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Abstract

The formation and quality of highly hydrophobic coatings deposited from water dispersible organosilanes onto pre-oxidized
single crystal silicon were studied using atomic force microscopy, ellipsometry, dynamic contact angle measurements and
electrochemical impedance spectroscopy(EIS). Highly hydrophobic films of a commercially available water dispersible silane
and two different cationic alkoxysilanes were prepared by dip coating. It was found using atomic force microscopy that, in
general, the structure of these highly hydrophobic films is a continuous film with some particulates attributed to bulk polymerization
of the precursor molecule in water. Film defects were quantified using EIS by the value of charge transfer resistance at the
hydrofluoric acidysilicon interface. Potential applications of this type of coatings include reductionyelimination of stiction in
micro-electromechanical systems, contact printing in materials microfabrication, inhibition of corrosion and oxidation, prevention
of water wetting, lubrication and protein adsorption.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Highly hydrophobic coatings are being actively con-
sidered in silicon based micro-electromechanical systems
to reduce adhesion that may be encountered during wet
processing. Deposition of self-assembled monolayer
(SAM) coatings is one of the most successful approach-
es to chemical modification of silicon surfaces in order
to reduce adhesion in microstructures. This approach
involves making the surfaces of pre-oxidized silicon and
polysilicon hydrophobic, through the formation of SAM
films w1–3x. By making the surface hydrophobic, the
capillary attraction that collapses the microstructure
when the surfaces are hydrophilic is greatly reduced. As
a result, microstructures come out of the final water
rinse extremely dry without being broken or adhered to
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the substrate. Extensive studies of SAMs of alkylchlo-
rosilanes, alkylsiloxanes and alkylaminosilanes deposit-
ed from organic media onto silicon oxide surfaces have
been reportedw4x.
High quality SAMs of alkyltrichlorosilane derivatives

are not easy to form, mainly because of the need to
carefully control the amount of water in the liquid
medium used for depositionw5–7x. While incomplete
monolayers are formed in the absence of water, excess
water results in polymerization in the solution and
polysiloxane deposition on the surfacew8x. As a result,
the solvents used for SAM coating with RSiCl precur-3

sors must be highly anhydrous. For example, for octa-
decyltrichlorosilane(OTS) coatings, an alkane is used
with 30 vol.% of a cosolvent such as carbon tetrachloride
(CCl ) or chloroform(CHCl ) w9x. The role of CCl is4 3 4

believed to help in dehydrating the structures prior to
film formation, solvate OTS head group in the solvent
mixture and rinse away excess OTS molecules, which
may be physisorbed to the surface.
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Fig. 1. Schematic representation of collapsed sites on the organosi-
laneysilicon electrode.

The structure of alkylchlorosilanes SAMs on pre-
oxidized silicon has been studied extensivelyw5,7,10–
16x. Atomic force microscopy(AFM) studiesw17–21x
have shown the formation of both a dense organized
assembly with vertically aligned hydrocarbon chains and
domains with disordered molecules that have not self-
assembled. The relative proportions of the different
phases depend on water concentration, solution age,
temperaturew9,22,23x, silane concentration, dispersion
pH w24x, exposure or reaction time and substrate pre-
treatmentw5x. The presence of large particulates that are
up to several microns in diameter has been observed on
OTS coatings prepared at 50% relative humidity and 20
8C w25x.
Structural defectsw26–28x that have been identified

to exist on alkyl mercaptans andn-alkanethiols SAMs
deposited on gold(Fig. 1) are: (i) pinholes or pores
where no molecules are adsorbed onto the surface,(ii)
‘ lying-down’ molecules near these pinholes that in fact
cover the defects and(iii ) collapsed sites where differ-
ently tilted molecules at the boundaries of differently
oriented domains give rise to a thin layer. These defects
have been characterized through their impact on elec-
tron-transfer reactions, which can be studied using elec-
trochemical impedance spectroscopy(EIS) in aqueous
chloride solutions. The largest electron-transfer rate con-
stants were exhibited at sites with pores, somewhat
smaller rate constants were found at the ‘collapsed’
sites, and the smallest values were obtained for well-
oriented monolayers. Defect free coatings have the
advantage of exhibiting very large energy barriers to
carrier tunneling that makes them exceptional insulators
for nanoscale devicesw29x.
In the case of coatings formed on oxidized silicon,

