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Abstract

The study of interfacial properties of thin films such as polymers is an important area of
surface science. The application of visible-infrared sum-frequency generation spectroscopy to
such systems requires a careful interpretation of the results, as the electric field magnitude and
phase at each interface must be determined in a manner that takes thin film interference effects
into account. Several schemes have been proposed for handling the local field corrections, and
these methods all have their origins in linear optics. We first provide an extensive discussion
of the cases in which the film is sufficiently thick that multiple beam interference can be
ignored, or sufficiently thin in which the relevant expressions collapse to simple forms. Then
we illustrate a straightforward method that has a concise analytic solution in the case of a single
thin film that exhibits interference effects. We demonstrate a visualization technique that allows
the experimental geometry to be tuned to select the interface of interest, and rapidly switch

between the interfaces when the film thickness is chosen to accommodate this.



Introduction

Over the past three decades, visible-infrared sum-frequency generation (SFG) spectroscopy has
developed into a feature rich structural probe of surfaces and buried interfaces.'™ Its surface
specificity stems from the fact that, under the electric dipole approximation, the second-order
electric susceptibility y® is non-zero only in regions that lack an inversion centre, i.e. in regions
over which there is no point such that (x, y,z) — (—x, —y, —z).* Niche applications are therefore
found at the interface between two centrosymmetric media, such as air, bulk liquids, and isotropic
solids including polymers.> In such cases, the intensity of the i-polarized SFG signal is related to
the intensity of the incident j-polarized visible and k-polarized infrared beams through
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Elements of the effective second-order susceptibility are related to the actual second-order suscep-
tibility through the relation

Xi(jz,z,eff = LiisrG : Xl-(jz,z * Ljjvis - LkkR (2)
where L;; and Ly relate the incoming visible and infrared electric fields to the corresponding fields
at the interface where )((2) # 0, and L;; is the equivalent local field correction for the SFG field
generated at the interface to be propagated out of the material.

In addition to considering a single interface between two semi-infinite media, there is consider-
able interest in applying SFG spectroscopy to stratified interfaces consisting of one or more layers.
Among such samples, one of the most commonly-encountered systems is a polymer film spin-coated
onto a substrate, with a polymer thickness in the range of tens of nanometers up to a few hundred
nanometers. As facile analysis of the SFG signal to extract quantitative structural information relies

on smooth surfaces that can generate specular reflection, the film thickness must generally be kept

below 1000 nm. However, the experimental convenience of spin coating films with this range of



thicknesses presents an analysis challenge, as multiple beam interference necessarily occurs for the
SFG, visible, and infrared beams, as is well known in the linear optics community.

There have been many schemes proposed for dealing with the effects of multiple beam
interference in SFG spectroscopy "~'® and these have been successfully applied to aid in the
interpretation of many systems.'** Approaches generally fall into three categories: those based

6 or a transfer matrix approach.’~%-13.17.18.20

on the Airy formulas, 10-14.16.21-25 Apgles formalism,?
These techniques are all capable of generating the same results, but are ideally suited to specific
systems. For example, the geometric converging infinite series in the Airy approach is cumbersome
to expand when there are more than a few phases. Matrix techniques have the advantage of
being easily extended to systems with an arbitrary number of layers, but result in solutions that
are sometimes not obvious in the case where there is only one film present. In this account, we
first discuss some practical considerations from an experimental perspective, highlighting cases
where the phases are either sufficiently thin or sufficiently thick so as to not require any interference
calculations. We then present a formalism based on Abeles method that can be described succinctly
when applied to a single thin film. Finally, we present a visualization method that is particularly
useful when the objective is not to include the effects of multiple sources of SFG from y® terms
present at different interfaces, but to aid in the selection of experimental geometries that suppress
signals from the undesired interface. We provide a practical scheme by which these methods can

be applied, and demonstrate results with a polydimethylsiloxane film exposed to air, water, and a

perfluorinated liquid.

