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Abstract 

In this work, we developed and validated a non-destructive and expedient ellipsometry 

method for the direct characterization of interfacially-polymerized (IP) selective layers in 

thin-film composite membranes, such as those used in reverse osmosis (RO) or nanofiltration 

(NF). The primary advantages of this method are direct analysis of membrane samples and 

avoidance of IP layer isolation. IP layer isolation has proved to be extremely useful in the 

past but is also laborious, requires hazardous solvents, and carries significant risks of damage 

or alteration of the layer morphology if not done correctly. The new ellipsometry method was 

used to characterize IP layer morphology, including thickness and roughness, and produced 

results that agree fairly well with measurements by scanning/transmission electron 

microscopy and atomic force microscopy. Moreover, given the non-intrusiveness of the 

ellipsometric measurements, dynamic in-situ studies of RO membranes exposed to fluids 

were demonstrated. Findings from this study are expected to catalyze the further development 

and application of ellipsometry as a tool for characterizing TFC membrane selective layers 

and observing their real-time responses to process fluids, chemical and physical stimuli (pH, 

temperature, etc.), and cleaning agents.   
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1. Introduction 

Reverse osmosis (RO) and nanofiltration (NF) deeply transformed the water desalination and 

purification industry [1]. Their roots trace back to the process developed by Loeb-Sourirajan 

in the early 1960s to produce asymmetric cellulose acetate membranes [2,3], and later 

developments initiated by Cadotte to manufacture thin-film composite (TFC) membranes 

where an ultra-thin selective layer (made by interfacial polymerization, IP) is deposited on a 

much thicker but lower resistance mechanical porous support [4]. The TFC membrane 

breakthrough allowed for an order of magnitude higher water permeance compared to 

asymmetric cellulose acetate membranes and enabled RO/NF deployment as a practical way 

to produce fresh water. Even though the basic principles of ultra-thin layer synthesis by IP 

have been established several decades ago, this field remains a vibrant area of research with 

many different chemistries and application areas under exploration [5]. Moreover, IP-

synthesized thin-film composite membranes have started to expand from their traditional 

applications in aqueous separations into gas separation [6] and organic solvent separations 

[7].  

Current commercial TFC RO/NF membranes have a selective layer made by IP between 

various aromatic or non-aromatic diamines and multi-functional acid chlorides, such as 

trimesoyl chloride [5]. The separation properties of these membranes are linked intimately to 

the chemical structure and morphology of the selective layer, but also its in-situ behavior and 

response to stimuli (pH, cleaning agents etc.) [8]. Thorough understanding of structure-

performance relationships has been a challenge because typical TFC RO/NF membranes may 

possess complex morphologies with features on multiple size scales starting from free 

volume of the chemical building blocks [9,10], to nm-µm scale structural features (extended 

surface area/roughness) [11–15], to the macroscopic mm-cm scale roughness that contribute 

to fluid flow, mixing or fouling characteristics [16,17].  
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In their work, Lin et al. [13] compared seven experimental techniques for characterizing the 

morphology (thickness, density, roughness, etc.) of TFC selective layers. The comparison 

included routinely used techniques: scanning and transmission electron microscopies (SEM 

and TEM) and atomic force microscopy (AFM), as well as those used less often: Rutherford 

backscattering spectrometry, quartz crystal microgravimetry, profilometry and ellipsometry. 

Among those seven techniques, ellipsometry (in conjunction with IP layer isolation) has been 

determined to present the best balance of advantages and disadvantages when considering its 

accuracy, practicability, speed of analysis and limited prior knowledge or assumptions 

needed for analysis. Ellipsometry is, however, not well-known in the field of industrial 

membranes, with only several reports in the current literature [13,18], because traditionally it 

has been associated with optics, solid state physics or semiconductor science and technology 

[19].  

 

Figure 1. (a) Ellipsometry measurement principle with light polarization changing upon 
reflection from a sample. (b) Scheme of a typical simple optical model and the optical 
interference between rays reflected from each interface within the sample layered structure. 
(c) Optical model fitting procedure with resulting sample properties such as layer thickness, 
refractive index or roughness.  Reproduced with permission from [20]. 

