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Atomic force microscopic studies on the growth of self-assembled
monolayers on SrTi@surfaces
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Abstract

The growth mechanism of octadecyltrichlorosilane (OTS) on Sy$ifstrates has been investigated by wettability and force microscopy
measurements. The films were formed by the self-assembly technique. It was found that growth proceeded via two types of islands: lal
‘fractal-like’ islands and smaller circular patches of molecules. The patches grow by attachment of monomers and coalescence with ott
islands. The overall growth mode obeyed first order Langmuir kinetics and is found to be similar to the growth of alkylsiloxanes on SiO
and mica. The difference between growth on Sila@d SrTiQ:Nb is that the growth rate is slower on the latter substfat&998 Elsevier
Science S.A. All rights reserved
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1. Introduction [6], quartz crystal microbalance (QCM) [7], surface plas-
mon resonance (SPR) [8] and STM [9] measurements. Most
Self-assembled monolayers (SAMs), formed by the spon- studies conclude that there are at least two distinct steps in
taneous adsorption of amphiphiles on a number of different the kinetics: a fast step that can be described by Langmuir
substrates [1,2], has proven to be a reliable and convenientkinetics and a slower rearrangement step. Poirier and Pylant
way to form ultrathin organic films. SrTiQlike other per- have also found that the growth rate is proportional to the
ovskites, display a number of electrical effects (e.g. ferro- unoccupied surface sites (first order Langmuir kinetics) in
and piezoelectricity, giant magnetoresistance) and is used aghe case of gas-phase adsorption. First, the individual mole-
a catalyst for the decomposition of water. By doping with cules form a mobile two dimensional lattice gas until com-
niobium (Nb), the conductivity of the substrate can be var- plete coverage is reached, followed by the formation of
ied from isolating to semiconducting. Furthermore, SEIO  dense crystalline islands (described as a lateral pressure-
is used extensively as substrate for the deposition of iigh  induced phase transformation). This process is completed
superconducting YB&uO;, films and related other perovs-  if the surface is completely covered by such islands, leaving
kites [3], which explains the renewed interest in methods to domains of molecules with different orientations with
obtain atomically smooth and chemically well-defined sur- respect to the surface [9].
faces. We used SrTiand SrTiQ:Nb as a model substrate A few kinetic growth studies of other SAM-systems are
for the formation of alkyltrichlorosilane SAMs on different  available, e.g. in situ atomic force microscopy (AFM) on
perovskite surfaces, and to study its surface chemistry for octadecylphosphonic acid/mica [10], AFM on alkyltrieth-
the growth of superconducting materials. oxysilane/mica [11] and AFM on alkyltrichlorosilanes on
During the past few years many reports have been mica [12—14] and Si©[15—-18]. The general conclusion of
devoted to the final film structure by various surface science these studies is that such SAMs form via an island growth
techniques. However, some effort has lately been put in mechanism. Individual molecules are highly mobile before
understanding the growth kinetics of alkylthiols on gold final anchoring to the surface or cross-linking to neighbour-
by wettability [4,5], second harmonic generation (SHG) ing molecules occurs. Furthermore, there is a continuous
exchange between adsorbed molecules and molecules in
the solution (adsorption and desorption) before final anchor-
* Corresponding author. E-mail: b.l.kropman@tn.utwente.nl ing takes place.
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In our previous work, a protocol has been established (025\?), atomic force microscopy (AFM) and lateral force
for the growth of a densely packed and organised mono- microscopy (LFM).