Background

We consider a film sandwiched between two semi-infinite bulk media. One phase is the substrate
on which the film film is coated. The other can be either air, another polymer, aqueous solution
or another liquid. The most straightforward case to consider is one where the incident medium

(medium 1) is not absorbing for any of the frequencies of interest. Strictly speaking, medium 1



does not have to be perfectly transparent, but the analysis and the points we wish to ultimately make
are greatly simplified under this assumption. We are then faced with the situation where, we cannot
rule out a priori whether y® # 0 at the substrate—film interface, the film—ambient/environmental
interface, or both. Before getting into the multiple beam interference problem, it is useful to
consider if there are any simple experimental situations where the measured signal can safely be

assumed to originate from only one of two surfaces.

Thick films

With reference to Fig. 1, the first question is whether the film thickness d could be large enough so
that beams may be selectively overlapped at one of the two interfaces. This is not possible as, for
typical refractive indices and beam angles, if the visible and infrared with diameters of 200 ym each
were 100% overlapped at the interface between media 1 and 2, simple trigonometric relationships
indicate that 0% overlap (£, > 200 um in Fig. 1) at the interface between media 2 and 3 would
occur only for d > 2 mm. Likewise, if the pulses had a duration of 20 ps, the temporal overlap
would be lost only for d > 4 mm. In other words, for films with d < 1000 nm, the beams are
essentially overlapped perfectly in space and time at both interfaces. Another possibility is to set
up a pinhole so that dashed blue line in the reflected SFG in Fig. 1 is blocked. But for ¢; to be

greater than the diameter of the beams, we require d > 5 mm.

SFG

Figure 1: A film of refractive index N, and thickness d, situated between two semi-infinite media
with indices N; and N3. SFG reflected from the top surface is spatially separated from SFG
reflected from the bottom surface by a distance ¢;. If incoming visible and infrared beams are
spatially overlapped at the top surface, the center of the beams are separated by ¢, at the bottom
surface.



One then contemplates how thick the film would have to be so that one of the incident beams
is sufficiently attenuated by absorption in passing through before reaching the second interface.
It is often discussed that, in the C—H stretching region of the mid-infrared such a situation may
be readily realized with spin-coated samples. We consider the most intense band in this region
for polydimethylsiloxane (PDMS), the 2910 cm™! methyl symmetric stretch with imaginary part
of the refractive index « = 0.05. Even with such a large value of «, this translates to 50% of the
IR intensity still present after a path length of 4 um. With an IR beam incident at 70°, this still
requires d > 1.5 um. More concerning is that the mode with the next strongest oscillator strength,
the methyl antisymmetric stretch at 29060 cm™! has a value of « that is approximately 10 times
smaller, so one would require d > 15 um to lose 50% of the IR intensity. The ramifications of
this quick analysis is not only that sufficient IR intensity is present in the C—H stretching region of
organic thin films to simultaneously excite contributions from y® at both interfaces, but that one
may expect severe spectral distortions on account of the varying degrees of IR attenuation.

Another possibility concerns the ratio between the transmitted (upwards pointing dashed blue
line in Fig. 1) and reflected (solid blue line) SFG fields in relation to the contrast between the
refractive indices N1 and N>. Many polymers are nearly index matched to glass in the visible region
(N7 = N,), and are not far off from this condition in the infrared. We will later demonstrate that
such index-matching plays no role. Even though this results in practically no visible and infrared
reflection at the medium 1-medium 2 boundary, there can still be a substantial amount of reflected
SFG if y® # 0 there.

One simple solution remains, and that is to have the beams incident from either side, and
then exclude contributions from the second interface by virtue of all of the above phenomena. In
other words, if films could be prepared with d on the order of millimeters, then there is no doubt
since no SFG is possible due to IR absorption, and we lack both spatial and temporal overlap.
However, it is quite challenging to selectively probe the polymer—air interface using any method
preparing thick films, since the surface roughness rapidly increases with solution concentration and

is inversely proportional to the spinning speed.?’-?® In such cases, it is better to face the multiple



beam interference challenge, as we will demonstrate that good results may be obtained for thin

films with a smooth upper surface.

