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ABSTRACT. Infrared (IR) surface spectroscopic techniques commonly have long-term issues 

that 1) the multiple reflections of light in the substrate yield optical interference fringes in the 

absorption spectrum, and 2) the double-modulation of light at the interferometer in FT-IR makes 

a water-vapor-subtraction impossible. These measurement troubles often disturb the quantitative 

analysis of chemical bands of the analyte thin film. Multiple-angle incidence resolution 

spectrometry (MAIRS) is not an exception on this matter, either. In the present study, the long-

term common issues have first been resolved by fixing the angle of incidence at a large angle; 

whereas the polarization angle is changed. With this simple conceptual change of MAIRS, as a 

result, we are ready for concentrating on spectral analysis only without concerning about the 

measurement troubles. 
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INTRODUCTION 

Molecular structural analysis in an organic thin film is gaining importance year by year for 

strategic design of material functions of a thin-film device used in various kinds of organic 

electronics represented by photovoltaic devices, light emitting diodes, transistors and chemical 

sensors. The molecular structure should fully be revealed in terms of the crystallinity and 

orientation, since both factors in a thin film are often largely different from those of a bulk matter. 

Unexpectedly, analytical techniques of these key structural factors are still under development. 

The crystallography for the thin-film analysis is a little ahead to the molecular orientation analysis 

at the moment. Two-dimensional grazing-incidence X-ray diffraction (2D-GIXD) coupled with a 

synchrotron radiation source has recently been recognized rapidly as the most powerful technique 

for the thin-film crystallography.1-3 Even with the cutting-edge technique, regardless, the 

diffraction technique works limitedly on crystallized parts only, although polymorph is revealed 

in detail with a high accuracy. 

Molecular orientation analysis on spectroscopy is thus needed, and infrared (IR) 

spectroscopy is a first choice, since a spectrum provides the orientation information of each 

chemical group as well as the molecular conformation, packing and the molecular interaction. In 

recent years, various cutting-edge IR spectroscopic techniques for organic surface species have 

been proposed,4-10 which attracts great interests particularly for liquid-crystal polymers and 

supramolecular materials as well as organic semiconductors. With respect to the molecular 

orientation analysis in a thin film, multiple-angle incidence resolution spectrometry (MAIRS)8-11 

represented by the p-polarized MAIRS (pMAIRS)9 technique especially attracts keen attention for 

the uniquely high analytical accuracy, reproducibility and robustness even for a thin film having a 

surface roughness, which is not only for theoretical interest, but it is practically useful.12-17 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 4

MAIRS yields two spectra simultaneously from an identical thin-film sample revealing the 

in-plane (IP) and out-of-plane (OP) components of each transition moment (Figure 1), which have 

exactly the same surface selection rules as those of the conventional transmission and reflection-

absorption (RA) spectrometry, respectively.18 Therefore, the two spectra of MAIRS are named as 

MAIRS-IP and OP spectra. MAIRS is optimized, so that IP and OP spectra would have a common 

ordinate (absorbance) scale, which is a unique characteristic of MAIRS.11,19,20 This makes the 

molecular orientation at each band quite simple: the band intensity ratio of IP to OP spectra 

(𝐴 𝐴⁄ ) simply yields the orientation angle, 𝛼, with a high accuracy.11,15,20 

 

𝛼 tan
2𝐴
𝐴

  (1)  

 

 

The analytical accuracy of molecular orientation is comparable to that of spectroscopic 

ellipsometry as long as the sample thickness is less than ca. 500 nm.15 Another benefit of using 

