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Ellipsometric investigations of self-assembled monolayers
(SAMs) of alkylsiloxanes on native silicon substrates and of or-
ganothiols on gold substrates were performed under in situ con-
ditions with the substrate in direct contact with the adsorbate
solution. Specially designed liquid cells matched for different in-
cidence angles were used to carry out measurements in a range of
organic solvents with different refractive indices as the ambient
medium. The observed shifts in the ellipsometric phase angles A
upon monolayer formation were found to depend very sensitively
on the incidence angle and the refractive indices of the adsorbate
film and the ambient solvent, from which a rather simple method
for determining the refractive index of the adsorbate film, based on
a variation of the ambient refractive index, was derived. Time-
resolved in situ measurements of SAM formation in different
solvents and onto different substrates yielded accurate kinetic
information on the monolayer growth process and revealed hith-
erto unknown strong solvent effects on the growth rate. © 1999
Academic Press
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INTRODUCTION

surface analytical methods is the possibility to perform mea
surements in different ambient media such as vacuum, norm
atmosphere, or liquids. This feature together with the high tim
resolution and sensitivity of the measurements allows a dire
monitoring of gas-phase depositions as welhesitu studies of
adsorption processes from solution. The vast majoriin sftu
ellipsometric investigations reported in the literature using
liquid ambient media concern the physisorption of biomol-
ecules (10-21), polymers (22—25), or cationic surfactants (26
28) onto solid surfaces from dilute, mostly aqueous solutions
In these studies, the adsorbed amolinig m %), which was
taken as an indicator for the surface concentration of adsorb
species, was calculated from the measured film refractive ir
dex, the film thickness, and the concentration dependence
the refractive index determined from solution measurement
For ultrathin films such as self-assembled monolayers with
typical thickness of 10—-30 A, this method cannot be applie
because film thickness and refractive index cannot be measur
simultaneously. Additionally, the extrapolation of solution-
phase data to monolayer film properties is not justified in thes
strongly chemisorbed systems (1).

We report here a procedure which allows a straightforwar
determination of the film refractive indices of self-assemblec

The adsorption and structural organization of long-chainonolayers through measurements of the ellipsometric angl

hydrocarbon compounds onto solid surfaces from dilute solia-different solvents at different angles of incidence. Further
tions under formation of self-assembled monolayers arentore, we presenin situ ellipsometric measurements of the
widespread phenomenon, which has attracted considerablefommation of octadecylsiloxane monolayers on native silicon ir
terest over the past decade (1). A wide variety of surfackfferent solvents at different concentrations of the adsorba
analytical methods has been applied to study the formation aswutions and show that this method can also be used
properties of such films. However, only a few methods allowrmonitor subsequent surface modifications and multilayer for
direct investigation of film formation at the substrate—solutiomation of these films.

interface. Correspondingly, fein situ studies of these systems
have been reported to date, using atomic force microscopy (2,
3), internal reflection spectroscopy (4, 5), or a quartz crystal

microbalance (6, 7).
Ellipsometry has proved in the past to be a versatile tool fgrompounds, Solvents, and Substrates

the investigation of thin films deposited on optically flat sub- The following compounds and solvents were commerciall
strates (8, 9). One advantage of ellipsometry over many othgfajlable and were used as received: octadecyltrichlorosilar
(OTS) (Aldrich, 95%), butyltrichlorosilane (BTS) (Aldrich,
99%), perfluorohexane (3M, p.arjhexane (Aldrich, 95 %),

MATERIALS AND METHODS
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under the angle of incidenck with respect to the base of the
cell to ensure that the incident and reflected laser beams peé
through the windows at normal incidence. In this case, th
solution\ reflection of light at the surface of the cell windows is inde-
pendent of its direction of polarization and thus the polarizatiol
of the probing laser beam is not altered by transmissio
through the cell windows (9). The liquid cells used for this

study were made of microscope glass slides (Menzésés)a
76 X 26 X 1 mn7), which were cut into appropriate size, glued
FIG. 1. Schematic design of a liquid cell fan situ ellipsometric inves- together with ,Epoxy rgsm, and finally cured for 30 mm al
tigations of the substrate—solution interfack.denotes the light incidence 100°C. To avoid any disturbances by solvent evaporation, tt
angle and the tilt angle of the cell windows with respect to the substra@€lls were closed with a glass lid during the experiments
surface. Possible artifacts caused by cell construction errors wel
checked by comparison of measurements performed outsi

and inside the cells under atmospheric conditions. The corri
cyclohexane (Merck, 99:6%), tetrachloromethane (Fluka,gnonding differences of the ellipsometric angiesindA were