Layers with molecular dimensions

The last case to consider is one where a monolayer or near monolayer of molecules is deposited
onto a substrate. This is also a single-layer (3-phase) system, except that the ‘layer’ has dimensions
on the order of a few nanometers. We maintain the same convention where the incident medium as
index Np, and the environmental side (air or aqueous phase in Fig. 1) has index N3. Here the ratio

of the fields in the molecular layer with respect to the incident p- and s-polarized fields are

e EZ?
L. = i = (1 -ry)cosé (3a)
p
g2
Ly = g = (1+1) (3b)
S
EZ:d/2 N 2
dj2 . 1
LZZ/ = ﬁ :(1+I’p)Sln6(ﬁ) . (3C)

and N’ is the refractive index of the molecular layer.>?° Here rp and ry are the standard Fresnel

reflection coefficients>Y

_ N3cos ) — Njcosbs

~ Nj cos 63 + N3 cos 6,
_ Njcos6) — Nj3cos b3

s = Njcosf + N3cosbs

(4a)

p

(4b)

with care given to the sign convention used in the definition of r,. We label these values of the
fields as those obtained at z = d/2 although, for such dimensions, there is no appreciable variation
with z within the molecular layer. It is, in general, not straightforward to arrive at a value of N’
for several reasons: (1) it is sensitive to the local environment of the molecules, which may be
substantially different from what they experience in a bulk phase with index N;; (2) the interfacial

electronic structure is influenced by N; and N3; (3) N’ depends on the degree of order within the



molecular layer, and so is anisotropic; in the simplest case Ny = Ny # N_. This last point results in a
circular argument, since one of the goals of polarized SFG spectroscopy is to provide a quantitative
description of the molecular orientation—an account of this anisotropy—through measurement of
the non-zero values of the y® tensor and yet the local field correction factor L. depends the precise
details of the molecular arrangement! Fortunately, there are many cases in which approximations

for L,,, including an isotropic assumption, do not severely impact the experimental effort.

Thin films that exhibit interference effects

There have been many methods and formalisms proposed for the calculation of the mean square
fields. Some of these have been popularized due to their convenience, especially before computers
were widely available. As it is not our intention to provide a comprehensive review or even list
the various approaches, we will describe only one method, that is often referred to as the exact,
or electrodynamic, treatment as it incorporates the thickness and complex refractive index of each
material explicitly. This is the technique originally proposed by Abé¢les and extended by Hansen, 3!
and then Axelsen and Citra.? This method treats the general case of light incident from a transparent
semi-infinite phase (such as air, N; = n, k; = 0) with angle #; with respect to the surface normal
Z onto a stratified system. Each layer ;j of thickness d; has complex refractive index N; = n; +ik;,
where i = V-1. Finally the beam encounters the last semi-infinite phase with Ny = ny + iky.
The exact solution may be formulated in a matrix form where each of the layers (from j = 2 to
J = N —1)is accounted for by a matrix M; that relates the tangential components U of the electric,

and V of the magnetic parts of the electromagnetic field at the first surface (z = z; = 0) to the last

surface (z = zy)

U, Una
= MoM3My - - - My )
V1 VN—I
where .
cos B; L sin B3
M, = Pj (6)

—ip;j sin fB; cos B;



and p;ﬁ = Njcosf; with 6; the refracted angle in medium j for s-polarized light (E along J,
perpendicular to the plane of incidence), and p? = p‘]‘. / sz for p-polarized light (components of E
along % and Z, parallel to the plane of incidence. The term accounting for the phase of the fields

between the layers is defined as
2rd jPj
R — 7
= @)

This matrix M is powerful as it directly leads to the transmittance and reflectance spectra. Our
objective is to arrive at the electric fields, so we invert M to obtain