Figure 1. Schematic of the MAIRS2 measurement system. A specific linear polarized ray
having an angle of 𝜙  is irradiated on the film at an angle of incidence of . For the
measurements, various polarization angles are employed, while the angle of incidence is not
changed. 
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MAIRS is that it requires very few a priori knowledge and assumption for the quantitative 

orientation analysis,15,20 as compared to other surface spectroscopic techniques such as vibrational 

sum frequency generation (SFG)21 and polarized Raman spectroscopy22,23. When MAIRS is 

coupled with a Fourier transform infrared (FT-IR) spectrometer,11 an additional benefit is obtained 

that the polymorph and crystallinity of analytes in a thin film can also be discussed on the accurate 

band position as related to the molecular orientation.14,16,17 

Here, we have a big problem that perfect subtraction of the many water-vapor related peaks 

in the fingerprint region is often difficult,24-26 and the remained derivative-shaped peaks make key 

bands of the thin film invisible as shown in Figure 2a. In a similar manner, the interference fringes 

appear on several substrates such as silicon (Si)27 and thin-glass plates28 because of multiple-

reflections in the substrate,29,30 which is further emphasized by the polarizer. Once the fringes 

appear, even a strong band cannot be analyzed (Figure 3 and Figure S1 in Supporting Information). 

In the present study, a newly modified MAIRS technique is proposed, which decisively solves 

both long-term severe problems of “water vapor” and “optical interference fringes” at a time in an 

ideal manner. 
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We have a simple question why the water-vapor subtraction is imperfectly done, even after 

the water-vapor spectrum is carefully prepared by using the same spectrometer. A big hint was 
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Figure 3. Oblique incidence transmission spectra
of pentacene thin films (50 nm) deposited on a Si
substrate with a thickness of 0.675 mm for s-
polarization (a) and p-polarization (b) after a
water-vapor subtraction. 
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Figure 2. Oblique incidence transmission spectra
of tetraphenylporphyrin (H2TPP) spin-coated thin
films deposited on Si (a) and CaF2 (b) measured
using p-polarized light after a water-vapor
subtraction. 
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given when the substrate was changed from Si to calcium fluoride (CaF2). Figure 2 presents some 

transmission spectra of a thin film deposited on Si and CaF2 measured at several angles of 

incidence. The water-vapor related peaks are beautifully removed on CaF2 (Figure 2b); whereas 

noisy peaks remain on Si at an angle less than 20° (Figure 2a). We hit on an idea that the reason 

should be attributed to the reflected light on Si going back to the interferometer, since the 

reflectance on Si is much higher than that on CaF2 because of the large difference of the refractive 

indices of substrate (𝑛 ) in the IR region, i.e., 𝑛 3.41 and 𝑛 1.40.31 For the normal 

incidence, the reflectivity, R, on Si and CaF2 are simply calculated to be 0.30 and 0.028, 

respectively, by using the following equation.9,11 The reflection on CaF2 can thus be ignored. 

 

𝑅
𝑛 1
𝑛 1

 (2)  

 

The reflected light on Si returns to the interferometer to be modulated again, which produces 

accidental “double modulation.” Since the double modulation is out of expectation of FT 

spectroscopy,11 this component should yield inaccurate inverse FT calculation giving a slight peak 

deformation, which would be the reason of the imperfect subtraction. 

To prevent the returning of light to the interferometer, the angle of incidence should be 

made far from nil (at least more than 10°) as found in Figure 2a. The idea of changing the angle 

close to Brewster’s angle of the substrate material, for example, is known to work for eliminating 

the optical fringes (Figure 3), too.32,33 Regardless, a small angle less than 10° is needed as long as 

the conventional MAIRS technique is employed.19 

Therefore, to make the best use of MAIRS for overcoming the two big matters at once, in 

the present study, an advanced MAIRS technique named “MAIRS2” is proposed: the angle of 
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incidence is fixed in a range of 30°–50° to avoid the two problems; whereas the polarization angle 

is changed instead (Figure 1). Details of the new techniques are described in a later section. As 

expected, the long-term problems of IR spectroscopy especially for thin film analysis have readily 

been solved by employing MAIRS2. Since the reproducibility is also quite good, MAIRS2 would 

be one of the most powerful spectroscopic techniques for thin film analysis. 

