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bstract

The uptake of octadecyltrichlorosilane (OTS) from an organic solution has been studied in situ and in real time by means of a qu
icrobalance (QCM) technique. Changes in both QCM frequency and resistance are reported for a range of OTS concentrations.

he time dependence of OTS uptake has been used to calculate reaction constants. Silicon surfaces overall are characterized by

f material uptake than gold.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Octadecyltrichlorosilane (OTS) can be readily depos
n hydroxlyated silicon, which is of particular interest

he fabrication of microelectromechanical system (MEM
evices. Surfaces coated with OTS exhibit high hydro
icity and good chemical resistance. Proposed applica
f OTS include its use as a self-patterned-mask for etc
f SiO2 on Si[1] and as a lubricant and anti-stiction mate

n MEMS devices[2,3].
Prior experimental characterizations of OTS films h

een performed by several techniques including: atomic
icroscopy[4,5], contact angle measurements[6], and high

esolution electron energy-loss spectroscopy (HREE
7]. A readily available but less widely used technique
urface studies in liquids is the quartz crystal microbala
QCM). The QCM is highly sensitive to physical propert
articularly mass, of thin films deposited onto its surface e

rode(s). It has been employed for a wide range of studie

nclude monitoring thin film deposition rates[8–10], polymer
issolution in supercritical CO2 [11], chemical analysis[12],
nd hydration and swelling studies[13]. We employ it here to
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onitor real-time OTS uptake in situ from a liquid enviro
ent.
The QCM operation depends on the sensitivity of its

uency to environmental variables including mass, visc
f the surrounding medium, temperature, and pressure
umulative effect of all of these factors results in the t
hange in frequency.

For thin rigid films, the mass of the film is ideally rela
o the frequency change using the Sauerbrey equation:

F = −
(

2F2
0√

ρqµq

)
�m (1)

hereF0 is the resonance frequency of the unloaded cry
q is the density of quartz (= 2650 kg/m3), andµq is the elas
ic shear modulus of quartz (= 2.947× 1010 kg m−1 s−2).
or changes in frequency that are less than 2% ofF0, Sauer
rey’s equation is considered highly accurate. Chang

requency associated with viscous coupling can be a m
omponent of the overall frequency response in liquid s
ions. The viscous coupling may result from the viscoelas

n the adsorbed material as well as from the surrounding liq-
id. When an oscillating crystal is in contact with a viscous
edium, the shear wave in quartz will propagate through the
edium causing high energy dissipation. This dissipation af-
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ects the frequency and the quality factor (Q), which can be
uantified by measuring the change in the crystal resist

n addition, changes in bulk and local viscosity can cause
uency changes. The relationship between medium visc
η) and resistance (R) was developed by Klavetter et al.[14]:

= π

8K2C0

(
ρη

πF0µqρq

)1/2

(2)

hereK2 is the quartz electromechanical coupling coe
ient (= 7.74× 10−3), C0 is the static capacitance of t
rystal (= 4.25 pF), andρ andη are the density and viscos
f the liquid. Similarly, the relation between the chang
iscosity and�F is [15]:

F = −
(

F3
0

πµqρq

)1/2

(ρη)1/2. (3)

A more complete analysis can be attained by meas
he acoustic impedance, which is usually performed by m
f an impedance analyzer. Alternatively, it is possible to

imate the change in the crystal’s impedance through a
is of frequency and resistance measurements. Lucklum
auptmann related the frequency shift,�F , and resistanc
hift,�R, to the acoustic load impedance using the follow
pproximations[16]:

�F

F
= − Im(ZL)

πZcq
(4)

�R

2ωL
= Re(ZL)