» cos B L.sin,Bj
N; = (M;) = Pj 8)

ipjsinf;  cosf;

with

2

Br = Tpk(z — Zk-1)

where z;_1 is the thickness of phase k — 1. These N matrices may be used to obtain U, V, and W

at any location z in material k£ according to

Ui(z) 2 Un-1
=N | |V (9a)

Vi(2) j=k Vn-1

N, sin(0
Wi(z) = S0 ), (9b)
N,
Finally the quantities of interest are obtained via

Ex = Uk(z) (10a)
E, =Vi(z) (10b)
E. = Wi(2). (10c)



Readers interested in further details of these expressions can refer to the original work.3!3? As a
result of these steps, explicit formulations of this result (for example, for 2- or 3-phase systems), or
approximate equations for (|E|?), have historically been of interest. Nevertheless, this formalism
indicates that, so long as the refractive index N and thickness d are known for each material, (Ef),

(E2), (EZ) may be readily determined.

Experimental

Sample preparation. Thin films of PDMS were prepared on IR-grade fused silica hemicylinder
prisms (25 mm X 25 mm flat face, Quartz Plus). The prisms were cleaned in a 500 mL glass beaker
containing piranha solution, a 3:1 mixture of sulfuric acid and 30% hydrogen peroxide, for 1 h.
(Note: use caution, piranha solution reacts explosively with organic compounds, should not be
mixed with any organic materials.) They were then transferred into a 500 mL Teflon beaker and
copiously rinsed (5 x 300 mL) with 18.2 MQ-cm deionized water (Milli-Q), then rinsed individually
under a stream for 30 s, sonicated in 300 mL water for 2 min, and again rinsed with water (2 X
300 mL). The prisms were then placed in a preheated vacuum oven at 85°C for 1 h prior to PDMS
coating. PDMS solutions were prepared using a Sylgard 184 silicone elastomer kit (Dow Corning).
The base and curing agent were dissolved in spectral grade CHCI3 (Fisher) to prepare 5% (wt/wt)
solutions of each and then mixed in a 10:1 (A/B, wt/wt) ratio to obtain a 5% (wt/wt) solution. The
prism was secured in a custom chuck adapted for our spin-coater (Specialty Coating Systems, Inc.).
Approximately 300 uL of PDMS solution was placed on the flat face of the hemicylindrical prism
and cast at 5000 rpm for 5 min. Finally, the samples were placed in an oven and cured at 85°C for
4 h under vacuum.

Film thickness measurement and selection. For subsequent data treatment, we need to know
the precise thickness of the PDMS films. However, the challenge is to determine the thickness in
a way that does not destroy or contaminate the films, as it is ideal to characterize them prior to

SFG measurements. Also, the measurement should be fast (on the timescale of minutes) to prevent

10



exposure to the environment that would also result in eventual contamination. Direct profilometry
measurements are therefore out, as several scratches would need to be made (that could also damage
the prism) and those measurements are time-consuming. Ellipsometry is not possible as there is
not sufficient refractive index contrast between the polymer and glass. We have therefore developed
an alternate two-step method that overcomes these challenges.

Reference films of PDMS were prepared on glass microscope slides (Fisher Scientific) following
the aforementioned procedure, with the concentration within a range of 2.5% to 10.0% to obtain
variable thicknesses. The thickness of the spin-coated PDMS on microscopic slides was then
measured using stylus profilometer (Bruker Dektak XT). Several scratches were made on the
freshly prepared substrate using a razor blade and the film thicknesses were obtained from the
respective depth profiles. The average thickness of multiple measurements are plotted as a function
of the PDMS concentration used to prepare the film in Fig. 2a. Next, Raman spectra were recorded
(Renishaw inVia reflex) after adjusting the sample height to maximize the signal. This procedure
works since the depth resolution (ca. 5 um using a 0.75 NA objective) was much larger than the
film thickness. The Raman intensities obtained at 2905 cm™! were then plotted as a function of
the thickness measured by the profilometry as shown in Fig. 2b. The correlation between the
Raman intensity and the film thickness from this calibration eventually allowed us to determine
the thickness of the PDMS film, particularly on the hemicylindrical prisms, simply by knowing the
Raman intensity of the 2905 cm™! peak.