EXPERIMENTAL SECTION 

Sample preparation. Poly(2-perfluorobutyletyl acrylate) (C4FA) was kindly provided by 

Daikin Industries, Ltd. (Osaka, Japan). A C4FA film was prepared by reference to our previous 

work.19 A fluorocarbon-soluble solvent HCFC-225 (a mixture of 225ca and 225cb) was used as 

the solvent for C4FA, which was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, 

Japan). The HCFC-225 solution of C4FA at a concentration of 9.56 mg mL-1 was spin-coated on 

a Si substrate at 8000 rpm using an ACTIVE (Saitama, Japan) ACT-300D spin coater. A double-

side polished Si wafer having a thickness of 0.675 mm was purchased from Valqua FFT (Tokyo, 

Japan). The film thickness was determined to be about 50 nm by X-ray reflectivity measurements 

performed on a Rigaku (Tokyo, Japan) SuperLab X-ray diffractometer.  

MAIRS2 measurements. The MAIRS2 technique was constructed on a Thermo Fischer 

Scientific (Madison, WI) Nicolet iS50 FT-IR spectrometer equipped with a Thermo Fischer 

Scientific (Yokohama, Japan) automatic MAIRS equipment (TN 10-1500). The FT-modulated IR 

ray was passed through an angle-controllable wire-grid linear polarizer made of ZnSe incorporated 

in the spectrometer. The polarization angle was automatically changed from 0° to 90° by 15° steps 

where the angles of 0° and 90° correspond to the s- and p-polarizations, respectively. The angle of 

incidence was kept at 45° during the measurements, which is the optimal angle for a Si substrate 

as discussed later. A mercury cadmium telluride (MCT) detector was employed for detecting the 
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IR ray. The accumulation number of the single-beam measurements was 256 for each polarization 

angle. All the measurements were performed under a dry air condition. 

RESULTS AND DISCUSSION 

Principle of MAIRS2. The new analytical technique, MAIRS2, is constructed as a 

modification of the original MAIRS theory that is built on a framework using a regression equation 

as summarized briefly as follows. The IP and OP components of the single-beam spectra are 

calculated through the classical least square (CLS) regression equation.11 

 

𝑺
𝑟 , 𝑟 ,
𝑟 , 𝑟 ,

⋮ ⋮

𝑺
𝑺 𝑼 ≡ 𝑹

𝑺
𝑺 𝑼 

𝑺
𝑺 𝑹 𝑹 𝑹 𝑺  

(3)  

 

Here, 𝑺  involves a set of single-beam spectra measured at various angles of incidence. 

These observed spectra are decomposed to have the IP and OP single-beam spectra (denoted as 

𝑺  and 𝑺 , respectively) by using the R matrix depending on only the angle of incidence, θ, 

where the U matrix contains a non-linear response to R. Details of the R and U matrixes are 

described in the original paper.10 

As found in eq 3, the intensity of an un-polarized IR-ray at each angle of incidence is a 

linear combination of the two orthogonal-polarization components, i.e., IP and OP. Here, the s-

polarization contributes only to IP in terms of the electric vector irrespective of θ. The p-

polarization, on the other hand, contributes to both IP and OP with an intensity ratio of 

sin 𝜃 tan 𝜃 cos 𝜃 ∶ tan 𝜃 , respectively. As a result, the matrix elements of R at 𝜃  are 
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1 sin 𝜃 tan 𝜃 cos 𝜃  and tan 𝜃 .10 If the polarization dependence of the spectrometer, 𝛾, 

is taken into account, the R matrix is changed to be: 

 

𝑹 𝛾 sin 𝜃 tan 𝜃 cos 𝜃 tan 𝜃
⋮ ⋮

 (4)  

 

Here, 𝛾 is defined as the intensity ratio of the s-polarized light to the p-polarized one at a 

wavenumber when measured with nothing in the sample room (blank).18  

 

𝛾 ≡
𝑆

𝑆

𝑆

𝑆

𝑇
𝑇

 (5)  

 

In practice, however, the background (BG) measurements are performed with a substrate 

to have 𝑆  and 𝑆 . Therefore, the correlation between 𝑆  (𝑆 ) and 𝑆  (𝑆 ) is needed 

for convenience. The correlation is simply obtained by using the transmittance of the substrate, 

𝑇 , as 𝑆 𝑆 𝑇 , which is found in eq 5. Fortunately, 𝑇  can be calculated by using the 

refractive index of the substrate.11,18 In this manner, 𝛾  is readily obtained from the p- and s-

polarized single-beam spectra of the background measurements (𝑆  and 𝑆 , respectively). Note 

that, as found in Figure S2 (see Supporting Information), 𝛾 has a large dispersion, which cannot 

be ignored. 

