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ABSTRACT: To gain more insight into the process of formation of adsorbed layers of diblock copolymers,
ellipsometry was used to monitor in situ the thickness and adsorbed amount of a series of polystyrene-
b-poly(2-vinylpyridine) diblock copolymers adsorbed on silicon from toluene. First, it is demonstrated
that ellipsometry can be sensitive to both the zeroth (I'g) and first (I'1) moments of the interfacial density
profiles of the PS/PVP layers, providing sufficient information to measure the thickness 2I'1/Ty at each
stage of the adsorption process. Second, it is found that in the early stages of layer formation, at the
point where adsorbed chains are forced to laterally overlap, the thickness of the PS/PVP layers is equal
to approximately 2.2R,. As the adsorbed amount surpasses approximately twice this surface density, the
thickness grows as the layer becomes progressively more crowded. In this growth regime, the dependence
of the thickness on the adsorbed amount makes a transition to a one-third power-law at the highest

adsorbed amounts.

Introduction

One of the most versatile methods to create soft,
tailored interfaces is through the adsorption of am-
phiphilic block copolymers.t The principal advantage in
using block copolymers is the ability to self-assemble
into layers with a specific structure depending on the
architecture of the copolymer. For instance, the adsorp-
tion of A—B type diblock copolymers from a selective
solvent produces a brush structure where one block
preferentially tethers the other to the surface.23 While
much experimental attention has focused on the rela-
tionship between the structure of the adsorbed layer and
molecular details of the block copolymer, much less is
understood about the adsorption process itself. Part of
this ambiguity is rooted in the large number of potential
configurations a macromolecule may adopt when ad-
sorbing to a surface. A common approach to studying
adsorbed layers has been to alter some aspect of the
block copolymer, such as molecular weight or the
asymmetry ratio, and then to characterize the adsorbed
layer using neutron reflection*~7 or the surface forces
apparatus.”’~11 However, few methods give real-time, in
situ information on the assembly process.

The process of layer formation is currently understood
as consisting of an initial fast regime, during which
chains diffuse from solution to occupy an empty surface,
followed by a slower buildup of surface density by the
penetration of chains through the developing adsorbed
layer along with molecular rearrangement of the layer.1?
Various experimental reports in which the kinetics of
adsorption were measured are in qualitative agreement
with this kinetic picture;13~17 however, most of these
studies report only the time dependence of the adsorbed
amount and do not provide concurrent information on
the structure of the adsorbing layer. An attempt has
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been made to study the adsorption Kkinetics of polysty-
rene—poly(2-vinylpyridine) diblock copolymers with the
SFA;18 however, the SFA is slow and not well suited to
monitor adsorption kinetics. Information at short ad-
sorption times cannot be gathered.

A more detailed understanding of the adsorption
process can be established by measuring in situ both
the adsorbed amount and the thickness of the layer at
each stage of the adsorption process. This dual mea-
surement sheds light on how polymer chains initially
populate the surface as well as how the structure of the
layer evolves as the layer becomes increasingly more
populated. A fundamental issue in the adsorption of
block copolymers is whether the adsorption kinetics and
layer structure can be predicted from thermodynamic
arguments or if the structure is dominated by kinetic
issues. For instance, how a chain initially adsorbs to
the surface may be a function of the particular manner
in which it arrives at the surface, but then it must
rearrange to adopt its thermodynamically preferred
structure. The speed of these rearrangements will
impact both the structure of the layer and the nature
of the potential barrier that a free chain must overcome
in order to adsorb.