πZcq
(5)

hereZL is the acoustic load impedance,Zcq is the char
cteristic impedance of the quartz,ω (= 2πF ) is the radia

requency, andL is the motional inductance of the unload
rystal in the equivalent circuit. The authors calculated
mpedance for different rubbery coatings in liquids with
erent viscosities. For example, a coating having a sto
odulus (G′) of 106 Pa, a loss modulus (G′′) of 105 Pa, and

hickness of 100 nm immersed in 1 cP Newtonian liquid
ave an impedance of ca. 8+ j6300 Pa s m−1. The acousti

oad of the liquid alone is ca. 5600+ j5600 Pa s m−1. The
alue ofL for the crystals used in this study was assu
o be 30 mH. Such analysis can be used to study the
acial slippage of the adsorbed film[17]. Further details o
he quartz crystal oscillator and its operation can be fo
lsewhere[18–20].

No prior studies of OTS uptake by means of QCM w
ound in literature. The most relevant work is that by Ru
t al.[21] for the deposition of mono- and dichlorosilanes
u surfaces. This paper presents a real-time study of OT
osition from organic solvent onto both Si and metal co
CM crystals. Both the frequency and resistance cha

f the crystal in the liquid phase solution are evaluated. The
verall objective is to provide information about the interac-
ions and changes that occur on and close to the surface during
ptake on materials of interest to MEMS applications.

h
r
w
r

Fig. 1. Experimental setup.

. Materials and method

.1. QCM apparatus

Polished grade, 5 MHz, AT-cut QCM crystals obtain
rom Maxtek Inc. were used. A Teflon holder, also obtai
rom Maxtek, Inc., provided mechanical support and an e
rical connection to drive the crystal. The holder allowed o
ne side of the crystal to be exposed to liquid. The cry
onsisted of 2.5 cm diameter quartz disks upon which a
ayer of metal (either 1000̊A Si or 3400Å Au) was vacuum
eposited onto the liquid exposure side (1.3 cm diamete
old electrode (0.64 cm diameter), which was not expos

he liquid, was deposited onto the reverse side of the cr
VC oscillator, obtained from Maxtek, was used to dr

he crystal. The circuit provides two outputs: frequency
oltage. A frequency counter and a multimeter were use
requency and resistance measurements. A schematic
etup is shown inFig. 1.

.2. Experimental technique and materials

OTS (90%+), chloroform and hexadecane (99%+ a
rous grade), dodecanethiol, and ethanol were obtained
ldrich. The OTS was stored under vacuum. All mater
ere used as received without further purification.
Prior to each run, crystals were thoroughly washed

unning water then rinsed with DI water, immersed in 0.0
aOH solution (∼30 min), treated with UV/O3 for 30 min,

mmersed in ethanol (∼30 min), and, finally, treated aga
ith UV/O3. The second UV/O3 treatment is to remove th

emaining traces of contaminants and to generate the req
ydroxylated surface[22]. This procedure was adopted w
odification from previous work by Brzoska et al.[23].
After cleaning, crystals were immediately mounted in
older and immersed in a solution of hexadecane and chlo-
oform (4:1 by volume, as described in[2]). The solution
as placed in a 250 ml Teflon beaker whose temperature was

egulated to 20± 0.05◦C. Both frequency and voltage were
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centration is shown inFig. 4. It is interesting to note that
ig. 2. Change in frequency for 5 MHz Si crystals upon injection of O
10 mM). The arrow indicates injection time. Insert is an enlargement o
egion indicated by the box, to show the stability level.

ecorded throughout the duration of the experiment. W
he frequency signal reached a stable level (within 1–2 H
hown in the inset ofFig. 2), between 10 and 6000�l of OTS
as injected into 200 ml solution, yielding a concentra

ange up to 80 M. Frequency and voltage shifts were m
ored throughout this process, and the run was ended
he frequency reached a new stable level. The differenc
ween the two stable signals before and after injection
aken as�F .

