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Ellipsometric investigations of self-assembled monolayers
SAMs) of alkylsiloxanes on native silicon substrates and of or-
anothiols on gold substrates were performed under in situ con-
itions with the substrate in direct contact with the adsorbate
olution. Specially designed liquid cells matched for different in-
idence angles were used to carry out measurements in a range of
rganic solvents with different refractive indices as the ambient
edium. The observed shifts in the ellipsometric phase angles D

pon monolayer formation were found to depend very sensitively
n the incidence angle and the refractive indices of the adsorbate
lm and the ambient solvent, from which a rather simple method
or determining the refractive index of the adsorbate film, based on

variation of the ambient refractive index, was derived. Time-
esolved in situ measurements of SAM formation in different
olvents and onto different substrates yielded accurate kinetic
nformation on the monolayer growth process and revealed hith-
rto unknown strong solvent effects on the growth rate. © 1999

cademic Press

Key Words: in situ ellipsometry; self-assembled monolayers;
efractive index; monolayer growth.

INTRODUCTION

The adsorption and structural organization of long-c
ydrocarbon compounds onto solid surfaces from dilute s

ions under formation of self-assembled monolayers a
idespread phenomenon, which has attracted considerab

erest over the past decade (1). A wide variety of sur
nalytical methods has been applied to study the formatio
roperties of such films. However, only a few methods allo
irect investigation of film formation at the substrate–solu

nterface. Correspondingly, fewin situstudies of these system
ave been reported to date, using atomic force microscop
), internal reflection spectroscopy (4, 5), or a quartz cry
icrobalance (6, 7).
Ellipsometry has proved in the past to be a versatile too

he investigation of thin films deposited on optically flat s
trates (8, 9). One advantage of ellipsometry over many

1 To whom correspondence should be addressed.
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urface analytical methods is the possibility to perform m
urements in different ambient media such as vacuum, no
tmosphere, or liquids. This feature together with the high
esolution and sensitivity of the measurements allows a d
onitoring of gas-phase depositions as well asin situstudies o
dsorption processes from solution. The vast majority ofin situ
llipsometric investigations reported in the literature u

iquid ambient media concern the physisorption of biom
cules (10–21), polymers (22–25), or cationic surfactants
8) onto solid surfaces from dilute, mostly aqueous solut

n these studies, the adsorbed amountG (g m22), which was
aken as an indicator for the surface concentration of adso
pecies, was calculated from the measured film refractiv
ex, the film thickness, and the concentration dependen

he refractive index determined from solution measurem
or ultrathin films such as self-assembled monolayers w

ypical thickness of 10–30 Å, this method cannot be app
ecause film thickness and refractive index cannot be mea
imultaneously. Additionally, the extrapolation of soluti
hase data to monolayer film properties is not justified in t
trongly chemisorbed systems (1).
We report here a procedure which allows a straightforw

etermination of the film refractive indices of self-assem
onolayers through measurements of the ellipsometric a

n different solvents at different angles of incidence. Furt
ore, we presentin situ ellipsometric measurements of t

ormation of octadecylsiloxane monolayers on native silico
ifferent solvents at different concentrations of the adsor
olutions and show that this method can also be use
onitor subsequent surface modifications and multilayer
ation of these films.

MATERIALS AND METHODS

ompounds, Solvents, and Substrates

The following compounds and solvents were commerc
vailable and were used as received: octadecyltrichloros
OTS) (Aldrich, 95%), butyltrichlorosilane (BTS) (Aldric
9%), perfluorohexane (3M, p.a.),n-hexane (Aldrich, 951%),
0021-9797/99 $30.00
Copyright © 1999 by Academic Press
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yclohexane (Merck, 99.51%), tetrachloromethane (Fluk
PLC grade), toluene (Aldrich, 99.8%), chlorobenz

