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Abstract: In this paper, we present an improved reflectometric interference spectroscopy (RIfS) sensor
principle which is suitable for thin films. The conventional RIfS technique is an appropriate method
to detect interfacial interactions at the solid–gas or solid–liquid interface in the case of thin films with
a thickness of a few hundred nanometers, but when a significantly lower layer thickness (~100 nm)
is required, the method is barely usable. By applying polarized reflected light and monitoring the
ratio of the p- and s-polarized components, a characteristic curve can be obtained with one or a few
local extreme value(s) with significantly favorable intensity ratios compared to the conventional
method. In this work we studied the effect of film thickness, incident angle and the refractive indices
of the thin film, the medium and the substrate. As a main result, it was demonstrated that the
sensitivity of the PRIfS method is 4–7 times higher than that of the conventional technique near a
critical angle. In simulated adsorption experiments, it was determined that the sensitivity of RIfS is
around 550 nm/RIU (refractive index unit), while it is 1825 and 3966 nm/RIU for PRIfS in gas and
aqueous phase, respectively.

Keywords: polarized reflectometric interference; spectroscopy; thin films; optical fiber refractometer

1. Introduction

The monitoring of molecule adsorption or nanoparticle adhesion on different surfaces is based
on the measurement of the surface excess. Several methods are known in the literature to detect the
presence of any adsorbate: electric (resistive [1–3] and capacitive [4,5]) techniques operate mainly
in the gas phase as volatile organic compound (VOC) sensors [6,7], while optical methods can be
used both in gas and aqueous medium, mainly as biosensors. The latter group can be divided into
plasmonic [8–10], waveguide [11,12] and reflectometric devices.

Reflectometric interference spectroscopy is an optical method suitable for thin film
characterization [13–16], as well as for sensorial applications in aqueous [17,18] and gas phase [6,19,20].
The RIfS technique is based on the spectral shift of the interference pattern of Fabry-Perot fringes
reflected from thin films with a few hundred nanometers of layer thickness. The wavelength shift
is caused by the adsorption or adhesion of molecules or nanoparticles, and thus it is applicable as a
biosensor or VOC sensor. The advantage of this technique is the extensive detection layer: it can be up
to a few hundred nanometers, making it capable of the detection of bacteria or cells, for example [21,22].
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However, the drawback of the method is that a relatively high film thickness (200–600 nm) is required
to obtain the interference pattern [23–28], mainly in the case of FT-RIfS (Reflective Interferometric
Fourier Transform Spectroscopy), where the sensing layer (substrate) is highly ordered nanoporous
anodic aluminum oxide (AAO) with a layer thickness of a few micrometers [22,29,30]. By using high
refractive index materials (e.g., SiN), the thickness of the sensing layer can be slightly reduced [31–33].

In this work, we made an attempt to examine the application of polarized light for reducing
the sensing layer thickness, even in the case of low refractive index materials. Compared to the
conventional RIfS technique, a polarizer is used in front of the detector, and in this manner only
the p- or s-polarized component of the reflected light reaches the detector. We also demonstrated
detailed calculations about how the film thickness, the angle of incidence and the refractive index of
the thin film, the substrate and the medium affect the shape and intensity conditions of the calculated
curves, which are the ratio of the p- and s-polarized components of the reflected light. Furthermore,
we demonstrated through simulated adsorption experiments that the sensitivity of the PRIfS curve is
four to six times higher than the conventional RIfS method near a critical angle: the sensitivity of RIfS is
around 550 nm/RIU, while it is 1825 and 3966 nm/RIU for PRIfS in gas and aqueous phase, respectively.
A further study of the experimental implementation of the method can substantiate our results.