hydrofluoric acid solutions can be effectively used to
probe liquid penetration into the coatings. Hydrofluoric
acid solutions upon penetration through the coating
attack the oxide layer and thereby promote charge-
transfer reactions at the SiyHF solution interface in the
absence of dissolved oxygen. The corresponding charge-
transfer reactions arew30,31x:

y q 2y yAnodic reaction: Siq6F qh lSiF q4es aq 6 aq( ) ( ) ( )

0E s1.2 V (SHE)ox

q yCathodic reaction: SiqH qe lSiHs( )
0E sy0.1 V (SHE)red

In this paper, we present the results of a study that
explored different characterization methods to determine
the quality of highly hydrophobic coatings deposited
from aqueous media onto pre-oxidized single crystal
silicon. Previous investigations have shown that this
type of coatings yield contact angles greater than 1008

when deposited onto pre-oxidized silicon as well as
polysilicon w32–34x.

2. Experimental

2.1. Materials

2.1.1. Chemicals
Two different organosilane systems were used in this

study. The first chemical system consisted of a commer-
cially available, proprietary, water dispersible octadecyl-
silane based compound(Siliclad ). This compound,�

obtained from Gelest, Inc., is reported to contain the
reactive silane at a concentration of 20% in a mixture
of tertiary alcohols and diacetone alcohol.
The second chemical system consisted of cationic

alkoxysilanesw35x with two functional groups: one that
allowed physical adsorption and the other that promoted
chemisorption onto silicon oxide at an optimized pH
value. The cationic silanes chosen for detailed investi-
gation (purchased from Gelest, Inc.) wereN,N-Dimeth-
yl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride
(DMOAP) andN,N-didecyl-N-methyl-3-aminopropyltri-
methoxysilyl chloride(DIDAP). The presence of qua-
ternary ammonium group also allows the silane to
aggregate and disperse in the aqueous phase.
Semiconductor-grade 50:1 hydrofluoric acid(50 parts

of water and 1 part of 49% HF solution) was obtained
from Arch Chemicals, Inc.

2.1.2. Substrate
Two types of single crystal silicon(1 0 0) wafers

were used; antimony doped n-type(0.02V cm) cut into
pieces of 1=1 cm for EIS experiments and boron2

doped p-type(7–17 V cm) for ellipsometry, atomic
force microscopy and contact angle measurements.
The silicon samples were cleaned prior to coating

deposition in 4:1 H SO (98%):H O (30%) solution2 4 2 2

for 15 min at;90 8C to remove organic contaminants,
thoroughly rinsed in deionized(DI) water, then etched
in 50:1 HF to remove the oxide film. In order to
immobilize the organic silane monolayers on the sub-
strate, the presence of Si–OH groups on the substrate
surface is necessary to form a covalent bond between
the monolayer and the substrate surface. Therefore, an
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Fig. 2. A schematic sketch of the cell used for the electrochemical
characterization of coated and uncoated silicon surfaces in HF
solutions.

oxidation treatment with 30% H O at 308C for 15 min2 2

was performed before deposition of a monolayer. This
treatment yields hydrophilic surfaces with water contact
angles of 0–208 and 18–20 A thick oxide layers.˚

2.2. Coating preparation

The organosilanes were diluted in DI water(resistivity
of 18 MV cm) before use and adjusted with acetic acid
to a pH value of 4. Dispersions containing 0.5, 1 and
3% reactive silane component of Siliclad and 0.1%�

reactive silane of DMOAP and DIDAP were prepared.
The dispersions containing cationic alkoxysilanes were
heated to 358C and kept at this temperature during the
coating process.
The coatings were deposited onto the substrates by

immersing the samples into the silane dispersions at 400
mmys and withdrawing at 40mmys (for Siliclad�

coatings) or 400mmys (for DIDAP and DMOAP films).
Delay times of 10 min between immersion and withdraw
steps were necessary only for Siliclad coatings. These�

conditions (immersion speed, withdrawal speed and
delay time) were obtained by using a 2 factorial designk

of experiments to optimize hydrophobicity and coating
thickness. The film-covered substrates were cleaned by
rinsing with DI water and finally blow-dried with
nitrogen. Curing of Siliclad coatings was done in a�

convection oven for 10 min at 2008C.