. Results and discussion

A representative plot of the QCM data for the adsorp
f OTS on Si is shown inFig. 2. The figure depicts thre
haracteristic features of the data acquisition and ana
rocess. First, the frequency signal in the solution was s

o within 1–2 Hz for more than 30 min. Second, the freque
ecreased almost immediately after OTS injection indica

ast adsorption on the surface. Finally, the frequency li
sed to determine�F are noted on the figure.

Over the range of OTS concentrations studied, the va
f �F ranged from 150 to 550 Hz. Using Eq.(1), this cor-
esponds to a mass change of 1–5�g, or 10–50 monolaye
f a density of 20Å2 per OTS molecule is assumed[24]. Al-
hough the OTS molecule with its inactive methyl endgr
s not expected to form multilayers, physical adsorption
he surface can occur[25,26]. Experimentally these exce
eposits are usually removed by rinsing with fresh solven

ore analyzing the sample[23]. Physical adsorption will hav
n effect on the frequency as well as the resistance thr
nergy dissipation, as will be discussed later in this pap
The high reactivity of OTS can affect the reproducibility of
CM results[21]. Our approach to this issue was as follows:
rst, the measurements were performed over a wide range

a
o
t

ig. 3. Comparison of the change in frequency and resistance betwe
odecanethiol on Au from ethanol, (2) OTS on Si from C16H34:CHCl3, and
3) OTS on Au from C16H34:CHCl3. All runs were performed at 20◦C.

f concentrations to observe the general behavior. Se
epetition of a few randomly selected runs was done. Fin
he results from OTS are compared with other systems
ystems compared here were selected so that the rea
f the molecule and the adsorbent–surface interaction
ubstantially different from the OTS/Si system. They incl
odecanethiol (C12H25SH) uptake on Au from ethanol sol

ion and OTS on Au with similar conditions to the OTS
he results are shown inFig. 3. For completeness, quanti

ive results are presented in this paper to compare diff
ubstrates and adsorbents in the same experimental s
ny attempt to compare absolute values of frequencies
F values in another system must take into account d
nces in the experimental setup.

As can be seen fromFig. 3, using OTS on Si gave high
requency and resistance changes than thiol and silan
u surfaces. This is expected since the OTS is more rea

han the thiol. In the thiol-Au system, the interactions oc
etween the molecules and the surface, unlike OTS w

he molecules are highly reactive to each other. There
TS is expected to cause larger changes in QCM resp
y forming a complex network on the surface which inter
ith the molecules in the solution.
In contrast to the OTS/Si system, the adsorption of O

n Au gave significantly lower frequency and resista
hanges. This is also expected since the Au surface ha
ctive sites (oxygen atoms) due to the inherent instabili

he Au oxide layer, in contrast to that of Si (Note: Au–O bond
trength is about 222 kJ mol−1 compared to 800 kJ mol−1 for
i–O [27]). From this observation it can be concluded

hat the changes in the solution properties are not the
actor affecting the QCM response.

The frequency change (�F ) as a function of OTS con
t higher OTS concentrations�F tends to decrease instead
f reaching a plateau. This may be due to the stronger in-

eraction between OTS molecules at higher concentrations
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the ideal assumption of Langmuir adsorption may need to be
modified. As can be seen inFig. 6, the frequency-time rela-
tion results in a relatively good fit to the experimental data.
However, the behavior of�F with increasing concentration

Table 1
Kinetic and thermodynamic constants for OTS adsorption calculated from
the QCM results assuming a Langmuir-type mechanism using Eq.(6)

Constant Value
ig. 4. Change in frequency for 5 MHz Si coated crystal upon depositi
TS film from C16H34:CHCl3 (4:1 by volume) at different OTS concent

ions.

hich inhibits its free movement in the solution, causing
nteraction with the crystal surface.

The above results suggest that the high affinity of Si
aces to OTS molecules is inducing large changes in the v
ty of the surface. The nature of these changes and the e
hat they interact with the surface are more difficult to add
owever, calculating the acoustic impedance of the cr
an be used for this purpose by comparing the magnitud
he real and imaginary parts of the impedance.