molecular layer of alkyltrichlorosilane molecules on dif- Contact angles have been measured on several locations
ferent SrTiQ substrates [19,20]. SAMs prepared by on the sample. All results were averaged and the accuracy
immersion for times longer than 2 h have been charac- obtained by this method is approximatetg°. AFM and
terised extensively by ellipsometry, wettability, AFM, LFM measurements were performed in the contact mode on
reflection absorption infrared spectroscopy (RAIRS) and a Nanoscope llla (Digital Instruments). Cantilevers (sup-
angular resolved X-ray photoelectron spectroscopy plied by Digital Instruments) with different nominal force
(ARXPS). Ordered monomolecular films have been constantsky (ko) = 0.08, 0.18, 0.38 (80) or 0.58 (175) N/
found with thicknesses of 2.4 nm comprised of densely m [24]) were used. Forces are measured by the displace-
packed and crystalline alkyl chains, tilted from the surface ment of the reflected spot of a laser beam from the backside
normal by 12 (SrTiOs) or (B5° (SrTiOs:Nb) [20]. The of a cantilever on a position sensitive quadrant detector.
surface of the monolayer is composed of methyl Normal forces Ey) induce bending of the cantilever and
groups, as evidenced by their high contact angles resultin a vertical movement of the spot, whereas frictional
(62'5\? > 110, 64 > 40°). Furthermore, it is concluded forces ;) exert a torque on the cantilever which results in
that a network of cross-linked siloxanes is formed just horizontal movement. Normal forces (applied load) were
above the original surface, with only a small number of estimated from force—displacement curves, whgge= 0
bonds to the SrTiQ[19] and a fused silica surface [21]. is taken to be the value just before the jump to contact. The
Regarding the formation of high-quality SAMs comprised surfaces were not modified by scanning at high applied
of alkyltrichlorosilanes, it has been recognised that the loads.

temperature of the adsorption solution and humidity play
a crucial role [22,23]. High-quality films can only be
formed below a critical temperatur&. (which depends

Friction force measurements [25] were performed on a
single scan line (scan distance®) at low scanning speed
(1-5um/s). Differences in humidity, chemical nature of the

on the length of the alkyl chain and on the molecule itself); tip (adsorbed species from the lab atmosphere) and the
above this temperature less dense and less crystalline filmsalignment of the laser on the cantilever changes the magni-
are formed. tude ofF; [26]. Therefore, care was taken to minimise the
In this report, the formation of SAMs of octadecyltri- influence of these parameters by measuring in a humidity-
chlorosilane on both SrTiQand niobium-doped SrTiO controlled room. Furthermore, aH; versusFy curves in
(SrTiOs:Nb) are studied by wettability and atomic force each figure were taken on the same day and with the same
measurements. tip without changing the alignment. Despite these precau-
tions, absolute values for the friction coefficient cannot be
deduced from our measurements.
2. Experimental
Octadecyltrichlorosilane (OTS, 95%) amehexadecane 3. Results
(HD, 99%+ ) were obtained from Aldrich and used as
received. SrTi@and 0.05 wt.% doped SrT¥ND substrates
(ESCETE, Enschede, The Netherlands) were cut withih 0.2
of the (001)-direction and polished. For the water contact
angles, filtered and deionised Millipore wat& £ 15 MQ)

3.1. AFM and LFM

In Fig. 1, some snapshots of the time evolution of the
formation of a self-assembled monolayer composed of octa-
has been used. decyltrichlorosilane (OTS) on SrTiOare shown. Before

Before adsorption took place, the SrEi€ubstrates were  adsorption, an atomically smooth surface is visible with
cleaned ultrasonically in a sequence of solvents (chloro- terraces (width is approx. 100—150 nm, in accordance
form, acetone and alcohol), followed by a short (1 min) with the miscut angle of the substrate, Fig. 1a). After 10 s
immersion in dilute phosphoric acid [19]. Each series of of immersion in the solution, the topography distinctly
adsorptions was carried out in a freshly prepared solution changes (Fig. 1b). Two types of islands appear: type | is

of (lmM OTS in HD. The temperature and relative humid-
ity (RH) during deposition are controlled as well as possi-
ble, i.e. the adsorption took place in a climate room
(T < 20°C, RH 20-40%). The growth behaviour was stu-
died by immersing the substrates for different periods of
time in this solution {=0, 10 s, 1, 2, 3, 5 and 10 min,

and 1 h). To remove physisorbed and/or complexed HD,

‘fractal-like’ shaped and quite large, whereas type Il is more
circularly shaped and smaller (diameter about 50 nm).
Longer immersion times result in a reduction of both the

number and size of the ‘fractals’, and in an increase of the
size and a change of the shape of the type Il islands. After
t = 10 min (Fig. 1c) only few ‘fractal-shaped’ islands have

survived, leaving the remaining surface to consist of inter-

the monolayer was sonicated several minutes in chloroform connected, irregularly shaped islands. The formation of the

and ethanol. Immediately after adsorption, the films are

SAM is completed fott = 60 min (Fig. 1d). Immersion for

characterised by their advancing contact angle with water even longer times only results in a slightly more densely
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t=0s. i=10s. t =10 min. t=2h.