2.3. Methods

2.3.1. Spectroscopic ellipsometry
Ellipsometric film thickness measurements were car-

ried out using a variable angle spectroscopic ellipsome-
ter (VASE) from J.A. Woollam Co. The ellipsometric
parametersc (amplitude ratio) and D (phase change)
were measured at three different incidence angles(70,
75 and 808) over the 2000–6000 A range. The compos-˚
ite optical constants(n and k) of the silicon substrate
with the thin oxide film were calculated and taken as
baseline for thickness calculation of the organosilane
films. Since optical constants of SAMs were not avail-
able for the wavelength range used, it was assumed that
the organic film had the same optical properties as
silicon dioxide. Ellipsometric measurements were taken
immediately before and after coating each sample.

2.3.2. Contact angle measurements
Hydrophobicity of the coatings was determined by

measuring the contact angle of DI water immediately
after film deposition using a dynamic contact angle
analyzer(Cahn DCA-312).

2.3.3. Atomic force microscopy
AFM measurements were performed on a Dimension

3000 microscope system(Digital Instruments, Inc.)

operated in a tapping mode. All measurements were
performed in air using commercial silicon cantilevers
with spring constants of 20–100 Nym and resonance
frequency of 300–350 kHz. Data analysis was per-
formed with the Digital Instruments NanoScope III
version 5.12r2 software. The depth of pores and height
of particulates on the coating were determined from
cross-sectional profiles at several random locations for
each AFM image.

2.3.4. Electrochemical impedance spectroscopy
Electrochemical experiments were performed using a

three-electrode cell made of Teflon with a polystyrene
transparent cover(Fig. 2). The calomel reference elec-
trode was always immersed in 4 M KCl and isolated
from the cell by a salt bridge made of Teflon capillary
tube filled with KCl (3 M) gelled in agar. The counter
electrode was a platinum spiral immersed in a plastic
tube to prevent hydrogen bubbles from disturbing the
system. The working electrode was antimony doped
single crystal silicon(0.02V cm) with a sample area
of 0.18 cm as defined by a Viton O-ring. The top of2 �

the cell was irradiated with an optical fiber lamp(30
W) at its maximum intensity. Solutions were purged
with nitrogen gas for a minimum 1 h before each
electrochemical experiment and kept under a nitrogen
atmosphere during the course of the experiment. All
experiments were conducted using high purity(ppb
grade) 100:1 HF (100 volumes H O, 1 volume 49%2
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Table 1
DI water contact angles and film thicknesses determined by Ellipsometry

Coatinga Thickness(A)˚ Contact angle(8)

Expected Spectroscopic Advancing Receding fCH3
ellipsometer

0.5% Siliclad� NyA 5.2"0.3 94.3"0.7 72.1"1.0 0.02
1% Siliclad� NyA 8.9"0.4 96.4"2.7 74.3"1.4 0.05
3% Siliclad� NyA 44.5"15.8 109.1"1.2 91.3"0.8 0.95
0.1% DMOAP 22.6b 20.7"8.5 99.1"1.6 59.8"1.8 0.36
0.1% DIDAP 12.6b 7.6"0.7 98.9"1.2 77.2"2.4 0.35
0.1% DMOAPy0.05% Siliclad� – 20.9"4.5 101.2"1.1 67.0"0.4 0.50
0.1% DIDAPy0.5% Siliclad� – 6.4"0.3 94.5"2.0 73.8"0.6 0.04

OTS (low humidity) w32x 28.1 – 110"2 97"2 1.0
OTS (50% RH) w16,22x 26.5 – 106"2 80"2 0.79

The percentage indicated refers to the percent of reactive silane in the aqueous dispersion.a

From molecular modeling in vacuum usingHYPERCHEMv3.0.b

NyA: Not available due to proprietary information from Gelest.

