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Tuning the molecular order of C60-based self-
assembled monolayers in field-effect transistors†
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The control of order in organic semiconductor systems is crucial to achieve desired properties in elec-

tronic devices. We have studied the order in fullerene functionalized self-assembled monolayers by

mixing the active molecules with supporting alkyl phosphonic acids of different chain length. By adjusting

the length of the molecules, structural modifications of the alignment of the C60 head groups within the

SAM can be tuned in a controlled way. These changes on the sub-nanometre scale were analysed by

grazing incidence X-ray diffraction and X-ray reflectivity. To study the electron transport properties across

these layers, self-assembled monolayer field-effect transistors (SAMFETs) were fabricated containing only

the single fullerene monolayer as semiconductor. Electrical measurements revealed that a high 2D

crystalline order is not the only important aspect. If the fullerene head groups are too confined by the

supporting alkyl phosphonic acid molecules, defects in the crystalline C60 film, such as grain boundaries,

start to strongly limit the charge transport properties. By close interpretation of the results of structural

investigations and correlating them to the results of electrical characterization, an optimum chain length

of the supporting alkyl phosphonic acids in the range of C10 was determined. With this study we show

that minor changes in the order on the sub-nanometre scale, can strongly influence electronic properties

of functional self-assembled monolayers.

Introduction

Since a few years, organic electronic devices are emerging into
the market. But to pave the way for further products, improve-
ments in device performance have to be accomplished.
Besides new materials, this requires a deeper understanding of
the interplay between the active materials. Of particular signifi-
cance in all electronic devices are interfaces between different
layers – and to control the morphological and electronic struc-
ture of molecules at interfaces is the key challenge. A lot of
work has been done to understand the correlation between
chemical structure, thin film morphology and electrical pro-
perties of organic molecules at interfaces.1–3 However, the ulti-
mate goal is to design materials which form defined ordered
structures via self-organization and thus ease the process to
obtain desired properties. A good example are self-assembled

monolayers (SAMs), which present an elegant approach to
build thin films with defined thickness and structure, both
determined by the molecular layout. The interactions between
the surface and the anchor group of the molecules as well as
the interactions between the molecules itself govern the mor-
phology and thus the properties of such monolayers.4 By
varying the chemical structure of the SAM-forming molecules,
complex functionalities can be achieved in monolayers.
Examples are the tuning of surface energies over a wide range
from superhydrophilic to superhydrophobic,5,6 the adjustment
of work functions7,8 or to establish charge storing properties.9

A further approach to tune surface properties is to mix
different self-assembling molecules in solution, yielding
mixed SAMs which typically exhibit properties in between
those of the pure SAMs. By varying the mixing ratio, a continu-
ous shift of the properties can be obtained, as exemplarily
shown for the threshold voltage in organic thin film
transistors.10

Due to this large variety in scope for design, SAMs have
been successfully integrated into various organic electronic
devices, such as organic thin film transistors (TFTs),11,12

organic photovoltaics (OPV)13 and organic memory devices.9,14

Even semiconducting properties can be included in the mole-
cules, which leads to organic semiconducting monolayers.
These films can be incorporated as active layers in thin film
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transistors, so called self-assembled monolayer field-effect
transistors (SAMFETs).15–20

In these devices with real 2D-confined channels, the mor-
phology is of particular interest, as small perturbations in the
packing of the molecules, immediately strongly influence the
transport properties in the transistor. This, on the other hand
means that SAMFETs are an ideal tool to investigate thin film
morphologies on the sub-nanometre scale in functionalized
self-assembled monolayers.

In this work we investigate the tuning of molecular order in
self-assembled monolayers of C60-functionalized phosphonic
acids and how electrical properties of these layers can be influ-
enced in a controlled way. SAMs of functionalized fullerenes
have been used in organic photovoltaics,13,21,22 memory tran-
sistors,9 light sensors23 and SAMFETs.18,24,25 In all of these
devices the order of the SAM is of crucial importance for elec-
tronic properties. Therefore, ways to access information about
and actually control the morphology of these films can
enhance the device performance.