Merck, puriss), tribromomethane (Merck, 98%), acetone
rich, 99.9%), and ethanol (Austria Hefe AG, 99.8%). Un
yltrichlorosilane (UTS) and 16-hydroxyhexadecanet
HHDT) were synthesized as described previously (29, 3

Gold-coated glass slides (253 15 mm2) with preferentia
111) orientation, which had been prepared by sputter de
ion of approximately 200 nm of gold onto glass slides co
ith a thin chromium adhesive layer, were obtained f
harmacia (Uppsala, Sweden) and were cleaned by ultra

reatment in toluene, rinsing with acetone and ethanol
low-drying in high-purity nitrogen, followed by a 15-m
xposure to a UV/ozone atmosphere in a commercial clea
hamber (Boekel Industries, Model UVClean) equipped w
ow-pressure mercury quartz lamp. P-doped, (100)-orie
ingle-sided polished silicon wafers (Wacker Chemitronic,
rade, 14–30V cm resistivity, 0.5-mm thickness) were cut in
ieces of appropriate size (253 15 mm2) and were cleaned

he same way as the gold slides. This treatment yiel
ydrophilic, contamination-free surface with a native ox

ayer of 12- to 14-Å thickness, as routinely checked by e
ometry.

llipsometric Measurements

The ellipsometric measurements were carried out on a
os SD 2300 ellipsometer with a rotating analyzer an
e–Ne laser (l 5 632.8 nm) as the light source. Film thic
esses and/or refractive indices were calculated from the
ured ellipsometric angles (relative phase shiftD and amplitude
atio C between the s- and p-polarized components of
robing laser) using the commercial instrument software b
n the McCrackin algorithm (9). The mechanical suspensio

ight source and analyzer allowed a continuous change o
ngle of incidence between 35° and 73° with respect to
ample surface normal. Forin situ ellipsometric measuremen
pecial liquid cells for incidence angles of 65, 68, and 70° w
onstructed. The schematic design of such a cell is show
ig. 1. The entrance and exit windows have to be incl

FIG. 1. Schematic design of a liquid cell forin situ ellipsometric inves
igations of the substrate–solution interface.F denotes the light incidenc
ngle and the tilt angle of the cell windows with respect to the subs
urface.
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nder the angle of incidenceF with respect to the base of t
ell to ensure that the incident and reflected laser beams
hrough the windows at normal incidence. In this case,
eflection of light at the surface of the cell windows is in
endent of its direction of polarization and thus the polariza
f the probing laser beam is not altered by transmis

hrough the cell windows (9). The liquid cells used for t
tudy were made of microscope glass slides (Menzel Gl¨ser,
63 263 1 mm3), which were cut into appropriate size, glu

ogether with epoxy resin, and finally cured for 30 min
00°C. To avoid any disturbances by solvent evaporation
ells were closed with a glass lid during the experime
ossible artifacts caused by cell construction errors
hecked by comparison of measurements performed ou
nd inside the cells under atmospheric conditions. The c
ponding differences of the ellipsometric anglesC andD were
ever larger than 0.01° forC and 0.1° forD, which results in
n error less than 1 Å in film thickness for the sampl

nvestigated in this study. To perform ellipsometric exp
ents in a liquid ambient medium, the precleaned subst
ere clamped to the bottom of the cell and were aligned in
mpty cell under open atmosphere.

x Situ Measurements

Ex situexperiments were performed at an incidence angF
f 68° on both gold and silicon substrates. On gold,
ubstrate’s optical constants (refractive indexn and absorptio
oefficientk) were first determined using an isotropic mode
wo semiinfinite phases (air/substrate). Values ofn 5 0.1656
.005 andk 5 3.576 0.01were reproducibly obtained. Th

hicknessd of an adsorbate film of the film-covered substra
as then measured using an isotropic three-phase mode
dsorbate/substrate) with the previously determined op
arametersn andk for the gold substrate and assumed va
f n 5 1.50 andk 5 0 for the adsorbate, the latter represe