HPLC grade), toluene (Aldrich, 99.8%), chlorobenzengeer |arger than 0.01° fob and 0.1° forA, which results in
(Merck, puriss), tribromomethane (Merck, 98%), acetone (Aljy error less tha 1 A in film thickness for the samples
drich, 99.9%), and ethanol (Austria Hefe AG, 99.8%). Undgyestigated in this study. To perform ellipsometric experi-
cyltrichlorosilane  (UTS) and  16-hydroxyhexadecanethiohents in a liquid ambient medium, the precleaned substrat

(HHDT) were synthesized as described previously (29, 30)yere clamped to the bottom of the cell and were aligned in th
Gold-coated glass slides (28 15 mnt) with preferential empty cell under open atmosphere.

(111) orientation, which had been prepared by sputter deposi-
tion of approximately 200 nm of gold onto glass slides coat
with a thin chromium adhesive layer, were obtained fro
Pharmacia (Uppsala, Sweden) and were cleaned by ultrasonig, sjtexperiments were performed at an incidence adgle
treatment in toluene, rinsing with acetone and ethanol agd ggo on both gold and silicon substrates. On gold, the
blow-drying in high-purity nitrogen, followed by a 15-mingpstrate’s optical constants (refractive indieand absorption

exposure to a UV/ozone atmosphere in a commercial cleanifgbicientk) were first determined using an isotropic model of
chamber (Boekel Industries, Model UVClean) equipped withi,q semiinfinite phases (air/substrate). Values sf 0.165+

low-pressure mercury quartz lamp. P-doped, (100)-orientgflgns anck = 3.57 + 0.01were reproducibly obtained. The

single-sided polished silicon wafers (Wacker Chemitronic, tegficknesgd of an adsorbate film of the film-covered substrates
grade, 14-30) cm resistivity, 0.5-mm thickness) were cut intQy a5 then measured using an isotropic three-phase model (2
pieces of appropriate size (26 15 mnf) and were cleaned in ,4sorhate/substrate) with the previously determined optic

the same way as the gold slides. This treatment yieldS g ameters andk for the gold substrate and assumed value:
hydrophilic, contamination-free surface with a native omdgf n = 1.50 anck = 0 for the adsorbate, the latter represent:

layer of 12- to 14-A thickness, as routinely checked by ellifhg typical values for nonabsorbing, solid-state organic mate

sometry. rials (31). On silicon, an isotropic three-phase model (Si}SiO
air) was used for the substrate and a four-phase model (S
SiO,/adsorbate/air) for the sample. A measurement of the clee
The ellipsometric measurements were carried out on a Plasference Si/SiQ yielded the thickness of the native oxide
mos SD 2300 ellipsometer with a rotating analyzer and layer using literature values for the optical constants ohSi(
He—Ne laser X = 632.8 nm) as the light source. Film thick-3.865,k = 0.020(32)) and SiQ (n = 1.465,k = 0 (32)).
nesses and/or refractive indices were calculated from the m8absequent measurement of the film-covered substrate a
sured ellipsometric angles (relative phase shifind amplitude substitution of the substrate parameters together with assum
ratio ¥ between the s- and p-polarized components of tivalues for the adsorbaten(= 1.50 andk = 0) into a
probing laser) using the commercial instrument software basedr-phase (Si/Sigladsorbate/air) algorithm allowed a calcu-
on the McCrackin algorithm (9). The mechanical suspensionlation of the adsorbate layer thickness. For refractive inde
light source and analyzer allowed a continuous change of tlieterminations of adsorbed films, a silicon substrate we
angle of incidence between 35° and 73° with respect to theounted and aligned in the liquid cell under air. Then the cel
sample surface normal. For situ ellipsometric measurementswas filled with solvent and the ellipsometric angisand A
special liquid cells for incidence angles of 65, 68, and 70° weveere determined. These measurements were carried out |
constructed. The schematic design of such a cell is showntlimee angles of incidence (65, 68, and 70°) with each of th
Fig. 1. The entrance and exit windows have to be inclinddllowing solvents: perfluorohexan@-hexane, cyclohexane,