Description of the laser system. Full details of the laser system used for SFG spectroscopy have
been provided previously.?? In brief, a wavelength-scanning ~ 20 ps SFG spectrometer (Ekspla,
Lithuania) with nominally 4 cm~! bandwidth in the IR has been used with custom stages that
enable the sample and detector to be rotated about the same axis, in line with the solid (film)-liquid
interface at the flat side of the hemicylindrical prism as shown in Fig. 3. For a given film thickness,
this enables the incident beam angles to be set with a precision of +0.3° for the visible beam on
account of the +750 mm focal length lens, and +1.7° for the IR beam using a +150 mm lens. This

spread of angles was calculated using the collimated diameter of 6 mm for both IR and visible
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Figure 2: (a) Profilometry measurements of PDMS film thickness for various concentrations of
PDMS in CHCI;3. (b) Correspondence between Raman scattering intensity of the 2005 cm™! peak
and the film thickness.

beams, and the numerical aperture of the individual focusing lenses. Both beams are fixed on
the optical table, with the infrared angle of incidence greater by 9.8°. The detector angle was

independently set using the known refractive index of the prism.

Results and Discussion

Single-layer thin film systems

The expressions provided in Eq. 10 may be used to solve for the electric field at any point z in a
system consisting of an arbitrary number of layers. We now turn to the most commonly-encountered

case of a single thin film composition a 3-phase system, for example air—film—substrate in external
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Figure 3: Schematic of the sample cell, illustrating the prism—polymer interface at z = 0 and the
polymer—air/liquid interface at z = d. Fixed beam angles on the table with a common axis of
rotation for the sample and detector enable any angle of incidence to be automatically selected
while maintaining O — 6is = 9.8°.

reflection, or substrate—film—aqueous in internal reflection. If we assume that there is no SFG
generated in the bulk of any of the three phases, then signal can arise from only the initial film
surface (which we refer to as z = 0) or the second film surface (z = d, where d is the film thickness).
In external reflection, z = O is the air—film interface and z = d is the buried film—substrate interface.
In the case of internal reflection, the prism—film interface is at z = 0 while the film—air/aqueous
interface is at z = d.

As the results of the interfacial field calculation are compact, it is worth stating them explicitly.

First, the entire system is described by

cos 3 L sin 3
M=M, = P2 (11)

—ipy sin B cos 3
resulting in the reflection coefficients

_ p1(M11 + p3Mi2) = (M1 + p3My)
p1(M11 + p3Mi2) + (M1 + p3Mpr)

(12)

with 7y and r, obtained using the appropriate definitions of p1, p», and p3 for s- and p-polarization
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as noted above. At the first interface the incident visible and infrared beams encounter, we then

have the surface fields with respect to the incident fields

Ez=0

LY, = =25 =(1-ry)cosb (13a)
Ep
EZ:()

Ly, = Eszi_oo =1+ (13b)
EZZO N 2

0 . 1
L = ES);_‘” =(1+r,)sin6 (ﬁ) : (13¢)

where N’ is again the refractive index of the infinitesimal thin layer of polymer that generates
the nonlinear polarization leading to SFG signal. As a first approximation, it is reasonable to
consider N’ ~ N,, where the polymer surface has the same refractive index as the bulk polymer.
However, this does not account for the microscopic components of the local field correction, namely
the influence of a semi-infinite distribution of neighbouring molecules, and the anisotropy in the
interfacial layer. For this reason a mixing rule, for example N’ ~ %(Nl + N,) may be considered;
more sophisticated expressions may be found in the literature.>*3> Either way, we note that Eq. 13
has the same form as Eq. 3 (ultra thin film), except that r, and ry are now derived from a model
(Eq. 12) that takes multiple reflections inside the thin film into account.

