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CONSPECTUS: Self-assembled monolayers (SAMs) have
been established as crucial interlayers and electronically active
layers in organic electronic devices, such as organic light
emitting diodes (OLEDs), organic photovoltaics (OPVs),
organic thin film transistors (OTFTs), and nonvolatile
memories (NVMs). The use of self-assembling functionalized
organic molecules is beneficial due to mainly three advantages
compared with common thin film deposition approaches. (1)
Molecular self-assembly occurs with surface selectivity,
determined by the interaction between the functional anchor
group of the organic molecules and the target surface. (2) The film thickness of the resulting layers is perfectly controllable on
the angstrom scale, due to the self-terminating film formation to only a single molecular layer. And finally, (3) the wide variability
in the chemical structure of such molecules enables different SAM functionalities for devices, ranging from electrical insulation to
charge storage to charge transport. The SAM approach can be further expanded by employing several functionalized molecules to
create mixed SAMs with consequently mixed properties.
The function of SAMs in devices depends not only on the chemical structure of the molecules but also on their final arrangement
and orientation on the surface. A reliable and nondestructive in-depth characterization of SAMs on nonconductive oxide surfaces
is still challenging because of the very small thickness and the impracticality of methods such as scanning tunneling microscopy
(STM) and X-ray photoelectron spectroscopy (XPS).
In this Account, we illustrate how X-ray reflectivity (XRR) provides analytical access to major questions of SAM composition,
morphology, and even formation by means of investigations of pure and mixed SAMs based on phosphonic acids (PAs) of
various chain structures on flat alumina (AlOx) surfaces. XRR is an analytical method that provides access to spatially averaged
structural depth profiles over a relatively large area of several square micrometers. The key outcome of XRR, the surface-normal
electron density profile of the SAMs, leads to precise information on the SAM thickness with subangstrom resolution and allows
for the determination of molecular tilt angles and packing densities.
We have systematically increased the chemical complexity of PA molecules and the resulting SAMs, utilizing XRR to provide
insight into the SAM structures. In SAMs composed of functionalized molecules or complex chain structures, the distribution of
electron rich and electron poor signatures is detected and thus the molecular order within the SAM is determined.
In mixed SAMs of two different molecular species, electron density profiles reveal the morphology and how the surface-normal
structure changes if one component of the mixed SAM is altered. Furthermore, XRR was applied to investigate in situ the self-
assembly of functionalized PA molecules from solution by tracking the monolayer growth over time. Even though the results
provided by XRR on in-plane molecular arrangement are limited, it presents excellent information on the molecular scale along
the surface normal and in addition allows for drawing conclusions on the intermolecular interactions within the SAM.

1. INTRODUCTION

The use of self-assembled monolayers (SAMs) for surface
modification is a well-established tool, besides their application
in organic electronics.1−3 For almost any surface, comple-
mentary molecular structures have been developed to create
densely packed monolayers by self-assembly. The approach has
been extended far beyond the most prominent examples of
thiols4,5 on gold and silver or silanes6 on oxide surfaces. In most

cases, long and linear molecular structures, anchored on the
surface by reactive groups, are utilized. These SAMs are
typically illustrated as densely packed, upright-standing
molecules with an optional tilt and a well-ordered arrangement.
However, for accurate statements on the structure of the SAMs,

Received: January 16, 2015
Published: June 15, 2015

Article

pubs.acs.org/accounts

© 2015 American Chemical Society 1901 DOI: 10.1021/acs.accounts.5b00022
Acc. Chem. Res. 2015, 48, 1901−1908

pubs.acs.org/accounts
http://dx.doi.org/10.1021/acs.accounts.5b00022


analytical methods are required to provide results on packing
density and molecular orientation, in particular for functional
molecules of complex shape.7 Conventional techniques such as
static contact angle measurements, ellipsometry, or infrared
spectroscopy alone are insufficient to answer all general
questions regarding the structure of the SAMs. In order to
elaborate these, several experimental methods are used. Near
edge X-ray absorption fine structure spectroscopy (NEXAFS),8

infrared reflection−adsorption spectroscopy (IRRAS),9 Fourier
transform infrared spectroscopy (FTIR),10 sum frequency
generation (SFG),11 and grazing incidence X-ray diffraction
(GIXD)12 are typically applied to investigate the molecular
orientation. A complementary method is X-ray reflectivity
(XRR), which is a nondestructive, spatially averaging technique
for the investigation of thin films. The thickness, density, and
roughness of individual sublayers can be resolved independ-
ently. This allows, together with preknowledge such as the
chemical composition of the molecules, for an in-depth
understanding of structural properties of simple and complex
SAMs, as we show below.

