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Abstract: 

Evanescent wave-induced fluorescence spectroscopy (EWIFS) is a widely used technique for probing 

the interfacial behavior of different complex media in investigations of samples in the physical, 

chemical, and biological sciences.  This technique takes advantage of the sharply decaying evanescent 

field, established following total internal reflection (TIR) at the interface of two media, for spatially 

identifying the photoluminescence characteristics of the sample.  The generation of the evanescent 

field requires the refractive index of the second medium to be lower than that of the first, so a major 

disadvantage of this increasingly widely used spectroscopic technique is the inability to exploit the 

advantages of EWIFS to image a sample with a higher refractive index than the incident substrate 

medium.  A proposed configuration in which a thin, low refractive index intermediate layer is 

established between the TIR substrate and a high refractive index sample is investigated.  We illustrate 

that this arrangement does not afford the desired advantages of evanescent field-induced fluorescence 

measurements for investigating high refractive index media. 
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Introduction: 

Evanescent field-induced fluorescence is a near-field optical spectroscopic and microscopic tool based 

on total internal reflection that is widely used in biochemistry, cell biology and biophysical 

applications[1].  It is also of importance in many areas of materials science{Simpson, 1997 

#48;Woerdeman, 1996 #49}.  When an electromagnetic (EM) field is incident at an interface of two 

media of different refractive indices, a component of the EM wave is reflected into the first medium, 

and the rest is transmitted into the second medium. The proportions of the reflected and transmitted 

parts are governed by Fresnel’s equations[4].  When the refractive index of the second medium is 

higher than that of the first medium, the amount of the incident wave being transmitted to the second 

medium is a function of the incident angle of the EM wave at the interface.  When the refractive index 

of the second medium is less than that of the first, the incident beam is totally reflected from the 

interface if the incidence angle exceeds the critical angle; producing the phenomenon known as the 

total internal reflection (TIR)[5].  Under such conditions, an evanescent field is generated within the 

second medium as a result of the TIR at the interface, and this field strength decays exponentially with 

distance (typically, within some hundreds of nanometers) from the interface.  The penetration depth of 

the evanescent field, dp, is defined as the distance, normal to the interfacial plane, required for the 

electric field amplitude to fall to 1/e of its initial value at the interface. This distance dp is a function 

of the incident angle, θi, the wavelength of light used, λ, and the relative refractive indices of the two 

media, n1 and n2:  

 𝑑𝑝 =
𝜆

2𝜋

1

√𝑛1
2𝜃𝑖−𝑛2

2 

 (1) 

approaching infinity when θi is close to the critical angle defined by Snell’s law (𝜃𝑐 = sin−1 (
𝑛2

𝑛1
) 

assuming 𝑛2 < 𝑛1).  It should be noted that the penetration depth is often also defined by the electric 

field intensity, i.e. 𝐼 = 𝐼0𝑒
−𝑧

𝛬 , where I and I0 are intensities in the optically rarer medium and at the 
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interface, respectively.  In this case, Λ is half the value of dp.  Chromophores within the region of the 

lower refractive index medium into which the evanescent wave extends can absorb energy from the 

field and become photoexcited leading to attenuation of the “totally internally” reflected beam.  

Absorption spectral information can be extracted through measurements of the wavelength-dependent 

attenuation of the reflected beam, usually in a multiple bounce geometry to enhance the attenuation 

and thereby signal-to-noise[6].   

If the photoexcited chromophores are fluorescent, their emission can be used to probe photophysical 

behavior in a region in close proximity of the interface, in the technique known as evanescent wave-

induced fluorescence spectroscopy (EWIFS)[7] or total internal reflection fluorescence (TIRF)[8].  

The sensitivity of fluorescence techniques along with the inherent spectral and temporal information, 

make this an attractive approach to probe variations in the photophysical behavior with distance from 

the interface.  This approach can be further extended to the microscopic regime; total internal reflection 

fluorescence microscopy (TIRFM)[9].  In TIRFM the excitation of fluorophores near the interface 

results in high contrast images containing spectral (and temporal) information near the interface.  The 

main advantage of this technique is the selective photoexcitation of, and therefore emission from, the 

surface bound fluorophores where the molecules residing deep inside the sample volume are not 

excited and hence, cannot emit.  The sub-micron surface selectivity has led to this technique becoming 

a common choice for high resolution imaging at the single molecule level[10] and in some 

implementations of structured illumination microscopy[11,12].   