 

Figure 1 briefly outlines ellipsometry measurement and data analysis principles. In a typical 

ellipsometric measurement (Figure 1a), single wavelength or spectroscopic polarized light is 

reflected from the sample surface and the change of polarization state is quantified using 

amplitude ratio (Ψ) and phase (∆) between the p- (in plane) and s- (out of plane) electric field 
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components. Ellipsometry parameters Ψ and ∆ are related with a complex reflectance ratio, ρ, 

by: 

� =
��

��
= tan	Ψ���   (1) 

rp and rs are reflection coefficients. Light reflection and refraction at every interface are 

described for each polarized component by the Fresnel equations and are used as a basis for 

the formulation of an optical model (Figure 1b). The optical model describes sample 

structure by considering optical properties (e.g. refractive index) of the substrate and 

individual layers, as well as thicknesses thereof. Data generated by an optical model are then 

fit iteratively to the measured data until a satisfactory match is found (Figure 1c). As a result, 

a set of physical sample characteristics such as thickness, refractive index (optical density) or 

roughness can be determined.  

Ellipsometry measurements described in Lin et al.[13] were made on IP layers isolated from 

a TFC membrane and transferred onto a silicon wafer, which is generally the most optimal 

substrate for ellipsometry analysis of polymer layers. This approach has three significant 

disadvantages: (i) a laborious and delicate procedure involving mechanical separation of the 

IP/support from the non-woven backing, (ii) dissolution of porous polysulfone support using 

hazardous solvents that can disrupt the polyamide IP layer structure and may leave residual 

contaminants (solvent, polysulfone residues) trapped within the IP layer, and (iii) the inherent 

upside-down flipping of the IP layer onto the silicon wafer surface [10,13,15,21]. The top 

surface of an isolated TFC selective layer faces the silicon substrate surface; hence, the 

morphology is inverted.  

To address those disadvantages, in this work we describe a method to apply ellipsometry 

directly to IP TFC membranes without the need for the selective layer isolation. Two types of 

ellipsometry systems were evaluated: (i) single wavelength-variable angle ellipsometry (SW-
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VAE), which is available in many laboratories, and (ii) focused beam-variable angle 

spectroscopic ellipsometry (FB-VASE), which represents a powerful, state-of-the-art 

UV/Vis/near-IR configuration. The FB-VASE system is available in a number of research 

institutes; especially those with significant focus on semiconductor technology. We show that 

ellipsometry-derived information on layer morphology agrees fairly well with SEM, TEM 

and AFM for five commercial TFC membranes marketed for water desalination. In addition, 

we present findings from in-situ studies involving observation of the selective layer behavior 

in contact with various penetrants.  

2. Experimental Part 

2.1. Materials 

The TFC RO membranes used in this study were provided by DuPont Water & Process 

Solutions (Edina, MN, USA). The samples denoted as SW30HRLE, SW30XLE and 

SEAMAXX were designed for seawater desalination, while BW30XFR and XLE were 

developed for brackish water desalination. Before testing, all membranes were rinsed with 

deionized (DI) water from a Milli-Q water purification system (EMD-Millipore, Burlington, 

MA, USA) to remove protective coatings. A polysulfone ultrafiltration membrane (PS20, 

Sepro Membranes Inc., Oceanside, CA, USA) was used to evaluate the refractive index of a 

porous PSF support for SW-VAE measurements. The PS20 membrane was chosen because 

its support layer material is PSF which is utilized by the industry for the manufacturing of 

TFC RO membranes [22].  

For ellipsometry experiments on isolated selective layers, the polyester non-woven backing 

was mechanically separated from the rest of the membrane. Then, the membrane was washed 

in DI water to remove water-soluble protective coatings and submerged in DI water until the 

porous structure sank. The wetted membrane was placed on a silicon wafer (SSP Prime 

Grade Si Wafer, Nova Electronics Materials, Flower Mound, TX, USA) with the selective 
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layer facing the reflective side of the wafer. Dichloromethane (DCM, 99.5%, stabilized with 

ethanol, Fisher Scientific, Pittsburgh, PA, USA) was used to remove polysulfone from the 

selective layer. DCM was selected over other solvents used for this purpose, such as 

dimethylformamide (DMF) [13,23], due to its better estimated solubility with polysulfone 

(lower Relative Energy Difference, RED, calculated from Hansen solubility parameters) [24], 

as well as its lower boiling point, which facilitates the removal of residual solvent from the 

isolated layer. Six wash steps each with 1.5 mL of DCM were performed on a typical 

membrane area of 0.5 cm2 (18 mL of DCM per cm2). Previous isolation procedures have used 

from 15 to 25 wash steps with 2 mL of DMF to isolate an area of 4 cm2 [13,23], equivalent to 

7.5-12.5 mL of DMF per cm2. Wafers with the isolated active layer were placed in a vacuum 

oven for 1 h at 110°C to remove any excess DCM or DI water. The drying temperature was 

chosen to be below the measured glass transition temperature of different commercial TFC 

membrane active layers reported by Maruf et al. [25] (> 130°C). It was assumed that drying 

would not affect the morphology beyond the effect of the solvent contact itself. DI water and 

anhydrous ethanol (96% purity, Sigma Aldrich, US) were used for in-situ ellipsometry 

experiments. 