Now, we are constructing the advanced MAIRS technique (MAIRS2), in which the angle 

of incidence is fixed at about 45°, and instead the polarization angle is changed. For this purpose, 

the polarization angle, 𝜙  must be involved in the R matrix in eq 4. The deformation of the matrix 

is simple that the linear polarization at an angle of 𝜙  is divided into s (0°) and p (90°) polarizations, 
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whose electric fields have an intensity ratio of cos 𝜙 ∶ sin 𝜙  (Figure 1). Therefore, eq 4 is re-

written as: 

 

𝑹 𝛾cos 𝜙 sin 𝜙 sin 𝜃 tan 𝜃 cos 𝜃 sin 𝜙 tan 𝜃
⋮ ⋮

 (6) 

 

By introducing eq 6 into eq 3, the MAIRS2-IP and -OP single-beam spectra are obtained 

from the observed data, and then the corresponding absorbance spectra are readily calculated by 

using eq 7 where the superscript “sam” stands for “sample.” 

 

𝐴 log
𝑆

𝑆
，𝐴 log

𝑆

𝑆
 (7)  

 

Optimization of MAIRS2. MAIRS2 has intrinsically the same principle as found in the 

conventional MAIRS and pMAIRS. As done for pMAIRS, therefore, the optimal angle of 

incidence must be determined, so that both IP and OP spectra would have a common absorbance 

scale.18,19 In contrast to pMAIRS that is polarization-dependence free, MAIRS2 usually needs an 

additional correction process20 as shown below. 

Itoh and coworkers reveal physical expressions of MAIRS spectra, which are rigorously 

deduced from Maxwell’s equations.18 The final results are shown as: 

 

𝐴
8𝜋𝑑

𝜆
ℎ  Im 𝜀̃ , ℎ  Im

1
𝜀̃ ,

 

𝐴
8𝜋𝑑

𝜆
ℎ  Im 𝜀̃ , ℎ  Im

1
𝜀̃ ,

 

(8)  
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Here, Im 𝜀̃ ,  and Im 1/𝜀̃ ,  are called transverse and longitudinal optic (TO and LO) energy-

loss functions, respectively, which determine the shape of normal-incidence transmission and RA 

spectra, respectively.11 The weighting factors, h, are mostly a function of the angle of incidence 

and the refractive index of substrate. The rest parameters are referred to the reference.18 If the 

optimal experimental condition is employed, eqs 8 are simplified to be eqs 9, since ℎ 0 and 

ℎ 0 hold.18-20 

 

𝐴
8𝜋𝑑

𝜆
ℎ  Im 𝜀̃ ,  

𝐴
8𝜋𝑑

𝜆
ℎ  Im

1
𝜀̃ ,

 

(9)  

 

These equations apparently indicate that the optimized IP and OP spectra are definitely 

driven by the TO and LO energy-loss functions, respectively. In short, the optimal angles of 

incidence should be defined, so that the relations, ℎ 0 and ℎ 0, would adequately be 

satisfied. Here, the weighting factors for MAIRS2 are calculated by using the equations (eq 10) in 

the paper.18 

 

ℎ
∑ 𝑍 ′ 𝑎 sin 𝜙 𝜑𝛾𝑎 cos 𝜙 𝑇

∑ 𝑍 ′ sin 𝜙 𝜑𝛾 cos 𝜙 𝑇
 

ℎ
∑ 𝑍 ′𝑏 sin 𝜙 𝑇

∑ 𝑍 ′ sin 𝜙 𝜑𝛾 cos 𝜙 𝑇
 

ℎ
∑ 𝑍 ′ 𝑎 sin 𝜙 𝜑𝛾𝑎 cos 𝜙 𝑇

∑ 𝑍 ′ sin 𝜙 𝜑𝛾 cos 𝜙 𝑇
 

ℎ
∑ 𝑍 ′𝑏 sin 𝜙 𝑇

∑ 𝑍 ′ sin 𝜙 𝜑𝛾 cos 𝜙 𝑇
 

(10)  