TIR-based techniques offer some significant advantages over other methods.  One common 

implementation of EW spectroscopy is to probe a signal (absorption or emission) as a function of 

distance from the interface by varying dp through changing the angle of incidence (variable angle EW 

spectroscopy)[5,6].  In addition, the potential to probe molecular alignment and dynamics (in- and out-

of- the plane of the substrate) through exploiting the polarization properties of the evanescent field (to 

preferentially excite absorption transition moments oriented either in either in- and out-of- the plane 
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of the substrate surface using s- or p-polarised excitation, respectively)[13] is attractive for many fields 

beyond a biological context, including materials chemistry[14]. 

In a conventional evanescent wave experiment, the first medium (TIR substrate) is generally taken as 

a glass (e.g. silica, SiO2), although such measurements can also be performed at the interface between 

two liquids,[15] a plasma and a liquid[16] or a liquid and a gas.[17]  Evanescent wave excitation of 

the object is possible while the refractive index, n, of the sample does not exceed that of the glass (n = 

1.47 at 400 nm for silica[18]).  The major disadvantage of EW techniques arises when the refractive 

index of the sample of interest is higher than that of the first (substrate) medium, whereby TIR does 

not occur, and the evanescent field cannot be generated from the interface of the two media.  A solution 

in some cases is to use a material of refractive index higher than common glass, for example sapphire 

(alumina, Al2O3, n=1.79 at 400 nm[19]), LaSFO8[20] (n=1.92 at 400 nm[21]) or TiO2,[22] (n=2.87 at 

400 nm[23]) or SrTiO3[22] (n=2.5803 at 400 nm[24]) as the incident substrate material.  For practical 

applications in fields such as materials science, many sample materials of interest, including films of 

organic polymers and perovskites, have very high refractive indices (sometimes exceeding 2).  

Therefore, utilizing the advantages of evanescent field induced fluorescence measurements is 

generally not possible for films of these materials on regular prism substrates by the conventional EW-

based approach.   

In order to overcome this issue, we investigate an arrangement where the evanescent field induced 

emission mode may become possible even for objects having refractive index higher than the first 

medium.  In this system a very thin film of a material with refractive index less than that of the first 

medium is sandwiched between the first medium and the object.  A schematic diagram of the 

arrangement is shown in Figure 1.   
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FIG. 1.  Schematic diagram of the layered TIR arrangement 

When the angle of incidence of the light at the n0 : n1 interface exceeds the critical angle for the n0 and 

n1 materials, total internal reflection of the incident EM wave can occur within the n0 material and an 

EW may be generated in the n1 material, given certain constraints.  The evanescent field thereby 

generated in the n1 film loses its strength, generally within some hundreds of nanometers from the n0 : 

n1 interface.  If the thickness of the n1 film is large enough so that coupling across the gap is very weak, 

the evanescent field will decay within the thin film itself and never reach the n2 material – the third 

layer is essentially irrelevant.  It is tempting to consider that if the intermediate (n2) layer is made very 

thin then any EW generated at the n0:n1 interface may have a possibility of transmitting through the 

thin n1 layer and into the third (n2) medium.  The evanescent field could then excite the fluorophores 

in n2 within proximity of the n1 : n2 interface and the emission from these molecules can be captured 

with a sensitive detector.  On the other hand, a very thin film of the n1 material may not constitute a 

true low refractive index medium relative to n0 and no evanescent wave will be established.   

Multilayer systems have previously been reported by several other researchers.  A similar three-layer 

system based on a prism-air-fiber arrangement is reported by Saloman et al.[25].  In their setup, a beam 

was incident into a glass prism (n=1.458) and was totally reflected with angle of incidence larger than 

the critical angle.  A fiber tip was put on the evanescent wave side of the prism with a gap, which was 

changed to probe the intensity of the evanescent field as a function of distance to the surface.  They 

found that while probing with a fiber tip, the evanescent field being detected didn't drop exponentially, 
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which proves that the fiber affects the generated field, especially when the fiber is close to the prism.  

Other systems based on prism-air-substrate layers have been implemented to achieve frustrated 

TIR[26,27].  Harrick[5] reported a prism-air-prism system where two prisms were placed very close 

to each other but without contact.  It was found that when the distance between the two prisms is a 

fraction of the incident wavelength, the reflected beam will be attenuated.  The transmitted intensity 

was found to increase as the distance between two prisms decreases indicating that the incident light 

is coupled into the second prism medium.  