2.2. TFC RO membrane characterization with SEM, TEM and AFM 

Scanning electron microscopy (SEM) was used to image selective layer cross sections of the 

commercial TFC RO membranes. Sample preparation involved removing the polyester non-

woven backing, washing the IP/support layer in DI water, and submerging it in DI water until 

it sank. The wet membrane was flash-frozen in liquid nitrogen, cracked, mounted, and sputter 

coated with gold-palladium for 2 min using an Anatech Hummer® 6.5 (Anatech Limited, 

Denver, NC, USA). A Hitachi S4800 High Resolution SEM (Hitachi Limited, Tokyo, Japan) 

was used to create micrographs of the selective layers using an accelerating voltage of 10 kV. 



8 
 

For transmission electron microscopy (TEM) small pieces of membrane (1 mm × 2 mm) 

were embedded in Spurr resin (epoxy type resin, Sigma-Aldrich, USA). After polymerization 

of the resin at 65°C overnight, 150 nm thin sections were cut using a Leica (Wetzlar, 

Germany) EM UC6 ultramicrotome. The thin sections were collected on 200 mesh copper 

grids and viewed in a Titan Cryo Twin TEM (Thermo Fisher Scientific, Waltham, MA, USA) 

operating at 300 kV. TEM images of the membrane coating in cross section were acquired 

using a 4k × 4k CCD camera (Gatan Inc., Pleasanton, CA, USA). 

Transmission IR spectroscopy was used to evaluate the removal of the polysulfone support 

using DCM. The instrument used was a Thermo Scientific Nicolet iS50R FTIR (Thermo 

Fisher Scientific, Waltham, MA, USA). All spectra were collected as the average of 64 scans 

at a resolution of 4 cm–1. The spectra of isolated samples were compared to the spectrum of a 

pristine membrane (as received and washed with DI water). This spectrum was obtained 

using attenuated total reflectance (ATR)-FTIR, by equipping the instrument above with a 

Specac Golden Gate ATR attachment (Specac Inc. Fort Washington, PA, USA). 

Atomic force microscopy (AFM) in contact mode was used to quantify the surface roughness 

(reported as root-mean-square, RMS) of the TFC RO membranes. The instrument used was a 

Bioscope AFM (Bruker Inc., Billerica, MA, USA) coupled to a Nanoscope IIIa controller and 

operated using Nanoscope software version 5.32R1. The probe was a HQ:NSC16/Al BS from 

MicroMasch. Height profiles of 512 points were measured over an area of 100 μm × 100 μm 

at a scan rate of 1 Hz. The results are presented as the average of five or more spots per 

membrane sample, and the uncertainty is represented as one standard deviation.  
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Figure 2. Pictures of the SW-VAE (a) and FB-VASE (b) ellipsometry systems used in this 
study. Membrane placement and a typical size of the area probed by the reflected light are 
indicated.  

 

2.3. Single wavelength-variable angle ellipsometry (SW-VAE) 

Figure 2a shows the instrument (Beaglehole Instruments, Picometer) used for SW-VAE 

ellipsometry experiments. The laser arm comprises the laser source, a polarizer crystal, and a 

quartz crystal birefringence modulator, and the detection arm comprises a pinhole with a 1 

mm opening, an analyzer crystal, and a photomultiplier. The stage is a modular construction 

consisting of a base with variable height, two modules that control the tilt in the x and y 

directions, and two modules that control the position in the x and y directions. The laser 

source is a 5.0 mW 633nm He-Ne laser (Newport Corp., Irvine, CA). The polarizer 

modulates the beam polarization between 45 and 135° at each angle of incidence (AOI).  
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Measurements were done at AOI from 80 to 70° with a step increment of 1°. The maximum 

value of 80° was selected to keep the beam footprint (long axis) on the sample no larger than 

1 cm, and the value of 70° was the lowest AOI that consistently produced a reflected beam 

with enough intensity to be analyzed at the maximum photomultiplier gain. Measurement 

time was 0.3 s with intervals of 2 s per modulation. Reported sample properties are average 

values from measurements at six random locations for samples prepared using the isolation 

method and 16 locations for direct measurements. Optical modeling was done with IgorPro 

Software v4.0A.  