ng typical values for nonabsorbing, solid-state organic m
ials (31). On silicon, an isotropic three-phase model (Si/S2/
ir) was used for the substrate and a four-phase mode
iO2/adsorbate/air) for the sample. A measurement of the c

eference Si/SiO2 yielded the thickness of the native ox
ayer using literature values for the optical constants of Si (n 5
.865,k 5 0.020 (32)) and SiO2 (n 5 1.465,k 5 0 (32)).
ubsequent measurement of the film-covered substrat
ubstitution of the substrate parameters together with ass
alues for the adsorbate (n 5 1.50 and k 5 0) into a
our-phase (Si/SiO2/adsorbate/air) algorithm allowed a cal
ation of the adsorbate layer thickness. For refractive in
eterminations of adsorbed films, a silicon substrate
ounted and aligned in the liquid cell under air. Then the
as filled with solvent and the ellipsometric anglesC andD
ere determined. These measurements were carried o

hree angles of incidence (65, 68, and 70°) with each o
ollowing solvents: perfluorohexane,n-hexane, cyclohexan

te
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547IN SITU ELLIPSOMETRY OF ULTRATHIN FILMS
etrachloromethane, toluene, chlorobenzene, and tr
omethane. Subsequently, the silicon substrate was rem

rom the cell and a self-assembled monolayer of either b
iloxane (BS), undecylsiloxane (UDS), or octadecylsilox
ODS) was adsorbed, as described in detail elsewhere (29
onolayer thickness was determined under air, after whic

ubstrate was remounted in the liquid cell and the ellipsom
nglesC and D were measured again at 65, 68, and

ncidence in each of the above listed solvents. The experi
al error margins were determined from 10 individual meas
ents at different locations of each sample.

n Situ Measurements

In situ measurements of ODS monolayer formation on
on substrates were carried out inn-hexane at 68° incidenc
nd in perfluorohexane at 70° incidence. The substrate
ounted and aligned in the liquid cell as described above

he cell was subsequently filled with solvent and closed. A
tabilization of the system, start values of the anglesC andD
ere measured. The solvent was rapidly exchanged wit
dsorbate solution (OTS inn-hexane or perfluorohexane) a

he ellipsometric anglesC andD were measured as a functi
f time. After completion of the adsorption process (C andD
emain constant within experimental error), the cell was e
ied and the sample was dismounted, rinsed with tolu
cetone, and ethanol, and blow-dried in a stream of nitro
inally, the thickness of the ODS monolayer was measure
x situ ellipsometry under air to verify completion of t
onolayer formation. A similar experimental procedure
sed to follow the formation of anv-hydroxyalkanethio
onolayer on a gold substrate and its subsequent coupl
n ODS overlayer. A cleaned gold substrate was mounte
ligned under air in the 68° liquid cell. The cell was filled w
mL of n-hexane and the start values of the ellipsome

nglesC and D were measured. Immediately afterward
ertain amount of HHDT, corresponding to a concentratio
3 1026 mol/L, was injected into the cell andC andD were
easured as a function of time. After completion of monola

ormation, a certain amount of OTS, corresponding to a
entration of 1024 mol/L, was added to the same solution a
he formation of an ODS overlayer was monitored by
hanges ofC andD with time.

RESULTS AND DISCUSSION

efractive Index Determinations of Monolayer Films

Figure 2 shows the calculated Brewster angleFB 5 tan21

nsub/namb) of a silicon substrate (nsub 5 3.865) as a function o
he refractive indexnamb for different ambient solvents rangi
rom perfluorohexane (namb 5 1.252) to tribromomethane (namb