HF) to avoid formation of oxide at the bottom of the
pores in the coating. The oxide on the backside was
removed by gently rubbing the surface with a small
cotton tip soaked in HF solution, followed by Ni printing
to obtain ohmic contact. For coated samples, the reverse
side was sanded with alumina paper to remove the
coating prior to Ni printing.
Electrochemical measurements were carried out using

an EG&G frequency response detector model 1025
connected to a PotentiostantyGalvanostant(EG&Gmod-
el 283). The impedance data were automatically
acquired using M398 electrochemical impedance soft-
ware (EG&G). EIS responses of uncoated and coated
antimony single crystal silicon samples in 100:1 HF
were obtained by applying single sine wave of 5 mV in
the frequency range of 5=10 to 5=10 Hz with 5y3 6

points per decade. The silicon-coated electrode was held
at the open circuit potential for all EIS experiments to
prevent any potential drift and possible voltage-depend-
ent degradation of the coating. The impedance data was
fitted to equivalent circuits usingEQUIVCRT software(v
4.55) distributed by EG&G, which uses a nonlinear
least square fit(NLLSF) technique. The quality of the
fit was evaluated from thex values.2

3. Results and discussion

Five coating systems were studied: Siliclad ,�

DMOAP, DIDAP, DMOAPySiliclad and DIDAPy�

Siliclad . These last two were double coating systems,�

in which the first coating was deposited from either of
the two cationic alkoxysilanes and the second one from
Siliclad dispersions containing 0.5% reactive silane.�

No delay time was imposed between immersion and
withdrawal of the sample from the dispersion. This was
done to improve the hydrophobicity and coverage of
cationic alkoxysilanes coatings.

3.1. Layer thickness

The average film thickness values measured on five
different regions on the coated samples are presented in
Table 1. The calculations of film thickness from ellip-
sometry data are based on the assumption that all of the
films have the same refractive index. The exact value
of the refractive index cannot be derived with an
acceptable degree of accuracy fromD and c data for
such thin layers. It has been reportedw36x that refractive
index depends on the size of alkylsilane and the structure
of the layer, but its impact on the thickness values is
roughly 10% or less.
The thickness of Siliclad coatings was found to�

depend on reactive silane concentration. The coating
thicknesses deposited from dispersions containing 0.5
and 1% reactive silanes were below the reported values
for vertically oriented coatings of OTS(28.1 A). The˚
reason for this is the presence of a large number of
‘lying-down’ molecule defects. The coatings deposited
from a dispersion containing 1% reactive silane showed
higher thickness values as a result of increased silane
coverage on the surface andyor decrease in defects. The
thickness values of Siliclad coatings deposited from�

dispersions containing 3% of reactive silane concentra-
tion were higher than the length of fully stretched
alkylsilanes. This is more likely due to the deposition
of particulates formed as a result of rapid oligomeriza-
tion of the alkylsilanes in the aqueous phase prior to
covalent bonding to the silicon surfacew36x (Fig. 3).
The lower concentration of organosilane retards oligo-
merization in the bulk but the hydrophobic character of
the coatings decreases as described in the next section
of this paper.
The thickness values of coatings prepared from dis-

persions containing cationic alkoxysilanes(DMOAP and
DIDAP) correspond to molecular lengths and the thick-
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Fig. 3. (a) Self assembly versus(b) buildup organic film.

ness increases with alkyl chain length. The thickness of
DMOAP coating is less than the length of the fully
stretched octadecylsilane molecule, which could indicate
a slightly disordered monolayer structure. Similar trends
are observed for DIDAP coatings.
The thickness of DMOAPySiliclad and DIDAPy�

Siliclad double coating systems did not change after�

the first coating, likely due to the fact that these coatings
are predominantly composed of cationic alkoxysilanes.