Fig. 1. Atomic force micrographs of OTS on SrEiSurfaces at different adsorption times: (a) 0 s, (b) 10 s, (c) 10 min, (d) 120 min, (e) lateral force

micrograph of area in b, and (f) lateral force micrograph of area in c. The grey-scale for the LFM micrographs ranges from lower to higher fricéisnal for
exerted on the cantilever.

packed monolayer and in the formation of lamellae the lowest. Little difference exists between OTS—SgliO
(bilayers) on top of the first monolayer [19]. and OTS-SrTi@Nb.

Simultaneously, lateral force micrographs were recorded All curves were measured on ap2a long scan line,
(see Fig. let(= 10 s) and Fig. 1ft(= 10 min)). Itis clearly averaging over all features present. Zooming in on, e.g. a
visible that both types of islands exert lower friction on the fractal-shaped island, a value fois found close to that of a
cantilever than the substrate; however, also parts with completed crystalline SAM. In this case, the measuged
higher friction are visible. Friction vs. applied load curves does not yield a reliable value; therefoge(t = 10 s) has
were measured as well. For all samples, the measured fric-been omitted. Fig. 2b summarises the results obtained for
tion K increases linearly with applied loadry, i.e. the friction coefficientu as a function of immersion time
Fi = F + uFn, Wherep is termed the friction coefficient
[25]. Some examples are shown in Fig. 2a. The bare 3.2. Wettability
SrTiO; substrate has the highegt(as evidenced by the

steepest slope), and a completed methyl-terminated SAM Advancing and receding contact angles (CAs) of water
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Fig. 2. (a) Friction versus applied load curves at different adsorption times. The solid lines are linear fits to the data points. (b) Frictiontgoefieie

function of immersion time for OTS on SrTiQ (the dashed curve serves as a guide to the eye). The used tip had nominal force chgstéh&3 and
Kiors = 80 N/m [24].
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Fig. 3. (a) Advancing and receding contact angles of water on partial SAMs of OTS onsSfi)Gractional surface coverage of OTS islands on a SfTiO
surface as a function of the immersion titée ) is calculated by Eq. (1) from the wettability data, allj (s calculated from the AFM topographs. The solid
curves are fits of the first-order Langmuir isotherm to the data (see text for details). Note the discontinuity in the time-axis.