Previously, we reported on mixed SAMs with different
mixing ratios of decylphosphonic acid (C10-PA) and a fullerene
functionalized alkylphosphonic acid (C60C18-PA, Fig. 1a). In
simulations as well as experiments we found improved order
and a positive effect on electronic properties in a broad range
of mixing ratios, compared with the pure C60-SAM, with an
optimum mixing ratio around 1 : 1. Besides the mixing ratio,
the structure of the supporting molecules can be expected to
play a major role in terms of morphological control of the
monolayer. Therefore, in this work we systematically varied the
length of the alkyl chain of the supporting alkyl phosphonic
acids from C6 to C18 (Fig. 1a). Supporting molecules with alkyl
chains longer than C18 are expected to be detrimental for the
order, as the chain length of our active, C60 containing mole-
cule is also C18. A minimum chain length of C6 was chosen to
avoid etching of the AlOx anchoring surface, as for decreasing
length of alkyl-PAs the acidity increases.26 To investigate the
influence of the chain length of the supporting alkyl-PA on the
morphology in the monolayer as well as the electronic pro-
perties, various analytical techniques were applied and
SAMFET devices (schematic setup in Fig. 1b) were fabricated
and electronically characterized. Grazing incidence X-ray
diffraction (GIXD) was performed to obtain information about in
plane order of the SAMs. X-ray reflectivity (XRR) measurements

were conducted to access the out of plane structure of the
monolayer that means in particular, the location of the C60-
moiety within the SAM. Monolayer transistors were fabricated
in order to investigate the properties of such SAMs in real
devices and – compared with the dimensions of the monolayer
– over large areas of a few micrometres. A correlation between
morphological results with electrical measurements can lead
to a deeper understanding of what is important in such few
nanometre thin films and how they can be tuned to feature
desired properties.

Results and discussion

The self-assembly of monolayers of phosphonic acids on alu-
minium oxide (AlOx) surfaces is an uncomplicated process
which can be carried out from solution. In this work solutions
of alkyl-PAs (C6-PA, C10-PA, C14-PA, C16-PA and C18-PA) and
C60C18-PA (Fig. 1a) were made in 2-propanol with a concen-
tration of 0.005 mM. For self-assembly of mixed monolayers,
the solutions of alkyl-PA and C60C18-PA were mixed in a 1 : 1-
ratio, which is expected to result in roughly the same mixing
ratio in the SAM.24 For structural investigations, monolayers of
respective mixtures of phosphonic acids were self-assembled
on aluminium oxide (AlOx) films of around 10 nm, grown by
atomic layer deposition (ALD) on silicon substrates. These sub-
strates offer an anchor surface which is very similar to the AlOx

in the SAMFET devices which is made by plasma oxidation of
Al layers, yet much smoother which is crucial for the structural
investigations. The self-assembled monolayers were prepared
on these substrates in the same way as for the device fabrica-
tion (see Experimental).

Structural investigations

To get an insight into the nanoscale structure of these SAMs,
grazing incidence X-ray diffraction (GIXD) as well as X-ray
reflectivity (XRR) measurements were performed at the beam-
line ID10 at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) using a wavelength of 0.56 Å.

GIXD measurements of all mixed and pure C60C18-PA SAMs
resulted in three Bragg rods, which can be seen in the exemp-
lary diffraction map in (qr,qz)-space of a C10-PA/C60C18-PA SAM
(Fig. 2a). The peaks become clearer in the profile (Fig. 2b) and
were fitted with a Lorentzian that was convoluted with the
resolution function (Fig. 2b, for more details see Experi-
mental). Peak positions and the corresponding lattice spacing
can be found in the ESI (Table S1†). These peaks can be attri-
buted to the (10), (11) and (20) peak of a 2-dimensional hexago-
nal lattice (Fig. 2c). The nearest neighbour distance of 9.96 Å
(±0.08 Å) corresponds nicely to the value which was found for
C60 single crystals.27 This means that the C60 head groups of
the phosphonic acids form crystalline domains in the self-
assembled monolayer, independently of whether the fullerene
functionalized molecules are mixed with alkyl-PAs or not. The
peak positions are the same for all mixed systems as well as
for the pure C60C18-PA SAM, however the width of the peaks