3.2. Wettability

The dynamic DI water contact angles on the different
organosilane coatings are listed in Table 1. The advanc-
ing contact angles on these coatings were between 94
and 1098 and the receding contact angles varied from
60 to 908. The hysteresis between advancing and reced-
ing contact angle was higher for DMOAP surfaces than
for Siliclad and DIDAP surfaces. This may be attrib-�

uted to a difference in molecular scale roughness and
porosity of the coatings.
The advancing and receding contact angles reported

in literature for coatings deposited from alkyltrichloro-
silanes onto pre-oxidized silicon with disordered mono-

layer structure are 103–1058 and 91–928, respectively
w36x. These contact angles are independent of the chain
length. Highly ordered coatings of OTS have shown
advancing and receding contact angles of 110 and 988,
respectively. SAMs show higher contact angles because
of the exposure of the highly hydrophobic alkyl groups
to the aqueous phase. Disordered monolayers were
obtained for our coatings in most cases except for 3%
reactive silane of Siliclad . The increase in hydropho-�

bicity of double coating systems could be an indication
of improvement in coverage, assembly andyor
orientation.
As a first evaluation of the degree of disorder, an

approach developed by Israelachvili–Geew36,37x was
used. In this method, the wettability of an alkyl-coated
surface is determined using relative contributions to
wettability by methyl or methylene according to the
following equation:

2 2 21qcosu sf 1qcosu qf 1qcosuŽ . Ž . Ž .exp CH CH CH CH2 2 3 3

where u sexperimental advancing contact angle;exp

u scontact angle for pure surfaces of methyleneCH2

groups(948); u scontact angle for pure surfaces ofCH3

methyl groups(1108); fsfraction of methyl or meth-
ylene groups.
Using this equation, the fraction of the surface that is

composed of methyl groups(f ) was calculated fromCH3

the contact angle data as shown in Table 1. For highly
ordered coatings, the surface is composed primarily of
methyl groups. Methylene groups start to be exposed as
the degree of disorder increases. The high values of
f and thickness for coatings prepared from disper-CH3

sions containing 3% reactive Siliclad could indicate�

the deposition of highly oriented films. On the other
hand, coatings deposited from dispersions containing
0.5 and 1% reactive silane showed low fraction of
methyl groups and low thickness values as a result of
low packing and predominantly ‘lying-down’ molecules
that form a liquid expanded phase. DMOAP and DIDAP
coatings showed methyl fractions of;0.35 and by
recoating with Siliclad the methyl fraction was�

improved to 0.5 for DMOAP coatings, but for DIDAP
coatings a reverse effect was observed(f ;0.04).CH3

3.3. Uniformity and thickness

Fig. 4 shows a set of AFM images of coatings
prepared from Siliclad dispersions on pre-oxidized�

silicon as a function of reactive silane concentration.
These images provide evidence that Siliclad coatings�

prepared from dispersions containing 0.5% reactive sil-
ane (Fig. 4a) are composed of a continuous film with
some particulate features which are 4–6 A in height.˚
Black spots in the image maybe identified as pores in
the continuous film and their relative depth is roughly
5 A. An increase in reactive silane concentration from˚
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Fig. 4. AFM images, of a 1=1 mm region, showing Siliclad coatings on single crystal silicon substrates.(Height profiles in the lower part of2 �

the image were measured along the horizontal white lines. The pore height profiles were measured along the dotted lines.)

0.5 to 1% caused the particulates to grow laterally and
vertically to a size of 11–13 A in height and the relative˚
pores depth to 6.5 A(Fig. 4b). The film deposited from˚
a 3% reactive silane dispersion(Fig. 4c) is characterized
by large particles with vertical dimensions of 30–120 A˚
and lateral dimensions of hundreds of A. These partic-˚
ulates are most likely formed as a result of silane
crosslinking in the bulk. The advancing and receding
contact angles for this coating are higher than for
coatings prepared from lower silane concentration dis-
persions. The presence of particulates in the bulk of
deposited films does not seem to be detrimental to the
hydrophobic character of the films. The formation of
these particulates has also been observed on OTS and
DDMS coatings when deposited under humid conditions
w25x.
Fig. 5 shows an AFM image of a DMOAP film with