Therefore a characterization technique is desired that
can provide both the thickness and adsorbed amount
quickly and simultaneously. Ellipsometry, which is
based on the interference between reflected s- and
p-polarized light, detects both the relative amplitude
and phase change of the reflected waves at a single
angle of incidence.!® For thin adsorbed layers that are
much less than the wavelength 4 of light and that are
sufficiently dilute (where the refractive index of the
layer approaches the refractive index of the solvent),
these two quantities measured by the ellipsometer are
sensitive to only the zeroth 'y and first moments I'; of
the interfacial index profile.?%21 Higher order moments
of the index profile do not contribute to the ellipsometry
measurement. Therefore, in this limit, a measurement
at a single angle provides enough information to resolve
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Table 1. Properties of PS—PVP Diblock Copolymers

M, PS block, M, PVP block,

Sample g/mol g/mol Mw/Mp
PS—PVP: 25K/4K 24 900 3600 1.10
PS—PVP: 40K/10K 40 100 9900 1.06
PS—PVP: 100K/12K 99 900 12 100 1.04
PS—PVP: 255K/24K 255100 23800 1.06

both the adsorbed amount defined as I'(mass/area) =
To(dn/dc)1, where dn/dc is the refractive index incre-
ment of the polymer, and the thickness of the adsorbed
layer is defined as 2I'y/ T'o.

In this paper, it is demonstrated that ellipsometry can
monitor in situ both the adsorbed amount and thickness
2I'1/ Ty of a series of polystyrene-b-poly(vinyl pyridine)
diblock copolymers adsorbed from toluene to the surface
of silicon. The poly(2-vinylpyridine) block provides the
driving force for adsorption, effectively tethering to the
surface the nonadsorbing polystyrene block. The results
show that above approximately twice the overlap den-
sity the layer thickness starts to grow with a power law
that approaches a one-third dependence on the adsorbed
amount. The study shows that, under these conditions,
adsorbing layers of PS/PVP have the capacity to rear-
range quickly enough such that the thickness grows
according to thermodynamic predictions, indicative that
the adsorbed layer is tending toward its equilibrium
configuration at each stage in the adsorption process.
Thus, while extremely large adsorption barriers may
prevent a system from realizing its equilibrium ad-
sorbed amount, the structure developed during the
adsorption process is not necessarily hindered by kinetic
barriers.

Experimental Section

Materials. Diblock copolymers of polystyrene and poly(2-
vinylpyridine) were synthesized by anionic polymerization.
Both monomers were obtained from Aldrich. Styrene was
purified on a high vacuum line by sequential exposure to and
distillation from freshly ground calcium hydride and dibutyl-
magnesium. 2-Vinylpyridine was purified by exposure to and
distillation from calcium hydride, sodium mirrors, and tri-
octylaluminum. The purified monomers were distilled into
calibrated ampules equipped with breakseals and stored in a
freezer until used. n-Butyllithium (Aldrich) was diluted in
vacuo with purified hexanes and used as an initiator. Tet-
rahydrofuran (THF, Fisher) was used as solvent after purifica-
tion with calcium hydride, sodium dispersion, and sodium
naphthalenide on the vacuum line. Polymerization involved
distillation of THF into the reactor followed by heat sealing
from the vacuum line and introduction of n-BuLi into the
reactor. Polymerization of styrene was accomplished by break-
ing the glass seal, followed by distillation of this monomer into
the stirred reactor at —78 °C. After 1 h, the seal to the
2-vinylpyridine was broken and this monomer was allowed to
slowly distill into the reactor and 30 min was allowed for
polymerization of the second block, followed by termination
with degassed methanol. The block copolymers were precipi-
tated into hexanes and characterized by proton NMR and size
exclusion chromatography (SEC). THF containing 1% triethyl-
amine (TEA) was used as the mobile phase, and molecular
weights and polydispersities were calculated by using a
polystyrene calibration curve. Tertiary amines are known to
suppress adsorption of PVP onto SEC columns and it was
confirmed that the addition of a small amount of TEA had no
affect on the elution behavior of PS standards. SEC with
polystyrene standards should give reliable molecular weights
due to the low PVP content in the diblocks, as well as the
structural similarity between PS and PVP. Molecular char-
acteristics are summarized in Table 1.