2. Methods

The conception of the polarization reflectometric interference spectroscopy (PRIfS) method is
similar to the conventional RIfS technique, the difference lies only in the implementation of the
measurement. Figure 1 shows the schematic diagram of a typical reflectometric setup (with a polarizer)
and calculation of the most notable parameters:
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Figure 1. The schematic diagram of a typical reflectometric interference setup and thin film model
for the calculations: n, ε, r and t mark refractive index, refraction angle, reflection and transmission
amplitudes (calculated by Fresnel equations), and the indices 0, 1 and 2 represent medium, thin film and
substrate, respectively. The curves show the spectrum of the light source and the measured reflectance
(which is defined here as the ratio of the s- and p-polarized component).

2.1. The Reflectometric Interference Spectroscopy Principle

In the case of the conventional RIfS method, the reflected intensity from a thin film can be
calculated by the complex amplitude method [15]. The intensity is proportional to the square of
the amplitude:

IR ∼ A2 =
(
A·eiθ

)(
A·e−iθ

)
(1)



Photonics 2019, 6, 76 3 of 17

where the complex amplitude is (see notations on Figure 1, ray1 and ray2):

A·eiθ = a·r01 + a·t01r12t10·eiδ (2)

δ is the phase difference between the two rays (ray1 and ray2), which can be expressed by the
optical path length difference (∆):

δ =
2π
λ

∆ =
2π
λ
·2n1d·cosε1 (3)

where d is the thin film thickness and λ is the wavelength. We note that there is an exp(iπ) phase shift
at the air/film interface, as well as at the film/substrate phase boundary, if n2 > n1, and the resultant of
the double phase shift is zero. The reflection and transmission amplitude parameters in Equation (2)
can be calculated by the following equations:

ri j =
ni − n j

ni + n j
(4)

t01 = 1− r01 (5)

t10 =
1− r2

01

t01
(6)

The reflected intensity from the surface of a thin film is described by Equation (7):

IR ∼ r2
01 + r2

12

(
1− r2

01

)2
+ 2r01r12(1− r01)

2cos
(

4πn1d·cosε1

λ

)
(7)

This equation describes a typical reflectometric interference spectrum decorated with the
interference pattern of Fabry-Perot fringes (see Figure 2A). Equations (4)–(6) show that the calculation
ignores the polarization effect.
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Figure 2. The calculated reflectance curves from a thin film with a thickness d = 800 nm and an
effective refractive index n1 = 1.38 (using SF10 substrate with n2 = 1.7, in air, ε0 = 35◦): (A) The
conventional reflectance (RIfS) curve with the interference pattern, calculated by Equation (7); (B) The
s- and p-polarized components of (A) and their average, calculated by Equations (12) and (13); (C) The
polarized reflectance curve, which can be measured as the ratio of s- and p-polarized components,
calculated by Equation (14).

2.2. The Polarization Reflectometric Interference Spectroscopy Principle

In the case of the polarization reflectometric interference principle, the r01, r12, t01 and t12
amplitudes are calculated in different ways depending on the polarization state (s: senkrecht and p:
parallel) [34].

ri j,s =
ni cos(εi) − n j cos(ε j)

ni cos(εi) + n j cos
(
ε j

) (8)
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ri j,p =
n j cos(εi) − ni cos(ε j)

n j cos(εi) + ni cos
(
ε j

) (9)

ti j,s =
2ni cos(εi)

ni cos(εi) + n j cos
(
ε j

) (10)

ti j,p =
2ni cos(εi)

n j cos(εi) + ni cos
(
ε j

) (11)

The equations clearly show that the technique is limited to oblique incidence (ε0 > 0◦), otherwise
the reflection amplitudes in Equations (7) and (8) become equal to each other and to the coefficient in
Equation (4) and the polarization effect ceases (see Figure A1b). These reflection amplitude values are
included in the IR equations, similarly to in Equation (7):

IR,s ∼ r2
01,s + r2

12,s

(
1− r2

01,s

)2
+ 2r01,sr12,s(1− r01,s)

2cos
(

4πn1d·cosε1

λ

)
(12)

IR,p ∼ r2
01,p + r2

12,p

(
1− r2

01,p

)2
+ 2r01,pr12,p

(
1− r01,p

)2
cos

(
4πn1d·cosε1

λ

)
(13)

The difference between the RIfS and PRIfS methods lies in the measurement techniques. While
the detector measures the average of all the polarization states in the former case, the ratio of the s- and
p-polarized reflected intensity is measured by using a polarizer in the latter (Equation (14)).

