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Abstract: A scanning angle (SA) Raman spectroscopy method was developed to simultaneously 

measure the chemical composition and thickness of waveguide mixed polymer films with 

varying fractional compositions. In order to test the method, six films of polystyrene-block-

poly(methyl methacrylate), some mixed with poly(methyl methacrylate) homopolymer (PS-b-

PMMA:PMMA), and two films of poly(2-vinylnapthalene)-block-poly(methyl methacrylate) 

(P2VN-b-PMMA) were prepared. The film thickness ranged from 495 to 971 nm. The chemical 

composition and thickness of PS-b-PMMA:PMMA films was varied by the addition of the 

PMMA homopolymer and annealing the films in toluene. SA Raman peak amplitude ratios 

(1001 cm-1 for PS, 812 cm-1 for PMMA, and 1388 cm-1 for P2VN) were used to calculate the 

refractive index of the polymer film, an input parameter in calculations of the sum square electric 

field (SSEF). The film thickness was determined by SSEF models of the experimental Raman 

amplitudes versus the incident angle of light. The average film thickness determined by the 

developed SA Raman spectroscopy method was within 5% of the value determined by optical 

profilometry. SA Raman spectroscopy will be useful for in situ label-free analyses of mixed 

polymer waveguide films. 

 

1. Introduction 

Analysis and characterization of polymer and mixed polymer films is important due to 

their increasing use in energy storage and capture devices,1-3 microelectronics,4-6 optics,7,8 and 

biomedical applications.9,10 The chemical composition and thickness of the films are important to 

device performance, and for accurately modeling and optimizing new devices before fabrication. 

Ellipsometry is a common noninvasive optical-based technique that measures the thickness of 

polymer films, but the technique does not provide chemical content information.11,12 Other 
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methods for measuring polymer film thicknesses are profilometry and atomic force microscopy 

(AFM).13 Profilometry and AFM require a probe to be in contact with the sample surface and for 

the film to be scratched in order to measure the film thickness, respectively. 

 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are 

capable of producing high spatial resolution images of polymer and mixed polymer films, and 

with the use of heavy metal staining different chemical components can be distinguished.14-17 

SEM provides information on the film surface, but does not provide information from the bulk of 

the film. TEM provides higher resolution images compared to SEM, but requires more rigorous 

sample preparation. TEM is used to study the internal structure of a sample by showing regions 

of high or low electron density due to the number of electrons transmitted through the sample. 

Secondary ion mass spectrometry can also provide information on the internal structure and 

thickness of the film when operated in a depth profiling mode.18,19 All of the above 

characterization techniques provide high resolution information; however, the techniques are 

sample destructive and are not well suited for in situ measurements. 

 Vibrational spectroscopy is nondestructive and provides information on chemical 

structure. Attenuated total reflection infrared spectroscopy is capable of measuring polymer film 

thicknesses with a spatial resolution of 10 µm and providing chemical content information; 

however, the evanescent wave penetration depth varies across the spectrum complicating the 

data analysis.20-23 Raman spectroscopy is an inelastic optical scattering effect that relies on the 

polarizability of a molecule. Raman spectroscopy using conventional illumination geometries 

(e.g., epi-illumination) cannot simultaneously measure the fractional composition and film 

thickness, and is not well suited for films with thicknesses in the hundreds of nanometer regime. 

Scanning angle (SA) Raman spectroscopy is a nondestructive technique that has been used to 
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measure thickness and buried interfaces of thin polymer films.24-26 It can be used for polymer 

films of tens of nanometers to a few microns in thickness. A SA Raman dataset consist of Raman 

amplitudes as a function of Raman shift and incident angle for a sample optically interfaced to a 

prism as shown in Figure 1.  

 

Figure 1: Schematic of the sample setup for SA Raman spectroscopy where the light (red arrow) 

is coupled through a prism (gray hemisphere) to generate the Raman signal as the incident angle 

of light is scanned. This signal is collected by a 10× microscope objective from below the 

sample. The blue layer represents the polymer film sample. 