 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 13

Details of the parameters in eq 10 are referred to the reference. Calculation of these coefficients 

readily reveals the optimal angle of incidence for MAIRS2. The optimal angles for representative 

IR-transparent materials are uniquely determined by finding ℎ 0 and ℎ 0, which are 

summarized in Table 1. For example, the optimal angle for Si is found to be 45° (see Figure S3). 

Of another note is that the polarizing angle is nearly independent of the weighting factor as found 

by a similar calculation (data not shown). 

 

 

Material Refractive index31 
Optimal angle of  
incidence 

Substrate specific  
parameter, H 

Germanium (Ge) 4.00 45 0.33 

Silicon (Si) 3.41 45 0.33 

Diamond (C) 2.41 44 0.34 

Zinc selenide (ZnSe) 2.40 44 0.34 

KRS-5 (TIBr0.42I0.58) 2.37 44 0.34 

Zinc sulfide (ZnS) 2.25 43 0.35 

Silver chloride (AgCl) 1.90 41 0.38 

Cesium iodine (CsI) 1.73 39 0.41 

Potassium bromide (KBr) 1.52 35 0.49 

Sodium chloride (NaCl) 1.49 35 0.49 

Quartz (SiO2) 1.47 34 0.51 

Barium fluoride (BaF2) 1.45 34 0.51 

Potassium chloride (KCl) 1.45 34 0.51 

Calcium fluoride (CaF2) 1.40 33 0.53 

Lithium fluoride (LiF) 1.39 32 0.55 

 

Next, a substrate-specific parameter, 𝐻 ≡ ℎ ℎ⁄ , is calculated, which is the key of the 

intensity scaling of the OP spectrum, since the scaling factor is obtained as 𝑛 𝐻 (n; refractive 

Table 1.  The optimal angle of incidence and the substrate-specific parameter of various IR-
transparent materials calculated for MAIRS2 analysis. 
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index of the film) as mentioned elsewhere.20 The calculated values are listed in Table 1 together 

with the optimal angle of incidence. In this manner, the optimization has been done. 

Note that a MAIRS2-IP spectrum corresponds to an s-polarized transmission spectrum, 

whose intensity is influenced by the angle of incidence,11,18 since the angle is fixed for MAIRS2. 

To make the IP spectrum quantitatively meet with the normal-incidence transmission spectrum 

(𝜃 0°), therefore, the intensity (absorbance) correction is needed. The correction is easily done 

by calculating the intensity ratio of the s-polarized transmission spectra, 𝑎 °/𝑎 , since the 

coefficient of the IP spectrum nearly equals to 𝑎 , which is theorized rigorously.18 The calculated 

values are referred to Table S1. 

Now, we are ready for optimizing the MAIRS2 spectra. The optimal spectra are represented 

by: 

 

𝐴 ′
𝑎 °

𝑎
𝐴  

𝐴 ′
𝑎 °

𝑎
𝑛 𝐻𝐴  

(11)  

 

For the correction of the intensity scale of the OP spectra, not only the normalized factor, 

but also an additional factor of 𝑛 𝐻 is needed as found in pMAIRS.20 

Performance of MAIRS2. The quality of MAIRS2 spectra is checked by using a standard 

sample of a perfluorinated polymer (C4FA) thin layer as shown in Figure 4a. The raw single-beam 

spectra before the MAIRS calculation are available in Figure S4 for reference. The C4FA layer is 

the same as used for checking pMAIRS spectra,18 which plays a role to exhibit an apparent band 

splitting of the CF2 stretching vibration mode between the IP and OP spectra reflecting the TO-
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LO splitting.11,34,35 In fact, the splitting is found at about 1135 cm-1, and the OP band appears at 

higher wavenumber than the IP one. When these MAIRS2 spectra are compared to pMAIRS 

spectra (Figure 4b), the band position, absolute intensity and shape of the MAIRS2 spectra are 

nearly identical to those of pMAIRS.19 In this manner, the correction using eqs 6~11 is found to 

work very well. 