were measured immediately after formation of all SAMs. of SrTiOs. The height of these islands is approximately 2.1—
Clean SrTi@-surfaces exhibit an advancing CA of water of 2.3 nm, slightly less than the thickness of a completed SAM
approx. 40, whereas a completed OTS-monolayer (formed [14,17-19]. From the friction measurements, it can be seen
after immersion times longer than 1 h) is hydrophobic with that the structure of these ‘fractal-shaped’ islands is already
0;'3\? = 115 (652 = 44°) [19]. The samples immersed for close to the final SAM structure in terms of packing density
intermediate periods of time also had intermediate CAs and crystallinity. Presumably, these islands are formed in
(Fig. 3a). Tofit the data by an isotherm, the fractional cover- the solution and physisorbed onto the water film present on
age of OTS-islands on the SrTjGurface is calculated. the SrTiG substrate. Growth occurs via the competing pro-
Based on Cassie’'s equation [16], the equilibrium contact cess of adsorption and desorption of individual molecules
angle for heterogeneous films consisting of microscopic (or more precisely, a small number of molecules) at random
domains of OTS (with contact angleand fractional cover-  sites on the surface. These small patches act as a nucleation
agel';) on bare SrTiQ (with contact anglé, and fractional site, but they can also migrate and attach to other islands.
coverage - I'y) can be expressed as The thickness of these patches ranges from 0.8 to 1.2 nm,
H,O indicating a high tilt angle and loose packing. It cannot be
codg, =I'1C0d); +(1-T1)cod, (1) ruled outg,J howgver, tha?during growthrf moregmolecules are
These values can be compared to the coverage as deterpresent on the water film covering the surface. These mono-
mined by the AFM topographsThe fractional coverage  mers could have been removed during rinsing with chloro-
data can then be fitted by a simple first-order Langmuir form, and are therefore not visible by AFM. Islands and
isotherm. This model assumes that OTS molecules adsorbpatches could grow by attachment of these molecules
randomly (i.e. there is no site-specificity for adsorption [10]. Subsequent adsorption of more ‘fractal-like’ islands
[21]) and that they have no interaction with each other would be hindered by the presence of these monomers,
which is in accordance with what we have observed. Such
I'=Tmax(1 - exp(—Kopd)) 2) hindrance is more pronounced for longer than for shorter
whereT ' is the maximum fractional coverage and kobs alkylchains [17]. The bright spots visible in the height (Fig.
the observed reaction rate. In Fig. 3b, the fits are shown and1b,c) and friction micrographs (Fig. 1e,f) are attributed to
its parameters are summarised in Table 1. impurities with a different chemical nature than the sur-
rounding OTS or SrTig) since they have a different fric-
tional contrast.
4. Discussion Close analogies exist between the growth of OTS on
SrTiOs, Si0; [18] and mica [12—14], and a Langmuir mono-
It is evident from the AFM micrographs that as early as layer [18,22]. In the phase diagram of an insoluble surfac-
the first few seconds OTS nucleates as islands on the surfaceant on the air—water interface (Langmuir films) coexistence
regions exist as a function of the compression of the mole-

! Two possibilities exist to measure surface coverage. The first method is . . .
cules. At low compression (i.e. high area per molecule) the

to convert the greyscale image to a binary image (by the grain size analysis
routine of the Nanoscope software), and count the number of pixels
belonging to islands and divide this number by the total amount of pixels.
Another method is to plot the number of pixels of each ‘colour of greyina  gymmary of fit parameters for the fractional coverage data with Eq. (2)
histogram. The result can be identified as the envelope of two Gaussian
curves, one centred around the darker pixels and one centred around lighter SrTiO; (CA) SrTiO; (AFM) SrTiOs:Nb (CA)
pixels. Again, the fractional coverage is the area under the second Gaus- 0

sian divided by the total number of pixels. We have employed the first FmaX(_/‘j) 0.98 3 0.98 - 0.86 3
method. Kobs (577) 3.6x 10 5.7x 10 1.4x 10

Table 1
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molecules are in a gas phase (G), and, upon increasing thecoverage as calculated by Eq. (1) yields smaller values. The
compression, the phase alters via liquid expanded (LE) to reason for this discrepancy is that not all OTS-islands are as
liquid condensed (LC). In the G- and LE-phases, the mole- crystalline and densely packed as the ‘fractal-like’ islands. It
cules contain a large number of gauche defects, whereas thevould be more appropriate to introduce a third phase. How-
molecules in the LC-phase are mainly in antadlns con- ever, the implementation of this idea is not trivial, since the
formation. At higher adsorption temperatures, these phased E*-phase is continuously changing to the LC*-phase.

are not separated, but G/LE and LE/LC coexistence regions The growth mechanism of OTS on SrkiCand SrTiQ:
exist, resulting in lower packing density and more ‘liquid- Nb) and SiQ are remarkably similar. Growth of SAMs
like’ films. If this description is used for SAMs, the exis- comprised of alkyltrichlorosilanes on both substrates pro-
tence of a critical temperatufg for the formation of high ceeds via the nucleation of islands, which serve as a nuclea-
quality films can be explained. BeloW,, no coexistence tion centre for mobile patches. The patches also grow by
regions are present, and only crystalline (LC*) films are attachment of monomers. This correspondence of the
formed? Above T, however, the presence of the LE* growth behaviour on these widely different substrates is
LC* region results in more liquid-like SAMs [18]. For another indication that the film structure is decoupled
OTS, T, ranges from 23to 32°C [22,23]3 depending on  from substrate properties as chemical identity of surface
the measurement technique. species and its lattice parameters. One important parameter