Multi-layered approaches exploiting resonant enhancement of evanescent waves have been invoked to 

increase the evanescent field strength for applications such as atomic mirrors[28] and optical trapping, 

using graphene and double-negative materials.[29,30]  A related approach is exploited in surface 

plasmon resonance experiments[31,32] in which a thin film of metal (e.g. Au or Ag) is coated onto a 

typical (silica) substrate.  Thin films of such metals have a very low refractive index, e.g. thin films of 

Ag have n=0.06422[33] (0.056[34]) at 400 nm.  When the electrical field energy of the photon matches 

the optical properties dictated by the thickness of the metal layer, it can interact with the free electron 

oscillations in the metal film; these are the outer shell and conduction-band electrons.  The incident 

photons are absorbed, and the energy is transferred to the electrons, which convert into surface 

plasmons.  A surface plasmon is established that can enhance the field strength at the interface and 

create an evanescent field that extends into the medium on either side of the film that decays rapidly 

with distance from the interface.  The plasmon is generated with p-polarized light.  Surface plasmons 

can also be used to induce emission in the interfacial region (surface plasmon-coupled emission).[35]  

Rather than providing an inert, low refractive index layer, the materials employed for these resonance-

based multi-layer systems may also influence the photophysical properties, including fluorescence 

quantum yield/lifetime, which is undesired in the experiments under consideration in this paper. 

Indeed, there have been previous attempts to perform EW spectroscopy to study films of high refractive 

index materials using such an approach.  For example, in a study of perovskite materials,[36,37] a low 
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refractive index layer (an air gap only a few nanometers thick) lies between the first medium 

(coverslip) and the high refractive index material (perovskite)[37].  In that work two-photon excitation 

was used, potentially resulting in a substantial EW penetration depth.  One of the issues with this 

approach is that the air gap will vary in thickness (and therefore substantially in EW penetration) over 

the region of interest due to surface roughness of the substrate and the perovskite film, which will 

result in variations in any EWIF signal intensity.  An alternative approach may be to use a thin film of 

a low refractive index material (e.g. a polymer) that can be cast with a uniform and controlled 

thickness.  This was the motivation for the current work; the goal of this paper is to investigate the 

merit of this three-layer approach in terms of implementation in time-resolved EWIF measurements, 

and in a TIRF microscope to image, high refractive index materials in close proximity of a glass (or 

similar refractive index) substrate.  A typical perovskite is used as a specific example of a high 

refractive index material for which this configuration may potentially be useful, and simulations are 

used to investigate the validity of this approach.   

Simulation Details: 

In this work we have performed simulations to analyze the behavior of the incident electromagnetic 

field for a simple, representative three-layer system consisting of silica (n0 = 1.47),[38]† air (n1 = 

1.00),[39]† and a perovskite film (n2 = 2.43)[40].  The wavelength of the incident EM beam is 400 nm.  

We have carried out these simulations using methods based on both a custom MATLAB script and the 

Finite Element Method as implemented in COMSOL Multiphysics.  These two approaches are dealt 

with in the following two sections.  Simulations were performed using MATLAB code based on the 

transfer matrix approach for calculation of the reflectance and transmittance of EM waves in a layered 

system.[41]  Additional numerical methods-based simulations were performed using COMSOL 

Multiphysics® 5.5 with the Wave Optics Module.  The geometry of the model is shown in Figure 2 

with a modelled region of size 20 × 20 m.  An incident Gaussian beam with electric amplitude 𝐸0 

 
†COMSOL Multiphysics® 5.5 materials library 
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(Vm-1) and beam width of 4 m is applied to the left boundary of the cell.  The thickness of the air 

layer and incident angle of the beam have been changed in the simulation to observe their effects 

attributed to the change of the electromagnetic field.  

  

FIG. 2.  Model geometry used for COMSOL simulations. Θi is the incident angle of the beam. z stands for the distance from silica-air 

interface.  The generated evanescent field is expected to decay exponentially as a function of z.  

Results and Discussion: 

A model for a system with three media comprising silica, an air layer and a high refractive index 

material (perovskite) with an incident EM beam of 400 nm was developed as described above using 

the MATLAB-based analytical treatment.  The light is incident through an optically thick silica TIR 

substrate (n0), and the intensity of the incident EM wave reflected from the substrate:air interface is 

determined as a function of the angle of incidence (0 to 90o) and the thickness of air films (n1, up to 

1,000 nm).  These simulations were performed for both s- and p-polarized incident light (Figure 3). 
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FIG. 3. Simulation of the reflectance of the incident radiation of wavelength 400 nm as a function of intermediate (air: n1=1) film 

thickness and angle of incidence (n0 (SiO2) = 1.47, n2 (perovskite) =2.43). 