substrate }

?ﬁdx Situ Measurements

Ellipsometric Measurements
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tetrachloromethane, toluene, chlorobenzene, and tribro%
momethane. Subsequently, the silicon substrate was removed |
from the cell and a self-assembled monolayer of either butyl-;, |
siloxane (BS), undecylsiloxane (UDS), or octadecylsiloxane,, |
(ODS) was adsorbed, as described in detail elsewhere (29). '@17%
monolayer thickness was determined under air, after which tige
substrate was remounted in the liquid cell and the ellipsometri®® |
angles¥ and A were measured again at 65, 68, and 7056 |
incidence in each of the above listed solvents. The experiméehs +
tal error margins were determined from 10 individual measure-s +
ments at different locations of each sample. 65 -t

sg |
san]
$ao

Perfluorohexane

n-Hexane

P | Carbon oride:

Cyclohexane

sign of Agm-Ags Toluenel Chlorobergzene

Bromoform

incidence angle @

Nambient

64

In Situ Measurements 12 1.25 13 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7

Refractive index n,,

In situ measurements of ODS monolayer formation on sili-
con substrates were carried outriFhexane at 68° incidence FIG. 2. Brewster angleb, = tan™* (ng/Nam) Of a silicon substraten(,
and in perfluorohexane at 70° incidence. The substrate wa8-865) immersed in different ambient solvents as a function of the solver
mounted and aligned in the quuid cell as described above arﬁﬁactive indexn,,, The shaded areas represent the determined margins f

. . ' - the refractive indices of monolayer films of butylsiloxane (BS), undecylsilox-
the CF” Was SUbsequently filled with solvent and closed. Aftgﬁe (UDS), and octadecylsiloxane (ODS). The insert illustrates the sign of tt
stabilization of the system, start values of the angfeandA  gifference between the ellipsometric anglesf a film-covered silicon sub-
were measured. The solvent was rapidly exchanged with theateA,, and a clean silicon substrate,, as a function of the light incidence
adsorbate solution (OTS imhexane or perfluorohexane) andngle® and the ambient refractive index,, The Brewster angleb; as a
the eIIipsometric angleﬁf andA were measured as a functionfunctlon of n.m, and the film refractive indexky,,, are marked by solid lines.
of time. After completion of the adsorption proceds énd A

remain constant within experimental error), the cell was em

tied and the sample was dismounted, rinsed with toluer‘IEé‘Jb.StrateS as the partlcullar. incidence angle, where the prof
gftmn vectors of the radiation reflected off the substrate su

acetone, and ethanol, and blow-dried in a stream of nitrogéen. nd the radiation refracted into th bstrate are normal
Finally, the thickness of the ODS monolayer was measured ca € radiation refracted into the substrate are norma
each other. p-Polarized radiation (electric field vector paralle

ex situ ellipsometry under air to verify completion of the o !
monolayer formation. A similar experimental procedure was the plane of incidence) is therefore totally refractedbgt

used to follow the formation of ano-hydroxyalkanethiol and the reflectivity is zero. Due to the weak absorptivity of

monolayer on a gold substrate and its subsequent couplin llléfon at the probing laser frequency (absorption coefficier

an ODS overlayer. A cleaned gold substrate was mounted ahd 0.02) and thgnegligible influence of an ultrathin, trans.-
aligned under air in the 68° liquid cell. The cell was filled witfP2 €Nt adsorbate film on the overall reflectance (33), the optic

5 mL of n-hexane and the start values of the eIIipsometrf%mpertieS of the film/substrate systems investigated in thi

angles¥ and A were measured. Immediately afterward, gtudy are very similar to those of an ideal, nonabsorbin

certain amount of HHDT, corresponding to a concentration ?SFrate' T'hr'eg different incidence anglés< 65, 68, and
5 x 10°° mol/L, was injected into the cell anit and A were ) in the vicinity of the Brewster angleBg have been used

measured as a function of time. After completion of monolayé'? this study, which are marked by horizontal lines in Fig. 2 an«

formation, a certain amount of OTS, corresponding to a coW—hICh divide the investigated solvents into two groups, on:

centration of 10* mol/L, was added to the same solution an ith & < @, and one withd > .CI)B' The insertin Fig. 2 shows
the formation of an ODS overlayer was monitored by th e results of model calculations based on standard Fresr

changes of¥ and A with time. equations (8) for the”ellipsometric anglds,, and A, Qf a
monolayer-covered silicon substratk;(,) and a clean silicon
substrate 4 ) for different incidence angle® and different
ambient media. The sign df;, — Ay, falls into one of four
sectors, which are separated from each other by the Brews