At the second interface, the local field correction factors are given by

E¥ Nj cos @
Lffx = —~——= =(-r,)cosfcos B + i&(l + 1) sin 2 (14a)
E; N
z=d
Njcos@
d _ y _ . 1V] .
Lyy = ESZ:_OO = (1 + I’S)COSﬁZ + lm(l - V'S) sin 3, (14b)
EFd N? Nj sinf cos 6 N\
d 1. V] . 2
LZZ = Eszz_oo = N—22 sin 9(1 + I"p) COSﬁz + lm(l - rp) Sll’lﬁz (W) (14¢)

where N” is the refractive index of the polymer film in the immediate region of second interface,

for example N” ~ N or N ~ %(Nz + N3). Note that r, and 5 are again provided by Eq. 12.
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Interface selectivity

We now consider the ssp polarization scheme. Using Eq. 13 we plot (L(y))spc, (Lg)vis, and (LY)r
in the left column of Fig. 4. The equivalent results, but for the interface at z = d are plotted in the
middle column of Fig. 4. As dispersion and absorptive effects are very important in the calculation
of these quantities,?® we have used frequency-dependent refractive index data for fused silica,>’
PDMS, 383 and water.%? No infrared refractive index data was available for FC40, so we have used
N = 1.29.*! This is a reasonable approximation as FC40 has no IR resonances in the frequency
range of our interest. We have compared these results to those calculated using Airy formulas, and
using the transfer matrix approach’= and found all three methods to be numerically identical. It is

important to note that, in the case where both interfaces are SFG-active, the intensity is given by

2
070 70 (2 d yd yd (2
Lssp o« )Lnynyzz a0 T LyyLyy L Xy g

: I (15)
= ‘(LLL)O ¥ 2+ (LLL) P

and, even if the L factors are calculated, Eq. 15 can provide predictions only in the case where
the magnitude and phase of both y® values are known. In other words, if only | )((()Z)l and | X§2)|
are known (as can be readily determined from a combination of internal and external reflection
experiments from sufficiently thick films), the missing phase information prevents Eq. 15 from
being applied.

Our approach, however is to arrive at combinations of the incident angles 6 and film thickness

d so that, when measurement of )((2) is desired, LOLOLO > L;iLfo . Similarly, if our interest

0 yty e
o 2
1sm/\(()

. we look for a combination of angle and thickness for which LILIL? < LILILY. In

yrEy e yy e

cases where both interfaces are of interest, it is particularly intriguing to be able to prepare a
film of thickness d and then locate two angles that achieve the desired interface selections. We
start by considering the ratio of the results at z = d to those at z = 0, as displayed in the right

column of Fig. 4. Large values of this ratio display a selectivity for the second interface, after

the beams have travelled through the film thickness d, with the actual path lengths determined by
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Figure 4: Mean square electric field amplitude, with respect to incident s- or p-polarized intensity
at the first (z = 0, left column) and second (z = d, middle column) film interface for the SFG
beam (top row), and incoming visible (second row) and infrared (third row) beams. The product
of these three quantities, |LyLy L, |2, is plotted in the bottom row. In the right column, the ratio of
each quantity at z = d is plotted with respect to the corresponding values at z = 0 on a logarithmic
scale. Results are illustrated for a PDMS film on glass (blue, N; = 1, beams incident from air),
and internal reflection (N; corresponding to a silica prism), and N3 corresponding to air (orange),
water (red), and FC40 (green).
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the angles of incidence. The bottom right panel is the figure of merit, the ratio of the squares of
the products |(LLL)y/(LLL)o|*>. We have used a logarithmic scale is order to highlight very large
and small values of this ratio, as both are of interest. A difficulty associated with such a graphical
representation is that these figures apply to only a specific set of visible and IR beam angles. Since
there is a limit to the accuracy to which film thickness can be determined, it would be more useful
to see large values of this ratio that exist over a range of thickness.

