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Critical adsorption at silicon surfaces in binary liquid mixtures
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In critical binary liquid mixtures the preferential adsorption that occurs at liquid-vapor or liquid-solid
surfaces is expected to be described by a universal surface scaling function. In this paper, we show that aniline
strongly adsorbs at an oxide-coated Si wafer surface from a critical mixture of aniline + cyclohexane where
this solid-liquid adsorption can be described by the same universal function found at liquid-vapor surfaces. For
a tetrabromoethane + n-dodecane critical mixture the n-dodecane adsorption on an alkylsilane coated Si wafer

cannot be described by previously determined adsorption functions. We speculate that this discrepancy is
caused by chemical heterogeneities at the alkylsilane surface due to differing surface distributions of —CHj

and —CH,— groups within the silane layer.
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I. INTRODUCTION

Scientists have been attempting to understand the pro-
cesses of adsorption at surfaces for more than a century [1,2].
For a gaseous system, the thickness of an adsorbed layer at a
solid surface will in general depend upon the temperature,
pressure, and surface potential. A direct one-to-one corre-
spondence can be made between this gaseous adsorption pro-
cess and the preferential adsorption that occurs at the liquid-
vapor or liquid-solid surface of a binary AB liquid mixture;
hence, study of one provides information about the other
system. In this paper, we study the preferential adsorption
that occurs at the surfaces of critical binary AB liquid mix-
tures. Near the critical point of the liquid mixture the adsorp-
tion actually simplifies because, in this case, the relevant
length scale of the correlation length ¢ diverges and becomes
much larger than a molecular size, hence, molecular details
become unimportant and the adsorption is described by uni-
versal surface behavior [3].

For example, let’s consider the liquid-vapor surface of a
critical binary liquid mixture. If the surface tension differ-
ence between the two components is sufficiently large, op
< 0y, then this surface will be completely saturated by com-
ponent B, a situation which is frequently called strong ad-
sorption. The local composition v(z), therefore, varies with
depth z from pure B at the surface (z=0) to the mixture’s
critical composition in the bulk (z— o). This surface varia-
tion can be described by a universal surface scaling function
P(x) of the dimensionless depth x=(z+z,)/&, where z, is an
extrapolation length [4]. Much theoretical and experimental
work has been expended over the last 25 years in deducing
the precise form for this universal function. P(x) crosses over
from power law behavior at x<<1 [5] to exponential behavior
at x> 1 (Fig. 1) [4]. A complication arises if o3= 0. In this
competitive or weak adsorption regime, the surface is now
no longer saturated by a single component. The surface com-
position then becomes a function of the surface tension dif-
ference Ao=0,—0p where the dimensionless parameter y
=h,t21 controls this behavior [6,7]. Here h;~ Ao is a sur-
face field, while the surface critical exponent A;=0.464 [8].
This weak adsorption behavior is described by another uni-
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versal surface scaling function G(x,y) of the two variables x
and y where, in the limit of large y,G(x,y—)=P(x). The
function G(x,y) exhibits a peak as a function of z (Fig. 1),
where the small z behavior is primarily influenced by the
surface field A ; but with increasing z, this crosses over to
P(x) behavior determined by the bulk thermodynamics of the
mixture which is governed by the correlation length & An-
other complication arises if either of the components is
highly polar. In this case, the local surface orientational order
of the polar component can vary with dimensionless depth x
due to the interaction between the dipole and its image di-
pole when in the vicinity of a surface [9]. Here, we only
consider nonpolar or weakly polar critical mixtures in order
to eliminate this complication.

Recently a universal form for P was determined which
described the liquid-vapor ellipsometric critical adsorption
behavior for five different critical mixtures [10,11]. Subse-
quently a form for G was determined by studying the ho-
mologous series of critical liquid mixtures n-alkane + me-
thyl format [12,13]. As the n-alkane chain length increased,
Ao changed sign, and hence, the surface preference changed

v(2)
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FIG. 1. Schematic diagram of strong P (solid line) and weak G
(dashed line) adsorption as a function depth z. The critical exponent
k=(A—-B)/v=0.21.
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from n-alkane to methyl format with a consequent change in
surface behavior. These universal functions, P and G, were
determined from experimental data collected at the liquid-
vapor surface of critical mixtures. An open question which
has never been addressed is: Do the same universal functions
P and G also describe the adsorption behavior at liquid-solid
surfaces? This is an important question because solid sur-
faces are technologically more important than liquid-vapor
surfaces. Solid surfaces are also in general more complex
than liquid-vapor surfaces. Solid surfaces may be heteroge-
neous and are often much rougher than liquid-vapor surfaces.
In this paper, we consider the adsorption behavior of critical
binary liquid mixtures in the single liquid phase region
against molecularly smooth Si wafers in order to investigate
this surface universality.