RESULTS AND DISCUSSION

Refractive Index Determinations of Monolayer Films

angle®g and the refractive indexry, of the adsorbate film.
Figure 2 shows the calculated Brewster an@le = tan* Ay, — Ay, iS positive for incidence angle® > @ in

(NefNamy) Of @ silicon substraten(,, = 3.865) as a function of combination with ambient refractive indicas,, < ng., (sector
the refractive index,,,, for different ambient solvents rangingl1) and ford < &g andn,,, > ng, (sector 3). A negative sign
from perfluorohexanen(,,,, = 1.252) to tribromomethanen(,, for Ay, — Ag,is predicted foid > &4 andn,,,;, > ng., (sector

= 1.596). Within this range of solvents, an essentially line@&) and® < ®; andn,,, < ng, (sector 4). Table 1 lists the
decrease obg with increasingn,,, is shown in Fig. 2. Strictly experimental valued;,, — Ay, for three different alkylsilox-
speaking, the Brewster angle is defined only for nonabsorbiage films (BS, UDS, and ODS) on silicon, measured witt
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TABLE 1
Ellipsometric Angle Difference Ay, — A, between Butylsiloxane (BS), Undecylsiloxane (UDS), and Octadecylsiloxane (ODS) Monolayer Films Adsorbed on Native

Silicon Substrates (Ay,) and the Clean Substrates (A,,) Measured under Different Incidence Angles in Different Ambient Solvents with Refractive Indices n,q,"

o = 70°

d = 68°

P = 65°

ODS

ODS

ODS

uDSs

BS

Afim — Asup Nfim (calc) Afim — Asup Nfim (calc) Afim — Asub Nrim(calc)

Nfim(calc)

Afim — Asup

Nfim (calc)

Afim — Asub

Namb

Ambient solvent

—10.898+ 2.225 1.462+ 0.07

1.598* 0.03

—6.514+ 0.414
—8.055+ 0.344
—9.088+ 0.339
—8.319+ 0.379
—11.746* 1.632

1.512+ 0.05

—3.965+ 0.383
—2.998+ 0.210
—2.512+ 0.051
—2.347+ 0.058
—1.297+ 0.052
—0.880+ 0.033

1.490+ 0.04

—3.794+ 0.440
—2.647+0.216
—1.678+ 0.107
—0.429+ 0.037
—0.020+ 0.010

1.440+ 0.006

1.252 —-1.191+ 0.293

Perfluorohexane
n-Hexane

—22.325* 7.546 1.505+ 0.08

1.507+ 0.01 1.548+ 0.01

1.488+ 0.01

1.432+ 0.002

—0.489+ 0.179
1.426 —0.229+ 0.099

1.375

1.520+ 0.003 1.564+ 0.007 22.080~ 6.480 1.503+ 0.04

1.486+ 0.003

1.455+ 0.001

Cyclohexane

14.649+ 1.335 1.594+ 0.01

1.539+ 0.002 1.551+ 0.006

1.474+ 0.001

1.453+ 0.005

0.1850.064
0.56% 0.122

1.460
1.496

Tetrachloromethane

Toluene

1.522+ 0.005

2.867+ 0.525

1.570+ 0.01

1.497+ 0.001 1.533+ 0.002

1.457+ 0.006

1.548+ 0.002
(1.590+ 0.002f

1.987+ 0.137
(~0.313+ 0.064f

1.547+ 0.004

—6.012+ 0.980

1.547+ 0.001

0.069+ 0.009 1.507+ 0.001

1.2550.200 1.449+ 0.01

1.524
1.596

Chlorobenzene

(1.590+ 0.001)

(0.125+ 0.012f

Tribromomethane

#The refractive indices of the adsorbate filmg,(calc) were calculated from the experimentql, — Ay, values as described in the text.