IR,PRI f S = IR,p/IR,s (14)

This difference is illustrated on Figure 2: (A) is a conventional RIfS spectrum, (B) presents the
s- and p-polarized spectra and their average, whereas (C) shows the ratio of the s- and p-polarized
components of the spectrum (when the thickness and refractive index of the thin film are d = 800 nm
and n1 = 1.38, respectively, using a substrate with n2 = 1.7, in air, ε0 = 35◦).

3. Results and Discussion

The difference between the conventional and polarized RIfS techniques was demonstrated by
Equations (7), (12)–(14). It is clear that the reflected intensity pattern (IR) depends on several explicit
and implicit parameters which are included in the components of the summation. While the explicit
parameters are the film thickness (d), the refraction angle (ε1) and the refractive index of the film (the
sensing layer) (n1), the implicit parameters are included in the reflection and transmission amplitudes
(in conventional and polarized cases, Equations (4)–(6), (8)–(11), respectively), namely the refractive
indices of the medium (n0), the film (n1) and the substrate (n2). The dependence of the reflected
intensity on these parameters are demonstrated in Sections 3.1–3.3, while two simulated, time-resolved
adsorption experiments are presented in Sections 3.4 and 3.5.

Considering that the RIfS curve is the average of all the polarization states, therefore RIfS, Rs and
Rp curves are hardly different (see Figure 2A,B) (except near the Brewster angle, where Rp ≈ 0,
see Figures A1–A4 in Appendix A), only the RS and RP curves are shown in Figures 3–5 for the sake
of visual clarity. For similar reasons, the refractive indices of the thin film and the substrates are
indicated as constant values (average value in the λ = 400–800 nm wavelength range); however, in the
calculations, the characteristic n2(λ) (dispersion) functions are used (fused silica [35] and SF10 [36]
glasses). Assuming that the thin film materials are weakly or non-absorbent in the investigated (visible)
wavelength range (e.g., ZnO, TiO2), the refractive indices of the thin films are considered to be real.
In the case of absorbing materials, the refractive index should be extended to the complex value (η),
introducing k as the extinction coefficient (η = n + ik). On the other hand, it should be noted that the
low effective refractive index (RI) value (1.1 < n1 < 1.6) is a typical feature in the case of polymer or
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porous nanostructured thin films in sensorial applications, while the higher RI values are characteristic
to sputtered layers, for example in antireflective and low-E coatings.

3.1. The Film Thickness (d)

Figure 3 shows the calculated reflectance curves from a thin film with an effective refractive index
of n1 = 1.21 and different film thicknesses, d = 110, 135 and 160 nm (Figure 3A,B, Figure 3C,D and
Figure 3E,F, respectively).
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Figure 3. The calculated reflectance curves from thin films with an effective refractive index of n1 = 1.21
and different film thicknesses (A,B), (C,D) and (E,F), d = 110, 135 and 160 nm, respectively (using fused
silica substrate with n2 = 1.46, in air, ε0 = 30◦): (A,C,E) The s- and p-polarized components of the
conventional RIfS curves (Equations (12) and (13)) and the zoom in the region where RS and RP curves
get closer; (B,D,F) the ratio of the s- and p-polarized components (Equation (14)).