1.596). Within this range of solvents, an essentially lin
ecrease ofFB with increasingnamb is shown in Fig. 2. Strictl
peaking, the Brewster angle is defined only for nonabso
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ubstrates as the particular incidence angle, where the p
ation vectors of the radiation reflected off the substrate

ace and the radiation refracted into the substrate are norm
ach other. p-Polarized radiation (electric field vector par

o the plane of incidence) is therefore totally refracted atFB

nd the reflectivity is zero. Due to the weak absorptivity
ilicon at the probing laser frequency (absorption coeffic
5 0.02) and thenegligible influence of an ultrathin, tran

arent adsorbate film on the overall reflectance (33), the o
roperties of the film/substrate systems investigated in
tudy are very similar to those of an ideal, nonabsor
ubstrate. Three different incidence angles (F 5 65, 68, and
0°) in the vicinity of the Brewster anglesFB have been use

n this study, which are marked by horizontal lines in Fig. 2
hich divide the investigated solvents into two groups,
ith F , FB and one withF . FB. The insert in Fig. 2 show

he results of model calculations based on standard Fr
quations (8) for the ellipsometric anglesDfilm and Dsub of a
onolayer-covered silicon substrate (Dfilm) and a clean silico

ubstrate (Dsub) for different incidence anglesF and differen
mbient media. The sign ofDfilm 2 Dsub falls into one of fou
ectors, which are separated from each other by the Bre
ngleFB and the refractive indexnfilm of the adsorbate film
film 2 Dsub is positive for incidence anglesF . FB in
ombination with ambient refractive indicesnamb , nfilm (sector
) and forF , FB andnamb . nfilm (sector 3). A negative sig

or Dfilm 2 Dsub is predicted forF . FB andnamb . nfilm (sector
) andF , FB and namb , nfilm (sector 4). Table 1 lists th
xperimental valuesDfilm 2 Dsub for three different alkylsilox
ne films (BS, UDS, and ODS) on silicon, measured

FIG. 2. Brewster angleFB 5 tan21 (nsub/namb) of a silicon substrate (nsub

3.865) immersed in different ambient solvents as a function of the so
efractive indexnamb. The shaded areas represent the determined margi
he refractive indices of monolayer films of butylsiloxane (BS), undecyls
ne (UDS), and octadecylsiloxane (ODS). The insert illustrates the sign
ifference between the ellipsometric anglesD of a film-covered silicon sub
trateDfilm and a clean silicon substrateDsub as a function of the light incidenc
ngleF and the ambient refractive indexnamb. The Brewster angleFB as a

unction of namb and the film refractive indexnfilm are marked by solid lines
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ifferent incidence angles in a series of different solvents
5° incidence, BS monolayers yield negative signs forDfilm 2

sub in perfluorohexane,n-hexane, and cyclohexane and po
ive signs in CCl4, toluene, and chlorobenzene. BecauseFB .
5° for all these solvents (see Fig. 2), the sign change w

his solvent series must be caused by a transition from se
o sector 4 in Fig. 2, i.e., a change fromnamb , nfilm to namb .

film between cyclohexane and CCl4. For UDS films, this sig
hange shifts to higher ambient refractive indices and oc
etween toluene and chlorobenzene, indicating an increa

he film refractive index with increasing chain length of
dsorbate. This trend continues for ODS monolayers, w
ield positiveDfilm 2 Dsub values only in a highly refractin
olvent such as tribromomethane (34). ODS monolayers
lso investigated at 68 and 70° incidence. ForF 5 68°, results
imilar to those forF 5 65° were obtained (negativeDfilm 2

sub values from perfluorohexane to chlorobenzene) excep
ribromomethane, where the Brewster angle is too close t
ncidence angle and the error in determining the angD
ecomes exceedingly large. ForF 5 70°, the sign forDfilm 2

sub changes twice: Perfluorohexane andn-hexane give nega
ive values (F , FB andnamb , nODS, sector 4), cyclohexan
Cl4, toluene, and chlorobenzene give positive values (F .