 

A dielectric material (e.g., polymer film) will act as a waveguide when the film thickness 

is greater than 
𝜆

2𝜂
, where 𝜆 is the wavelength of light and 𝜂 is the refractive index for the 

dielectric. Light coupled into a waveguide via a prism will be confined to propagate within the 

film and will exhibit constructive or destructive interference at various incident angles, which are 

recorded in the Raman spectra collected at varying incident angles. Plots of the Raman peak 

amplitude versus incident angle show the waveguide mode(s). The waveguide mode location and 
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full width at half maximum values (fwhm) can be modeled with sum square electric field (SSEF) 

calculations when the refractive index or film thickness is known.  

 Outlined herein is a nondestructive method using SA Raman spectroscopy combined with 

SSEF calculations to extract the fractional composition and thickness of mixed polymer 

waveguide films. This work extends previous studies of homopolymer films reported by Meyer 

et al. that used SA Raman spectroscopy to measure film thickness when the index of refraction 

was known.24 Herein, the method was demonstrated using thin polystyrene-block-poly(methyl 

methacrylate) (PS-b-PMMA) films, PS-b-PMMA with added PMMA homopolymer (PS-b-

PMMA:PMMA) mixed films, and poly(2-vinylnapthalene)-block-poly(methyl methacrylate) 

(P2VN-b-PMMA) films. PS-b-PMMA and P2VN-b-PMMA are block copolymers that consist of 

two or more chemically dissimilar homopolymer (blocks) that are covalently attached. Block 

copolymers have been previously implemented in nanolithography to create masks for a variety 

of applications ranging from circuit and nanowire array fabrication to homogenous nanocluster 

arrays for surface-enhanced Raman scattering substrates.27-31 In the present study, these block 

copolymers are used to make mixed polymer samples with an unknown refractive index and 

thickness. The demand for nondestructive techniques that measure thin film thickness is 

continually increasing, and SA Raman spectroscopy is capable of providing this information plus 

chemical content information on complex polymer mixtures. The method has the capacity to 

provide real-time (dynamic) measurements during film preparation and post-processing 

conditions. 

  

2. Materials and Methods 
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2.1 Sample Preparation. A 120 mg/mL stock solution of PS-b-PMMA (21500-b-7900 

g/mol with a polydispersity index (PDI) of 1.10, Polymer Source, Montréal, Canada) prepared in 

toluene (Fisher Scientific, Waltham, MA) and a stock solution of 120 mg/mL PMMA (120,000 

g/mol with a PDI of 2.0, Sigma Aldrich, St. Louis, MO) in toluene were prepared. The stock 

solutions were used to prepare 1:2, 1:2.4, 1:2.6, 1:3, and 1:4 (v/v) PS-b-PMMA:PMMA 

solutions. A 120 mg/mL stock solution of P2VN-b-PMMA in toluene (53000-b-140000 g/mol 

with a PDI of 1.20, Polymer Source, Montréal, Canada) was used to prepare 133 and 97 mg/mL 

solutions. To determine the refractive index of P2VN a 120 mg/mL solution of P2VN (PDI of 

2.9, Polymer Source, Montréal, Canada) was prepared in toluene. PS-b-PMMA, PS-b-

PMMA:PMMA, P2VN-b-PMMA, and P2VN films were prepared by spin coating 200 L of 

solution onto 25 mm2 glass cover slips (Corning Inc., Corning, NY) at 3000 rpm for 60 seconds 

using a KW-4A spin coater (Chemat Technology, Northridge, CA). The polymer film was placed 

in a 180 cm3 glass vessel with 500 μL of acetone added as an annealing solvent, and kept at room 

temperature (20 °C). After annealing for 60 minutes, the films were removed from the annealing 

vessel to let the solvent vapors fully evaporate from the film. The film thicknesses were 

measured after completing the SA Raman and fluorescence measurements with a NewView 7100 

optical profilometer (Zygo, Middlefield, CT). A sharp needle was used to make three scratches 

in the center of each film in order to determine the average thickness. 

The underlying substrate (i.e., glass or sapphire) affects the properties of the PS-rich and 

PMMA-rich areas (data not shown). All polymer films were prepared on glass slides to enable 

characterizing them with several analysis methods, and the wedge transfer method was used to 

transfer the films to 25.4 mm diameter sapphire disks (Meller Optics, Providence, RI) for SA 

Raman measurements.32 Sapphire prisms and substrates were used for the SA Raman 
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measurements to reduce background in the spectra.33 Figure S1 shows fluorescence images of a 

1:2 PS-b-PMMA:PMMA film prepared on a glass substrate and after transferring it to a sapphire 

substrate. The images show no discernible changes in the polymer film after the transfer.  