The critical angle for a silica-air interface is ~43° at 400 nm.  From Figure 3, the reflectance of the 

system approaches unity after the incident angle exceeds the critical angle, corresponding to total 

internal reflection conditions.  The behavior is similar for both the s- and p-polarization of the incident 

beam, for large intermediate layer thicknesses.  At intermediate layer thicknesses, less than 

approximately 600 nm, the two polarization conditions exhibit different reflectance versus angle of 

incidence behavior.  The reflectance from the interface as a function of angle of incidence at three 

representative intermediate layer thicknesses is shown in Figure 4. 
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FIG. 4. Variation of the reflectance with the incidence angle for different thicknesses of the intermediate (air) layer. 

The reflectance in all three cases exhibits a minimum value at around ~40° for p-polarized EM waves; 

around the Brewster angle for a glass: air interface. When the thickness of the intermediate layer is 

very small (50 nm or 100 nm), under s-polarized conditions, the reflectance of the system shows a 

gradual increase with increasing incidence angle.  However, when the thickness of the intermediate 

layer is larger (e.g. 200 nm) the reflectance of the system under s-polarized conditions increases steeply 

with increasing angle of incidence up to the critical angle, after which the reflectance of the system 

tends to one (total internal reflection of the EM wave).  

Therefore, we can conclude that a 400 nm EM wave incident on a Glass-Air-Perovskite system exhibits 

strong reflection at the glass air interface, for both polarization conditions, when the thickness of the 

intermediate air layer is greater than 200 nm, or about half the wavelength of the excitation light.  If 

the thickness of the intermediate layer is below 200 nm the EM wave transmits directly from the glass 
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medium to the perovskite film and no or insignificant reflection of the incident wave exists.  Therefore, 

no evanescent field is produced under these conditions and the advantages of interrogating the 

perovskite film using EW excitation (e.g. restricted penetration depth and polarization effects) cannot 

be exploited.  

The thickness of the intermediate layer necessary for the strong reflection of the EM field has a strong 

dependence on the wavelength of the incident light.  We have calculated the reflectance of the same 

system considering the wavelength of the incident EM wave to be 800 nm (Figure 5), typical of two 

photon-induced excitation as used in the papers of Doughty et al.[36,37]  In this case the behavior is 

very similar to 400 nm excitation conditions; when the thickness of the intermediate (air) layer is very 

small the EM wave of 800 nm undergoes strong transmission from the first medium to the third 

medium experiencing frustrated total internal reflection.  The incident EM field undergoes (near) total 

internal reflection beyond the critical angle only when the thickness of the middle layer is greater than 

λ/2 (~400 nm) where λ is the wavelength of the incident beam.  This is expected as in the case where 

two angled prisms exhibiting TIR are brought close together - at a certain close separation the beam 

will transmit as the field couples from one prism into the other[5]. 

FIG. 5. Reflectance calculation of the incident EM wave of wavelength 800 nm as a function of intermediate (air: n1=1) film thickness 

and angle of incidence (n0 (SiO2) = 1.47, n2 (perovskite) =2.43) 
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As TIR of the incident EM field is a necessary condition for generating the evanescent wave at the 

interface of the first two layers, the intermediate layer must have a thickness of at least half the 

wavelength of the incident beam to generate an EW.  However, if the distance over which the 

evanescent field decays is greater than the intermediate layer thickness, it may be plausible that the 

evanescent field could penetrate the third medium and excite the fluorophores for interrogating them 

by emission-based techniques affording the advantages of EW excitation.   

For spectroscopically investigating the interfacial region of a perovskite film, under certain 

circumstances, the first medium may not need to possess a refractive index higher than the sample.  

Instead, it may be possible to find suitable combinations of the first medium and the intermediate layer 

and generate a decaying field in the third layer.  There exist a few difficulties in the glass-air-perovskite 

configuration discussed above in optimizing the thickness of the intermediate air layer.  The 

experimental arrangement of this system is quite difficult to establish while maintaining the desired 

thickness and uniformity of the air layer between the glass plate and the perovskite film.  This problem 

could be overcome if the glass is coated with a thin film of a suitable low refractive index material and 

the sample is placed after the thin film.  Therefore, instead of a glass-air-perovskite system we have 

also analyzed a glass-polymer film-perovskite system.  It then remains to identify materials with the 

desired specific refractive indices to act as the intermediate film layer for the EWIF studies of high 

refractive index samples.  Since the penetration depth of an evanescent field is a function of the relative 

refractive indices of the media constituting the interface, simulations can assist in identifying suitable 

material properties.   