This paper is set out as follows. The universal functions P
and G determined at the liquid-vapor surface are described in
Sec. II. Section III compares experimental ellipsometric
measurements of the adsorption at critical mixture/solid sur-
faces with these universal functions. This publication con-
cludes with a summary of our results in Sec. I'V.

II. SURFACE SCALING FUNCTIONS FOR CRITICAL
ADSORPTION

For strong adsorption, the local volume fraction of the
adsorbed component B is described by

v(z) =v.+ MtPP(x), (1)
where
x=(z+2)/¢ (2)
and the correlation length
=& 3)

Here v, is the critical volume fraction, t=(7T-T,)/T. is the
reduced temperature relative to the mixture’s critical tem-
perature T,, Mt? describes the shape of the binary liquid
coexistence curve where the critical exponents [=0.3255
and v=0.630 [14]. ¢, and M are system dependent ampli-
tudes. A particular model for P(x) was determined from ex-
perimental data in Ref. [10]. At small x, the universal func-
tion P(x) has power law behavior [15]

P(x)=cx P+ x1A  0<x=<x,, (4)

which crosses over to exponential decay [4,16]
P(x)=P.e*+ P>, x=ux, (5)

at large x. The amplitudes c,c;,P,P;, and the crossover
point x, are universal. Constraints on the continuity of P and
its first derivative at x,, continuity of v(z) at T, and fits to
experimental data determined the values for these parameters
given in Table I; this model for P was called the P1 model in
Ref. [10]. The extrapolation length z, cuts off the power law
divergence at very small x so that the surface is completely
saturated by component B [i.e., v(0)=1], which implies from
Egs. (1)—(4) that [17]
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TABLE 1. Critical adsorption scaling function parameters.

Parameters Critical Exponents
c 0.788 B 0.3255
c —-0.245 v 0.630
P, 0.963 Ay 0.464
P, 1.437
X, 1.15
1-v.\™"P
Z= fo( MCC) . ©)

In this formulation, once the system dependent parameters
v, M, &, and T, are known for a particular mixture, then
v(z) is completely specified.

The universal function G(x,y) for weak adsorption is a
perturbation about the P(x) function because of the require-
ment that

G(x,y — %) = P(x). (7)
In Ref. [13], we have shown that
v(z) =v,+ MtPG(x,y), (8)
where
G(x,y) = P(X)Z(x,y), )
Zx,y)=(1-e)M", (10)
s=xy™" and y=h,;r (11)

provide an excellent description of experimental liquid-vapor
critical adsorption data in the single phase region for the
homologous critical mixture n-alkane + methyl format. In
this homologous series, the surface tension difference Ao
changes sign with increasing n-alkane chain length, thus, we
are in the region of weak adsorption. These equations are in
conformity with theoretical expectations [7]. At the liquid-
vapor interface, the surface field 4, is related to Ao via
2
h] _ (O-A O-B)la', (12)
kgT.

where kT, is the thermal energy, while [, is an additional
system dependent length scale associated with the surface
field, which will be characteristic of a particular homologous
system. For room temperature critical mixtures, one must
consider the weak adsorption G function when Ac
<6 mN/m [11].

It is not so obvious how to interpret /; for solid surfaces.
In this paper, h; is treated as an adjustable parameter.

III. CRITICAL ADSORPTION EXPERIMENTS

We consider two different types of systems in this paper.
In the first system, a critical mixture of aniline + cyclohex-
ane (AC) is studied against a native oxide-coated Si wafer.
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TABLE II. Critical mixture materials parameters.

sa M go(nm) vcb TC(OC) €1 ¢
aniline (A) 2516 1.03¢ 2.3¢ 0.59 33.007 2.22
cyclohexane (C) 2.035
tetrabromoethane (7) 2.680 0.869° 2.9° 0.45 37.347 2.36
n-dodecane (D) 2.019

Optical dielectric constant & at 20 °C from the manufacturer’s data sheet.
°Critical volume fraction v, of cyclohexane (dodecane) for the AC (TD) mixture.