the corresponding height profiles of particulates and
pores. The particulates consist mainly of aggregates with
uniform height of 40 A and some with small features˚
of 58 A in height. These values correspond to bilayers˚
and trilayers of DMOAP molecules. The pore depth was
found to be 4.5 A.˚
The number of particulates on top of the double

coating system DMOAPySiliclad (Fig. 6) appears to�

be lower than that observed for DMOAP(Fig. 5) and

Siliclad (Fig. 4a) coatings. This could be as a result�

of additional rinsing steps that were used to remove
excess silane from the surface. The height of particulates
was 35–42 A, which is similar to DMOAP particulates.˚
The pore depth was found to be 7.0 A.˚
The pore depths in DMOAP and DMOAPySiliclad�

coatings were smaller than their respective film thick-
nesses measured using spectroscopic ellipsometry(Table
1). This could be due to the tip not reaching the substrate
at the bottom of the pores.
Imaging of DIDAP and DIDAPySiliclad coatings�

was extremely difficult. An experiment was conducted
in which one half portion of a pre-oxidized silicon
sample was rapidly etched in HF and the unetched area
was then coated with DIDAP. AFM analysis showed a
gradual change in surface roughness at the expected
boundary but no evidence of characteristic features or
particulates. It is possible that these films were free of
pores and particles. Further work will be necessary to
elucidate these findings.

3.4. Defects

EIS is a useful technique to characterize thin insulat-
ing films at electrode surfaces and can be particularly
sensitive to the presence of pores or pinholes in films.
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Fig. 5. AFM image(1=1 mm ) of DMOAP coating.(Height profiles2

in the lower part of the image were measured along the horizontal
white lines. Pore height profiles were measured along the dotted
lines.)

Fig. 6. AFM image(1=1 mm ) of a DMOAPySiliclad coating.2 �

(Height profiles in the lower part of the image were measured along
the horizontal white lines. Pore height profiles were measured along
the dotted lines.)

In this work, the impedance of siliconyHF solution and
siliconycoatingyHF solution interfaces was analyzed
using equivalent circuits. It was possible in this way to
calculate interfacial resistance and capacitance that can
be related to the quality of the films. The relative
magnitude of these components provides an estimation
of the protection provided by the coating against HF
attack.
The equivalent circuits used to analyze the experi-

mental data of uncoated and coated silicon samples are
shown in Fig. 7. Because the experiments were carried
out in HF solutions, no effects of oxide film were
considered. In these circuits,R is the sample bulksample

resistance andR is the solution resistance. The sumsol

of R and R will be referred to asR . The poresample sol 0

resistance(R ) that represents the resistance of pinholepore

type defect or chemical heterogeneity depends on the
length of the pores and cross section. The capacitance
C consists of the space-charge capacitance(C )SCqDL SC

and the double layer capacitance(C ) in series; andDL

has been commonly used for interpreting interfacial
phenomena that occur at the siliconyHF solution inter-
facew38,39x. The corresponding capacitance for a coated
sample isC9 . The interfacial charge-transfer resis-SCqDL

tance of uncoated and coated samples isR and R9 ,t t

respectively. The values ofR , C and R fort SCqDL pore

both coated and uncoated surfaces can be correlated to
the area fraction of pore sites(u) where silicon is in
direct contact with HFw40x:

R Rt solR9 s , uC sC9 and R st SCqDL SCqDL pore
u u

The coating and oxide capacitance is expressed in
terms of a constant phase element(CPE). This is a
‘power law-dependent’ interfacial capacity, which
accounts for the topography of imperfections and rough-
ness of the substrate and coating. The impedance of
CPE is given as:

1
Z sCPE nY ( j√)0

where Y is the admittance andns1 for an ideal0

capacitorw41x.
The EIS spectra for both uncoated and coated silicon

in HF solutions under illumination are shown in Figs.
8–11 in the form of Nyquist plots. The points in the
figures represent the experimental data, while the solid
lines represent the best fits obtained by the NLLSF
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Fig. 7. Equivalent circuit used for the interpretation of impedance
spectra obtained for(a) uncoated and(b) coated siliconysolution
interface in 100:1 HF.