Fig. 1 (a) Chemical structures of the phosphonic acid molecules, which
were used in the pure and mixed self-assembled monolayers. (b) Sche-
matic image of a mixed alkyl-PA/C60-functionalized-PA SAM in a
SAMFET device.
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differs. Using the Debye–Scherrer formula (see Experimental)
we calculated the size of the C60 domains. Pure C60C18-PA
SAMs exhibit domains with an average diameter below 30 nm,
whereas all mixed alkyl-PA/C60C18-PA SAMs feature crystallite
sizes of at least 60 nm (Fig. 2d). The alkyl-PAs in the mixed
SAMs seem to push the C60-moieties towards the surface and
protect them from dunking into the SAM, thus enabling larger
crystalline regions.

To analyse the vertical alignment, XRR measurements were
carried out on the mixed alkyl-PA/C60C18-PA SAMs. The
measured reflectivity data and the corresponding fits of a four
slab model (AlOx, anchor group, alkyl chain and C60 head
group) are plotted in Fig. 3a. For details about the measure-
ments and fitting procedure see Experimental part and ESI
(Fig. S3†). From these fits the thickness, electron density and
roughness of each individual slab can be obtained, which

allows for close analysis of the vertical alignment of the self-
assembled monolayers. Fig. 3b shows the vertical electron
density distribution within our mixed SAMs. Starting from the
ALD grown AlOx with an electron density of 0.92 Å−3, a
decrease occurs at the anchor group and the alkyl chain of the
SAMs. Further away from the substrate the electron density
increases again and exhibits a broad peak, which corresponds
to the fullerene head group, before the electron density drops
to zero. This shape is similar for all SAMs; however, there are
certain differences which point to structural differences
between the systems. In the pure C60C18-PA SAM the electron
density of the alkyl chain region is clearly higher than in case
of the mixed SAMs. We interpret this as C60 head groups
dunking into the SAM, possibly even as far down as to the
AlOx substrate. This is reasonable, due to the shape of the
molecule with a slim alkyl chain and a comparably large fuller-
ene head group. In the mixed SAMs this is prevented by the
alkyl-PA molecules making up for the geometrically non-
uniform framework of the C60C18-PA and filling out the space
in between the alkyl chains of the functional molecules. Thus
the alkyl-PAs push the C60 head groups upwards and lead to a
confinement of the electron rich fullerenes within the mono-
layer. For increasing chain length of the alkyl-PAs, this effect
gets more pronounced, which means the C60-moieties on top
of the alkyl chains are confined to a higher degree in a thin
layer (with a thickness of one fullerene, i.e. 1 nm). This trend
can be clearly seen in the electron density profiles (Fig. 3b), as
the width of the C60 peak decreases and moves further away
from the AlOx substrate for increasing chain length of the sup-
porting alkyl-PAs. Hence, alkyl-PAs with long chain length
seem to increase the order in the C60-based SAMs, by con-
fining the active fullerene moieties in a thin film on top of
the SAM.

Electrical results

Structural investigations revealed an improvement in mole-
cular order – in plane as well as out of plane – for mixed alkyl-
PA/C60C18-PA SAMs compared to the pure C60C18-PA, with a
more pronounced confinement of the fullerenes for increasing
alkyl chain length. Intuitively one would expect that the con-
finement of the C60-moieties should lead to improvements in
charge transport properties across those monolayers. To
examine this hypothesis we fabricated SAMFET devices with
mixed alkyl-PA/C60C18-PA SAMs as semiconducting layers with
alkyl-PAs of chain length ranging from C6 to C18. On silicon
substrates with 100 nm thermal SiO2, aluminium gate electro-
des were evaporated and lithographically patterned. An oxygen
plasma treatment provided a thin aluminium oxide (AlOx) film
on top of the gate electrodes, acting as anchor surface for the
phosphonic acids and simultaneously as dielectric. The mono-
layers were self-assembled from 2-propanol solutions on the
AlOx prior to source/drain electrode deposition and patterning.
Details of the fabrication process are described in the Experi-
mental. In contrast to recently reported results on C60-based
SAMFETs,25 the transistors setup was slightly changed, which
could lead to slightly different trends when directly comparing

Fig. 2 Results of grazing incidence X-ray diffraction measurements on
C60-based SAMs with (a) diffraction map in (qr,qz)-space of a mixed C10-
PA/C60C18-PA SAM showing three Bragg rods; (b) extracted, back-
ground-corrected profile with the corresponding Lorentzian fits; (c)
hexagonal crystal lattice with the measured d-spacing and the unit cell;
(d) average domain sizes of the crystalline domains for the different
SAMs.