2. METHODS

2.1. Self-Assembly of Phosphonic Acid Based Molecules

SAMs made of phosphonic acids (R-PO(OH)2) have been
thoroughly utilized in combination with metal oxide surfaces,
such as alumina (AlOx),

13 titania (TiOx),
14 and indium tin

oxide (ITO).1 Most research groups applied simple solution
based processing techniques by immersing the substrate in a
solution of phosphonic acids (PAs). Typically, the strong
binding of PAs leads to a fast self-assembly15 and even enables
transfer printing techniques.16 Solutions within concentrations
between 0.005 and 0.1 mM in 2-propanol (IPA) are favorable
for reasonable processing times.
The self-assembly of alkyl-PAs is self-terminating and

restricted by the availability of anchoring sites and space on
the metal oxide surface.4 The formation of multilayers is
prevented, and the monolayer thickness is determined by the
length of the molecules and their arrangement on the surface
(tilt, entanglement, etc.). Even though the true binding
mechanism of PAs on metal oxides is still not fully resolved,6

it is unquestionable that self-assembly leads to reproducible,
high-quality monolayers in a simple and robust process. The
molecular design of PA molecules follows the universal
blueprint of almost all SAM molecules, with a surface selective
anchor group, a long alkyl chain, and a headgroup (Figure 1a).
The length of the molecule and, more strongly, the
functionalization of the headgroup determine the final
properties of the monolayer.
A simple example for applications of SAMs based on PAs in

organic electronics is the use of n-alkyl PAs (Figure 1a) as part
of a thin dielectric layer17 of an OTFT. Due to the high
capacitance of the dielectric stack (SAM/thin AlOx), the
devices operate at low supply voltages of about 3 V or less. The
gate dielectric approach was extended to phosphonic acid
molecules with functionalization (e.g., fluorinated phosphonic
acids, Figure 1a), which not only provide low-voltage operation
but also impact the threshold voltage (Vth) in devices.18 To
fine-tune these changes in properties, it is possible to utilize
mixed SAMs.19 These are used for the fabrication of memory
OTFTs,20 with integrated charge storage SAMs consisting of
fullerene functionalized PA and insulating alkyl-PA molecules,
and active charge-transport layers in self-assembled monolayer

field-effect transistors (SAMFETs).21,22 Another method to
modify SAMs and to obtain specific properties is the use of
exchange reactions.15,23

2.2. X-ray Reflectivity

XRR measures the intensity fraction of an incoming X-ray beam
that is specularly reflected from a sample. Figure 1b illustrates
the kinematics of this process. The incident X-ray impinges on
the surface under an angle α in the (x,y)-plane. Specular
reflection is observed within the plane of incidence at an exit
angle β equal to the incoming angle α. In this setup, the wave
vector transfer has a component solely perpendicular to the
surface (z-direction), with qz = kf − ki = 4π/λ sin α, where k is
the wave vector, |k| = k = 2π/λ is the wavenumber, and λ the X-
ray wavelength.24

For X-rays, the index of refraction can be written as n = 1 − δ
− iβ.24 Here, δ = λ2reρe/(2π) is the dispersion term, where re is
the classical electron radius, ρe is the electron density, and β =
λμ0/(4π) is the absorption term, where μ0 is the linear
absorption coefficient. Since δ and β are positive, the refraction
index is slightly smaller than unity, implying that X-rays are

Figure 1. (a) Chemical structures of phosphonic acid (PA) molecules
investigated in this Account. The headgroup functionalization is
depicted in the yellow box. (b) Reflectivity setup with impinging X-
rays at an incoming angle α, which are being detected at the outgoing
angle β (= α). (c) Exemplary electron density profile of a SAM on a
solid substrate, together with its interpretation with SAM thickness
(d), and SAM (σSAM) and substrate roughness (σSub).
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totally externally reflected below a critical angle αc, when
traveling into a denser medium.
The simplest example for the reflection of X-rays is an ideally

sharp interface between two media of different electron
densities. The reflected signal, for simplicity from a
vapor−media interface and neglecting absorption, can be
derived by matching the wave fields at this interface, which
yields the so-called Fresnel refletivity.24