2.2 Raman Measurements. The SA Raman spectra were collected on a home-built 

instrument, previously described by Mckee et al.,33 where a S-polarized 785-nm laser (Toptica 

Photonics, Victor, NY) was directed onto a sapphire prism using a galvanometer mirror on a 

translational stage. The instrument has an angle range of 25.00 to 75.00 with an angular 

resolution of 0.05. A 10× objective with a 0.22 numerical aperture (Nikon, Melville, NY) was 

used to collect the Raman signal and direct it to the side port of the optical microscope (Nikon, 

Melville, NY), where the light was focused onto a f/1.8i Holospec imaging spectrometer (Kaiser 

Optical Systems, Ann Arbor, MI). The spectra were collected with a Pixis 400BR charged 

coupled device (CCD) with 1300 × 400 pixels (Princeton Instruments, Trenton, NJ) for 60 

seconds. Two replicate measurements were collected at each angle from 50.0 to 60.0 using a 

0.5 step size, except around the waveguide maximum where a step size of 0.2 was used. 

 Epi-illumination Raman spectra were collected using an XploRA Plus confocal Raman 

microscope (Horiba Scientific, Edison, NJ) and a 785-nm excitation source. The relative Raman 

cross-section ratios between PS/PMMA and P2VN/PMMA were determined by melting solid 

PS, PMMA, and P2VN onto glass substrates. The film thickness was 1.8 ± 0.3, 2.7 ± 0.3, and 2.5 

± 0.2 mm for PS, PMMA, and P2VN, respectively. These thicknesses were sufficient to acquire 

Raman amplitudes that were independent of the optical focus. Epi-illumination spectra were 

collected for 5 seconds from 3 different spots on the film. The relative Raman cross-section ratio 

(𝜎𝑅) was calculated using equation 1, where I represents the indicated peak amplitude. 

𝜎𝑅 =
𝐼𝑃𝑆,1001𝑐𝑚−1𝑜𝑟 𝑃2𝑉𝑁,1388𝑐𝑚−1

𝐼𝑃𝑀𝑀𝐴,812𝑐𝑚−1
= 4.1 (𝑃𝑆 𝑡𝑜 𝑃𝑀𝑀𝐴)𝑎𝑛𝑑 7.0 (𝑃2𝑉𝑁 𝑡𝑜 𝑃𝑀𝑀𝐴) (1) 
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The relative Raman cross-section ratio was used in the calculation of the Raman amplitude ratio 

(r) from the SA Raman data according to equations 2 and 3.  

𝑟𝑃𝑆 =
𝐼𝑃𝑆,1001𝑐𝑚−1 𝑜𝑟 𝑃2𝑉𝑁,1388𝑐𝑚−1 

𝐼𝑃𝑆,1001𝑐𝑚−1 𝑜𝑟 𝑃2𝑉𝑁,1388𝑐𝑚−1 + (𝐼𝑃𝑀𝑀𝐴,812𝑐𝑚−1 × 𝜎𝑅)
 (2) 

𝑟𝑃𝑀𝑀𝐴 =
𝐼𝑃𝑀𝑀𝐴,812𝑐𝑚−1 × 𝜎𝑅

𝐼𝑃𝑆,1001𝑐𝑚−1 𝑜𝑟 𝑃2𝑉𝑁,1388𝑐𝑚−1 + (𝐼𝑃𝑀𝑀𝐴,812𝑐𝑚−1 × 𝜎𝑅)
 (3) 

The index of refraction of P2VN at 785 nm was not found in the literature. The index of 

refraction of P2VN homopolymer was measured as reported in the supplemental information 

(Figure S2).  

All data were processed using Igor Pro 6.37 scientific analysis and graphing software. 

The spectra were fit to a Gaussian function with a linear baseline using the batch-fit function in 

order to extract the peak amplitudes. Matlab 2015b was used to plot the SA Raman spectra as a 

function of their incident angle. 