Fig. 3 (a) X-ray reflectivity data (circles) and corresponding fits (lines)
for pure C60C18-PA and mixed alkyl-PA/C60C18-PA SAM systems; (b)
corresponding electron density profiles of the SAMs, revealing an
upholding effect of the alkyl-PAs for the C60-moieties, which gets more
pronounced for increasing length of the alkyl-PAs.
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results. In this work lithographically patterned top contacts
were utilized, to allow for a high reproducibility of the gold
source/drain contacts, due to the large injection area with the
C60-SAM. Furthermore, the top electrodes exclude contact
related effects and enable the possibility to only investigate the
charge transport across the SAMs. Proper ohmic contacts
between the gold electrodes and the C60-SAMs were obtained,
indicated by the linear onset of the output characteristics of
the transistors (ESI, Fig. S4†). This setup, however, requires
bringing the active fullerene SAM into contact with both, the
photoresist and acetone for the lift-off step. But neither the
resist, which was spin-coated directly onto the C60-SAM, nor
the acetone seemed to deteriorate the electronic properties of
the fullerenes. For all SAM systems at least seven transistors
were characterized with channel length of around 3 μm and
channel width of 100 μm. The capacitance for the mobility cal-
culations was determined to 0.68 μF cm−2 ± 0.02 μF cm−2 (for
details see Experimental) and employed for mobility calcu-
lations of all devices, due to only minor variations between the
values for the different SAM systems.

Representative transfer curves of pure C60C18-PA, a mixed
SAM with an alkyl-PA of medium chain length (C10-PA) and a
mixed SAM with an alkyl-PA of long chain length (C18-PA) are
plotted in Fig. 4a. Transfer curves of all SAM systems are
shown in the ESI (Fig. S3a†). As expected, the mixed C10-PA/
C60C18-PA device outperforms the pure C60C18-PA SAMFET, but
surprisingly the C18-PA/C60C18-PA transistor exhibits a
decreased performance compared to the other devices. To visu-
alize a trend for all mixed systems, the average saturation
mobility and drain current values are shown in Fig. 4b, plotted
against the chain length of the supporting alkyl-PA (for pure
C60C18-PA a supporting chain length value of zero was
appointed). Mixing of C60C18-PA with alkyl-PAs of short to
medium chain length leads to increased drain currents and
charge carrier mobilities. Unexpectedly, this is not the case
any more for longer chained alkyl-PAs (C14 and longer). Sys-
tematically the mobility and drain current values decrease with
increasing chain length larger C10. The same trend was found
for on/off-ratios and drain current to leakage current ratios (ID/
IG) in the devices (ESI – Fig. S3b†), as a consequence of the

reduced drain current. This seems surprising, since the order
of the functional C60-moieties increases with increasing chain
length, as shown before. But for charge transport, besides the
2D order of the semiconductor in the crystallites, the possi-
bility to bridge over grain boundaries between the crystalline
regions (≈60 nm) seems to be of great importance. The prob-
ability of this bridging, might be reduced by confining the full-
erenes to a thin layer on top of the alkyl part of the SAM,
leading to hindered charge transport across a large area, like
the transistor channel. Therefore, a single monolayer of C60 is
not essentially favourable, as soon as there are defects in the
crystalline packing, such as grain boundaries. More favourable
seems to be a crystalline C60 layer with a large enough number
of underlying fullerenes, to increase the probability of electri-
cal contact between individual crystallites. This appears to be
the case in mixed SAMs with rather short chained alkyl-PAs,
such as C6-PA and C10-PA. In the pure C60C18-PA a bridging
also should be possible, but the fullerenes are not prevented
from dunking deep down into the alkyl chain region of the
SAM, where they are electronically isolated and thus not contri-
buting to the charge transport. For charge transport across the
SAM, mixed systems with short alkyl-PAs seems to be ideal, as
they present a balance between supporting the fullerene head
groups and simultaneously not confining them to a single
layer, which enables a bridging between crystallites.