=
− −

+ −
R q

q q q

q q q
( )z

z z

z z

F

2
c

2

2
c

2

2

For a flat sample, a variation in the electron density profile
along the surface normal with a length scale of d results in
characteristic oscillatory reflection features in reciprocal space
with a period of Δqz = 2π/d. These so-called Kiessig fringes
appear due to constructive and destructive interferences of
waves reflected at the individual interfaces.
An arbitrary density profile is modeled by slicing it into thin

slabs of constant electron density. The reflectivity is then
calculated recursively via the dynamical theory of reflections
(for a detailed explanation see ref 24 and references therein).
Here, the wave fields at each interface have to be matched,
yielding the corresponding Fresnel reflection and transmission
coefficients. Smearing of these interfaces, due to interfacial
roughness in real systems, is described by a Debye−Waller-like

factor of the form e−qz
2σj

2/2, where σj represents a Gaussian
roughness of the jth slab.24 In practice, an electron density
profile, ρe(z) (Figure 1c), is built up by a certain number of
physically meaningful slabs, using preknowledge, such as
chemical composition of molecules within the SAM. Each
slab has a uniform, but variable, electron density, thickness, and
roughness. The calculated reflectivity is then compared with the
experimental data. In an iterative process, the parameters of the
slabs are varied until the calculated and experimental curves
match.25 Details of the XRR analysis specific to our systems as
well as details of parameter confidence intervals and
correlations are presented in the Supporting Information.
The XRR measurements presented in this Account were

carried out at (1) beamline ID1026 at the European
Synchrotron Radiation Facility in Grenoble using 22.0 keV X-
rays and (2) a Bruker D8 reflectometer using 17.5 keV X-rays.

3. CHARACTERIZATION OF PRISTINE SAMs WITH XRR

3.1. N-Alkyl Phosphonic Acid SAMs

The most general analytical issues in SAM applications are the
orientation of the molecules and the quality of a SAM on a
surface. This qualitative information can be translated into the
quantitative values of SAM thickness, allowing for an estimation
of the molecular tilt angle, and the packing density of the
molecules. XRR enables access to these parameters, as shown
for the investigation of a series of n-alkane PAs (Figure 2).
The surface-normal structure of three n-alkyl PAs (decyl-

phosphonic acid, C10-PA; tetradecylphosphonic acid, C14-PA;
octadecylphosphonic acid, C18-PA) self-assembled on atomic
layer deposition grown (ALD) AlOx is identified by modeling
the XRR curves and extracting the laterally averaged surface-
normal electron density profiles. Figure 2a shows the Fresnel-
normalized reflectivity (R/RF) curves, together with the
corresponding model fits. The fit-derived electron density
profile is depicted in Figure 2b and the best fit parameters are

tabulated in the Supporting Information. The short period
oscillations, as observed in all XRRs in this Account,
correspond to the Kiessig fringes yielding from the ALD
grown AlOx layer with a thickness of approximately 120 Å. The
electron density profile used in the fits is constructed with three
slabs, namely, the AlOx, the surface-adjacent PA anchor group
(for details, see Supporting Information), and the hydrocarbon
chain.
This analysis shows a self-terminating monolayer assembly

and excludes double- or multilayer formation. The film
thickness d of the SAM was determined as 14.3 Å for C10-
PA, 20.1 Å for C14-PA, and 25.8 Å for C18-PA (Figure 2b).
These values are in excellent agreement with theoretical values
of the molecular length for C10-PA of approximately 15.7 Å, for
C14-PA of 20.8 Å, and for C18-PA of 25.9 Å, suggesting an
almost perpendicular orientation of these n-alkyl PAs with
respect to the surface. The electron density of the three alkyl
SAMs of 0.32 e/Å3 is in the range of typical values for
hydrocarbon chains in the rotator phase.27 With this
information, that is, electron density and thickness of the
monolayer d, we have calculated the space requirement A per
alkyl-PA molecule28 as 22.5 Å2 per C10-PA, 20.7 Å2 per C14-PA
and 19.9 Å2 per C18-PA molecule. Notably, as previously
reported,29 a denser packing is obtained for longer alkyl chains,
indicating that shorter alkyl chains tend to organize into
amorphous films whereas longer ones exhibit crystalline
domains.
3.2. Functionalized N-Alkyl PA SAMs