Macromolecules, Vol. 37, No. 3, 2004

Instrumentation. The adsorption experiments were con-
ducted on a variable-angle Beaglehole picometer ellipsometer,
which uses a He—Ne laser light source (A = 632.8 nm), has an
angular resolution of 0.01°, and is based on the phase modula-
tion technique of Jasperson and Schnatterley.?? The ellipsom-
eter directly measures the real and imaginary components of
the ellipsometric ratio

r _
o= r_p = tan We'* (1)

S

where Re(p) = tan W cos A and Im(p) = tan W sin A. rpand rs
are the complex overall reflection coefficients of the p- and
s-polarizations, respectively. The angles W and A correspond
to the ratio of attenuation of the p- and s-polarizations and
the phase change between the p- and s-polarizations, respec-
tively.

Experimental Procedure. For the adsorption experi-
ments, a freshly cleaned silicon wafer is placed in the center
of specially built cylindrical glass cell with a total volume of
17 mL. The average thickness of the silicon oxide layer (n =
1.46) is on the order of 15 A. The refractive index n of silicon
is 3.88 — i0.019. Fresh toluene (n = 1.4926) is added to the
cell, and the angle of incidence is adjusted until A = 90°, which
defines the Brewster angle. This angle was usually within
0.25° of the expected angle of 68.95° for the toluene/silicon
interface. At this incidence, Re(p) = 0 and Im(p) has a small,
positive value typically around 5 x 1073. As discussed in the
Appendix, Im(p) should be zero at the Brewster angle between
two perfect dielectric media (or media having no imaginary
part to their refractive index). The experimental source of the
nonzero value of Im(p) comes from three principal contribu-
tions: a small imaginary component to the refractive index of
silicon, the presence of the 15-A oxide layer on the silicon, and
slight birefringence in the glass cell. At these low values of
Im(p), however, all contributions to Im(r) are additive. This
reading serves as a baseline and only the change in Im(p) upon
adsorption is important.

The readings in both Re(p) and Im(p) were then checked over
the course of 15 min to verify consistency. The noise in the
readings was usually (2 x 1075 in both Im(p) and Re(p). If the
readings did not change by more than 3 x 107°, approximately
1-10 mL of the stock PS—PVP solution was added to the
solution cell to make a final concentration of 30 ug/mL. At this
dilute polymer concentration, the copolymers are molecularly
dissolved and not in an aggregated, micellar state.’* The
changes in Re(p) and Im(p) were measured every 0.5 s for 5—10
h of adsorption time.

Data Analysis. The changes in Re(p) and Im(p) upon
adsorption are directly proportional to the first I'; and zeroth
moments I’y of the refractive index profile of the adsorbed
layer:

B 2r,
Re(P) - (27[)2nsolvent ? (2)

2 2
\/nsubstrate + Nsotvent (E) (3)

Im(p) — IM(0)paseline = (277) 7
solvent

Both egs 2 and 3 are derived in the AppendiX. Nsupstrate and
Nsovent refer to the refractive indices of silicon and toluene,
respectively. Equations 2 and 3 represent mean-field averages
of the lateral distribution of the bound polymer layer. This
condition breaks down only at sufficiently low surface cover-
ages, where the distance between bound polymer chains is
much longer than the wavelength of the incident light source.
The small imaginary contribution to the refractive index of
silicon was and can be safely ignored in eq 3. The adsorbed
amount I" (mass/area) is readily evaluated from I'y by

. fdn\—1
I' (mass/area) = Fo(a) (4)
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where dn/dc is the refractive index increment of the polymer,
0.102 mL/g. As PS and PVP are nearly isorefractive, the
refractive index increment of the copolymer is insignificantly
influenced by its composition. Finally, the thickness 2I'1/I'o can
be defined

Re(o) :(Z_n\ Nonen” [ 25) (5)
M) = M Oaseine \* | Jo 21—\

The ratio 2I'/I'o represents the average thickness of the density
profile of the adsorbed polymer layer. For a film with a uniform
dielectric profile, 2I'/To is exactly the overall thickness; for
monotonically decreasing dielectric profiles, 2I'1/ I'g is less than
the overall thickness. For highly solvated layers, ellipsometry
cannot yield any more information other than the zeroth and
first moments of the density profile.