For SW-VAE direct measurements, samples were immobilized on a glass slide by double-

sided tape. The height of the stage was adjusted such that the center of the beam footprint on 

the TFC membrane was the same at AOIs of 70 and 80°. During measurements, the 

photomultiplier gain was set to a value that yields a constant detector signal (cathode current) 

of 10 μA. Details about the sample alignment are given in the Supporting Information. 

2.4. Focused beam–variable angle spectroscopic ellipsometry (FB-VASE)  

Variable angle spectroscopic ellipsometry (VASE) was performed with M-2000 DI device (J. 

A. Woollam Co., Lincoln, NE, USA) operating in a wavelength range of 193-1690 nm. 

Optical modeling was done between 600 and 1690 nm to avoid significant light scattering 

effects (related with significant roughness of the studied layers) for shorter wavelengths. All 

measurements were done using focused beam (300 µm short axis) to maximize reflected 

signal intensity and minimize scattering effects (shown in Figure 2b). Each membrane 

sample, after immobilization on the sample stage by vacuum, was measured at several angles 

of incidence (typically 65, 70 and 75°) at a minimum of 5 different locations. CompleteEASE 

software (v. 5.23) was used for data analysis.  
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Vapor exposure experiments were performed using a commercial in-situ flow cell supplied 

by the manufacturer of the M-2000 DI device. The cell possessed internal volume of ~5 ml. 

Partial pressure was adjusted by mixing a fully saturated stream with pure nitrogen carrier 

stream at an appropriate ratio while keeping the total flow at 50 sccm. The system used was 

similar to the one described earlier [26]. 

2.5. Optical modeling 

Two optical models were used to extract information such as thickness or refractive index of 

the ultra-thin IP layers. The models were constructed to reflect the morphology of the 

membranes as deduced from SEM and TEM images, as shown in Figure 3. The first one, 

Uniform Model, treated the IP layer as a homogenous thin film deposited directly on top of a 

porous polysulfone support or Si wafer. For FB-VASE, fit parameters included the IP layer 

thickness, parameters A and B of a Cauchy relationship to describe refractive index 

dependence on light wavelength (n(λ) = A + B/λ2), and an extinction parameter k related to 

the so called Urbach tail to handle slight loss of light intensity due to scattering at the lower 

wavelength end of the spectrum. Such derived refractive index can be treated as a measure of 

the layer (optical) density and gives a way of estimating, for instance, the degree to which the 

density of the IP layer deviates from the density of dense polyamide. The k parameter was 

used when no high numerical correlations with other fit parameters were found (see 

Supporting Information) and its use significantly improved the fitting quality. In addition, as 

described earlier for spin- and dip-coated thin polymer membranes [27], the refractive index 

of the supporting PSF could be determined independently benefiting from the full spectral 

data of FB-VASE. The substrate was modeled by an effective medium approximation 

whereby the optical properties of a dense polysulfone (refractive index of about 1.6, see more 

detail in Supporting Information) were mixed with void (refractive index of 1). The void 

fraction was included among fit parameters allowing approximate extraction of the porosity 



12 
 

of the support layer in the presence of the IP layer. This was only possible for FB-VASE 

because of a much larger number of measured parameters (psi and delta at each of the ~450 

wavelengths and 5 AOIs). The data are reported in Supporting Information. Similar handling 

of composite membranes has been described before [27,28]. For isolated RO IP layers, the 

substrate was replaced with Si wafer in the optical model and its properties were taken from 

literature [29]. For all numerical fitting procedures, a Global Fit option was employed where 

all fit parameters were probed over a broad range to find a global minimum that best matched 

the measured ellipsometry data. Even though computationally expensive, the method gave a 

reliable way to find a global fit minimum that did not depend on starting point. 