2.3 Sum Square Electric Field Calculations. Finite-difference time-domain simulations 

were used to calculate the SSEF (EM Explorer, San Francisco, CA) within the PS-b-PMMA, PS-

b-PMMA:PMMA, and P2VN-b-PMMA films. The inputs needed for the calculations were the 

refractive index and the thickness for the sapphire prism and polymer film. The refractive index 

at 785-nm for PS (1.579), PMMA (1.485), P2VN (1.620), and sapphire (1.753) using S-polarized 

light were found in the literature.34-36 An angle range of 50.00 to 60.00 was used for the 

calculations with a resolution of 0.05 to ensure enough data points were calculated around the 

waveguide maximum. The Yee cell size was set to 5 nm to provide a compromise between 

highest accuracy and shortest computational time.  

2.4 Fluorescence Microscopy Measurements. A 20 nM solution of Rhodamine 6G was 

prepared in methanol, and 20 L was drop cast onto the PS-b-PMMA and PS-b-PMMA:PMMA 
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films after the SA Raman measurements were complete. The films were dried for 10 minutes 

before images were acquired to allow the methanol to evaporate. Fluorescence images were 

collected at room temperature using an inverted microscope (Nikon Eclipse, TE2000U, Melville, 

NY, USA) equipped with a 60× air objective (Nikon Plan Fluor, 0.95 numerical aperture) and an 

excitation (Chroma HQ500/40, 500 ± 40 nm) and emission (Chroma HQ620/60m, 620 ± 60 nm) 

filter set for Rhodamine 6G. A mercury lamp was used as an illumination source and the images 

were captured using a PhotonMAX 512 EMCCD camera (Princeton Instruments, Trenton, NJ, 

USA) with a 300 millisecond acquisition time. 

 

3. Results and Discussion 

3.1 Preparation and Preliminary Characterization of the Polymer Samples used to 

Demonstrate the SA Raman Method. Polymer waveguide films are made from block coplymer 

or block copolymer mixed with homopolymer. The amount of PMMA homopolymer added to 

the PS-b-PMMA:PMMA solution is varied from 1:2 to 1:4 to produce films with varying 

polymer fractional composition and thickness. Fluorescence and epi-Raman imaging are used to 

independently verify the fractional composition of the films. There is no observable phase 

segregated domains in the fluorescence image of a PS-b-PMMA film (figure 2A) without added 

homopolymer, likely due to the domains being smaller than the diffraction limit of light. 

However, the addition of PMMA homopolymer increases the size of the phase segregated 

domains, and they are observable by fluorescence microscopy (Figure 2B-F). 

The chemical identities of the phases measured by fluorescence are determined using epi-

illumination Raman imaging (Figure S3). The high fluorescence intensity regions contain 
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primarily PMMA with 8.6  0.2% PS. The low fluorescence intensity regions contain primarily 

PS with 32.9  0.3% of PMMA. 

 

 

Figure 2: Fluorescence images collected with a 60× objective with the low fluorescence regions 

corresponding to PS-rich areas and the high fluorescence regions corresponding to PMMA-rich 

areas. (A) shows the PS-b-PMMA film. (B) shows the 1:2 PS-b-PMMA:PMMA film with a 

fluorescence area ratio of 0.27 ± 0.02. (C) shows the 1:2.4 PS-b-PMMA:PMMA film with a 

fluorescence area ratio of 0.21 ± 0.01. (D) shows the 1:2.6 PS-b-PMMA:PMMA film with a 

fluorescence area ratio of 0.181 ± 0.002. (E) shows the 1:3 PS-b-PMMA:PMMA film with a 

fluorescence area ratio of 0.180 ± 0.007. (F) shows the 1:4 PS-b-PMMA:PMMA film with a 

fluorescence area ratio of 0.170 ± 0.007. The scale bar is 9 µm for all images. 
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3.2 Development of a SA Raman Method for Determining Fractional Composition 

and Film Thickness. A 0.12 mm2 area is illuminated in the SA Raman measurements. This is an 

area larger than the full images shown in Figure 2, so multiple PS-rich domains and a large 

PMMA-rich area are measured. The SA Raman data for the PS-b-PMMA film and five PS-b-