Figure 1 shows the applicability of eq 5. The ellipsometric
ratio p was calculated for series of hypothetical PS—PVP layers
adsorbed in toluene on silicon surfaces with three types of
refractive index profiles for the adsorbed layer: step, parabolic,
and Gaussian. The Gaussian form was used to simulate a
mushroom-type regime. For instance, in the case of the
parabolic profile, the following refractive index profile was used

n(z) = Ano(l - (E)z) +n, (6)

The profile was approximated as a series of homogeneous slabs
of 10A width and an iterative method employing the full
equation of ellipsometry (as outlined in Azzam and Bashara'®)
was used to determine the ellipsometric ratio p as a function
of 2I'+/ To. The refractive index of the solvent n, was taken as
1.4926, the refractive index of the substrate 3.88 —i0.019, and
Ang = 0.05.

Figure 1 shows the numerically tabulated values Re(p)/Im-
(p) using the full equation of ellipsometry as well as the
analytical approximation of eq 5. As seen, the upper limit of
applicability is approximately 700 A, where higher moments
start to contribute to p. More generally, the following restric-
tions must be met in order for eq 5 to be applicable

Anfilm < nsolvent (7)
[ANGm << INgubstrate — Nsotvent! (8)
A\2
< (£
< (z) ©)

Results and Discussion

Response of Im(p) and Re(p) to the Adsorption
of PS/PVP. Figure 2 shows the raw ellipsometric data
expressed as imaginary and real parts of the ellipso-
metric ratio p for the adsorption of the 100K/12K and
255K/24K PS/PVP samples. Both components show a
fast rise in the first 1000 s followed by a much slower
increase. Since Im(p) is directly proportional to the
adsorbed amount, it can be readily inferred from this
data set that the 100K/12k sample adsorbs more quickly
than the 255K/24K sample. Furthermore, the transition
from the fast to slow growth regimes occurs at a higher
value of Im(p) in the 100K/12K sample than in the 255K/
24K sample, which can be understood with respect to
the relative sizes of the two samples. The larger molec-
ular weight of the 225K/24K sample translates to a
slower adsorption rate and lower crossover surface
coverage, both of which are readily apparent in the Im-
(p) curves shown in Figure 2.

In contrast to Im(p), however, the real part of the
ellipsometric ratio Re(p) displays the opposite trend with
respect to molecular weight. Since Re(p) is proportional
to the first moment of the dielectric profile, or the square
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Figure 1. Re(p)/Im(p) versus 2I'/T, for a step, Gaussian, and
parabolic profile. The refractive index of the solvent 1.4926,
the refractive index of the substrate n, = 3.88, and Ang = 0.05.
The straight line corresponds to the analytical simplification
of eq 5.
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Figure 2. Response of Re(p) and Im(p) to the adsorption of
the 100K/12K and the 255K/24K samples as a function of time.
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Figure 3. Plot of the Im(p), Re(p) trajectories for the four PS/
PVP samples.

of thickness, it gives information concerning the degree
to which the adsorbed layer extends from the surface.
The 255K/24K copolymer has more than twice as many
segments as the 100K/12K sample; therefore, it will
produce a thicker adsorbed layer than the 100K/12K
sample. In general, the larger the PS block, the larger
the signal generated in Re(p). Figure 3 better exempli-
fies this trend by showing the Re(p), Im(p) trajectories
for all four molecular weights. At values of Im(p) less
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Figure 4. Time evolution of both the adsorbed amount and
the thickness 2I')/Ty for PS/PVP 100K/12K sample adsorbed
from toluene to silicon.

than approximately 1073 (corresponding to I’ = 0.37 mg/
m?) there is significant scatter in the Re(p) data, as
manifested in the overlap of Re(p) between the different
molecular weights. Since Re(p) scales as the square of
thickness, it is much less sensitive than Im(p) to the
presence of the adsorbed layer. Therefore, at sufficiently
low surface coverages, Re(p) is not resolvable, and in
this limit the layer thickness cannot be determined. At
higher values of Im(p), however, more contrast is
generated, and the four samples start to follow different
trajectories. The larger molecular weights display larger
values of Re(p) and at the same Im(p) due their larger
extension from the surface.