In SW-VAE, only the IP layer thickness and its refractive index were fitted, and the refractive 

index of the PSF support was assumed to be equal to arithmetic average (1.55) of values for 

dense PSF (1.61) and porous PSF (1.48, estimated using PS20 membrane). This treatment 

aimed to account for partial IP layer intrusion into the pores of the support, which would 

bring its refractive index closer to that of dense PSF. Depending on the PSF support 

refractive index value chosen, the resulting thickness result varied up to 20 nm for the 

seawater desalination membranes, 5 nm for BW30XFR, and 39 nm for XLE. In general, 

increasing the refractive index of the porous support led to a decrease of the refractive index 

and increase of the thickness of the IP layer; the optical model compensates for the increased 

density of the PSF support (refractive index) with decreased density of the IP layer to fit the 

measured optical density. This represents a disadvantage of SW-VAE compared to FB-VASE 

in which the optical properties of both the IP layer and PSF support can be obtained by fitting 

the optical model to the experimental data. Determination of the complete set of optical 

properties is enabled by the significant amount of data gathered with FB-VASE. The results 

of fitting for all three values PSF of support refractive index (dense PSF 1.61, fully porous 

PSF 1.48, and partially intruded PSF 1.55) are provided in Supporting Information.  
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The second model, Roughness Model, was used only to fit FB-VASE data. It extended the 

Uniform Model by adding a roughness layer (assumed to comprise 50% of the dense IP 

polymer and 50% of empty space). This optical treatment of roughness has been used widely 

for randomly rough surfaces and generally presents the best balance of simplicity and 

accuracy [30]. More sophisticated roughness models can be used, i.e. [31]; however for the 

sake of simplicity, the 50:50 polymer/void approximation was used as it was determined to 

suit the particular case of our IP TFC membranes (vide infra). This treatment of the IP layer 

morphology corresponded best to the SEM and TEM cross-sectional images, Figure 3a, and 

was expected to yield the most accurate results.  

 

Figure 3. (a) SEM and TEM cross-sectional images of a typical TFC RO composite 
membrane used in this study, the trace of the IP layers indicated with a yellow dashed line. 
(b) Uniform and Roughness optical models used for ellipsometry modeling. 

 

2.6. Determination of thickness and roughness from SEM and TEM 

Both Uniform and Roughness Models were applied to SEM and TEM cross-sectional images 

to determine the total thickness of the selective layers (Uniform Model) or thicknesses of the 
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dense and roughness layers (Roughness Model). Because of the somewhat subjective 

treatment of the cross-sectional TEM and, especially, SEM images, the results need to be 

used with caution. The challenge of subjectivity is partly alleviated for TEM where, contrary 

to SEM, the border between PSF support and the IP layer is much clearer. In addition, 

SEM/TEM and ellipsometry analyses were performed independently by two co-authors. In 

fact, the avoidance of this subjectivity by ellipsometry presents a large advantage of this 

technique.  

ImageJ 1.50i software (National Institutes of Health, Bethesda, MD, USA) was used to 

determine the active layer thickness from SEM micrographs. A contour line was drawn 

around the visible active layer of the TFC membranes (Figure 3a), and the dimensions of the 

contour line were used to calculate active layer thicknesses using the uniform and roughness 

models (Figure 3b). Details on the equations used to determine thickness values are given in 

the Supporting Information. Briefly, for the Uniform Model, the active layer was defined as a 

rectangle with equivalent area to the area enclosed by the contour line, and the thickness (hIP) 

was defined as the height of the rectangle. For the Roughness Model, the active layer was 

defined as two geometric figures: a rectangle (dense layer), and the area under a sinusoidal 

curve (roughness layer). The heights of these figures were defined as the thickness of each 

layer (hDENSE and hROUGHNESS), where the height of the roughness layer was the maximum 

height of the sinusoidal curve.  

The software DigitalMicrograph® (Gatan Inc., Pleasanton, CA, USA) was used to determine 

the active layer thickness from TEM micrographs. For the Uniform Model, the active layer 

thickness was defined as the height of a rectangle that would enclose the totality of the active 

layer. For the Roughness Model, the dense layer thickness was defined as the height of a 

rectangle that would enclose the active layer, starting from the interface with the PSF support 
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and finishing before reaching the area of the image without polymer. Then, the roughness 

layer thickness was defined as the difference between the active and dense layer thicknesses. 

The error bars presented for the SEM/TEM IP-layer thickness (and roughness) analysis 

represent the standard deviation among 12 to 27 measurements taken per membrane reference 

for SEM and 10 to 34 measurements for TEM.   
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3. Results and Discussion 

3.1. Characterization of isolated IP-layers 

 

Figure 4. (a) Si wafer-supported sample upon isolation of the selective layer of TFC RO 
membranes; note the inverted morphology as compared to the original membrane. (b) SEM 
images of the isolated selective layer deposited on Si wafer. (c) Transmission FTIR spectra of 
Si wafer-supported layers showing polysulfone residues (black) and ATR-FTIR spectrum of 
intact, non-isolated membrane (red). Isolation was done with DCM using 18mL of DCM/cm2 
of isolated area. Dashed, dotted and solid lines represent different samples with similar DCM 
washes.  