B and namb , nfilm, sector 1), and tribromomethane res
gain in a negative sign (F . FB andnamb , nfilm, sector 2)
imilar changes in the sign ofDfilm 2 Dsub are caused b
hanging the incidence angle for certain film–solvent c
inations. This is shown in Table 2 for BS, UDS, and O
lms on silicon in CCl4 (namb 5 1.46). BS films yield positiv
igns forF 5 65° andF 5 68° (F , FB and namb . nfilm,
ector 3) and a negative sign forF 5 70° (F . FB andnamb

nfilm, sector 2). UDS and ODS films, on the other ha
hose refractive indices are both larger than 1.46, resu
egativeDfilm 2 Dsub values for 65 and 68° incidence (F , FB

ndnamb , nfilm, sector 4) and positive values for 70° incide
F . FB andnamb , nfilm, sector 1).

As a result of these measurements summarized in Tab
nd 2, the following margins for the refractive indices of

nvestigated adsorbate films can be derived, which are
rated as shaded areas in Fig. 2: 1.426, nBS , 1.460, 1.496,

UDS , 1.524, 1.524, nODS , 1.596. These results confirm
ell-documented trend from previous studies (29, 35–37)

he packing density and the degree of structural order in
lms decrease with decreasing hydrocarbon chain length
ompanied by a decrease in the film refractive index. In p
iple, the margins for the film refractive indices could
urther narrowed by using a larger set of solvents or sol
ixtures with selected refractive indices. A certain limit for
ccuracy achieved with this procedure is given, howeve

he experimental error of theDfilm 2 Dsub values. For a certa
ncidence angle, the relative error increases with decre
efractive index difference between film and solvent (Tabl
p to the point wherenfilm 5 namb, in which case the film
ptically disappears by a perfect match with the ambien
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ractive index. This latter configuration is the basis of a te
ique reported by Yakovlev and Irene (38) that takes advan
f the increased sensitivity of ellipsometric measurement

he substrate–film interface if the film is made invisible to
robing radiation by intentional refractive index matching

he ambient phase. In a given solvent, the absolute valu
film 2 Dsub increase sharply as the incidence angleF ap-
roaches the Brewster angleFB, and the relative error has
inimum somewhere close toFB (note that forF 5 FB, the

eflected light is purely s-polarized and the phase angD
etween the p- and s-polarized components is therefore e

mentally undeterminable). Thus, optimizing the experime
onditions for a particular system is a rather tedious proce
nfluenced by a number of mutually dependent paramete

In principle, the film refractive index can also be determi
rom a single measurement ofDfilm 2 Dsub in a particula
olvent by an iterative fitting procedure. BothDfilm andDsub can
e calculated from standard Fresnel equations (8) usi

hree-phase model (Si/SiO2/solvent) for a native silicon su
trate and a four phase model (Si/SiO2/adsorbate/solvent) fo
he film-covered substrate, if the film refractive indexnfilm and
he film thicknessdfilm are known. Withnfilm 5 1.50 as a firs
stimate for the film refractive index, the film thicknessdfilm

an be measured in contact with air (namb 5 1) and these value
film and dfilm can be used to calculateDfilm 2 Dsub for a
articular solvent as the ambient medium. Varyingnfilm and
ecalculatingDfilm 2 Dsub until the best fit for the experiment

film 2 Dsub value is obtained yield an improved value fornfilm,
hich allows the calculation of an improved film thickn
film. With this new set of values (nfilm, dfilm), the whole proces

s repeated until a satisfactory agreement between the e
ental and calculated ellipsometric anglesDfilm 2 Dsub is
chieved. In practice, one iteration step is usually suffic
ecause the film thicknessdfilm measured in contact with air
uite insensitive to the precise value of the film refractive in
varyingnfilm between 1.45 and 1.55 changes the film thick
nly on the order of 1 Å). These calculated film refrac

ndicesnfilm(calc) for BS, UDS, and ODS monolayers in d
erent solvents are included in Tables 1 and 2. Except for s
ystematic deviations in solvents of low refractive ind
here a certain error in the experimentalDfilm 2 Dsub values ha

he largest effect on the calculated film refractive indices

TAB
Ellipsometric Angle Difference Dfilm 2 Dsub and Cal

Monolayer Films on Native Silicon Subst

Adsorbate film

F 5 65°

Dfilm 2 Dsub nfilm(calc) Dfilm

BS 0.1056 0.064 1.456 0.005 0.09
UDS 20.4296 0.037 1.476 0.001 24.91
ODS 22.3476 0.058 1.546 0.002 28.31
-
ge
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e

film(calc) values for the different monolayer films in Table
nd 2 lie well within the experimentally determined marg

or the film refractive indices (Fig. 2) and clearly confirm
bserved trend thatnfilm increases with the hydrocarbon ch

ength of the film molecules.