Analysis of Adsorption Kinetics. The Im(p), Re(p)
trajectories for each PS/PVP sample can be recast as
an adsorbed amount and a thickness Heyi = 2I'/T,
according to eqs 2—4, respectively. As an example,
Figure 4 shows the change in both the adsorbed amount
and thickness for the 100K/12K sample. It has been
previously observed that adsorption of neutral diblock
copolymers in a selective solvent proceeds via a two-
stage process.1316 At early times, layer growth is limited
by the transport of individual chains to the surface,
which is a function of their diffusion coefficient D. In
the absence of any convection, it is expected that the
adsorbed amount should increase with the square root

of time?2
/Dt
I'it)= 2Colymer — (10)

where Cpoymer IS the polymer concentration.

This rate law should be valid assuming the following
two statements: (1) the absence of interactions between
adsorbing chains and previously adsorbed chains and
(2) every chain that approaches the surface sticks to it.
Experimentally, however, it was found that even at the
earliest times, the adsorption rate of all samples is
approximately an order of magnitude slower than the
rate predicted by eq 9. For instance, Figure 5 compares
the adsorption of the 100K/12K sample to the prediction
of eq 10 using its diffusion coefficient of 4.1 x 10~7 cm?/
s. Not only is the experimental rate slower than that
predicted by the diffusion coefficient, but the experi-
mental initial rate also displays a stronger power
dependence on time than anticipated from eq 10, which
is closer to 0.8 than 0.5. This observation is probably
the manifestation of significant interactions between
incoming chains and preexisting adsorbed chains oc-
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Figure 5. Comparison of the initial adsorption kinetics of the
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curring even at very low adsorbed amounts. In terms
of thickness data, the first measurable thickness occurs
at approximately 100A, corresponding to an adsorbed
amount of 0.25 mg/m2. As the adsorbed amount in-
creases to 0.75 mg/ m?, the thickness triples to almost
300 A, which occurs in the first 200 s of adsorption,
where the thickness remains relatively constant until
the adsorbed amount surpasses 1.75 mg/m?. After this
stage, the thickness again increases with increasing
adsorbed amount.

A more straightforward analysis can be conducted if
Hei is plotted against the degree of overlap I'/T"°! for the
four PS—PVP samples, as shown in Figure 6. A value
of I'/T°! = 1 corresponds to the surface coverage where
neighboring chains, on average, begin to overlap. The
overlap concentration is defined as

" = m,N/z<abv >Ry’ (11)

where m, is the weight of a monomer, N is the degree
of polymerization, and Rps represents the radius of
gyration for the PS in dilute toluene solutions. The data
for Rps in toluene has been reported by Higo et al.:23

Rps = aNpg'” (12)
where a = 1.86 A and v = 0.595. From Figure 6, it is

seen that at low degrees of overlap, T/ < 1, the
thickness increases somewhat until it reaches a pseudo-
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plateau around I'/T°' ~ 1. This is especially prevalent
in the two larger molecular weights, 255K/24K and
100K/12K. The data were limited to values of I'/ ! >
0.5, as there is too much scatter at lower surface
coverages to reliably determine the thickness. The most
plausible explanation for the increase in layer height
at early times stems from a weak interaction between
the polystyrene buoy blocks and the surface. As the
chains initially impinge the surface, they adapt a
slightly flattened configuration but quickly rearrange
such that the PVP block is strongly adsorbed and the
PS block is only weakly adsorbed, if adsorbed at all.
Previous experiments have shown that the interaction
between PS and silicon dioxide in toluene is not suf-
ficient to overcome its resulting loss in translational
entropy upon adsorption and therefore PS alone does
not adsorh.16

In the range of weak overlap (1 < I'/T°! < 2), the
thicknesses are relatively independent of the adsorbed
amount. In this pseudoplateau region, the measured
thicknesses Hgyi are considerably larger than the un-
perturbed radii Ry of each sample.