The angle of incidence is ε0 = 30◦, the RI of the medium is n0 = 1 (gas phase) and the model
substrate is fused silica glass (n2 = 1.46), since these are typical gas phase VOC sensor conditions [6],
except the low layer thickness which is much lower than the suitable value in RIfS technique. It can be
observed in Figure 3A,C,E that the interference pattern barely appears because of the low sensing layer
thickness, compared to Figure 2B (d = 800 nm). In contrast, when the ratio of the s- and p-polarized
components is measured, the obtained reflectance curve has a definite extreme value (edge). These
curves (corresponding to different layer thicknesses) have the similar shape, contrast and FWHM
(full width at half maximum) with the increase in layer thickness d, while only the edge shifts toward
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the higher values (red shift) (see Figure 3B,D,F). The wavelength shift, and thereby the wavelength of
the edge can be precisely tuned: the scaling factor is λ/d = 4.5 nm/nm.

3.2. The Refractive Index of the Medium (n0), the Thin Film (n1) and the Substrate (n2)

In Section 3.1, it was presented that the shape of the PRIfS curve does not vary with the increase in
layer thickness d, only the corresponding wavelength of the edge shows a red shift. In contrast, if the
refractive index of the medium, the sensing layer or the substrate are varied, then both the wavelength
of the edge and the intensity contrast (FWHM) also change (Figure 4).
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Figure 4. The calculated polarized reflectance curves from thin films with a film thickness of d = 110 nm
and different effective refractive indices (using fused silica substrate with n2 = 1.46, in air, ε0 = 35◦):
(A,C,E) The s- and p-polarized components of the conventional RIfS curves (from Equations (12)
and (13)); and (B,D,F) The ratio of the s- and p-polarized components (from Equation (14)) in the case of
n1 = 1.21, 1.32 and 1.52 thin film refractive indices, respectively; n1 values are optimized and calculated
as the geometric mean of n0 and n2.

It has to be noted that the optimal refractive index matching condition is the geometric mean
between the refractive indices of the medium and the substrate. Three optimal cases are presented
in Figure 4: in the gas phase (n0 = 1), the optimal thin film refractive index is n1 = 1.21 when fused
silica substrate (n2 = 1.46) is used (Figure 4A,B). Similarly, n1 = 1.32 or n1 = 1.52 thin film refractive
indices are the optimal values in the case of SF10 substrate in air (Figure 4C,D) or in aqueous phase
(Figure 4E,F), respectively. Furthermore, it can be observed that the contrast and the FWHM of the
curves are determined by the refractive index difference between two adjacent media (ni and nj in
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Equation (4), which can be n0 and n1, or n1 and n2, as the refractive indices of the medium and the
thin film, or the thin film and the substrate, respectively). It can be established that the higher refractive
index difference results in greater contrast (∆R = 0.55) and FWHM (∆λ = 100 nm), when the RS and
RP curves are almost parallel in the region of interest (see Figure 4C, zoom), compared to the lower
RI difference with diverging RS and RP curves (∆R = 0.4 and ∆λ = 70 nm, Figure 4B,D). The further
advantage of the proper RI matching, i.e., the geometric mean, is that the Brewster angle (ΘB)
will be the same at the medium/film and film/substrate interfaces [ΘB = arctan(n1/n0) = arctan(n2/n1)].
In Sections 3.4 and 3.5, these optimal conditions will be examined in simulated absorption experiments:
for sensorial measurements in gas phase, thin films with low refractive index are applicable, while in
aqueous phase a relatively high (n1~1.5) RI is required. The RI increase can be achieved by applying
materials with higher refractive index (e.g., SiN, TiO2) or by decreasing the porosity of the sensing layer.Photonics 2019, 6, x 8 of 18 
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Figure 5. (A) The calculated (s- and p-polarized) reflectance curves and (B) their ratio as the function of
the incident angle (ε0) for a gas/thin film interface with n0 = 1 and n1 = 1.21; (C,E,G): The calculated (s-
and p-polarized) reflectometric interference curves and (D,F,H) their ratios in the case of an n1 = 1.21
and d = 110 nm thin film on fused silica substrate (n2 = 1.46), in air, with different incident angles,
ε0 = 35, 41.5 and 50◦, respectively.
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3.3. The Angle of Incidence (ε0)