® See note (34).
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different incidence angles in a series of different solvents. A
65° incidence, BS monolayers yield negative signsigy —
Agyp in perfluorohexanen-hexane, and cyclohexane and posi-
tive signs in CCJ, toluene, and chlorobenzene. Becadse>
65° for all these solvents (see Fig. 2), the sign change withi
this solvent series must be caused by a transition from sectol
to sector 4 in Fig. 2, i.e., a change fram,, < Ngm, 10 Ny >
N between cyclohexane and CCFor UDS films, this sign
change shifts to higher ambient refractive indices and occul
between toluene and chlorobenzene, indicating an increase
the film refractive index with increasing chain length of the
adsorbate. This trend continues for ODS monolayers, whic
yield positive Ag,, — Ag,p Values only in a highly refracting
solvent such as tribromomethane (34). ODS monolayers we
also investigated at 68 and 70° incidence. #o+ 68°, results
similar to those ford = 65° were obtained (negativg;, —
Agp Values from perfluorohexane to chlorobenzene) except f
tribromomethane, where the Brewster angle is too close to tt
incidence angle and the error in determining the anfyle
becomes exceedingly large. Féor= 70°, the sign forAg, —
Ag,p changes twice: Perfluorohexane amttexane give nega-
tive values ¢ < ®; andn,,, < Ngps, Sector 4), cyclohexane,
CCl,, toluene, and chlorobenzene give positive valubs>
®g and n,,, < Ngn, Sector 1), and tribromomethane results
again in a negative signb(> ®gz andn,,, < ng.,, sector 2).
Similar changes in the sign ok, — A, are caused by
changing the incidence angle for certain film—solvent com
binations. This is shown in Table 2 for BS, UDS, and ODS
films on silicon in CC| (n,., = 1.46). BS films yield positive
signs for® = 65° and® = 68° (® < dg andn,,, > N,
sector 3) and a negative sign fér = 70° (® > ®dg andn,,

< Ngm, Sector 2). UDS and ODS films, on the other hand
whose refractive indices are both larger than 1.46, result i
negativeA,, — Ag,, vValues for 65 and 68° incidence (< dg
andn,,, < ngn, Sector 4) and positive values for 70° incidence
(® > &gz andngy,, < Ngy, Sector 1).

As a result of these measurements summarized in Tables
and 2, the following margins for the refractive indices of the
investigated adsorbate films can be derived, which are illu:
trated as shaded areas in Fig. 2: 1.42655 < 1.460, 1.496<
Nups < 1.524, 1.524< ngps < 1.596. These results confirm a
well-documented trend from previous studies (29, 35-37) the
the packing density and the degree of structural order in the:
films decrease with decreasing hydrocarbon chain length, a
companied by a decrease in the film refractive index. In prin
ciple, the margins for the film refractive indices could be
further narrowed by using a larger set of solvents or solver
mixtures with selected refractive indices. A certain limit for the
accuracy achieved with this procedure is given, however, b
the experimental error of th&;,, — A, values. For a certain
incidence angle, the relative error increases with decreasit
refractive index difference between film and solvent (Table 1
up to the point wheren,, = n.., in which case the film
optically disappears by a perfect match with the ambient re
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TABLE 2
Ellipsometric Angle Difference Ag, — Ag, and Calculated Film Refractive Indices ng,(calc) of Different
Monolayer Films on Native Silicon Substrates in Tetrachloromethane (n,,, = 1.460)

$ = 65° d = 68° b = 70°
Adsorbate film Afllrn - Asul:u nﬂlm(calc) Afllrn - Asul:u nﬂlm(calc) Afllrn - Asul:u nﬂlm(calc)
BS 0.105=* 0.064 1.45+ 0.005 0.092+ 0.045 1.46+ 0.001 —0.666=* 0.048 1.45+ 0.001
ubs —0.429= 0.037 1.47+ 0.001 —4.911= 0.114 1.51+ 0.001 11.218+ 3.224 1.52+ 0.02
OoDS —2.347+ 0.058 1.54+ 0.002 —8.319+ 0.379 1.55+ 0.006 14.649+ 1.335 1.55+ 0.01