PMMA:PMMA films with varying amounts of added homopolymer are plotted in the left 

column of Figure 3 as their Raman shift versus the incident angle with the color scale 

representing the Raman amplitudes. All of the polymer films are plotted on the same color scale 

ranging from 500 to 8000 counts. 
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Figure 3: (A, C, E, G, I, and K) SA Raman spectra of PS-b-PMMA and PS-b-PMMA:PMMA 

films plotted on the same color amplitude scale shown in (A). (B, D, F, H, J, and L) show the 

1001 cm-1 PS peak amplitude versus incident angle spectra and the solid black line is the SSEF 
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fit for each sample. (A and B) PS-b-PMMA, (C and D) 1:2 PS-b-PMMA:PMMA, (E and F) 

1:2.4 PS-b-PMMA:PMMA, (G and H) 1:2.6 PS-b-PMMA:PMMA, (I and J) 1:3 PS-b-

PMMA:PMMA, and (K and L) 1:4 PS-b-PMMA:PMMA films. 

 

Figure 3A shows the SA Raman spectra at all collected incident angles for the PS-b-

PMMA film without added homopolymer. The peaks assigned to PS (1001 cm-1) and PMMA 

(812 cm-1) show a broad waveguide mode from approximately 52.3 to 59.8 degrees. The PMMA 

peak at 812 cm-1 has a significantly lower amplitude compared to the PS peak at 1001 cm-1. This 

is because there is 2.7× less PMMA in the PS-b-PMMA film, and also due to PMMA’s smaller 

Raman cross-section compared to PS. The Raman amplitude ratio (rPS), as defined by equation 2, 

for the PS-b-PMMA film is 0.78  0.01. This is consistent with the manufacturer’s reported 0.73 

monomer fraction for this block copolymer film. 

Figure 3B shows the cross section of the 1001 cm-1 PS peak observed in Figure 3A, 

where the amplitude (black circles) is plotted versus the incident angle for the PS-b-PMMA film. 

It has been previously shown that matching a calculated SSEF within the polymer film to the 

experimental Raman amplitude versus incident angle data can be used to measure the polymer 

film’s thickness when its refractive index is known.24,25,37 For the PS-b-PMMA and PS-b-

PMMA:PMMA films the refractive index is not known at the relevant excitation wavelength for 

these studies. More generally, there are many mixed polymer films where the index of refraction 

is not known. However, since the Raman amplitude ratio encodes the fractional composition for 

the mixed polymer film, it can be used to calculate a refractive index for the polymer film. The 

Raman amplitude ratio is calculated using equation 2 for each incident angle of light, and then an 

average over all incident angles is calculated. Finally, the average Raman amplitude ratio is used 
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in equation 4 to determine the polymer film's refractive index (RIfilm), where 𝑅𝐼𝑃𝑆 and 𝑅𝐼𝑃𝑀𝑀𝐴 

are the indices of refraction for the homopolymers at the excitation wavelength. 

𝑅𝐼𝑓𝑖𝑙𝑚 = (𝑟𝑃𝑆  ×  𝑅𝐼𝑃𝑆) + ((1 − 𝑟𝑃𝑆) ×  𝑅𝐼𝑃𝑀𝑀𝐴) (4) 

 

Table 1: The Raman amplitude ratios and indices of refraction for the prepared films determined 

by SA Raman as well as a thickness comparison between SA Raman and profilometry 

measurements. 

Sample 

Raman 

Amplitude 

Ratio (rPS)1 

Refractive 

Index (RI) 

SA Raman 

Thickness 

(nm) 

Profilometry 

Thickness (nm) 

Percent 

Difference 

(%) 

PS-b-PMMA 0.78 ± 0.01 1.558 550 495.4 ± 0.8 10 

1:2 PS-b-

PMMA:PMMA 0.32 ± 0.01 1.515 780 870 ± 10 10 

1:2.4 PS-b-

PMMA:PMMA 0.28 ± 0.02 1.511 790 850 ± 70 8 

1:2.6 PS-b-

PMMA:PMMA 0.27 ± 0.01 1.510 830 824 ± 3 0.8 

1:3 PS-b-

PMMA:PMMA 0.25 ± 0.04 1.509 920 936 ± 5 2 

1:4 PS-b-

PMMA:PMMA 0.236 ± 0.006 1.507 900 950 ± 30 6 

97.0 mg/mL 

P2VN-b-PMMA 0.29 ± 0.01 1.525 815 795 ± 6 2 

133 mg/mL 

P2VN-b-PMMA 0.29 ± 0.01 1.525 965 971 ± 8 0.6 
1 This ratio is indicative of the fractional composition of the polymer film. 