XRR offers the possibility to compare the surface-normal
electron density distribution between functionalized and
simple, nonfunctionalized SAMs (e.g., Cn-PA) to draw precise
conclusions on the morphology of the molecular components.
A monolayer of 12,12,13,13,14,14,15,15,16,16,17,17,18,18,18H-
pentadecafluoro-octadecyl phosphonic acid (F15C18-PA, Figure
1a) with 15 fluorine atoms (C18-PA with partially substituted
hydrogen atoms) was investigated. The molecule has a similar
theoretical length as C18-PA but with a presumably higher
electron density due to the electron rich fluorine. The measured
R/RF and its fit, assuming a four-slab model (AlOx, PA anchor
group, alkyl chain, fluorine functionalized alkyl), are shown in
Figure 3a. The corresponding electron density profile (Figure
3b, best fit values in Supporting Information, Table 1) shows a
characteristic minimum in ρe of 0.27 e/Å3 attributed to the
nonfluorinated alkyl chain, between two electron rich sections
(AlOx and fluorinated alkyl chain). The length of the electron-

Figure 2. (a) Measured R/RF (circles) of a C10-PA (red), C14-PA
(blue), and C18-PA (black) SAM on AlOx, with corresponding fits
(solid lines). Curves are shifted for clarity. (b) Fit-derived electron
density profiles and schematic interpretation of the self-assembled n-
alkyl PAs with a nearly perpendicular arrangement relative to the
surface.
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poor part of the SAM with the anchor group was identified as
12.0 Å. The theoretical length of this part of the molecule is not
reached, suggesting a tilt of the nonfunctionalized alkyl section
of ∼47° relative to the surface normal (Figure 3b). The lower
electron density compared with alkyl-PAs (0.32 e/Å3) is a result
of the spatial requirements of the fluorinated headgroup of the
molecule, leading to a less dense packing of the alkyl region of
the SAM. The fluorinated region is clearly resolved in the
electron density profile by a distinct peak with an electron
density of 0.78 e/Å3 and a thickness of 10.0 Å, which is slightly
larger than the theoretical length of the fluorinated component

of the molecule (9.0 Å). This indicates an orientation of the
functionalized segment perpendicular to the surface.

3.3. P-type Semiconductor Functionalized SAMs

The complexity and function of SAM molecules were further
extended by implementing π-systems as functional head groups.
These molecules serve as active layers in SAMFETs, where the
semiconducting channel is realized solely by the 2D-arranged
monolayer.30−34 The device characteristics critically depend on
the order and electrical interaction (ππ-stacking) of the
molecules. For these SAMs, XRR provides insight into the
distribution and arrangement of the π-system, due to its higher
electron density compared with the n-alkyl chain.
In this Account, a semiconducting monolayer from [12-

(benzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-yl)dodecyl)]
phosphonic acid (BTBT−C12-PA, Figure 1a) was self-
assembled on an ALD grown AlOx surface.34 This molecule
contains a semiconducting π-system (BTBT), which is
connected to a C12 alkyl chain and a PA anchor group. A
four-slab model was assumed for fitting the reflectivity data
(Figure 3a), consisting of the AlOx layer and the three building
blocks of the molecule. The electron density profile of this
system (Figure 3b, best fit parameters in Supporting
Information, Table 1) reveals the conformation and packing
of these molecules. The electron density drops from 0.89 e/Å3

(AlOx) to a 15 Å thick plateau with ρe of 0.24 e/Å3,
representing a surface-normal arrangement of the stretched C12
alkyl chain, followed by an electron-rich region of 0.48 e/Å3

attributed to the BTBT headgroup. The surface-normal
position of the π-system is confined to only 7.6 Å, indicating
a tilted BTBT chromophore in the SAM. In addition to the
driving force of the anchor group to bind on to the AlOx
surface, the ππ-interaction of the BTBT head groups

Figure 3. (a) Measured R/RF (circles) of a F15C18-PA (purple) and
BTBT−C12-PA

34 (green) SAM on AlOx, with corresponding fits (solid
lines). Curves are shifted for clarity. (b) Fit-derived electron density
profiles with suggested molecular arrangement of F15C18-PA (purple)
compared with C18-PA (black) and BTBT−C12-PA (green) SAM. The
electron density profiles indicate a tilted alkyl spacer chain and a
surface-normal headgroup of the F15C18-PA SAM, and a surface-
normal spacer chain and a tilted headgroup of the molecules in the
BTBT−C12-PA SAM.