n Situ Studies of Film Formation

Figure 3 shows the calculated ellipsometric anglesC andD
s a function of film thickness for a hypothetical organic
nfilm 5 1.5) adsorbed on gold and native silicon (Si/SiO2, SiO2

hickness 12 Å) in contact withn-hexane (n 5 1.375) as th
mbient medium. On both substrates, the angleC (amplitude
atio between s-polarized and p-polarized radiation) cha

2
ated Film Refractive Indices nfilm(calc) of Different
es in Tetrachloromethane (namb 5 1.460)

F 5 68° F 5 70°

Dsub nfilm(calc) Dfilm 2 Dsub nfilm(calc)

0.045 1.466 0.001 20.6666 0.048 1.456 0.001
0.114 1.516 0.001 11.2186 3.224 1.526 0.02
0.379 1.556 0.006 14.6496 1.335 1.556 0.01

FIG. 3. Calculated ellipsometric anglesC and D for 68° incidence of
ypothetical adsorbate film (nfilm 5 1.50) on a gold and a native silic
ubstrate (Si/SiO) immersed inn-hexane as a function of film thickness.
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550 BRUNNER ET AL.
ery little with thickness for ultrathin films (0, d , 30 Å),
hereas the angleD (phase shift between s-polarized a
-polarized radiation) is an essentially linear function od
ithin the considered thickness range. Assuming that the

efractive index does not change significantly in the cours
lm growth, theD values are proportional to the film thickne
nd the surface coverageQ for a monolayer growth proce
an be obtained asQ 5 (D t 2 D 0)/(D` 2 D 0), whereD 0, D t,
ndD` are the measuredD values for the clean substrate,

he adsorbate-covered substrate after an adsorption timet, and
or the complete monolayer film. In Figs. 4 and 5, the resul
uchin situ experiments are shown, monitoring the forma
f an ODS monolayer film on silicon from dilute solutions
TS in perfluorohexane (Fig. 4) and inn-hexane (Fig. 5) fo
ifferent OTS concentrations. Except for the highest con

ration in perfluorohexane (cOTS 5 5 3 1025 mol/L), the D t

alues approach a final, constant valueD`, which correspond
o a complete ODS monolayer with a thickness of 266 0.5 Å,
s routinely checked after eachin situ experiment in a contro

FIG. 4. Surface coverageQ (A) and2ln(1 2 Q) (B) as a function of tim
erived fromin situ ellipsometric measurements of the adsorption of oct
yltrichlorosilane (OTS) on native silicon substrates from dilute solution
erfluorohexane for different precursor concentrationscOTS: 5 3 1025 mol/L
diamonds), 13 1025 mol/L (circles), 53 1026 mol/L (triangles).
m
of
,

f

n-

easurement under air. The deviations from this mono
rowth process observed at higher precursor concentratio
erfluorohexane must be ascribed to multilayer depositio
iloxane polymers from solution, because film thicknesse
ore than 100 Å were measured for these samples afte
eposition. In all other cases, the surface coverages as a

ion of time calculated from the measuredD values can b
tted in accordance with previous studies (39) by a sim
angmuirian adsorption modelQ 5 1 2 e2ktc based on

rreversible adsorption, wherek is the adsorption rate consta
nd c is the precursor concentration in solution. From

ogarithmic plots shown in Figs. 4B and 5B, a rate consta
5 198 6 14 L mol21 s21 in perfluorohexane andk 5