For alkyltrichlorosilane SAMs on oxidic substrates, our that remains is the surface hydration. Furthermore, such a
results can be explained by a similar phase diagram. Thegeneral mechanism may provide a general strategy for the
‘fractal-like’ islands are densely packed and in an all- formation of high quality alkylsiloxane SAMs on many dif-
trans conformation, as indicated by their thickness and ferent oxidic substrates. The observed rate con&tgyis in
friction coefficient, and can therefore be considered as good agreement with other reports. Flinn et al. [10] reports a
domains of the LC* phase. The smaller circular patches somewhat smaller and concentration-dependent rate of
are more liquid-like, as seen from their thickness and fric- 1.90C-2.31x% 107° (with concentrationC =1 mM, Kyps
tional behaviour, and are said to be in the LE* phase. = 1.9 x 107%. No other direct rates have been given, but
Therefore, in this picture, the surface pressure increasesfrom the data (thickness and wettability) given by Bierbaum
for increasing number of adsorbed molecular patches, etal., aratég,d 1l x 10 3and 5% 1073, respectively, can be
which in turn increases the crystallinity of the SAM. If obtained [17]. For thiols on gold, much faster rates have
the temperature during assembly is kept beldw as is been determinedk{,d 1-100% 1072 [6—8]), depending on
the case in our experiments, the monolayer will finally be chain length, solvent and concentration.
crystalline (LC* phase). The main difference observed in this study between

The friction coefficient shows the same general behaviour SrTiO; and SrTiQ:Nb substrates is that the growth rate
as the wettability data (compare Fig. 2 and*3md can be  appears to be lower on the niobium-doped surface (see
described by a first-order Langmuir isotherm (Eq. (2)). Table 1). Furthermore, from previous studies it can be con-
Although the AFM micrographs already indicate nearly cluded that the tilt angles of OTS molecules is larger on the
complete coverage, the friction coefficient has not yet latter substrate.
reached its lowest value. A possible reason for this is that
the tip-sample contact area is higher (i.e. the tip penetrates
the monolayer), because the monolayer is not yet densely5. Conclusion
packed and will therefore increase the frictional force [28].

The wettability data, combined with the AFM fractional It has been shown that growth of self-assembled mono-
coverage data, suggest a similar picture. The assumptionlayers of OTS on SrTi@ proceeds via the adsorption of
that there is a two-phase system (i.e. the substrate and onerystalline ‘fractal-shaped’ islands and more ‘liquid-like’
OTS phase) is too simple. As is evident from Fig. 3b, the patches of molecules. These islands grow via attachment

of other patches and/or molecules, thereby increasing their
packing density and crystallinity. This growth mechanism is
2 The superscript * denotes phases in the SAM. similar to that found for OTS on SiQand agrees with a
% Recently, anotherview on the existence dtavas presented by Rye. It model of a Langmuir monolayer on a water surface. The
was suggested that the interplay between the thgrmal a_nd alkane—alkaneovera” growth mechanism can be described by a first-order
interaction energy could be such, that abdy€associated with the alkane L . . . .
melting transition) the chains are disordered and that these chains block (orl“rjuf]gmu'r isotherm, in Wh'_Ch the growth rate s prop(_)rtlo_nal
sterically hinder) the adsorption of a sufficient number of new molecules to t0 the number of unoccupied surface sites. The main differ-
generate a densely packed crystalline SAM. However, the analogy ence between SrTiCand SrTiQ:Nb is that the latter SAM
betwgen Langmuir rnonolayers_and OTS growth is found to be useful to forms slightly slower. Measurements of lateral forces are a
describe the formation mechanism [27] powerful additional technique for comparing different sam-

4The shape of the adhesion force versus adsorption time displays the | b b K id ical diti
same trend as the curve of the friction coefficient. The initial adhesion on a P!€S: ut care must be taken to ensure identical conditions

clean surface is high, but already after an immersion of 10 s, the adhesionduring friction measurements, since they might influence
force decreases considerably. the results.
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