Theoretical treatments?425 show that in the weak
overlap regime, assuming no interaction between the
buoy block and the surface, the ratio of the thickness
2I'1/Ty to the radius of gyration is approximately Heyi/
Ry = 2.2, which is in good agreement with the observed
data. This observation confirms that the PS/PVP co-
polymers are generally tethered through the PVP block,
with only very weak interactions between the PS buoy
blocks and the surface.

Above T/T°' &~ 2 the thickness begins to grow with
increasing surface coverage, approaching a (I'/T°")3
power-law at the highest overlap densities in the two
largest and most asymmetric samples. The one-third
power law is expected for neutral polymer brushes
swollen in a good solvent environment.?®2” The data,
nevertheless, indicate a gradual rather than a sharp
transition to the one-third power-law regime, consistent
with recent simulation?® and mean-field results.?° An
attempt to quantify the experimental power law, how-
ever, would be imprecise due to the narrow range of
overlap densities covered in the adsorption process.
Nonetheless, the 225K/24K and 100K/12K samples are
able to stretch up to 36% after 8 h of adsorption. The
two smaller samples stretch slightly less, only achieving
about 25% extension in their thickness.

The data indicate that the adsorbed copolymer layer
is able to rearrange more quickly than the rate at which
free chains adsorb to the surface. No matter how a chain
arrives to the surface, the layer quickly tends toward
its equilibrium thickness, growing at a rate that ap-
proaches the (I'/T°")3 power law. This suggests that an
adsorbing chain is reconfiguring quickly enough such
that the PS buoy block extends from the surface
anchored through the insoluble PVP block. On the other
hand, if a significant attraction existed between the PS
block and the surface, the adsorbed layer perhaps would
get trapped in long-lived transitional states where the
thickness increase would resemble homopolymer ad-
sorption rather than diblock copolymer adsorption from
a selective solvent. The layer structure at each stage in
the adsorption process is important as it dictates the
potential barrier that a free chain must overcome to
adsorb; therefore, the overall adsorption Kinetics is
governed by the exact structure of the adsorbed layer.
Assuming that the thickness of the adsorbing layer
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grows as (I['/T°"13 and is independent of the adsorption
rate, Johner and Joanny theoretically showed that the
adsorbed amount should increase as (log t)®> at long
times.12 In practice, however, a true test of this scaling
law is difficult as not enough decades of time can be
practically collected to precisely verify the 6/5 depen-
dence. For instance, it takes approximately 1 h for the
100K/12K sample to reach 3 mg/m2. To double this
adsorbed amount would take another 1 year if the rate
followed (log t)®5 kinetics. Nonetheless, the present data
set strongly suggests that PS/PVP adsorption from
toluene would be well described by the (log t)% power
law as the thickness of the layer at sufficiently long
times is well described by the (I'/T°)13 power law.

Conclusions

It was demonstrated that ellipsometry can be used
to monitor in situ and simultaneously both the thickness
and the adsorbed amount of a series of PS/PVP diblock
copolymers adsorbed from a selective solvent to help
clarify structure evolution and molecular rearrange-
ments during the adsorption process. Such information
ultimately leads to a more thorough understanding of
the interplay between kinetic and thermodynamic issues
in governing the adsorbed layer structure. We used a
diblock copolymer with a soluble polystyrene block that
shows very little interaction with the surface. Indeed
without the poly(2-vinylpyridine) block, polystyrene does
not adsorb. Therefore, it may be expected that any
molecular rearrangements may be fast as few polysty-
rene—surface contacts have to be broken or displaced.
If instead polystyrene could directly adsorb to the
surface, then these rearrangements would be much
more sluggish and the so-called “brush” structure would
not clearly emerge on practical time scales.
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Appendix: Ellipsometry Analysis of Highly
Solvated, Adsorbed Polymer Layers