.91 6 0.20 L mol21 s21 in n-hexane can be derived. T
arge difference observed between two supposedly iner
ents points to a specific stabilization of the precursor m
ules in a pure hydrocarbon solvent such asn-hexane, which
lows down the adsorption process by more than a factor
n comparison to perfluorohexane. A detailed study of

FIG. 5. Surface coverageQ (A) and2ln(1 2 Q) (B) as a function of tim
erived fromin situ ellipsometric measurements of the adsorption of oct
ylsiloxane (ODS) on native silicon substrates from dilute solutions in-
exane for different precursor concentrationscOTS: 5 3 1024 mol/L (dia-
onds), 23 1024 mol/L (circles), 53 1025 mol/L (triangles).
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itherto unnoticed role of the solvent in the formation of s
onolayer films will be published shortly.
As a final example for the potential ofin situ ellipsometry
two-step adsorption process on a gold substrate was in

ated. In the first step, 16-hydroxyhexadecanethiol (HHD
dsorbed on a gold surface from a dilute solution of HH
c 5 5 3 1026 mol/L) in n-hexane, which results in
onolayer film of thiolate molecules anchored by Au–S bo

o the substrate surface and terminated by surface OH g
40). An artificial, hydroxylated substrate is therefore cre
n the first step, onto which a monolayer of ODS can
dsorbed subsequently by injection of the precursor comp
TS into the adsorbate solution. In analogy to the ab
escribed experiments on silicon substrates, the ellipsom
nglesD were monitored and were transformed into sur
overages as a function of time (Fig. 6). Both adsorption s
bey Langmuir adsorption kinetics, whereby the first
HHDT monolayer formation) proceeds with a substanti
igher rate constant (k ; 386 L mol21 s21) than the secon

FIG. 6. Surface coverageQ (A) and2ln(1 2 Q) (B) as a function of tim
erived from in situ ellipsometric measurements of a two-step adsorp
rocess on a gold substrate. The first step involves the monolayer forma
6-hydroxyhexadecanethiol (HHDT) from a dilute solution inn-hexane. In th
econd step, an overlayer of octadecylsiloxane is adsorbed on top of the
rimer layer.
h

sti-
is

s
ps
d
e
nd
e
ric
e
ps
p

tep (ODS monolayer formation), for which a rate constantk ;
0.4 L mol21 s21 similar to the same process on a native sili
urface (k ; 5 L mol21 s21) is found.

CONCLUSIONS

Ellipsometry is a straightforward and well-establis
ethod for investigating adsorption processes at the solid
nd the solid–liquid interface, although the vast majority of
itherto reported studies with a liquid ambient medium h
een restricted to aqueous adsorbate solutions. The p
tudy extends this latter type of application to a variety
onaqueous ambient phases. Self-assembled monolay

ong-chain hydrocarbon compounds on native silicon and
ubstrates served as well-defined model systems for evalu
he potential and limitations of this method under differ
iquid environments. With a set of organic solvents with
erent refractive indices as ambient phases and monolayer
f different alkylsiloxanes on silicon as samples, it was sh

hat the experimental accuracy of ellipsometric measurem
nder these conditions depends on a complex interpla
everal parameters such as the light incidence angle an
ptical properties of solvent and adsorbate. The very sen
esponse of the ellipsometric angles to changes in the refra
ndex of the ambient medium allowed a fairly accurate de

ination of the refractive indices of the adsorbed monol
lms, which contain important information on the structu
roperties of these monolayers. Additionally, we have sh

hat under optimized experimental conditions the formatio
uch monolayers can be monitoredin situ from dilute solutions
f the corresponding precursor compounds in different org
olvents, yielding accurate kinetic data on the adsorption
ess with a simple experimental setup and a high time re
ion on the order of 1 s, which surpasses most other anal
n situ methods for studying adsorption processes in the m
ayer and submonolayer regime at the solid–liquid interfa
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