Figure 4. Investigation of the self-assembly process of a BTBT−C12-PA SAM on AlOx. (a) Measured R/RF (circles) recorded before (substrate in
IPA, green) and during the self-assembly of BTBT−C12-PA molecules on AlOx in IPA with corresponding fits (after 30 s, gray; 2 min, blue; 5 min,
dark blue; 10 min, lime green; 20 min, red; 41 min, turquoise; 103 min, pink; 537 min, purple). Curves are shifted for clarity. (b) Evolution of the fit-
derived electron density profiles of the BTBT−C12-PA SAM over time. (c) Growth kinetics described by the coverage θ vs reaction time with
experimental values and the corresponding fit, suggesting that the self-assembly follows a Langmuir isotherm type reaction path. (d) Schematic of the
SAM condition at 5 min. (e) Electron density profiles of the beginning of SAM formation (≤10 min) compared with the profile of a fully assembled
SAM (at 537 min, purple). (f) Schematic of the fully formed SAM at 537 min with single BTBT−C12-PA molecules in solution and nonadsorbed
molecules sticking in the SAM.
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contributes to the molecular arrangement within the homoge-
neous BTBT−C12-PA system. We note that it is desirable to
extend XRR measurements with GIXD experiments to also
elaborate the lateral structure as an important feature that
determines the efficiency of lateral charge transport in such
SAMs on microscopic length scale.22,31

By performing in situ XRR during SAM formation of the
BTBT−C12-PA, further information on the early stages of self-
assembly is obtained and how a confined chromophore packing
is achieved is revealed.
3.3.1. In Situ XRR on a BTBT-C12-PA System. In situ

XRR has become a powerful tool for a detailed analysis of the
formation of silane SAMs,35 as well as thin organic36 and
inorganic films.37 In this Account, the SAM formation of
BTBT−C12-PA on AlOx was exemplarily studied in situ at the
solid−liquid interface at beamline ID10 (ESRF, Grenoble).
Subsequent to a reference scan, the first in situ scan was
performed immediately after filling the coating cell with the
SAM solution, followed by scans at selected immersion times.
SAM formation processes occur in a highly dynamic manner.

In particular in the early stage,15 the molecules can freely
migrate at the substrate’s surface. Hence, with the compara-
tively long reflectivity scan and admittedly small changes
(Supporting Information, Figure 5) in the reflected signal, the
electron density profiles have to be interpreted carefully. The
corresponding best fit parameters (R/RF in Figure 4a),
assuming again a four-slab model, are tabulated in the
Supporting Information. The evolution of the electron density
profile is plotted in Figure 4b and displays a monotonic
monolayer growth with the presence of a characteristic
electron-rich region attributed to the BTBT headgroup. This
becomes already visible during the first 10 min of self-assembly
(Figure 4e). Immediately after deposition, a small depletion
region at the AlOx surface of lower electron-density (0.23 e/Å

3)
compared with the electron density of the solvent is observed,
which suggests a formation of a loosely packed layer by the first
adsorbed molecules (Figure 4d) and a consequent reduction in
the effective solvent density. As the packing density at the oxide
surface increases, the depletion region in the profile disappears;
at the same time, an increase in ρe occurs, which can be
attributed to the BTBT headgroup. Both regions, the depletion
layer, which becomes the region where the alkyl spacer of the
molecule is predominantly located, and the BTBT chromo-
phore layer, continuously increase in electron density and
thickness over time. The initial ρe value of the depletion layer of
0.23 e/Å3 (d = 7.3 Å) increases to a final electron density of
0.28 e/Å3 (d = 10.6 Å) at 537 min, which is close to the
expected density of alkanes in the rotator phase.27 The electron
density of the headgroup increases continuously from 0.30 e/Å3

in the first in situ scan of the SAM and reaches a saturation
value of 0.43 e/Å3 (at 537 min), indicating a dense arrangement
of the chromophores over time (Figure 4f). Small differences
between the dried ex situ and the in situ electron density
profiles can be explained by the environment of the deposited
SAM. The alkyl backbone of the SAM appears to be tilted,
while the increased length of the electron-rich region can be
attributed to the BTBT chromophore arranged perpendicularly
to the surface. Additionally, the ππ-interaction between the
BTBT cores of the nonadsorbed molecules (in solution) and
the chromophores of the deposited SAM or a disordered
multilayer build-up may lead to an increase in thickness of the
electron-rich section.30,38 Moreover, the kinetics of a BTBT
SAM can be derived from such an in situ experiment. For this

purpose, it is practical to define the coverage θ as the relative
increase of the integrated electron density in the BTBT region
with the electron densities of the BTBT headgroup (ρBTBT) and
IPA (ρIPA), and thickness of the BTBT headgroup (dBTBT):