Fig. 8. Nyquist plots for Siliclad coated silicon samples in 100:1 HF.�

Fig. 9. Nyquist plots for DMOAP and DIDAP coated silicon samples
in 100:1 HF.

technique. In all cases, the spectra were characterized
by one semicircle that represents a single time constant.
Fig. 8 shows the Nyquist plots for Siliclad coatings�

formed from solutions containing different levels of
reactive silane. The diameter of the semicircles increased
with silane concentration indicating that the coating was
able to provide a much higher degree of resistance to
charge transfer. The spectra for DMOAP and DIDAP
coated surfaces are shown in Fig. 9. They appear quite
similar to that for Siliclad coated surfaces.�

The parameters evaluated by fitting the experimental
data to the equivalent circuits are summarized in Table
2. At least three newly prepared samples for each type
of coating were analyzed to determine the reproducibility
of EIS measurements.

It is clear from the table that theR value for allt

coated surfaces is higher than that for uncoated surfaces.
This implies that the electrochemical reactions proceed
at lower rates when silane is deposited onto silicon. The
very low value of charge transfer resistance for uncoated
samples and the absence of Warburg component suggest
that the electrochemical reaction at the siliconyHF solu-
tion interface is kinetically favorable and accelerated.
The impedance in the low-frequency limit,R , signifi-t

cantly increased for all coated samples, especially for
samples prepared from DMOAP and Siliclad(3%�

reactive silane). TheR value of Siliclad coatings was�
t

dependent on the reactive silane concentration.
The values ofR (2–6 V cm ) and R (4–152

0 pore

V cm ) were found to be very small. This was expected2

because a highly doped sample and a high ionic strength
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Fig. 10. Nyquist plots for single and double DMOAPySiliclad coat-�

ings on silicon samples in 100:1 HF.
Fig. 11. Nyquist plots for single and double DIDAPySiliclad coat-�

ings on silicon samples in 100:1 HF.

Table 2
Parameters obtained from the fitting of EIS data to equivalent circuits

Sample

Uncoated Siliclad� Siliclad� DMOAP DIDAP DMOAPy DIDAPy
(0.5%) (3%) Siliclad� Siliclad�

x (=10 )2 y3 4.55"0.55 3.38"1.23 4.29"0.44 2.03"2.69 0.95"0.05 3.64"3.44 2.70"1.96
R (V cm )20 6.52"3.76 2.29"1.50 3.35"0.37 5.11"1.61 3.06"2.10 6.66"5.89 1.47"1.07
Y (mSycm )20 COATqOX – 0.47"0.21 0.83"0.09 0.90"0.31 1.96"0.41 0.66"0.38 2.10"0.48
nCOATqOX – 0.97"0.01 0.98"0.3 0.92"0.05 0.90"0.03 0.89"0.11 0.98"0.02
R (V cm )2pore – 5.18"1.47 11.31"3.55 16.57"12.09 3.73"0.94 6.92"2.29 2.68"1.86
C (mFycm )2SCqDL 2.67"0.43 – – – – – –
C9 (mFycm )2SCqDL – 0.69"0.16 0.15"0.05 0.53"0.21 0.88"0.55 0.35"0.22 0.07"0.04
R (kV cm )2t 59.39"5.45 – – – – – –
R9 (kV cm )2t – 220.63"37.00 553.55"26.13 451.90"49.59 236.71"5.75 668.65"62.68 369.48"27.45
uR 1.0 0.28"0.06 0.11"0.01 0.13"0.01 0.28"0.07 0.09"0.01 0.17"0.01
uC 1.0 0.26"0.06 0.07"0.02 0.19"0.08 0.32"0.21 0.13"0.09 0.03"0.02

solution (0.013 M) were used. The small variations in
the value ofR could be caused by dilution inaccuracies.0