In Sections 3.1 and 3.2, the effect of the thin film thickness and the ratio of the n0, n1, n2 values
were investigated. This section focuses on another important (certainly the most important) parameter,
namely, the angle of incidence. The selected parameters are n0 = 1, n1 = 1.21, n2 = 1.46 and d = 110 nm,
while the angles are ε0 = 35, 41.5 and 50◦. The results are presented in Figure 5. At the interface of
the medium and the thin film the Brewster angle is ΘB = 50.4◦ with these conditions (see Figure 5A,B
and Figure A1), where the parallel component of the reflectance is zero and near this angle the PRIfS
curve has a maximum extreme value (Figure 5G,H). By decreasing the incident angle to 35◦, where
the Rp/Rs ratio is 0.2, the edge shows a red shift, as expected, and the curve has a minimum extreme
value (Figure 5C,D). Between these two angles (around ε0 = 41◦), there is a transition region where the
contrast of the curve is extremely unfavorable (Figure 5F) and the transition between the minimum
and maximum can be observed by zooming (Figure 5F inset). This region is important for two reasons:
(1) sensorial applications based on polarized reflectometric interference spectroscopy cannot be carried
out in this wavelength range; (2) the optical responses (∆I and ∆λ) of PRIfS technique are 4–7 times
higher near this domain, depending on the type of the medium (gas or liquid). Both statements will be
verified in the next subsections. These observations and findings are the same in an aqueous medium,
with the exception that the Brewster angle is ΘB,AQ = 48.8◦.

3.4. Simulating an Immobilization Measurement in Aqueous Phase

In Sections 3.1–3.3, we presented the benefits of using polarized reflected light in reflectometric
interference spectroscopy measurements and the optimal conditions were discussed. In this
section, a model experiment is presented simulating an adsorption/adhesion/immobilization process.
The chosen physical parameters of the model system are the optimal values for the gas phase,
as described in Sections 3.2 and 3.3. Accordingly, the selected parameters are n0 = 1.333 (aq. medium),
d = 110 nm, n1 = 1.52, n2 = 1.73 and ε0 = 42.2◦ (Figure 6).
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Figure 6. The calculated reflectometric interference curves for (A) the conventional and (B) the
polarization method, in the case of an n1 = 1.52 and d = 110 nm thin film on SF10 substrate (n2 = 1.73),
in aqueous medium, by applying an incident angle of ε0 = 42.2◦; during the measurement ∆R and ∆λ
values are monitored as the function of ∆n1; (C,D) The region of interest zooms to the red shift of the
RIfS and PRIfS curves, while n1 increases from 1.52 to 1.526.
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In a typical adsorption (immobilization) measurement, and here, during the simulated process,
three major steps are examined (see Figure 7B): 1. the dilute solution of the tested molecule reaches
the measurement cell, n0 (near the surface of the sensing layer) is increasing from 1.333 to 1.3333
(∆n0 = 0.0003); 2. the adsorption/immobilization process occurs, so n1 increases (from 1.52 to 1.526,
∆n1 = 0.006), indicating the (permanent) presence of the surface excess; 3. the measurement cell is
rinsed by pure solvent, n0 decreases from 1.3333 to 1.333, only the immobilized molecules remain.Photonics 2019, 6, x 10 of 18 
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Figure 7. The results of the simulated model experiment: (A) The ∆I curves for the conventional
(RIfS ∆I) and the polarized (PRIfS ∆I) cases due to ∆n0 = ± 0.0003 (steps 1. and 3.) or ∆n1 = 0.006
(adsorption, step 2.); (B) Schematic drawings of the steps: 1. the dilute solution of the analyte reaches
the measurement cell, 2. the immobilization process, 3. rinsing of the measurement cell; (C) The ∆λ
curves for the conventional (RIfS ∆λ) and the polarized (PRIfS ∆λ) cases due to ∆n0 = ± 0.0003 (ranges
1. and 3.) or ∆n1 = 0.006 (adsorption, range 2.).