fractive index. This latter configuration is the basis of a tecim;,(calc) values for the different monolayer films in Tables 1
nique reported by Yakovlev and Irene (38) that takes advanteayad 2 lie well within the experimentally determined margins
of the increased sensitivity of ellipsometric measurements fiar the film refractive indices (Fig. 2) and clearly confirm the
the substrate—film interface if the film is made invisible to thebserved trend that;,, increases with the hydrocarbon chain
probing radiation by intentional refractive index matching dength of the film molecules.
the ambient phase. In a given solvent, the absolute values of
Asm — Asp increase sharply as the incidence andleap- In Situ Studies of Film Formation
proaches the Brewster angle;, and the relative error has a  Figure 3 shows the calculated ellipsometric angleand A
minimum somewhere close b (note that ford = &g, the as a function of film thickness for a hypothetical organic film
reflected light is purely s-polarized and the phase anyle (ng,, = 1.5) adsorbed on gold and native silicon (Si/SiSIO,
between the p- and s-polarized components is therefore exphlfekness 12 A) in contact with-hexane § = 1.375) as the
imentally undeterminable). Thus, optimizing the experimentambient medium. On both substrates, the angléamplitude
conditions for a particular system is a rather tedious procedutgio between s-polarized and p-polarized radiation) change
influenced by a number of mutually dependent parameters.

In principle, the film refractive index can also be determined

from a single measurement af;, — A, in a particular 4.24 - 43.9
solvent by an iterative fitting procedure. Bath,, andA,, can

be calculated from standard Fresnel equations (8) using a 422 | r43.88
three-phase model (Si/SiBolvent) for a native silicon sub- =

strate and a four phase model (Si/gi&isorbate/solvent) for § 42 | 43'86(.5\
the film-covered substrate, if the film refractive indgy, and § 418 | 4384 2
the film thicknesd;,, are known. Withng,, = 1.50 as a first

estimate for the film refractive index, the film thicknedg, 416 4 / 43.82
can be measured in contact with air,{, = 1) and these values silicon :

Ngm and dg, can be used to calculat&;, — Ay, for a 4.14 : ‘ - 43.8
particular solvent as the ambient medium. Varyimg, and 0 10 20 30
recalculatingAq, — A, Until the best fit for the experimental

Aum — Agp value is obtained yield an improved value fof,, 176 ‘ 102
which allows the calculation of an improved film thickness :

dgm- With this new set of valueq,,, dq.), the whole process 174 + 101

is repeated until a satisfactory agreement between the experi- =
mental and calculated ellipsometric anglag, — Agy iS ‘—é 172 1 100%
achieved. In practice, one iteration step is usually sufficient =

because the film thicknesk,,, measured in contact with air is 170 | I 99
quite insensitive to the precise value of the film refractive index silicon

(varyingng,, between 1.45 and 1.55 changes the film thickness

only on the order of 1 A). These calculated film refractive 168 07 T 1‘0 2‘0 0 98

indicesng,(calc) for BS, UDS, and ODS monolayers in dif- .
ferent solvents are included in Tables 1 and 2. Except for some Film thickness [A]

systematic dgwatlong in SOIVen.tS of low refractive index, FIG. 3. Calculated ellipsometric angle and A for 68° incidence of a
where a certain error in the eXpe”memQJn - Asu'bval.ue's has hypothetical adsorbate filmng, = 1.50) on a gold and a native silicon
the largest effect on the calculated film refractive indices, tkabstrate (Si/Sig) immersed inn-hexane as a function of film thickness.
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1.4 — measurement under air. The deviations from this monolayz
growth process observed at higher precursor concentrations
121 perfluorohexane must be ascribed to multilayer deposition ¢
® 4. 2 N \ siloxane polymers from solution, because film thicknesses ¢
% more than 100 A were measured for these samples after fil
$os deposition. In all other cases, the surface coverages as a fui
8 tion of time calculated from the measurédvalues can be
806 fitted in accordance with previous studies (39) by a simpl
5 Langmuirian adsorption moded = 1 — e based on
® 04 irreversible adsorption, wheieis the adsorption rate constant
0.2 A and c is the precursor concentration in solution. From the
logarithmic plots shown in Figs. 4B and 5B, a rate constant c
0

‘ k = 198 = 14 L mol™* s™* in perfluorohexane anét =
150 200 4,91+ 0.20 L mol* s in n-hexane can be derived. The
large difference observed between two supposedly inert sc
vents points to a specific stabilization of the precursor mole
cules in a pure hydrocarbon solvent suchndsexane, which

slows down the adsorption process by more than a factor of -
in comparison to perfluorohexane. A detailed study of thi

o
o

@
[
’ ‘ ‘ g

0 5 10 15 20 25 30 5 0.6
Adsorption time [min] §
o)

FIG. 4. Surface coverag® (A) and —In(1 — 0) (B) as a function of time {:‘3 0.4
derived fromin situ ellipsometric measurements of the adsorption of octade-(g

cyltrichlorosilane (OTS) on native silicon substrates from dilute solutions in ™" g5
perfluorohexane for different precursor concentratiogs: 5 X 10~° mol/L
(diamonds), 1x 107° mol/L (circles), 5x 107° mol/L (triangles).