The ellipsometric analysis of thin, solvated films offers
a challenge for two reasons. First, the refractive index
of the adsorbed layer approaches that of the surround-
ing medium, providing very poor optical contrast. Sec-
ond, a functional form of the density profile must be
assumed in order to resolve the overall thickness.
Historically, the common approach is to assume the
density through the layer is a constant and to analyze
the film as a step profile.3® Based on this one-layer
model, both an average refractive index n,, and average
thickness h,, can be calculated for the adsorbed layer.
However, these values yield the properties of a homo-
geneous film that give rises to the same ellipsometric
ratio as the actual profile. The relationship between h,y,
and the actual thickness can be ambiguous.

In the limit where the reflection from the adsorbed
layer only slightly deviates from the reflection between
the solvent and the substrate, the layer can be analyzed
with respect to the ideal Fresnel interface plus correc-
tion terms.?!
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I r Ir
—_PO Pt P2, (A.1)
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where rpg and ry refers to the reflection coefficients
between the solvent and the substrate and the terms
with subscripts 1 and 2 refer to the first- and second-
order corrections. These corrections are expressed in
terms of integral invariants Jj;, which describe the
difference between the actual dielectric profile and the
dielectric profile taken for the Fresnel interface:
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where ¢ are the dielectric constants (¢; = ni?), K is the
tangential component of the wave vector

K= (ZTJT)ni sin g; (A.4)

and Q; is the is the normal component of the wave vector
in medium i:

o=[E (A5)

Terms with the subscript 2 refer to the transmitted
medium (the substrate) and terms with the subscript 1
refer to the incident medium. At the Brewster angle 6g
for the solvent/substrate interface, eqs 2—4 can be vastly
simplified. The Brewster angle is defined as the condi-
tion where 6g = arctan(nz/n,). If neither the solvent nor
the substrate have an imaginary component to their
refractive index, the following relationships are true at
the Brewster angle:

fo=0 (A.6)
ro=-—2 (A7)

AEL T €
Q=Q=——=2 1 (A.8)

Jag, A fle te)

With these simplifications, eq A.3 becomes

:EEE@%_# () +

€, — €6 \ 4 6 — 6\
€16, [J

2 2 (%)—2
€~ &\1

€t e (I
L2 (%) + ] (A.9)
€1~ €\ 1
The full forms of the invariants are listed in a publica-
tion by J. Lekner.?! For small perturbations in the
dielectric constant, the three invariants can be expanded
to first order in Ae, which is the difference between the
dielectric of the adsorbed layer and the pure solvent

p=im
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€

— 2 <4 O[(Ae)?]

J, =
1
€5

(A.10)

where T is the ith moment associated with the dielec-

J,1 = 2(e; — )T + O[(Ae)] (A.11)
Jyp= 4(616—;2)r; +0[AeY]  (A12)
tric profile:
T{(Ae) = ["Ae(2)z' dz (A.13)
A further simplification that can be made is
Ae(z) ~ 2n,An(z) (A.14)

Substitution of eqs A.10—A.13 in eq A.9 finally yields a
simple analytical relationship between the ellipsometric
ratio p and the moments I'; and I’y of the refractive index
profile at the Brewster angle for the substrate/solvent
interface:

2 2
n,” + n, (I
p= i(2n)—2( 0

L 2|+ 27)%n 4, (A.15)
n, A 2\ 42 '
where

I(An) = [“An(z)z' dz (A.16)

This relationship shows that the imaginary part of the
ellipsometric ratio (Im(p) = tan W cos A) is proportional
to the zeroth moment of the index profile and the real
part of the ratio (Re(p) = tan W sin A) is proportional
to the first moment of the index profile. In the absence
of any layer p = 0.
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