. In ad-
dition, Fig. 4 shows that ξ must include a term which
increases with decreasing ϕ, presumably as a result of
the increasing rotational epitaxy to the substrate. This
term can be obtained by a simple geometrical argument
as follows. Assume two identical, overlapping hexagonal
lattices, a crystal and an overlayer, with an interface-
normal rotation axis through a coinciding lattice site.
Expand now the overlayer lattice by a multiplicative fac-
tor of (1+ε), and rotate it azimuthally by an angle ϕ.
Simple geometry shows that this will cause an overlayer
site some distance ξ̂ from the axis to move away from
its initially coinciding substrate site by a distance δ =

ξ̂
√

ε2 + 4(1 + ε) sin2(ϕ/2). Once δ exceeds some critical

value, η, (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 ξ̂ from the rotation axis will have δ < η
and hence remain epitaxial to the substrate. Thus, η im-

poses a ϕ-dependent limit, η/
√

ε2 + 4(1 + ε) sin2(ϕ/2),

on the radius ξ̂ 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 ξ over ξ0, we can write

ξ = ξ0 + ξ̂ = ξ0 + η/
√

ε2 + 4(1 + ε) sin2(ϕ/2). For a

more realistic, non-abrupt loss of epitaxy with increasing
ξ̂, contributions to this loss from crystal defects, possible
very small ε variation upon rotation, etc., ξ can be gen-

eralized to ξ = ξ0 + η/
√

ε2 + 4B(1 + ε) sin2(ϕ/2), where

B is a fit parameter. In spite of its simplicity this ad-hoc
expression seems to capture the main features of the ϕ-
variation of ξ, as demonstrated by its good fit to the, ad-
mittedly few, measured ξ values, shown in Fig. 4, which
yields ξ0 = 57 Å, η = 0.87 Å, 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 ξ(ϕ) 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.
The study presented here provides an unprecedentally

detailed, Å-resolution, description of the surface-normal
and surface-parallel structure of an OTS monolayer self-
assembled on an ordered sapphire substrate. XRR shows
the monolayer to be thicker by ∼ 2.5 Å than the extended
molecular length and this may reflect both the incomplete
bonding of the silane group with the sapphire and the lat-
tice corrugation from the incommensurate lattice. GID
measurements demonstrate that the OTS monolayer con-
sists of surface-normal-aligned molecules, ordered hexag-
onally, as does the underlying sapphire (0001) facet.
However, the monolayer’s ∼ 1% larger lattice constant
prevents perfect epitaxy between the two lattices. In pre-
viously studied similar systems the mismatch relaxes by
an azimuthal rotation of the two lattices by a single (or
few) sharply-defined angles [30, 33, 34], or, for a small,
few-percent, mismatch, remain unrotated, in spite of the
energy cost of the resultant strain [32, 35]. Here, the
monolayer exhibits powder-like features and a rotation-
independent lattice constant, implying a weak epitaxial
relation, which causes only an enhancement of the az-
imuthal orientation of crystallites, and of the crystalline
coherence length ξ, as ϕ = 0 is approached. The increase
in ξ is shown to correlate quantitatively with the sepa-
ration of corresponding lattice sites in the substrate and
the monolayer. This constitutes an intermediate type of
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epitaxy, pseudo-rotational epitaxy, where no positional
or rotational epitaxy exist between substrate and mono-
layer, yet the monolayer’s crystalline properties, ξ and
crystallite orientation in this case, are influenced by epi-
taxy to the substrate. To our knowledge, such behavior
has not been hitherto reported, and we hope that this
study will lead to theoretical treatments of such systems.
Financial support through the DFG research unit

1878, ”Functional Molecular Structures on Complex Ox-
ide Surfaces”, is gratefully acknowledged. We thank
Alexei Tkachenko (BNL) for important discussions and
the US-Israel Binational Science Foundation, Jerusalem,
for support. Work at BNL is supported by the Division
of Materials Sciences (DOE) under contract DE-AC02-
76CH0016.

∗ E-mail: ocko@bnl.gov
[1] C. D. Bain, E. B. Troughton, Y. T. Tao, J. Evall, G. M.

Whitesides, and R. G. Nuzzo, J. Am. Chem. Soc. 111,
321 (1989); J. Sagiv, ibid. 102, 92 (1980).

[2] S. Onclin, B. J. Ravoo, and D. N. Reinhoudt, Angew.
Chem. 44, 6282 (2005); F. Schreiber, Prog. Surf. Sci. 65,
151 (2000); D. K. Schwartz, Ann. Rev. Phys. Chem. 52,
107 (2001); A. Ulman, Chem. Rev. 96, 1533 (1996).

[3] M. Halik and A. Hirsch, Adv. Mat. 23, 2689 (2011); S.
G. J. Mathijssen et al., Nature Tech. 4, 674 (2009); T.
Schmaltz et al., Adv. Mat. 25, 4511 (2013); E. C. P.
Smits et al., Nature 455, 956 (2008).

[4] R. J. Kline, M. D. Mcgehee, and M. F. Toney, Nature
Mat. 5, 222 (2006).

[5] J. N. Anker, W. P. Hall, O. Lyandres, N. C. Shah,
J. Zhao, and R. P. Van Duyne, Nature Mat. 7, 442
(2008); N. K. Chaki and K. Vijayamohanan, Biosens.
Bioelect. 17, 1 (2002).

[6] J. J. Gooding and D. B. Hibbert, TRAC-Trends Aanal.
Chem. 18, 525 (1999).

[7] D. G. Kurth and T. Bein, Langmuir 11, 3061 (1995).
[8] X. D. Xiao, J. Hu, D. H. Charych, and M. Salmeron,

Langmuir 12, 235 (1996).
[9] R. Maoz, S. Matlis, E. DiMasi, B. Ocko, and J. Sagiv,

Nature 384, 150 (1996); R. Maoz, J. Sagiv, D. Degen-
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