“Optical dielectric constant of the critical mixture.
9From Ref. [29].
‘From Ref. [11].

Aniline is weakly polar with a dipole moment of 1.55D and
cyclohexane is nonpolar, hence, no additional complications
from dipole-image dipole interactions are expected. The lone
electron pair on the nitrogen atom will cause the aniline to
hydrogen bond to the hydroxyl groups (-OH) on the oxide
surface. Therefore, this system is expected to fall into the
category of strong aniline adsorption against a Si wafer and
be described by the P(x) function.

In the second system, the nonpolar critical mixture
1,1,2,2-tetrabromoethane + n-dodecane (TD) is studied
against an alkylsilane self-assembled monolayer-coated Si
wafer. Alkylsilanes are technologically important and are of-
ten used to control the wettability of Si wafers. In this study,
we have used a hexadecyltrichlorosilane which possesses a
methyl end group (—CHj;). This surface most closely re-
sembles the n-dodecane component of the mixture, therefore,
this component is expected to preferentially adsorb against
the wafer.

Aniline and n-dodecane were purchased from Aldrich, cy-
clohexane was purchased from Fisher, while tetrabromoet-
hane was purchased from Fluka. All of the chemicals were
used without any further purification. They had a specified
purity of 99+ %, except tetrabromoethane which had purity
of 98+%. Teflon 0.5 um Millipore filters were used to re-
move particulates. For each of the critical binary mixtures,
many system dependent parameters must be independently
determined before an accurate comparison can be made be-
tween the theory and the experiment. Table II lists relevant
liquid and liquid mixture parameters.

Our ellipsometric sample cell is of simple construction. It
is composed of a chemically resistant Pyrex cylinder of inner
diameter ~3 cm, total length 10 cm with threaded glass
necks (Ace Glass Cat. No. 7644-25) at both ends. Each end
was sealed by screwing a Teflon bushing (Ace Glass Cat. No.
7506-35) against a Teflon cap, which compressed a Teflon-
coated O-ring between the glass wall and cap. The glass cell
was initially washed well, glass etched using a solution of
35% HNOs3, 5% HF, and 60% distilled water by volume,
rinsed well with double distilled deionized water, and finally
dried at ~120 °C overnight. All other teflon components
constituting the cell were cleaned in an ultrasonic bath for
20 min using acetone and then ethanol before drying over-
night at ~120 °C.

The (100) Si wafers of 3 mm thickness and 1-10 ) cm
resistivity were purchased from Semiconductor Processing

Company. They were factory polished on one side only and
possessed a ~2 nm thick native oxide coating. The wafers
were carefully cut using a diamond saw to a size of ~2.5
X 4 nm? for installation in the sample cell. The wafers were
initially cleaned by agitating in piranha solution (30% of a
30% solution of H,0, and 70% H,SO,) for 20 min at
120 °C, rinsed thoroughly with distilled, deionized water
before drying with a hot air blower inside a laminar flow
clean bench. Alkylsilane layers were deposited by immersing
a wafer in a silane solution composed of 0.5 ml
n-hexadecyltrichlorosilane (United Chemical Technologies
Corp.) in 30 ml of n-hexadecane (Aldrich) for 2 h at 18 °C
inside a low humidity closed atmospheric bag [18]. The wa-
fer was then prerinsed for 5 min and finally sonicated with
warm chloroform for 20 min in order to remove any silane
clusters which may have formed on the surface. A contact
mode atomic force microscope image indicates that the un-
coated wafer has a surface roughness of ~0.14 nm, while the
silane-coated silicon wafer has a surface roughness of
~0.36 nm (Fig. 2). This later image was taken at the end of
the ellipsometry experiment after this Si wafer had been im-
mersed in the 7D mixture for approximately one month. The
contact angle of water was ~100° on the silane-coated hy-
drophobic Si wafer. Each Si substrate was positioned via a
slot in the Teflon cap so that its polished surface was situated
at the center of the sample cell.

