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Abstract

The uptake of octadecyltrichlorosilane (OTS) from an organic solution has been studied in situ and in real time by means of a quartz crystal
microbalance (QCM) technique. Changes in both QCM frequency and resistance are reported for a range of OTS concentrations. In addition,
the time dependence of OTS uptake has been used to calculate reaction constants. Silicon surfaces overall are characterized by higher level
of material uptake than gold.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction monitor real-time OTS uptake in situ from a liquid environ-
ment.

Octadecyltrichlorosilane (OTS) can be readily deposited = The QCM operation depends on the sensitivity of its fre-
on hydroxlyated silicon, which is of particular interest for quency to environmental variables including mass, viscosity
the fabrication of microelectromechanical system (MEMS) of the surrounding medium, temperature, and pressure. The
devices. Surfaces coated with OTS exhibit high hydropho- cumulative effect of all of these factors results in the total
bicity and good chemical resistance. Proposed applicationschange in frequency.
of OTS include its use as a self-patterned-mask for etching  For thin rigid films, the mass of the film is ideally related
of Si0, on Si[1] and as a lubricant and anti-stiction material to the frequency change using the Sauerbrey equation:
in MEMS deviced2,3].

Prior experimental characterizations of OTS films have AF ng A
been performed by several techniques including: atomic force = JPalg m

microscopy[4,5], contact angle measuremef@} and high-
whereFy is the resonance frequency of the unloaded crystal,

resolution electron energy-loss spectroscopy (HREELS)
[7]. A readily available but less widely used technique for pqis the density of quartz£ 2650 kg/n?), andjuq is the elas-
surface studies in liquids is the quartz crystal microbalance tig shear modulus of quartz=(2.947 ><, 1010 k%] m-1s2)
(QCM). The QCM s highly sensitive to physical properties, For changes in frequency that are less than 2%,pBauer-
particularly mass, of thin films deposited onto its surface elec- brey’s equation is considered highly accurate. Changes in
trode(s). It has been employed for a wide range of studies thatfrequency associated with viscous coupling can be a major
include monitoring thin film deposition ratg&-10], polymer T _
dissolution in supercritical C&J11], chemical analysigL2]. component of the overall frequency response in liquid solu

_ . : . tions. The viscous coupling may result from the viscoelasicity
and hydration and swelling studigis]. We employ it here to in the adsorbed material as well as from the surrounding lig-

uid. When an oscillating crystal is in contact with a viscous
* Corresponding author. medium, the shear wave in quartz will propagate through the
E-mail addressgrant@ncsu.edu (C. Grant). medium causing high energy dissipation. This dissipation af-
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quantified by measuring the change in the crystal resistance.

Oscillator

fects the frequency and the quality fact@){which can be

In addition, changes in bulk and local viscosity can cause fre- Crystal Holder

guency changes. The relationship between medium viscosity \ W e
(n) and resistanceR) was developed by Klavetter et §l4]:
Water jacket
. o\ 12
R= @)
8K2Co \ mFouqpq

where K2 is the quartz electromechanical coupling coeffi- \ |
cient (= 7.74 x 1073), Cp is the static capacitance of the | : -
crystal & 4.25 pF), ang andy are the density and viscosity L l ) Magne Semes
of the liquid. Similarly, the relation between the change in =
viscosity andA F is [15]: Data Acquisition +—J

3 1/2 Fig. 1. Experimental setup.
AF = - <F°> (o2 ® T i

TThaPq

A more complete analysis can be attained by measuring2. Materials and method
the acousticimpedance, whichis usually performed by means
of an impedance analyzer. Alternatively, it is possible to es- 2.1. QCM apparatus
timate the change in the crystal’'s impedance through analy-
sis of frequency and resistance measurements. Lucklum and Polished grade, 5MHz, AT-cut QCM crystals obtained
Hauptmann related the frequency shiftF, and resistance ~ from Maxtek Inc. were used. A Teflon holder, also obtained
shift, AR, to the acoustic load impedance using the following from Maxtek, Inc., provided mechanical support and an elec-

approximation$16]: trical connection to drive the crystal. The holder allowed only

AF Im(ZL) one side of the crystal to be exposed to liquid. The crystals

— = L 4 consisted of 2.5cm diam(gter quartz disks upon which a thin
F TZcq layer of metal (either 1008 Si or 3400A Au) was vacuum

AR  Re(Z)) deposited onto the liquid exposure side (1.3 cm diameter). A

2wl 7Zeq ®) gold electrode (0.64 cm diameter), which was not exposed to

the liquid, was deposited onto the reverse side of the crystal.
where Z,_is the acoustic load impedancgcq is the char- A vC oscillator, obtained from Maxtek, was used to drive
acteristic impedance of the quartz,(= 27 F) is the radial  the crystal. The circuit provides two outputs: frequency and
frequency, and. is the motional inductance of the unloaded yoltage. A frequency counter and a multimeter were used for