 

Isolation of active layers from TFC RO membranes, shown schematically in Figure 4a, has 

proved to be extremely useful in the past to study their thickness and morphology (including 

by ellipsometry) [10,13,18,21,32]. However, it is laborious and, if not done correctly using 

good laboratory practice, poses significant risks for alteration of the active layer. These 

include permanent deformation of the active layer and chemical/physical changes due to 

solvent contact, which were documented in earlier studies [10,33,34]. Figure 4b shows 
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examples of the main drawbacks of the active layer isolation: inverted morphology with the 

original top IP layer surface facing the silicon wafer and poor adhesion of the active layer to 

the Si wafer. In addition, the isolated IP layer may contain polysulfone (PSF) residues. 

Figure 4c shows FTIR spectra of the active layer of a SEAMAXX TFC RO prior to isolation 

(red) and after IP-layer isolation followed by DCM rinse (dashed, dotted, and solid black). In 

the spectra, we observe that the intensities decrease for two peaks at 1010 cm-1 (para-

substituted aryl ether [35]) and 1245 cm-1 (asymmetric stretching of aryl ether [36]) assigned 

to PSF, whereas the intensities increase for peaks at 1663 cm-1, 1609 cm-1 and 1541 cm-1 [36] 

assigned to the fully-aromatic polyamide (PA). Only for one sample after the six wash steps 

(solid black line) does the spectrum indicate that PSF has been removed completely. While 

PSF removal increases with increasing number of DCM rinse steps, it often leaves residues 

(with a constant volume of washes), and careful confirmation is required. This confirmation 

is, however, not commonly reported.  
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Figure 5. (a) Measured and model-generated FB-VASE ellispometry spectra as well as (b) 
film thickness extracted using the Uniform Model (SW-VAE and FB-VASE) and Roughness 
Model (FB-VASE). 

 

Figure 5a shows measured (red and green) and model-obtained (dashed black) Ψ and ∆ 

ellipsometry data determined with FB-VASE for isolated IP layers of the SEAMAXX RO 

membranes on Si wafer substrates. Si wafer was used as a substrate for the optical modeling 

of isolated layers. Mean squared errors (MSE) are given as a numerical figure of merit to 

quantify the closeness of the model-obtained data to the measured data. Supporting 

Information contains the definition of MSE. Good fits for polymer films deposited on Si 

wafer typically produce MSE ≤ 20 [20]. The MSE is lowered from 80 for the Uniform Model 
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to 58 for the Roughness Model, indicating that the latter captures the morphology of the 

isolated layers better; nevertheless, both MSE values are large and indicate general 

inadequacy of the optical models to describe the isolated IP layers. We attribute the 

inadequacy of the optical modeling directly to the challenges described earlier: imperfect 

adhesion of the IP layer to the substrate, inverted morphology with roughness of the original 

IP layer facing the Si wafer, and residual PSF. All of those features would be difficult to 

represent in the optical modeling and likely would yield highly correlated fit parameters and 

non-physical results.  

Figure 5b gives the results for the IP layer thickness obtained with SW-VAE (Uniform 

Model) and FB-VASE (both Uniform and Roughness Models). For SW30HRLE and XLE, 

SW-VAE yields values of 130 and 129 nm, which are comparable to data reported by Lin et 

al. (157 and 135 nm) and slightly lower than data reported by Culp et al. (192 and 302 nm) 

[4–6]. The data of Lin et al. also agree more closely to our FB-VASE data obtained with the 

Uniform Model (173 and 173 nm). On the other hand, when roughness is included in the 

model to describe FB-VASE data, the total thicknesses (Dense + Roughness, 271 and 272 

nm) compare more closely to those reported by Culp et al. We note, however, that detailed 

comparisons with literature even for membranes marketed under the same name (e.g. XLE) 

are of limited significance. The reason is the continuous fine-tuning of the membrane 

morphology and properties by the manufacturers over the years.   

3.2. Direct characterization of non-isolated IP layers on TFC RO membranes  

When both SW-VAE and FB-VASE were applied directly to non-isolated TFC RO 

membranes, with optical models utilizing porous PSF substrates (as discussed in the 

Experimental Part), a significant improvement in fit was seen between the measured and 

model-derived data (Figure 6a, b and c). Better fit quality was confirmed by much lower 

MSE values than for Si wafer-supported IP layer analysis. For FB-VASE, the Roughness 
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Model again fits the data better and produces a particularly good fit (MSE = 15.9). This 

strongly indicates that there is an advantage to accounting for roughness at the free surface of 

the IP selective layers, which also corresponds to their morphology as imaged with SEM and 

TEM (Figure 3a).  