Analysis of the coating capacitance can be used to
examine the structure of the monolayer assemblies. For
all coatings, the deviation of the CPE from ideal behav-
ior (i.e. capacitor) was very small(n)0.88). Since the
value of n does not depend on the length of the
organosilane,Y was assumed to be approximately equal0

to C throughoutw26x.coat

According to Helmholtz model of the interfacew42x,
the capacitance of the film is related to its thickness
through the following equation:

´ ´SAM 0Y fC s0 coat dSAM

whered is the thickness of the monolayer,´ isSAM SAM

the total permittivity of the film and́ is the permittivity0

of vacuum. The value ofY for DIDAP (10 carbon0

atoms) was larger than for DMOAP(18 carbon atoms)

as expected from their thickness values. Siliclad(3%�

reactive silane) and DMOAP coatings had very similar
Y values because both organosilane molecules are0

composed of 18 carbon atoms. The lowerY value for0

coatings prepared from dispersions containing 0.5%
reactive silane of Siliclad is a result of less organized�

films. This confirmed by thickness value obtained using
ellipsometry.
Figs. 10 and 11 show the EIS spectra for double

coatings systems. TheR values increased from 450 andt

200 kV cm for DMOAP and Siliclad single coating2 �

systems to 650 kV cm for DMOAPySiliclad coatings2 �

and from 200 kV cm for DIDAP to 350 kV cm for2 2

DIDAPySiliclad coatings. This indicates that the defect�

levels in the film decreased by depositing a second
silane layer. The charge-transfer resistance for DIDAP
coatings was lower than for DMOAP and Siliclad�

coatings, leading to conclusion that DIDAP coating is a
poor barrier for electron transfer.
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The calculated values of area fraction of pore sites
usingR andC are tabulated in Table 2 asu andt SCqDL R

u . These values show reasonable agreement. The mostC

important observation that can be made from the table
is that the area fractions are between 0.1 and 0.3
indicating that the coatings are fairly compact.
The capacitance associated with the Helmholtz double

layer was lower than for a typical metal or semi-
conductor electrode()20 mFycm ) w39x. The same2

behavior has been observed by othersw38x for n-type
silicon exposed to 50:1 HF. From the equivalent circuit
analysis, the value of the double layer capacitance was
found to decrease for coated samples and was the lowest
for coatings prepared from Siliclad dispersions contain-�

ing 3% reactive silane and from the double coating
system DIDAPySiliclad . This effect is due to a�

decrease in the effective surface area of silicon as a
result of surface coverage. It has been reported previ-
ously w38,43x that the surface coverage as a result of
adsorption of organic molecules can reduce the double
layer capacitance for semiconductor and metal electrodes
from tens of microfarads to a few microfarads. The area
fraction of pore sites(u ) calculated from the doubleC

layer capacitance is in agreement with the values
obtained from charge-transfer resistance.

4. Conclusions

This study has shown that highly hydrophobic coat-
ings can be reproducibly formed on pre-oxidized single
crystal silicon wafers from a chemical system consisting
of a commercially available water dispersible silane
(Siliclad ) andyor cationic alkoxysilanes. Ellipsometric�

analysis indicates that thickness of these coatings is
roughly a(statistical) monolayer. Wettability data show
that the hydrophobicity and methyl(CH ) fraction of3

the coatings exposed to solutions can be improved by
increasing Siliclad concentration in the dispersions and�

by the deposition of a double coating such as DMOAPy
Siliclad . AFM images show that the coatings deposited�

from dispersions containing low concentration of
Siliclad are thinner than the length of fully stretched�

alkyl chains in an octadecyl group. An increase in
Siliclad concentration increases the coating thickness,�

deposition andyor formation of particulates on the coat-
ing, as well as the contact angle. The DMOAP coatings
consist of monolayers with small particulates and pores.
EIS provides an effective method to determine the
quality of the coatings by studying electron-transfer
reactions between a coated silicon surface and HF
solutions. The low pore fraction values determined by
fitting the impedance data to equivalent circuits indicate
that the coatings are reasonably compact.
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