0 50 100 150 200 250 300 350

very little with thickness for ultrathin films (6< d < 30 A),
whereas the angld (phase shift between s-polarized and
p-polarized radiation) is an essentially linear function dof
within the considered thickness range. Assuming that the film
refractive index does not change significantly in the course of
film growth, theA values are proportional to the film thickness,
and the surface coveradg® for a monolayer growth process
can be obtained &3 = (A, — Ay)/(A. — Ay), whereA,, A,
andA. are the measurefl values for the clean substrate, for
the adsorbate-covered substrate after an adsorptiort tierel

for the complete monolayer film. In Figs. 4 and 5, the results of
suchin situ experiments are shown, monitoring the formation
of an ODS monolayer film on silicon from dilute solutions of

-n (1-0)

OTS in perfluorohexane (Fig. 4) and imhexane (Fig. 5) for Adsorption time [min]
different OTS concentrations. Except for the highest concen- _ _
tration in perfluorohexanec(,Ts = 5% 10°° moI/L), the A, FIG.5. Surface coverag® (A) and —In(1 — 0) (B) as a function of time

| h a final tant vals hich d derived fromin situ ellipsometric measurements of the adsorption of octade:
values approach a final, constant valllg which corresponas cylsiloxane (ODS) on native silicon substrates from dilute solutions-in

to a complete ODS monolayer with a thickness of26.5 A, hexane for different precursor concentrationss 5 X 10°* mol/L (dia-
as routinely checked after eashsitu experiment in a control monds), 2x 10™* mol/L (circles), 5x 107° mol/L (triangles).
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step (ODS monolayer formation), for which a rate conskant
10.4 L mol* s™* similar to the same process on a native silicor
surface k ~ 5 L mol™ s™) is found.

CONCLUSIONS

Ellipsometry is a straightforward and well-established
method for investigating adsorption processes at the solid—g
and the solid—liquid interface, although the vast majority of the
hitherto reported studies with a liquid ambient medium hav
been restricted to aqueous adsorbate solutions. The pres
study extends this latter type of application to a variety o
nonaqueous ambient phases. Self-assembled monolayers
long-chain hydrocarbon compounds on native silicon and gol
substrates served as well-defined model systems for evaluati
the potential and limitations of this method under different
liquid environments. With a set of organic solvents with dif-
ferent refractive indices as ambient phases and monolayer filr
of different alkylsiloxanes on silicon as samples, it was show!
that the experimental accuracy of ellipsometric measuremen
under these conditions depends on a complex interplay
several parameters such as the light incidence angle and t
optical properties of solvent and adsorbate. The very sensiti\
response of the ellipsometric angles to changes in the refracti
index of the ambient medium allowed a fairly accurate deter
mination of the refractive indices of the adsorbed monolaye
films, which contain important information on the structural
properties of these monolayers. Additionally, we have show
that under optimized experimental conditions the formation o

derived fromin situ ellipsometric measurements of a two-step adsorptiogych monolayers can be monitorieadsitu from dilute solutions
process on a gold substrate. The first step involves the monolayer formatiorb?fthe Corresponding precursor compounds in different organi

16-hydroxyhexadecanethiol (HHDT) from a dilute solutiomihexane. In the
second step, an overlayer of octadecylsiloxane is adsorbed on top of the H
primer layer.

meRivents, yielding accurate kinetic data on the adsorption pre

cess with a simple experimental setup and a high time resol
tion on the order of 1 s, which surpasses most other analytic
in situ methods for studying adsorption processes in the mon

hitherto unnoticed role of the solvent in the formation of sucfayer and submonolayer regime at the solid—liquid interface.

monolayer films will be published shortly.
As a final example for the potential @f situ ellipsometry,
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