.1. Acoustic impedance

The value of the complex acoustic impedance (ZL) can
rovide insight into the nature of changes affecting the Q
ucklum and Hauptmann[13] theoretically calculated th

mpedance for a 5 MHz QCM crystal coated with 1�m poly-
er films with different shear moduli. Their analysis sugg

hat a film in the glassy state will have low values for the
nd imaginary parts ofZL, whereas in the rubbery state
lm will have a significant influence on both parts.

As shown inFig. 5, both the imaginary and real parts h
igh values. According to the above discussion, this indic
high viscous effect from the surrounding medium, whic

ranslated into an increase in the viscosity of the region c
o surface. This can be concluded by comparing the OT
nd OTS/Au systems. It is also evident fromFig. 5 that the

maginary part is slightly larger than the real part. This
s expected since OTS does form a film on the Si surfac

.2. Adsorption kinetics
The time-dependent frequency data can be used to study
he adsorption kinetics. We will assume that the decrease in
he resonance frequency represents the adsorption process
n approach that was used previously to study the kinet-
ig. 5. Impedance diagram for the OTS coated crystals as calculated
qs.(4) and (5). OTS concentrations are indicated next to the points.

cs of alkanethiols adsorption[28,29]. Our evaluation begin
ith the premise that OTS adsorption follows a Langm
echanism. This mechanism involves a two step diffus
dsorption process, where diffusion is assumed to be the

ting step in the case of OTS[6]. For such a mechanism, t
eaction rate can be written as[6]:

(t) = β

α
[1 − exp (−αt)] (6)

hereφ is the fraction of free active sites on the surfa
= Cbkaf + kar andβ = Cbkaf. The parametersα andβ can

e obtained by fitting the frequency to Eq.(6). An example o
CM data with its theoretical Langmuir fit is shown inFig. 6.
rom the relation betweenα andCb, the values ofkar andkaf
ere determined, seeFig. 7. The results of the reaction ra
alculations, the equilibrium constant (Keq = kaf/kar), and
ree energy of adsorption (�G = −RT ln Keq) are shown in
able 1.

The large scatter in the data inFig. 7may be due to two fac
ors. First, the frequency response may not be solely due
TS adsorption. It is also possible that the adsorption oc

n a short time interval of the frequency change, while the
f the changes are due to viscous coupling effects. Se
,

kaf (mM s−1) 0.14
kaf (s−1) 0.001
Keq (mM−1) 140
�Gads(kcal/mol) −7
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Fig. 6. Frequency response for 5 MHz Si QCM crystal after injection of OTS
to a final concentration of 1 mM.
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ig. 7. Determination of rate constants for OTS absorption at 20◦C. The
arameterα(= Cbkaf + kar) was determined by fitting as discussed in

ext.

Fig. 4) does not follow this equation. Therefore, it may
ecessary to modify the mechanism to take into accoun
ffect of high OTS bulk concentrations.

. Conclusion

The adsorption of OTS on Si surface was studied by m
uring the change in QCM frequency and resistance,
he results were compared with thiol/Au and OTS/Au s
ems. The frequency shift associated with OTS adsor
n Si from hexadecane-chloroform solution was greater
00 Hz. This shift is much larger than that observed with

ecanthiol. This may be explained by the presence of high
iscous coupling near the surface, or the attachment of a slip-
ery film of OTS to the surface. This was concluded from the
ecrease in the frequency shift at higher OTS concentrations.

[

hysicochem. Eng. Aspects 262 (2005) 81–86 85

he crystal resistance was coupled with frequency chan
alculate the impedance of the deposits. The imaginary
f the impedance was comparable to the real part, a situ

hat can be compared to a rubbery polymer film. Finally
eaction kinetics were determined by fitting the freque
ime data to Langmuir isotherm. The forward reaction
onstant is four orders of magnitude higher than the rev
onstant.
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