 

One of the most significant impacts using MAIRS2 is an effective removal of interference 

fringes. Figure 4b presents pMAIRS spectra having interference fringes seriously. Optical 

interference fringes are caused by multiple reflections in a coincidental thickness combination of 

the substrate and film especially for the normal incidence. Apparent fringes are over laid on the 

spectra over a wide wavenumber region, particularly for the OP spectrum in Figure 4b. As a result, 

Figure 4. Optimized MAIRS2 (a) and pMAIRS
(b) spectra of a C4FA (n = 1.35) spin-coated thin 
film deposited on a Si substrate. The red and blue
lines are the IP and OP spectra, respectively. 
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an accurate peak position of C4FA is impossible to find, which is greatly resolved by using 

MAIRS2 as found in Figure 4a. 

Another advantage of using MAIRS2 is that the water-vapor peaks are successfully 

subtracted by rejecting the problem of double modulation. Figure 5 presents MAIRS2 and 

pMAIRS spectra of a tetraphenylporphyrin (H2TPP) thin film after the subtraction of a water-vapor 

spectrum. Since a thin film of an organic semiconductor typically has a very weak absorbance in 

the water-vapor region,16,17 the imperfect subtraction issue becomes a serious problem especially 

in humid conditions. The pMAIRS spectra, in fact, have noisy water-vapor peaks with positive 

and negative signs in the region of 1800–1400 cm-1 as found in Figure 5b. If the imperfect 

subtraction is truly attributed to the spectral deformation due to the ‘double modulation,’ MAIRS2 

is expected to resolve this matter. The MAIRS2 spectra of the same sample, as expected, have 

overcome the water-peaks matter, and the absorption bands of H2TPP are indeed recognized in the 

fingerprint region (Figure 5a). 
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Of another note is that the MAIRS2 spectra detect the band of H2TPP at about 700 cm-1 

(Figure 5a); whereas artifact noise overlaps with the sample peaks in the pMAIRS one (Figure 5b). 

This characteristic becomes important when a compound having aromatic rings such as H2TPP is 

analyzed, since the orientation-sensitive band of the C–H out-of-plane deformation vibration mode 

appears typically in this wavenumber region.13,14,16,17  

In addition, the conventional MAIRS techniques intrinsically have a problem that the light-

irradiating area on the sample changes when the angle of incidence is changed, which induces a 

concern that different portions of light attain the detector. To prevent this concern, the aperture (J-

stop) is fully opened during the MAIRS measurements.36 Since MAIRS2 employs a fixed angle of 

incidence referring to Table 1, this concern is resolved. 

  

Figure 5. Optimized MAIRS2 (a) and pMAIRS 
(b) spectra of an H2TPP (n = 1.62) spin-coated thin 
film deposited on a Si substrate. The red and blue 
lines are the IP and OP spectra, respectively. 
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CONCLUSION 

We have developed an advanced MAIRS technique for obtaining infrared spectra of a thin 

film free from interference fringes. This new technique is constructed based on a simple idea that 

the polarization angle is used as a measurement variable for extracting the IP and OP spectra, while 

the angle of incidence is kept at ~45°. When comparing to the conventional MAIRS technique 

using various angles of incidence including a small angle less than 10°, avoiding the small angle 

provides many significant advantages as follows: 

1) The problem of double-modulation is overcome, and as a result water-vapor peaks are 

subtracted almost ideally. 

2) Interference fringes due to the multiple reflections in the substrate never appear no matter 

what substrate is chosen. 

3) Light irradiating area on the sample is fixed. 

4) Selection of the aperture size and detector is not limited. 

In this manner, MAIRS2 realizes highly robust measurements as compared to the 

conventional MAIRS techniques. Therefore, MAIRS2 is an alternative powerful spectroscopic 

tool for the structural characterization in functionalized ultrathin films. 
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