θ ρ ρ= −t t d t( ) ( ( ) ) ( )BTBT IPA BTBT

This coverage is displayed as a function of reaction time in
Figure 4c, showing a drastic increase during the early stages,
followed by a slow increase until a saturation level is reached,
that is, the monolayer formation is completed. Commonly,
such growth kinetics can be described by the Langmuir
isotherm reaction,39 which states that under the assumption
that desorption is negligible

θ = − −1 e k Ct( )a

where C is the concentration and ka is the adsorption rate
constant.
The fit corresponding to this equation is depicted as the solid

line in Figure 4c, showing good agreement with the
experimental data, suggesting that the growth kinetics of a
BTBT−C12-PA SAM on AlOx indeed follows a Langmuir
isotherm type reaction path.
3.4. C60 Functionalized SAMs

In this section, we show a detailed analysis of the arrangement
of more complex SAMs containing bulky head groups, such as
fullerenes (Figure 1a). Generally, the monolayer assembly of
C60 functionalized phosphonic acid molecules is dominated by
the space requirements of the fullerene. The footprint of the
anchor group and the cross section of the flexible linear alkyl
chain normal to the long molecular axis are significantly smaller
than the size of the attached fullerene in C60Cn-PA molecules,
which leads to a disordered SAM structure. SAMs of two C60
functionalized molecules (Figure 1a) were self-assembled on
AlOx: C60C18-PA with the fullerene attached to a flexible and
long alkylphosphonic acid (C18-PA) and C60C6-PA with a
comparably short alkyl chain (C6-PA).

20 Two-slab and four-slab
electron density models were constructed for the C60C6-PA and
the C60C18-PA SAM, respectively (R/RF in Figure 5a;
Supporting Information, Table 3, with best fit parameters).
The corresponding electron density profiles of both SAMs
(Figure 5b) exhibit high-ρe regions. In the case of C60C6-PA,
this region is directly adjacent to the AlOx surface (ρe = 0.56 e/
Å3, d = 21.7 Å) and is resolved without a drop in ρe, as seen in
the case of C60C18-PA with a plateau of 11.6 Å and 0.36 e/Å3.

Figure 5. (a) Measured R/RF (circles) and corresponding fits (solid
lines) of a C60C6-PA

20 (red) and C60C18-PA
22 SAM (black) on AlOx.

Curves are shifted for clarity. (b) Fit-derived electron density profiles
of a C60C6-PA SAM (red solid line) and C60C18-PA SAM (black solid
line) with schematic interpretation. The profile of the C60C18-PA SAM
exhibits an electron-poor section close to the substrate surface
corresponding to the alkyl-dominated part of the SAM.
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This electron-poor section is attributed to the presence of
flexible alkyl chains. The elevated electron density value
compared with pure alkyl-PA SAMs (0.32 e/Å3) suggests that
a number of fullerenes are present in this region, but
considerably less than further away from the substrate.
Fullerenes possess a large number of electrons and thus,
similar to the fluorinated alkyl-PA or BTBT−C12-PA, a higher
electron density compared with alkyl chains. However, due to
the large diameter of the fullerene and the flexibility of alkyl
chains, a confined layer of C60 at the top of the SAM is not
obtained.21 The thickness of the electron-rich region is
significantly larger than the van-der-Waals diameter of C60
(roughly 10 Å).40 In the case of C60C18-PA, it is 18.2 Å,
displaying a broad distribution of fullerenes in the z-direction
and suggesting a quasi-double layer of C60.