Experimental
Grazing incidence X-ray diffraction

Grazing Incidence X-ray Diffraction (GIXD) experiments were
carried out at beamline ID10 at the European Synchrotron
Radiation Facility in Grenoble using 22 keV X-rays. The
impinging angle α was set to 0.080°, which is just below the
critical angle of silicon, αc = 0.082. The corresponding critical
momentum transfer vector is qc = 0.032 Å−1. Thus the rays are
totally externally reflected, and only the evanescent wave inter-
acts with the sample. In this setup, the scattered intensity by
the surface is maximized, whereas the bulk scattering is
reduced to a minimum.28,29 The data was collected with a
Pilatus 300K area detector with an illumination time of 10 s. In
this geometry, the momentum transfer vector q has a vertical
and horizontal component, qz = 2π/λ(sin α + sin β), where β is
the outgoing angle, and qr ≃ 4π/λ(sin 2θ/2) respectively, where
2θ is the horizontal scattering angle.30–32 Since the present
self-assembled monolayers consist of crystallites, which are
randomly oriented in the plane, any Bragg peak can be
measured by mapping the (2θ, β)-space.33

All peaks can be well described by a Lorentzian lineshape,

IðqrÞ ¼ I0
π

κr=2

qr � q0ð Þ2þ κr=2ð Þ2. Such line shapes have already

been successfully used to describe the scattering profiles of
OTS self-assembled monolayer.34 To obtain the intrinsic
scattering widths, we have convoluted this profile with the
Gaussian resolution function of the spectrometer. This analy-
sis gives the peak position q0 and a crystalline correlation

Fig. 4 Electrical results of C60-based SAMFETs: (a) representative trans-
fer curves of SAMFETs made of pure C60C18-PA, mixed C10-PA/C60C18-
PA and C18-PA/C60C18-PA, respectively. (b) Average saturation mobilities
and drain currents (from at least seven devices for each system) for all
mixed alkyl-PA/C60C18-PA SAM systems (x-axis shows chain length of
the alkyl-PA) and pure C60C18-PA devices (x-axis value of zero).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2014 Nanoscale, 2014, 6, 13022–13027 | 13025

Pu
bl

is
he

d 
on

 0
3 

Se
pt

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t E

rl
an

ge
n 

N
ur

nb
er

g 
on

 2
2/

08
/2

01
6 

08
:5

2:
51

. 
View Article Online

http://dx.doi.org/10.1039/c4nr03557g


length, i.e. the size of the crystallites, which is related to the
inverse of the full-width-half-maximum κr through the Debye–

Scherrer formula ξ � 0:9� 2π
κr

.35,36

X-Ray reflectivity

Specular X-ray reflectivity (XRR) measurements were carried
out at beamline ID10 at the European Synchrotron Radiation
Facility in Grenoble using 22 keV X-rays. XRR was measured by
scanning the detector, which was placed in the reflection
plane, while keeping the outgoing angle β equal to incoming
angle α with a scintillation detector and counting times of 0.3 s
per point. In this geometry, the momentum transfer vector
solely has a component normal to the surface, qz = 4π/λ sin α.
The reflected intensity was measured as a function of qz, and
was normalized to the incident intensity. The resulting reflec-
tivity curves R(qz) are sensitive to the surface normal electron
density profile and hence allow for independent determination
of the thicknesses, electron densities and roughnesses of self-
assembled monolayers with sub-Å resolution.37–40 The surface
normal electron density profile was simulated assuming 4
slabs of constant, but variable, electron density ρi, a thickness
di and a Gaussian roughness σi. The individual slabs represent
the ALD grown AlOx, the phosphonic acid anchor group, the
alkyl chain and the C60 functional head group. This profile
was then substituted into the Abeles transfer matrix method
using MOTOFIT.41,42 The resulting reflectivity curve was sub-
sequently least-square fit to the measured reflectivity data,
yielding best values of ρi, di and σi. In the fitting routine the
parameters for the ALD were fixed to common values for all
samples.