Si surfaces

without silane coating with silane coating

roughness ~ 0.14 nm

(a) (b)

roughness ~ 0.36 nm

FIG. 2. Contact mode atomic force microscope images of sili-
con surfaces (a) without and (b) with a silane film.
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Temperature control of the critical mixture + Si substrate
within the sample cell was achieved via a two stage oven
composed of an inner resistively heated shell and an outer
water cold shell of similar construction to Ref. [19]. Thermal
gradients along the length of the sample cell were less than
~1 mK/cm, while short and long term thermal stabilities
are, respectively, ~0.1 mK over 4 h and ~1 mK per day.
The critical temperature of each mixture was measured in
situ to within a few mK by observation of the phase separa-
tion behavior.

A custom-made computer controlled phase-modulated el-
lipsometer possessing a horizontal plane of incidence was
used to measure the critical adsorption behavior as a function
of temperature. The construction and operation of our phase-
modulated ellipsometer is similar to the description in Ref.
[20]. A HeNe laser, with wavelength A\=632.8 nm, is used as
the light source where, after appropriate polarization and
phase modulation, the reflected beam from the liquid-solid
surface provides a measurement of the ellipticity,

p= Im(rp/rs)|gB, (13)

at the Brewster angle (6g). Here, r, and r, are the complex
reflection amplitudes for polarizations parallel (p) and per-
pendicular (s) to the plane of incidence and the Brewster
angle is operationally defined by that angle of incidence
where

Re(r,/r)|g,= 0. (14)

In the ellipsometric measurement at each temperature, p and
T measurements were collected every 30 min over a period
of from 10 to 24 h to ensure thermal and diffusive equilib-
rium. The averaged equilibrium data was then considered for
further analysis. In all measurements, the temperature was
decreased in successive steps so that gravity assisted the
phase separation process.

The ellipticity p versus the reduced temperature ¢ for the
two systems in the single phase region is shown in Fig. 3.
For AC, p increases as one approaches 7., while the converse
occurs for 7D, namely, p decreases as one approaches 7. A
qualitative understanding of this trend can be obtained from
the Drude equation [21], which is valid for sufficiently thin
layers relative to the wavelength of light A,

w ver+e& (7 [e(z,t) — e ]le(z,1) — &3]
e(z,1)

p(t) = dz (15)

)\ E1— & _%

=p(1) + ppc- (16)

The ellipsometric beam is incident through the critical mix-
ture with optical dielectric constant &, given in Table I while
£, =g4;=15.07 [22]. &(z,1) describes the variation in the op-
tical dielectric constant as a function of depth z and reduced
temperature 7. To a good approximation, p can be separated
into a critical component p,(¢) within the liquid phase at z
=0 and a temperature independent background term ppg
within the substrate at z<<0. In separating these two contri-
butions, the approximations &(z,f)=g, and |e(z,1)—¢g]
<|g,—&,| have been used, which leads to
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FIG. 3. Comparison of the ellipticity p calculated for strong
(solid line) and weak adsorption (dashed line) with experimental
data for the AC (squares) and TD (circles) mixtures in the single
liquid phase region.

/
7TV81

P =+ e f [e(z,1) — &]dz. (17)
& 0

ppc dominates the p signal at very large ~0.1. According to
Fig. 3, p.(r) must be positive (negative) for AC (TD) in order
to give the trends shown. This requires that &(z,f)> ¢,
[e(z,t)<e,] for AC (TD). Therefore, from Table II, aniline
(A) preferentially adsorbs against the Si wafer in the mixture
AC while n-dodecane (D) preferentially adsorbs against the
Si wafer in the mixture TD. These preferential adsorptions
qualitatively agree with the expectations discussed earlier.

As mentioned above, the Drude equation is only valid for
very thin layers which occur at large ¢. In general, to com-
pare a specific model for £(z,7) with p data, one must nu-
merically solve Maxwell’s equations for r, and r, [23,24]
and then calculate p from Eq. (13). To accomplish such a
comparison, one must have an accurate model of the oxide
and alkylsilane layers. Independent measurements [25] indi-
cate that the oxide had a thickness d,,=1.9 nm and optical
dielectric constant ¢,,=2.67, while for the alkylsilane d;,,,,
=2.0 nm and &,,,=2.43. One must also relate the local vol-
ume fraction v(z), which occurs in the theory (Sec. II) to the
local optical dielectric constant &(z) =e&(z,¢) used in Max-
well’s equations. This is accomplished via the two-
component Clausius-Mossotti equation [26],