The comparison of RIfS and PRIfS curves is presented on Figure 6A–D. As a result of ∆n1 = 0.006,
the wavelength shift of the conventional technique is much lower than the ∆λ values of the polarized
method, as well as the intensity conditions of the latter one being more favorable. However, it can be
observed that the contrast of the PRIfS curve is significantly decreased during the process.

Quantitatively: Figure 7A,C shows the ∆I and ∆λ curves as the function of the process steps
(which can be converted to time in an actual experiment). It can be seen that during the adsorption
process, the intensity variations of the conventional and polarized techniques are not on the same
scale: ∆I values of PRIfS are higher by two orders of magnitude than RIfS (−0.0921 and 0.00015,
respectively). Similar results can be observed in the case of the wavelength shifts: ∆λRIfS = 3.4 nm,
while ∆λPRIfS = 23.8 nm, which is a seven-fold difference. The calculated sensitivities for RIfS and
PRIfS methods are 566 and 3966 nm/RIU (refractive index unit), respectively.
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The simulated experiment presented in Figure 7 was carried out by applying an incident angle
of ε0 = 42.2◦. Figure 8 shows the ∆I and the ∆λ values as the function of ε0 corresponding to step#9
when ∆n1 = 0.006 and ∆n0 = 0.0003. The similar efficiency of the two methods can be observed at
low angle of incidence values and near the Brewster angle (Figure 8A), as well as, the significant
improvement of the PRIfS technique near the transition region (see Figure 5F) and the two orders of
magnitude difference in ∆I values (Figure 8B). ∆λ values in the transition domain are unrealistically
high (~100 nm); thus, the simulations cannot be carried out. However, it should be noted that the
model experiments are running by assuming ideal attributes, but the real laboratory conditions and
the quality of the prepared thin films (such as surface roughness, layer thickness and refractive index
inhomogeneity, spot size of the light, etc.) may reduce the ideal nature of the curves. The simulated
∆λ sensorgrams corresponding to ε0 = 42.2, 43 and 45◦ incident angles (near the transition region) are
presented in Figure 9A,B (RIfS and PRIfS, respectively).Photonics 2019, 6, x 11 of 18 
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Figure 8. Maximal (A) ∆λ and (B) ∆I responses of RIfS (yellow) and PRIfS (blue) techniques due to
∆n0 = 0.0003 and ∆n1 = 0.006 refractive index changes as the function of the incident angle ε0, in the
case of a thin film with d = 110 nm and n1 = 1.52 on SF10 substrate, in aqueous medium.
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Figure 9. ∆λ sensorgrams of (A) RIfS and (B) PRIfS techniques at different incident angles (ε0 = 42.2,
43 and 45◦), due to ∆n0 = ± 0.0003 (steps #1–3 and #10–12) and ∆n1 = 0.006 (steps #4–9) refractive index
changes, in the case of a thin film with d = 110 nm and n1 = 1.52 on SF10 substrate, in aqueous medium.
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3.5. Simulating an Absorption Measurement in Gas Phase

Similar to the simulated immobilization measurement in aqueous phase, a model experiment was
carried out by assuming gas phase. The selected parameters were optimal according to Sections 3.2
and 3.3: n0 = 1 (air), d = 110 nm, n1 = 1.21, n2 = 1.46 and ε0 = 44◦, as presented in Figure 10. Similar to
the aqueous medium, the comparison of RIfS and PRIfS curves revealed that the wavelength shift of the
conventional technique is much lower than the ∆λ values of the polarized method. In addition, it can
be observed, that the contrast and the FWHM of the PRIfS curve was not changed significantly during
the simulated adsorption process compared to the test carried out in the aqueous phase. The resulting
peak values were ∆λRIfS = 2.2 nm and ∆λPRIfS = 7.3 nm (see Figure 11C); therefore, the sensitivities
were 550 and 1825 nm/RIU for the conventional and the polarized method, respectively, which is
almost a four-fold difference. Furthermore, there is a three orders of magnitude difference between the
two methods in the ∆I values (see Figure 11A).