TFT fabrication

Silicon wafer with 100 nm thermal SiO2 served as smooth,
insulating substrates for the SAMFET devices. Aluminium
bottom gate electrodes (30 nm) were thermally evaporated at
pressures below 10−6 mbar and patterned by photolithography
and a standard lift-off process. After the lift-off in acetone, an
oxygen plasma treatment was performed in a plasma chamber
(Diener Electronic Pico, 200 W) for 5 min to generate a dense
aluminium oxide layer of around 3.6 nm thickness.43 This
AlOx film serves as inorganic part of the hybrid dielectric and
as anchor surface for the phosphonic acids. The self-assembly
of phosphonic acids on the surface was carried out directly
after the plasma treatment by immersing the substrates into
dilute solutions of C60C18-PA or mixed solutions of alkyl-PA
(C6-PA, C10-PA, C14-PA, C16-PA or C18-PA) and C60C18-PA in a
1 : 1 molar ratio with a overall concentration of 0.005 mM in
2-propanol. After 24 h the samples were removed from solution
and thoroughly rinsed with 2-propanol and dried in a nitrogen
stream. The photoresist (Microposit S1813) was spin-coated
onto the SAM, exposed through a Cr mask with an UV-lamp
and developed. Gold source and drain electrodes were ther-
mally evaporated (30 nm) onto the substrate with the patterned
resist and the lift-off process was performed in acetone. After
the lift-off, the devices were transferred to a nitrogen flushed

glovebox, annealed at 120 °C for approximately 16 h and elec-
trically characterized. The capacitance, which was needed for
the charge carrier mobility evaluation, was calculated in the
same way as reported before,20 using the capacitance value of
an AlOx dielectric, an estimated permittivity of an alkyl chain
of 2.5 and the thickness of the alkyl-dominated part of the
SAMs (measured by XRR). An average capacitance per area of
0.68 μF cm−2 ± 0.02 μF cm−2 was obtained and employed for
all mobility calculations, due to the minor variations between
the different SAM systems.

Conclusions

To summarize, mixed self-assembled monolayers of alkyl
phosphonic acids and C60-functionalized alkyl phosphonic
acids were investigated with varying chain length of the alkyl-
PAs. The influence of the supporting alkyl-PA molecules on
the order of the C60 head groups in the layers was investigated
by means of GIXD and XRR. GIXD measurements revealed
crystalline packing of the fullerenes in a 2D hexagonal lattice
in all SAM systems, but larger domain sizes for all mixed SAMs
(≥60 nm) compared to the pure C60C18-PA SAM (<30 nm). XRR
measurements showed an improved vertical alignment in
mixed SAMs, by preventing fullerene head groups from
dunking deep into the SAM and thus confining the C60 layer
on top of the alkyl part of the SAM. This effect becomes more
pronounced for alkyl-PAs with longer chains. The influence of
tuning the order in the sub-nanometre scale of such films on
the charge transport properties was investigated in self-
assembled monolayer field-effect transistors. Such devices
present an ideal system to characterize these 2D films, as they
contain only a single, chemically bound layer of semiconduc-
tor. The expected improvement of the electronic properties in
mixed SAMs was only validated for short alkyl-PAs up to chain
length of C10. Longer alkyl-PAs in the mixed SAMs led to a
decrease in performance, which can be explained by closely
analysing the results of the XRR measurements. By pushing
the C60 head groups more and more away from the AlOx sub-
strate for growing chain length of the alkyl-PAs, the fullerenes
are increasingly confined to a thin, single C60 layer. This
hinders a charge transport in between crystalline regions,
whereas in less confined layers a bridging between crystallites
can occur via underlying fullerenes and maintain the charge
transport even over defects, such as grain boundaries. The
medium chain length of C10-PA was found to exhibit the best
balance between both effects, the increasing confinement of
the C60 head groups at the SAM surface, while still offering the
possibility of bridging between crystalline domains via under-
lying fullerene moieties.
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