Ae@)]=v(2)f(ep) +[1 —v(2)]f(€a), (18)
where the function

e—1
€+2’

fle)= (19)
e, and ep are the optical dielectric constants of the pure
components (Table II), and we have neglected any volume
changes due to mixing of the two components (which nor-
mally only amount to corrections of order ~1-2%). In Eq.
(18), component B is assumed to adsorb against the Si wafer.
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In Fig. 3, the ellipsometric p data for the AC critical mix-
ture adsorbing against the oxide-coated Si wafer is shown.
There is excellent agreement between the strong adsorption
model (solid line) for aniline adsorbing against the surface
and experimental data (squares). The variation in the shape
of p with 7 originates from the variation of v(z) with 7. The
oxide layer accounts for much of the background ellipticity
pac=0.01. In this comparison between theory and experi-
ment, there should be no adjustable parameters; however, in
obtaining the optimal fit, we have allowed for a small shift in
the background of order ~0.002. This shift merely moves
the whole curve vertically without changing its shape. This
small change in the background could be caused by the sur-
face roughness of the silicon wafer or by other noncritical
effects.

In the lower part of Fig. 3, we show the variation of p
with ¢ for TD adsorbing against an alkylsilane-coated Si wa-
fer. Neither strong (solid line) nor weak adsorption (dashed
line) of n-dodecane against the surface can explain the ex-
perimental data, (circles). In comparing these models with
experimental data, the background pps; was shifted slightly
(~0.005), while the surface field &, was treated as an adjust-
able parameter for weak adsorption where the best fit oc-
curred for 1; =0.008, which corresponds to a length scale for
the position of the peak in Fig. 1 of [,(=&h7"*1)=20 nm
[13]. We suspect that the poor agreement between theory and
experiment might be due to slight chemical heterogeneities
in the silane-coated Si wafer surface as suggested by the
textual differences on length scales of ~100 nm and the in-
creased surface roughness exhibited in Fig. 2(b). These fea-
tures could be caused by slight local differences in the silane
surface densities leading to varying surface distributions of
-CHj; and -CH,- groups within the silane layer. According to
Zisman [27], these two surface groups have rather different
“critical surface tensions” of, respectively, 24 and 31 mN/m,
which will lead to differing preferential adsorption proper-
ties. This experimental data might, therefore, be better de-
scribed in terms of critical adsorption in the presence of a
random surface field i, [28].

IV. SUMMARY

In prior work, the critical adsorption behavior of a number
of critical binary liquid mixtures, including AC and TD, have
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been studied at the liquid-vapor surface for both strong
[10,11] and weak [12,13] surface field. At the noncritical
liquid-vapor surface, the surface field is controlled by the
surface tension difference Ao between the two components
of the binary liquid mixture. If this surface tension difference
is large (|Ao|>6 mN/m), the liquid-vapor interface is in the
strong critical adsorption regime [11], which is described by
the P(x) surface scaling function [Egs. (4) and (5)]. The
liquid-vapor surface is saturated by the component which
possesses the lowest surface energy. The P(x) surface scaling
function for strong adsorption crosses over into the weak
surface scaling function G(x,y) [Egs. (9)—(11)] in the limit of
small surface field where the surface tension difference is
relatively small (JAc|=6 erg/cm?). The surface is now no
longer saturated by a single component.

These same universal functions P(x) and G(x,y) found at
the liquid-vapor surface of critical mixtures are expected to
describe the adsorption behavior at liquid-solid surfaces of
critical mixtures. Indeed, we find that the strong adsorption
surface scaling function P(x) provides an excellent descrip-
tion of the critical adsorption behavior for aniline adsorbing
on an oxide-coated Si wafer surface from a critical mixture
of aniline + cyclohexane (Fig. 3, upper curve). By contrast
with this very good agreement, poor agreement was found
between theory and experiment for n-dodecane adsorbing
against an alkylsilane coated Si wafer from a critical mixture
of 1,1,2,2-tetrabromoethane + n-dodecane (Fig. 3, lower
curve). Neither weak nor strong critical adsorption could ex-
plain the experimental data. We speculate that this discrep-
ancy is caused by chemical heterogeneities within the alkyl-
silane layer due to differing surface distributions of -CH; and
-CH,- groups leading to a locally varying preferential ad-
sorption more characteristic of a randomly varying surface
field [28].
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