Photonics 2019, 6, x 12 of 18 

 

method. In addition, it can be observed, that the contrast and the FWHM of the PRIfS curve was not 

changed significantly during the simulated adsorption process compared to the test carried out in 

the aqueous phase. The resulting peak values were ΔλRIfS = 2.2 nm and ΔλPRIfS = 7.3 nm (see Figure 

11C); therefore, the sensitivities were 550 and 1825 nm/RIU for the conventional and the polarized 

method, respectively, which is almost a four-fold difference. Furthermore, there is a three orders of 

magnitude difference between the two methods in the ΔI values (see Figure 11A).  

 

Figure 10. The calculated reflectometric interference curves for (A) the conventional and (B) the 

polarization method, in the case of an n1=1.21 and d=110 nm thin film on fused silica substrate 

(n2=1.46), in air, by applying an incident angle of ε0=44°; during the measurement, ΔR and Δλ values 

are monitored as a function of Δn1; (C,D) The region of interest zooms to the red shift of the RIfS and 

PRIfS curves, while n1 increases from 1.21 to 1.214. 

The methodology, i.e., the process of the simulation, is slightly different from the immobilization 

model experiments in the aqueous phase because in this case a reversible adsorption process is 

studied. The process is demonstrated in Figure 11B, where the steps are: 1. the tested molecules reach 

the measurement cell by the carrier gas (e.g., N2) flow, n0 (near the surface of the sensing layer) 

increases from 1 to 1.0002 (Δn0 = 0.0002); 2. the adsorption process occurs, so n1 increases (from 1.21 

to 1.214, Δn1 = 0.004) because of the reversible physisorbed test molecules; 3. the measurement cell is 

rinsed by the pure carrier gas, n0 decreases from 1.0002 to 1; while 4. the weakly physisorbed test 
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Figure 10. The calculated reflectometric interference curves for (A) the conventional and (B) the
polarization method, in the case of an n1 = 1.21 and d = 110 nm thin film on fused silica substrate
(n2 = 1.46), in air, by applying an incident angle of ε0 = 44◦; during the measurement, ∆R and ∆λ values
are monitored as a function of ∆n1; (C,D) The region of interest zooms to the red shift of the RIfS and
PRIfS curves, while n1 increases from 1.21 to 1.214.

The methodology, i.e., the process of the simulation, is slightly different from the immobilization
model experiments in the aqueous phase because in this case a reversible adsorption process is studied.
The process is demonstrated in Figure 11B, where the steps are: 1. the tested molecules reach the
measurement cell by the carrier gas (e.g., N2) flow, n0 (near the surface of the sensing layer) increases
from 1 to 1.0002 (∆n0 = 0.0002); 2. the adsorption process occurs, so n1 increases (from 1.21 to 1.214,
∆n1 = 0.004) because of the reversible physisorbed test molecules; 3. the measurement cell is rinsed by
the pure carrier gas, n0 decreases from 1.0002 to 1; while 4. the weakly physisorbed test molecules
leave the surface, and the pores (n1 decreases from 1.214 to 1.21), finally the original state is restored,
and there is no permanent surface excess.
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Figure 11. The results of the simulated model experiment: (A) The ∆I curves for the conventional
(RIfS ∆I) and the polarized (PRIfS ∆I) cases due to ∆n0 = ±0.0002 (steps 1. and 3.) or ∆n1 = ±0.004
(adsorption, step 2.; desorption, step 4.); (B) Schematic drawing of the steps: 1. the tested molecules
reach the measurement cell by the carrier gas (e.g., N2) flow; 2. the adsorption process occurs; 3. the
measurement cell is rinsed by the pure carrier gas; while 4. the weakly physisorbed test molecules leave
the surface and the pores; (C) The ∆λ curves for the conventional (RIfS ∆λ) and the polarized (PRIfS
∆λ) cases due to ∆n0 = ±0.0002 (ranges 1. and 3.) or ∆n1 = ±0.004 (adsorption, range 2.; desorption,
range 4.).