A proposed solution is to generate selectivity maps as shown in Fig. 5. Here the individual
values at z = 0 and z = d are no longer shown, but the ratio is plotted directly, as a function of
both angle of incidence and film thickness. The scaling challenge is addressed by coloring custom
contour levels, regardless of the extent of the data. In our example, values of |(LLL)y/(LLL)o|?
(or |L4/L%|? in the case of the individual beams) are red if they are greater than 100, and yellow
for 10 < [(LLL)4/(LLL)y|> < 100. Highlighting these custom contours simultaneously solves the
reciprocal issue, as |(LLL),/(LLL)o|* < 0.01 are dark blue and 0.001 < [(LLL)y/(LLL)|> < 0.1
are cyan. All other values (0.1 < |(LLL)y/(LLL)o|*> < 10 are left white. In other words, white
indicates that there is most likely insufficient selectivity of the two interfaces to make a distinction,
and so that combination of thickness and angle is not useful.

A quick inspection of these results immediately reveals that external reflection geometries
cannot, in general, be used to isolate contributions from a dielectric substrate—organic film vs
film—air interface. For the internal reflection geometries, selectivity is possible, but only at angles
above the critical angle. The rightmost column of Fig. 5 is the only required piece of information to
make experimental decisions, but the relative contributions of the SFG, visible, and infrared beams
may be used to understand the final results. There is no combination of film thickness or angle that
achieves selectivity of the infrared field at any interface. However, the multiplicative selectivity of
the SFG and visible beams is sufficient to create geometries that are selective for either interface.
One additional feature has been incorporated into Fig. 5. Just because the ratio |(LLL)y/(LLL)o|?
is large, doesn’t mean that [(LLL)y|? is of appreciable magnitude. In other words, it is not worth

designing an experiment if the number of SFG counts will be below the noise level. We therefore
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Figure 5: Ratio of the mean square fields L/ L° as a function of film thickness and angle of incidence
for the SFG beam (left column), visible (second column), infrared (third column), and product of
the three factors (|(LLL)y/(LLL)o|?, right column) for the case of external reflection (top row), and
internal reflection with the environmental side of the PDMS being air (second row), FC40 (third
row), or water (bottom row). Based on the local fields alone (i.e. no weighting from the relative X(z)
contributions), white indicates insufficient selectivity for either interface. Values of thickness and
angle that produce good selectivity (|(LLL)y/(LLL)o|*> > 10) for the environmental side indicated
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incorporate one additional constraint in that [(LLL)y|> must be greater than a threshold value, or
else |(LLL)y/(LLL)o|? is colored white (instead of yellow or red). This value can be selected
based on the sensitivity of the detector, of magnitude of the expected y® value. In this case, we

have chosen unity. Likewise, cyan or blue is drawn only in the case where |(LLL)o|* > 1.

Experimental Demonstration

We now use the above models to present results for PDMS spectra at the surface of fused silica,
air, a perfluorinated liquid (FC40), and water. There are a total of six possible experiments that
can be performed, as illustrated in Fig. 6. A typical workflow requires preparing a film close to
the desired target thickness for the planned angle of incidence. For example, if we desire a film
with a thickness of 400 nm, the crosshairs in Fig. 2a indicate that we should aim for a 6.5% wt/wt
solution for casting at 5000 rpm. However, after this film was prepared, instead of the anticipated
56,000 counts of Raman for the 2905 cm™! peak (dashed crosshairs in Fig. 2b), 50,680 counts were
obtained (solid crosshairs), indicating that we have made a film with a thickness of 362 nm, and

the corresponding angles of incidence are recalculated.

o silica-PDMS silica-PDMS

6, =78° 6, =76°
PDMS-air
0,,=72° FC40 water
4 N, CAAD 7 N,
/'/ \\\ /'/ \\\ /'/ \\\
’ “a /’ o R4 ™, "
silica-PDMS PDMS—water PDMS-FC40
0, =45° 0, = 68° 0, = 66°

Figure 6: Six possible experiments that can be performed with PDMS on silica, adjacent to air,
water, and FC40. In each case, O1gr = 0yis + 9.8°.