Crystal in the equivalent circuit. The authors calculated the frequency and resistance measurements. A schematic of the
impedance for different rubbery coatings in liquids with dif-  setup is shown iffrig. 1

ferent viscosities. For example, a coating having a storage

modulus (') of 10° Pa, a loss modulusX") of 10° Pa,anda 2.2, Experimental technique and materials

thickness of 100 nm immersed in 1 cP Newtonian liquid will

have an impedance of ca-8,6300 Pa s m'. The acoustic OTS (90%+), chloroform and hexadecane (99%+ anhy-
load of the liquid alone is ca. 5600 /5600 Pasm’. The  drous grade), dodecanethiol, and ethanol were obtained from

value of L for the crystals used in this study was assumed Aldrich. The OTS was stored under vacuum. All materials
to be 30 mH. Such analysis can be used to study the inter-were used as received without further purification.

facial slippage of the adsorbed filfa7]. Further details on Prior to each run, crystals were thoroughly washed with
the quartz crystal oscillator and its operation can be found running water then rinsed with DI water, immersed in 0.05 M
elsewherg18-20} NaOH solution 30 min), treated with UV/@ for 30 min,

No prior studies of OTS uptake by means of QCM were jmmersed in ethanol~30 min), and, finally, treated again
found in literature. The most relevant work is that by Ruehe wijth UV/O3. The second UV/@treatment is to remove the
etal.[21] for the deposition of mono- and dichlorosilanes on  remaining traces of contaminants and to generate the required
Au surfaces. This paper presents a real-time study of OTS de-hydroxylated surfacg22]. This procedure was adopted with
position from organic solvent onto both Si and metal coated modification from previous work by Brzoska et [23].

QCM crystals. Both the frequency and resistance changes  After cleaning, crystals were immediately mounted in the
of the crystal in the liquid phase solution are evaluated. The holder and immersed in a solution of hexadecane and chlo-
overall objective is to provide information about the interac- roform (4:1 by volume, as described [&]). The solution
tions and changes that occur on and close to the surface duringyas placed in a 250 ml Teflon beaker whose temperature was
uptake on materials of interest to MEMS applications. regulated to 2@ 0.05°C. Both frequency and voltage were
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Fig. 3. Comparison of the change in frequency and resistance between: (1)

dodecanethiol on Au from ethanol, (2) OTS on Si froagldsz4:CHCI3, and

Fig. 2. Change in frequency for 5 MHz Si crystals upon injection of OTS
(3) OTS on Au from GgHz4:CHCI3. All runs were performed at 20C.

(10 mM). The arrow indicates injection time. Insert is an enlargement of the

region indicated by the box, to show the stability level. . .
of concentrations to observe the general behavior. Second,

repetition of a few randomly selected runs was done. Finally,
recorded throughout the duration of the experiment. When the results from OTS are compared with other systems. The
the frequency signal reached a stable level (within 1-2 Hz assystems compared here were selected so that the reactivity
shown in the inset dfig. 2), between 10 and 60Qd of OTS of the molecule and the adsorbent-surface interaction were
was injected into 200 ml solution, yielding a concentration sypstantially different from the OTS/Si system. They include
range up to 80 M. Frequency and voltage shifts were moni- dodecanethiol (§zH25SH) uptake on Au from ethanol solu-
tored throughout this process, and the run was ended whenjon and OTS on Au with similar conditions to the OTS/Si.
the frequency reached a new stable level. The difference be-The results are shown Ifig. 3 For completeness, quantita-
tween the two stable signals before and after injection wastjyve results are presented in this paper to compare different
taken asA F. substrates and adsorbents in the same experimental system.
Any attempt to compare absolute values of frequencies and
AF values in another system must take into account differ-
3. Results and discussion ences in the experimental setup.
As can be seen froig. 3, using OTS on Si gave higher
A representative plot of the QCM data for the adsorption frequency and resistance changes than thiol and silane on
of OTS on Si is shown irFig. 2 The figure depicts three  Au surfaces. This is expected since the OTS is more reactive
characteristic features of the data acquisition and analysisthan the thiol. In the thiol-Au system, the interactions occur
process. First, the frequency signal in the solution was stablebetween the molecules and the surface, unlike OTS where
to within 1-2 Hz for more than 30 min. Second, the frequency the molecules are highly reactive to each other. Therefore,
decreased almost immediately after OTS injection indicating OTS is expected to cause larger changes in QCM response
fast adsorption on the surface. Finally, the frequency limits by forming a complex network on the surface which interacts

used to determin@ F are noted on the figure. with the molecules in the solution.