The simulated experiment presented in Figures 10 and 11 was repeated by applying incident
angles of ε0 = 44 and 45◦. The results are similar to the aqueous phase experiments: the PRIfS
method is significantly more efficient than the conventional technique near the transition domain
(see Figure 12A,B), while at low incident angle values and near the Brewster angle, the efficiency of
the two methods is comparable (see Figure 12C).
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Figure 12. ∆λ sensorgrams of (A) RIfS and (B) PRIfS techniques at different incident angles (ε0 = 44,
45 and 51◦), due to ∆n1 = ±0.004 refractive index changes (steps #4–9), in the case of a thin film with
d = 110 nm and n1 = 1.21 on fused silica substrate, in air; (C) Maximal ∆λ responses of RIfS (yellow) and
PRIfS (blue) techniques due to ∆n0 = 0.0002 and ∆n1 = 0.004 refractive index changes as the function of
the incident angle ε0.

4. Conclusions

In this work, we presented a reflectometric interference sensor applying polarized reflected light.
The effect of the refractive indices of the medium, the sensing layer and the substrate, as well as
the thin film thickness and the angle of incidence were studied. It was established that the optimal
refractive index setting is a crucial condition, namely, the thin films refractive index should be near
the geometric mean of the medium and substrate RI. In addition, it was found that the polarization
reflectometric interference technique can be used even in the case of films with a layer thickness of
d < 150 nm. When examining the effect of the incident angle, we observed that there was a transition
region around a critical angle, between the low angles and the Brewster angle, where the contrast
of the PRIfS curves considerably decreased, but near this domain the efficiency of the technique
significantly increased. Simulated model experiments revealed that the sensitivity of the PRIfS method
is nearly four times higher (RIfS: 550 nm/RIU, PRIfS: 1825 nm/RIU) in the gas phase, due to the
variation of 0.004 in the sensing layers refractive index, caused by the adsorption/immobilization of
test molecules. Similarly, in simulations run in the aqueous phase the difference in was seven-fold:
RIfS: 566 nm/RIU, PRIfS: 3966 nm/RIU. Considering these values and assuming a spectral resolution of
10−3 nm, a sensitivity of 10−5–10−6 RIU can be achieved by the polarization reflectometric interference
technique, which is comparable with the sensitivity of the spectroscopic ellipsometry and surface
plasmon resonance methods.
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Figure A2. The calculated reflectance curves from a thin film with a thickness d = 110 nm and an
effective refractive index n1 = 1.21 (using fused silica substrate with n2 = 1.46, in air, ε0 = 35◦): (A) The
conventional reflectance (RIfS) curve, calculated by Equation (7); (B) The s- and p-polarized components
of (A), calculated by Equations (12) and (13) and (C) the polarized reflectance curve, which is defined
as the ratio of s- and p-polarized components, calculated by Equation (14).
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Figure A3. The calculated reflectance curves from a thin film with a thickness d = 110 nm and an
effective refractive index n1 = 1.21 (using fused silica substrate with n2 = 1.46, in air, ε0 = 50◦, near the
Brewster angle): (A) The conventional reflectance (RIfS) curve, calculated by Equation (7); (B) The s- and
p-polarized components of (A), calculated by Equations (12) and (13) and (C) the polarized reflectance
curve, which is defined as the ratio of s- and p-polarized components, calculated by Equation (14).
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14. Pál, E.; Sebők, D.; Hornok, V.; Dékány, I. Structural, optical, and adsorption properties of ZnO2/poly (acrylic
acid) hybrid thin porous films prepared by ionic strength controlled layer-by-layer method. J. Colloid
Interface Sci. 2009, 332, 173–182. [CrossRef]
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