Now we simply need to vary the angle of incidence as depicted in Fig. 6 to selectively probe

one of the two possible interfaces. Out of the six experiments performed with silica—PDMS-air,
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silica-PDMS-FC40, and silica-PDMS—water, we anticipated that the data obtained from the three
silica-PDMS interfaces (z = 0) should be similar, and this is demonstrated in Fig. 7a. On the
other hand, when we probe the environmental sides we observed significantly different SFG spectra
depending on the media it came in contact with. Two major peaks for PDMS are at 2910 cm™! for
the symmetric stretching and 2955 cm™! for the antisymmetric stretching of the CH3 group. ®4>-0
A mode near 2880 cm™! has also been reported for the symmetric CH, stretch.*>#34547 The ratio
of the 2910 cm™! and 2955 cm~! modes has previously been observed to change depending on the
hydrophobicity of the environment the CH3 groups are interacting with, as PDMS has been shown
to restructure when placed under water.*>#>! It has also been reported that 2910 cm™! is the most
intense mode when the environment is hydrophobic (air and FC40 in our case), whereas the intensity
of the 2955 cm™! is higher when the media is hydrophilic (water and glass in our case).*>*>! All
the SFG spectra from the silica—PDMS interface obtained from the different experiments showed
a predominant peak at 2955 cm™~! with a shoulder at 2910 cm™! owing to the hydrophilicity of the
silica. PDMS—water also produced a similar spectrum as shown in Fig. 7b. On the contrary, for
hydrophobic media we observed a flipping of relative intensity of these two peaks. Although FC40
is considered to be ultra hydrophobic, we found that the CH3 antisymmetric stretching intensity
was higher than that observed at the PDMS—air interface. This points to a difference in molecular
interaction that is also indicated by a 10 cm™! spectral shift from 2950 cm™~! for FC40 to 2960 cm™!
for air.

These results are intriguing as, for a fixed film thickness, the prism—film interface (z = 0) can
be probed with a given set of angles, the film—air interface (z = d) with another set of angles, and
then an aqueous solution can be introduced to study the film restructuring (at z = d) simply by
rotating to a third set of angles. If the solution conditions are varied in the experiment, a setup
such as our motorized hemicylinder enables continuous monitoring of the film—solution interface
as long as the refractive index of medium 3 is known or can be estimated.

A point of caution is that the formalism presented here assumes only dipolar contributions

to y».32° However, one cannot rule out the possibility of quadrupolar contributions to %,
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Figure 7: SFG spectra corresponding to the 6 different scenarios presented in Fig. 6 and identified
in Fig. 5 for (a) the prism—film interface at z = 0 and (b) the film—air/FC40/water interfaces at
z=d.

as has been demonstrated in several experiments.>>® Selectively probing the interface at z = d
necessitates the visible and infrared beams traversing the polymer film, so quadrupolar contributions
may be significant. However, in cases where measurements of sufficiently thick films is possible
in both internal and external reflection geometries, the spectra may be compared to those obtained

for thin films.

Conclusions

We have provided explicit expressions for the commonly-encountered case of a film deposited on a

substrate with SFG potentially originating at the first (z = 0) or second (z = d) interface. In the case
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of external reflection (where the air—film interface is located at z = 0) there is no combination of
thickness or angle that can selectively probe either interface when the film is coated on a dielectric
substrate. However, the two interfaces can be selectively probed when using an internal reflection
geometry. By plotting the ratio of the local field factors at z = d to those at z = 0 using a logarithmic
coloring scheme, suitable values of the film thickness and angles may be readily identified, even
without any prior knowledge of the relative magnitude and phase of the y® contributions at either

interface.
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