 

The refractive index determined from equation 4 is 1.558 for the PS-b-PMMA film. The 

SSEF calculated using the 1.558 refractive index and a thickness that minimized the residual 

between the fit and experimental data (black line in Figure 3B), shows a waveguide mode 

maximum angle at 56.04  0.08 and a fwhm of 4.7  0.3. The residual between the fit and 
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experimental data is below 10%. There is a 10% difference between the thickness determined by 

SA Raman spectroscopy and the value measured by profilometry (Table 1). 

Figure 3C-L show the SA Raman data and 1001 cm-1 PS peak amplitude versus incident 

angle graphs for the 1:2, 1:2.4, 1:2.6, 1:3, and 1:4 PS-b-PMMA:PMMA films. Compared to the 

measurement on the PS-b-PMMA film, the PMMA Raman peak amplitude increases for the PS-

b-PMMA:PMMA films (Figure 3C, E, G, I. and K). This is consistent with the increasing 

fractional compositions of PMMA in the polymer films. There is a general decreasing trend in 

the magnitude of the Raman amplitude ratios (rPS) as more PMMA is added, although not all the 

values are statistically different (Table 1).  

 

Table 2: Waveguide mode location and fwhm determined by fitting the 1001 cm-1 PS peak 

amplitude versus incident angle spectrum from SA Raman measurements.  

 

Sample 

Waveguide Mode 

Location (°) 

Waveguide Mode 

fwhm (°) 

PS-b-PMMA 56.04 ± 0.08 4.7 ± 0.3 

1:2 PS-b-

PMMA:PMMA 56.06 ± 0.03 2.2 ± 0.1 

1:2.4 PS-b-

PMMA:PMMA 55.90 ± 0.02 2.06 ± 0.06 

1:2.6 PS-b-

PMMA:PMMA 56.12 ± 0.02 1.94 ± 0.06 

1:3 PS-b-

PMMA:PMMA 56.48 ± 0.06 1.7 ± 0.2 

1:4 PS-b-

PMMA:PMMA 56.46 ± 0.02 1.59 ± 0.05 

97.0 mg/mL P2VN-b-

PMMA 56.85 ± 0.01 2.10 ± 0.03 

133 mg/mL P2VN-b-

PMMA 57.95 ± 0.01 1.51 ± 0.03 
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 The addition of PMMA homopolymer causes the waveguide mode’s fwhm to narrow 

compared to the PS-b-PMMA film. Table 2 summarizes the waveguide mode properties for the 

prepared polymer films. These observed changes in the waveguide mode fwhm are generally 

indicative of an increase in the film thickness. However, varying the polymer fractional 

composition also causes a change in the refractive index compared to the PS-b-PMMA film, and 

this will also affect the waveguide properties. This highlights the need to simultaneously 

determine both the index of refraction and thickness for each polymer film. 

 The refractive index calculated by equation 4 using the experimental Raman amplitude 

ratios (rPS) for each PS-b-PMMA:PMMA film is shown in Table 1, and are used in the 

subsequent SSEF calculations to fit the experimental data. As with the PS-b-PMMA film, the 

best fit to the experimental data is determined by minimizing the residual between the fit and 

experimental data while changing the polymer film thickness. There is an average 5% difference 

between the thicknesses measured by SA Raman spectroscopy and profilometry for the PS-b-

PMMA film and five PS-b-PMMA:PMMA films (Table 1). The agreement between the 

calculated SSEF and the experimental data demonstrate that the film thickness can be accurately 

determined (i.e., provides a result consistent with the profilometry measurements) when the 

Raman amplitude ratio is used to determine the polymer film's refractive index. 