IP layer thicknesses derived from the Uniform Model (SEM, TEM, SW-VAE and FB-VASE, 

Figure 7a) and Roughness Model (SEM, TEM and FB-VASE, Figure 7b) allow for 

comparisons between the different techniques. For the Uniform Model (Figure 7a), 

ellipsometry seems to underestimate the IP layer thickness in comparison to electron 

microscopy by 30-70%. FB-VASE yields slightly higher thicknesses in the range of 100-200 

nm which are comparable to electron micrographs, while SW-VAE produces average IP layer 

thicknesses of only about 100 nm. The uniform modeling provides a first approximation on 

the IP layer properties, but the generally observed underestimation of the layer thickness 

needs to be considered. The IP layer thickness observed by electron microscopy was two to 

three times larger for all five membranes than that given by SW-VAE. This underestimation 

is probably related with the inability of the Uniform Model to adequately capture the high 

roughness of the IP layers. When roughness is accounted for (Figure 7b), FB-VASE 

produces a good, direct agreement with both SEM and TEM. Moreover, the extent of 

roughness determined with FB-VASE linearly correlates with AFM-derived roughness 

(Figure 7c). The scan area in AFM measurements was close to the maximum limit for the 

instrument. It was selected with the goal of comparing with SW-VAE and FB-VASE results 

that have a larger testing area. 
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Figure 6. Measured (Ψ, ∆) and model-obtained data for SW-VAE (a) and FB-VASE (b and 
c) SW30HRLE membrane analysis.  

 

Figure 7. Ellipsometry, SEM, TEM and AFM derived IP layer and rough layer thicknesses 
(a, b, c) and refractive indices of the whole IP layer (Uniform optical model) and dense part 
(Roughness optical model) (d) for intact TFC RO membranes. 
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Because of the high fidelity of ellipsometry analysis (signified by low MSE values and good 

agreement with SEM, TEM and AFM), it is possible to extract refractive index values (n(λ) = 

A + B/λ2) of the IP layers from the data (Figure 7d); these provide an indication of the mass 

density of the polyamide films. The theoretical refractive index of dense (continuous, non-

porous) IP polyamide is estimated to be 1.60 from group contributions according to Krevelen 

and Bondi [37,38] and is indicated in Figure 7d. Air filled voids have n = 1.00. For almost 

all investigated membrane samples, uniform ellipsometry modeling yields refractive indices 

well below the value for dense polyamide. This implies a high average void fraction within 

the hypothetical uniform layer and agrees with the high roughness of the active layers of TFC 

RO membranes, visible in the electron microscopy images, as well as AFM roughness 

measurements. By using an effective medium approximation (EMA) to combine optical 

properties of dense polyamide with void it is possible to estimate average void fractions 

(essentially porosities) of the IP membrane layers [28,39,40]. For instance, SW-VAE gives an 

IP layer refractive index of 1.25 for SW30XLE membrane, which according to EMA 

corresponds to about 60% porosity. Details of the EMA calculations are outlined in the 

Supporting Information. The high porosity (i.e. void fraction within dense polyamide) of the 

IP layers in RO membranes is in agreement with their high water fluxes and is one of the 

contributing factors to their commercial success. While the EMA model has been used in the 

past to determine void fractions within isolated IP layers [21], in our work for the first time, 

ellipsometry provides a method to estimate the average porosity of the non-isolated selective 

layers without reliance on a highly subjective judgment based on SEM, TEM or AFM. The 

method could potentially become more accurate if the optical models are informed and 

refined through microscopic observations to account for some of the non-idealities (exact 

pore size and shape, deviations of roughness from sinusoidal character etc.).  
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Even more morphological information can be deduced by using the approach that accounts 

for roughness (FB-VASE, Figure 7d). In this case, refractive index (dense) refers to the 

denser part of the IP-layer that forms directly on top of the polysulfone support and lies 

underneath the very rough top layer surface, see Figure 3b. For four out of five membranes 