Over the range of OTS concentrations studied, the values In contrast to the OTS/Si system, the adsorption of OTS
of AF ranged from 150 to 550 Hz. Using E{.), this cor- on Au gave significantly lower frequency and resistance
responds to a mass change of Jsgh or 10-50 monolayers  changes. This is also expected since the Au surface has less
if a density of 2042 per OTS molecule is assumgh]. Al- active sites (oxygen atoms) due to the inherent instability of

though the OTS molecule with its inactive methyl endgroup the Au oxide layer, in contrast to that of Si (Note:ADbond

is not expected to form multilayers, physical adsorption on strength is about 222 kJ mdi compared to 800 kJ mot for

the surface can occy5,26] Experimentally these excess SO [27]). From this observation it can be concluded that

deposits are usually removed by rinsing with fresh solvent be- that the changes in the solution properties are not the main

fore analyzing the sampl|@3]. Physical adsorption willhave  factor affecting the QCM response.

an effect on the frequency as well as the resistance through The frequency changeA(F) as a function of OTS con-

energy dissipation, as will be discussed later in this paper. centration is shown irFig. 4 It is interesting to note that
The high reactivity of OTS can affect the reproducibility of at higher OTS concentrationsF tends to decrease instead

QCM resultg21]. Our approach to this issue was as follows: of reaching a plateau. This may be due to the stronger in-

first, the measurements were performed over a wide rangeteraction between OTS molecules at higher concentrations



84 Y. Hussain et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 262 (2005) 81-86

600 3.5 grevrrerr e e e T T e :

500 30 i 3
25 F 3
400 E E
20F b 3
300 E E

-AF, [Hz]
Im(Z;), [kPa s m!]

200

100

0 10 20 30 40 50 60 70 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
OTS conc. [mM] Re(Z;), [kPas m!]

Fig. 4. Change in frequency for 5 MHz Si coated crystal upon deposition of Fig. 5. Impedance diagram for the OTS coated crystals as calculated using
OTS film from GgHz4:CHCI3 (4:1 by volume) at different OTS concentra-  Egs.(4) and (5) OTS concentrations are indicated next to the points.
tions.

L ) . . ics of alkanethiols adsorptid@8,29] Our evaluation begins
WhICh ||jh|b|t§ its free movement in the solution, causing Iess yith the premise that OTS adsorption follows a Langmuir
interaction with the crystal surface. , o _ mechanism. This mechanism involves a two step diffusion—

The above results suggest that the high affinity of Si sur- 54sormytion process, where diffusion is assumed to be the lim-

facesto OTS moleculesisinducing large changes in the vicin- iting step in the case of OT[B]. For such a mechanism, the
ity of the surface. The nature of these changes and the extentaction rate can be written BBy

thatthey interact with the surface are more difficult to address.
However, calculating the acoustic impedance of the crystal _ B =
can be used for this purpose by comparing the magnitudes ofd)(t) T [1 = expCan)] ©)

the real and imaginary parts of the impedance. where ¢ is the fraction of free active sites on the surface,

a = Cpkat + kar andB = Cpkas. The parameterg andp can

3.1. Acoustic impedance be obtained by fitting the frequency to §§). An example of
o QCM data with its theoretical Langmuir fitis shownkiyg. 6.
The value of the complex acoustic impedanieg)(can From the relation betweaenandCy, the values ok andkas

provide insight into the nature of changes affecting the QCM. \yere determined, sefig. 7. The results of the reaction rate

!_ucklum and Hauptmanfil3] theoretically ca!culated the calculations, the equilibrium constantdg = kar/ kar), and

impedance for a5 MHz QCM crystal coated witj.th poly- free energy of adsorption\G = — RT In Keg) are shown in

mer films with different shear moduli. Their analysis suggests tgple 1

that a film in the glassy state will have low values forthe real  The large scatter in the datafiig. 7may be due to two fac-

and imaginary parts of;, whereas in the rubbery state the ors_ First, the frequency response may not be solely due to the

film will have a significant influence on both parts. OTS adsorption. It is also possible that the adsorption occurs
_ As shown inFig. 5 both the imaginary and real parts have i, 4 short time interval of the frequency change, while the rest

high values. According to the above discussion, this indicates f the changes are due to viscous coupling effects. Second,

a high viscous effect from the surrounding medium, which is the jgeal assumption of Langmuir adsorption may need to be

translated into an increase in the viscosity of the region close yodified. As can be seen Fig. 6, the frequency-time rela-

to surface. This can be concluded by comparing the OTS/Sitjon results in a relatively good fit to the experimental data.

and OTS/Au systems. It is also evident fréfiy. Sthatthe  However, the behavior ok F with increasing concentration
imaginary part is slightly larger than the real part. This fact

is expected since OTS does form a film on the Si surface.

Table 1
Kinetic and thermodynamic constants for OTS adsorption calculated from
3.2. Adsorption kinetics the QCM results assuming a Langmuir-type mechanism usinggq.
Constant Value
The time_—dep_end_ent frequency data can be used to stuqykaf (MMs1) 0.14
the adsorption kinetics. We will assume that the decrease iny (s1) 0.001
the resonance frequency represents the adsorption processeq (MM 140

an approach that was used previously to study the kinet- 4Gads(kcal/mol) -7
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600 The crystal resistance was coupled with frequency change to
calculate the impedance of the deposits. The imaginary part
of the impedance was comparable to the real part, a situation
that can be compared to a rubbery polymer film. Finally, the
reaction kinetics were determined by fitting the frequency-
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