In order to demonstrate the applicability of the method with other mixed polymer 

compositions that have distinct Raman peaks for each component, two P2VN-b-PMMA films are 

measured. The relative Raman cross section between P2VN and PMMA is experimentally 

determined and calculated using equation 1. The relative Raman cross section is then used in 

determining the Raman amplitude ratio (rP2VN) for the P2VN-b-PMMA films (0.29 ± 0.01), 
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which is similar to the manufacturer’s reported 0.27 monomer fraction. The refractive index for 

the P2VN-b-PMMA films is determined using equation 5, and is shown in table 1. 

𝑅𝐼𝑓𝑖𝑙𝑚 = (𝑟𝑃2𝑉𝑁  ×  𝑅𝐼𝑃2𝑉𝑁) + ((1 − 𝑟𝑃2𝑉𝑁) × 𝑅𝐼𝑃𝑀𝑀𝐴) (5) 

 

 

Figure 4: (A and C) SA Raman spectra of P2VN-b-PMMA films plotted on the same 

color amplitude scale showing 1388 and 812 cm-1 peaks of P2VN and PMMA, respectively. (B 

and D) 1388 cm-1 peak amplitude versus incident angle graph of the P2VN-b-PMMA films 

where the solid black line represents the SSEF fit to the experimental data (circles). (A and B) 

show the film formed by spin coating the 97.0 mg/mL solution and (C and D) show the film 

formed by spin coating the 133 mg/mL solution (as described in the Materials and Methods 

section). 

 

Figure 4A and C shows the SA Raman spectra collected at each incident angle from 55° 

to 60°. The 1388 cm-1 P2VN peak corresponds to a CH stretch mode and 812 cm-1 peak 

corresponds to PMMA’s carbonyl stretching vibration mode. The P2VN peak is more intense 
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compared to PMMA peak due to the CH stretching mode having a larger Raman cross section. 

Figure 4B and D show the 1388 cm-1 peak amplitude versus incident angle graph extracted from 

the data in Figure 4A and C. There is a shift in the waveguide mode location and fwhm when 

comparing the P2VN peak from the two films prepared by spin coating different solution 

concentrations of the block copolymer. The 97.0 mg/mL solution forms a 795 ± 6 nm thick film 

(Table 1) with a waveguide mode at 56.85º ± 0.01º and a fwhm of 2.10 º ± 0.03 º (Table 2). The 

waveguide mode location shifts to a higher angle (57.95º ± 0.01º) and with a smaller fwhm 

(1.51º ± 0.03º) for the film prepared from the high concentration solution due to the resulting 

thicker film (971 ± 8 nm). The differences in the SA Raman data for the two P2VN-b-PMMA 

films is due only to the change in the thickness since both films have the same Raman amplitude 

ratio (rP2VN) and refractive index. There is a 0.6% and 2% difference between the thicknesses 

determined by SA Raman and profilometry (Table 1) for the respective films. 

 

4. Conclusion 

For PS-b-PMMA, PS-b-PMMA:PMMA, and P2VN-b-PMMA films with unknown 

refractive index and thickness, both parameters can be extracted from the SA Raman data set. 

The refractive index is calculated from the fractional composition as measured by the SA Raman 

peak amplitude ratio and the known refractive index of the homopolymers. The thickness is 

extracted from fitting the 1001 cm-1 PS or 1388 cm-1 P2VN peak amplitude versus incident angle 

using the determined refractive index and SSEF calculations. This measurement does not require 

an external probe (as required for the fluorescence analysis) and is not destructive (in contrast to 

the profilometry measurement). A "real" application of the SA Raman method will neither 

require the use of a fluorescent marker nor profilometry and is thus nondestructive and requires 
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little sample preparation. This technique provides thicknesses for films with an average 5% 

difference between profilometry, and on polymer films that are generally too thin for many 

traditional Raman spectroscopy, as well as other optical thickness measurements.  PS-b-PMMA, 

PS-b-PMMA:PMMA, and P2VN-b-PMMA films were used to demonstrate the method, which 

will be fully compatible with a range of other mixed polymer systems. SA Raman spectroscopy 

will be useful whenever the components have distinguishable Raman peaks for measuring films 

used in energy capture and conversion devices, monitoring films prepared for microelectronics 

and optics, and biomedical applications.  
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