(except for the roughest and most non-uniform SW30XLE, according to AFM, Figure 7c) 

studied here, this dense part seems to correspond to nearly fully dense polyamide (ref. index 

close to 1.60) and extends roughly 100 to 200 nm from the surface of the polysulfone 

support. We note, however, that the error in the determination of the dense layer refractive 

index increases significantly compared to the results of the Uniform Model. Furthermore, the 

apparent high density is not consistent with the recent literature indicating high void fractions 

within the bottommost part of the IP layers that result from air bubbles trapped within the 

structure following the interfacial polymerization reaction [15,21,41–45]. Even though our 

SEM and TEM images (representative samples are presented in the Supporting Information) 

did not clearly indicate such morphological structures, the ellipsometry modeling results need 

to be treated with caution.  Nevertheless, the above example indicates that limited 

information about the density distribution can be obtained using FB-VASE, provided the 

surface of the membrane is not rough enough to produce appreciable light scattering and 

depolarization effects, which was the case for SW30XLE (See Supporting Information). The 

Roughness Model potentially could be improved to account for the crumpled morphological 

features of the IP layers by explicitly including an additional, truly dense (ref. index ~1.60), 

20-50 nm thick layer at its base underneath the apparent isolated voids. Such a modification 

would need to be treated with caution to assure the numerical uniqueness and meaningfulness 

of the added fit parameters. It would have to be assessed whether the added information 

justifies the added complexity of the analysis. 
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Figure 8. Demonstration of FB-VASE ellipsometry for in-situ dynamic studies of the TFC IP 
membrane interaction with fluids (a); IP layer thickness, its roughness and refractive index 
response to water (b) and ethanol (c) vapors cycling. 

 

In actual separation processes, membranes interact with various fluids, such as aqueous 

solutions containing ions, neutral/charged molecules, chlorine-containing cleaning agents etc. 

These interactions may cause changes in the membrane structure, such as swelling (Figure 

8a) or degradation. Because of its non-intrusiveness and short analysis time (as low as several 

seconds per full spectrum) ellipsometry allows in-situ dynamic studies of changes in the IP 

layer morphology in response to penetrants. Two examples are shown in Figure 8b and 8c 

where XLE and BW30XFR membranes were exposed to water and ethanol vapor cycling, 

respectively. These experiments demonstrate the high sensitivity of dynamic in-situ 
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ellipsometry to detect swelling (thickness increase), which was less pronounced for water 

than for ethanol vapors. Water vapor swells XLE membrane by ~10 % and the system 

equilibrates within several minutes, while ethanol swells the BW30XFR membrane to a 

larger extent (~30%) and requires a long time to equilibrate.  

Finally, we note that when combined with a manual or motorized translation stage both SW-

VAE and FB-VASE would allow for lateral imaging or mapping of the TFC RO membrane 

surface, similarly as described earlier [27]. This approach could prove useful both in 

manufacturing process control and in laboratory-scale development to quickly assess 

homogeneity of the IP-obtained layers over large surface areas (limited only by the size of the 

translation stage) and with lateral resolution as low as ~0.5-1 mm (for FB-VASE).  

4. Conclusions 

Single wavelength–variable angle (SW-VAE) and focused-beam variable angle spectroscopic 

ellipsometry (FB-VASE) have been applied to study morphology of the selective layers of 

interfacially-polymerized (IP) thin-film composite membranes (TFC) without the need for IP 

layer isolation. Two approaches were utilized to model the membrane structure. The first 

assumed a uniform density distribution throughout the IP layer. The advantage of this 

Uniform Model is its simplicity with a minimal number of adjustable parameters and 

applicability to the widely available SW-VAE technique to approximately characterize the IP 

layer thickness and refractive index. The second model accounted for the significant surface 

roughness of the IP-based TFC membranes observed by electron and atomic force 

microscopies. Incorporation of roughness into the modeling resulted in an improvement of fit 

quality and a good agreement of FB-VASE data with SEM, TEM and AFM. Moreover, 

ellipsometry has been shown to be suitable for approximate determination of the IP layer 

average porosity (that is void volume fraction within dense polyamide which encompasses its 



26 
 

roughness, trapped voids within the IP layer, as well as its microporosity), which is an 

important parameter intimately related with molecular transport resistance. Finally, direct, 

non-destructive and time-resolved studies of the changes in the IP TFC membranes subjected 

to penetrants has been demonstrated.  
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- Development of a non-destructive ellipsometry method for characterization of TFC membranes 

- The method does not require isolation of the interfacially-polymerized (IP) selective layer 

- The developed method is consistent with SEM/TEM/AFM 

- In-situ studies of IP membranes in process fluids, chemical/physical stimuli, or cleaning agents are 
enabled 
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