4. MIXED C60 FUNCTIONALIZED SAMs
One possible approach to increase the order of molecules with
bulky head groups (e.g., C60C18-PA) in SAMs is the
incorporation of shorter supporting molecules such as
alkylphosphonic acids.21,22,41 This effect can be easily realized
by mixing C60 functionalized molecules (C60C18-PA) with
corresponding PAs, due to the same anchor group chemistry.
The composition of the randomly mixed SAM on the surface is
determined by the stoichiometry of the molecules in solution.
We analyzed via XRR morphological variations upon changes in
the stoichiometric composition of known mixed SAMs
containing different electronic signatures.21 Note that it is not
possible from an XRR experiment to determine SAM
components from unknown primary material or the stoichi-
ometry of a known mixed SAM solution. However, it is possible
to elucidate the differences in surface-normal morphology of
mixed SAMs due to chain length variations of the supporting
Cn-PA molecules. Mixed self-assembled monolayers (molar
ratio of 1:1) of C60C18-PA in combination with C10-PA, C14-PA,
C16-PA, and C18-PA (Figure 1a), as supporting components for
the C60 headgroup, were deposited on AlOx.

22 Their impact on
the confinement of fullerene moieties in the z-direction across
the substrate surface was investigated. A four-slab model (AlOx,
anchor group, alkyl chain, and C60 headgroup) was used for the
modeling of measured reflectivity data (R/RF in Figure 6a; best
fit parameters in Supporting Information, Table 3). All fit-
derived electron density profiles (Figure 6b) exhibit a similar
shape with an electron-rich (mainly C60 head groups) and an

electron-poor section (mainly alkyl chains and PA anchor),
indicating the influence of alkyl-PA molecules on the
confinement of C60 head groups. The electron density profile
of a pure C60C18-PA SAM exhibits close to the AlOx surface a
slightly higher electron density of 0.36 e/Å3 compared with
0.29−0.31 e/Å3 for mixed systems. This is attributed to the
presence of fullerenes (significantly higher electron density than
alkyl-PA) due to a collapse of the flexible alkyl spacer. In mixed
systems, this effect is prevented to a certain extent by the
alkylphosphonic acid molecules, which fill the free space
between the anchored C60C18-PA molecules and push C60-
moieties away from the substrate surface. This effect is
displayed in the electron density profiles: within the parameter
confidence intervals (Supporting Information, Table 3), the
headgroup thickness shows a decreasing trend from pure
C60C18-PA, over C60C18-PA/C10-PA, C60C18-PA/C14-PA, and
C60C18-PA/C16-PA, whereas for C60C18-PA/C18-PA the relative
thickness reduction is clearly significant. Here, the electron rich
region (15.7 Å) is more confined and is located further away
from the AlOx surface. This seems reasonable due to the
comparable length of the alkyl spacer in the functionalized
C60C18-PA molecule. These XRR investigations support the
picture of confined C60 head groups by supporting molecules
and allow for discussing changes of in-depth morphology on
the angstrom scale. This method was applied to improve the
performance of SAMFET devices.22

5. CONCLUSIONS AND OUTLOOK

This Account summarizes recent results from the structural
characterization of SAMs via XRR. Hereby, we obtained precise
information on the layer thickness and surface-normal electron
density distribution of the investigated SAMs. Further,
conclusions on the molecular tilt angle and packing density
were drawn. By investigation of various phosphonic acid
derivatives on AlOx surfaces, additional information on the
driving forces of self-assembly were extracted. Functionalized
molecules with a distinct distribution of electron density along
the molecular chain exhibit a clear signature in the electron
density profile and allow for conclusions about the molecular
order. Additionally, XRR was efficiently utilized for the in situ
tracking of the self-assembly process. Moreover, mixed SAMs
from stoichometric solutions of C60C18-PA and alkyl-PA
molecules have been applied on AlOx. Their electron density
profiles disclosed a trend of orientation of fullerenes with
increasing supporting alkyl-PA length.
Our investigations delineate the way for a deeper under-

standing of film formation for applications such as organic
electronics, where homogeneous layers are most beneficial and
a distinct control of interface conditions is essential. Even
though X-ray reflectivity represents a powerful tool to gather
structural insight at the subnanometer scale of thin films, the
use of complementary methods remains inevitable for a
complete understanding of SAMs.
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Figure 6. (a) Measured R/RF (open circles) and corresponding fits22

(solid lines) of pure C60C18-PA (black) and mixed Cn-PA/C60C18-PA
SAMs with n = 10 (red), 14 (yellow), 16 (blue), and 18 (green) on
AlOx. Curves are shifted for clarity. (b) Fit-derived electron density
profiles with a confinement of the C60 headgroup layer with increasing
n-alkyl length.
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