Similar MATLAB simulations to those performed for the silica-air-perovskite configuration were 

carried out on a glass-polymer film-perovskite system, calculating the reflectance as a function of the 

thickness of the intermediate film and angle of incidence, assuming 400 nm incident light (Figure 6).  

When the first medium (silica) is coated with the (polymer) film with a refractive index of 1.35, the 

critical angle of the silica-film interface is around ~ 66°, after which the system exhibits TIR.  The 
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reflectance of the system is minimum for an incident p-polarized wave around an incident angle ~ 42°, 

which corresponds to the Brewster angle for the glass-film interface.  The thickness of the intermediate 

layer also plays a critical role in the behavior of the incident electromagnetic field at the interface.  The 

reflectance of the system is not very strong even after the critical angle when the thickness of the 

intermediate layer is below 200 nm.  Consequently, the EM wave does not reflect totally from the 

interface, but it directly transmits to the third medium, i.e. into the perovskite film.  We have earlier 

seen the similar effects with the glass-air interface.   

FIG. 6. Variation of the penetration depth of the evanescent field for (a) the silica- air interface and (b) the silica-polymer film 

interface.  Reflectance calculation of the incident EM wave (400 nm) in a glass-film-perovskite configuration (n1 = 1.35).  

Considering that TIR is only viable when the thickness of the n1 film is approximately half the 

wavelength of the incident light, in this case, a penetration depth in medium 1 of at least 200 nm is 

required.  For the evanescent field to be of sufficient strength at the n1:n2 interface to probe 
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fluorophores in the n2 material the penetration depth needs to be significantly larger than this.  Figure 

6 represents the variation in the penetration depth of the evanescent field as a function of the incident 

angle for the two configurations discussed above.  The penetration depth is undefined (infinite) at the 

critical angle (Equation 1) but is very strongly dependent on the angle of incidence for angles just 

larger than the critical angle.  For s silica-air interface the critical angle after which the TIR is exhibited 

is ~ 42.86°.  The penetration depth, in this case, falls below 200 nm if the angle of incidence is 

increased from θc by more than just a few degrees in this case.  The critical angle for the silica-film 

interface is ~ 66.68° and in this case, the penetration depth falls below 200 nm when the angle of 

incidence exceeds 70 degrees.  Therefore, for interrogating the high refractive index perovskite films 

via evanescent wave excitation at 400 nm, a silica-polymer film-perovskite configuration with a 

polymer film thickness of ~200 nm and an incidence angle just beyond the critical angle may appear 

to be a viable arrangement. 

The numeric simulations above lead to the optimal parameters of the various layers, but do not 

interrogate the penetration of the evanescent wave produced at the n0:n1 interface into the n2 material.  

For this, we have performed numerical-based simulations using COMSOL Multiphysics.  In the first 

of these simulations, we investigated the effects induced by the intermediate layer on evanescent field 

generation, as the thickness of the intermediate layer (tair) was varied from 10 nm to 390 nm at a 

constant angle of incidence (45o - just larger than the critical angle) and the corresponding electric field 

distributions compared (Figure 7).  The intensity of the reflected beam decreases with decreasing tair, 

i.e. as the silica and perovskite layers become closer. This is in agreement with the MATLAB 

simulations and supports the viability of the proposed 3-layer approach.  Moreover, the electric field 

plots (Figure 7(c)) show a discontinuity after reaching the perovskite layer, however, the field strength 

does decay with increasing distance from the interface, albeit with a different distance dependence 

beyond the point of the discontinuity.   
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(a)

 

(b) (c)

 

 

FIG. 7. COMSOL simulation results that are based on silica-air-perovskite multilayer structures under various thicknesses of the 

intermediate layer (tair). (a) Electric field distributions in the system. (b) Plots of the intensity of the reflected beam; (c) Plots of field 

intensity as a function of distance from the silica/air interface. The incident electric field is set to be s-polarized. Incident wavelength = 

400nm. Incident angle = 45o.  

To further examine the discontinuity and field decay, another simulation was run in which the 

absorption of the perovskite (the imaginary component of the refractive index, n = (n + iκ), where κ is 

the extinction coefficient, and the absorption coefficient, α = 4πκ/λ) is not considered.  The extinction 

coefficient of the perovskite layer was set to 0, while all the other parameters were the same as above.  

Figure 8 shows the electric field is surprisingly different from Figure 7 above.  Although the evanescent 

field can be seen in the air layer, its field intensity remains constant after reaching the perovskite layer, 
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which again indicates that when the EW generated at the second layer reaches the third layer, it exists 

as a propagating wave rather than as an EW.   

(a) 

 

(b) (c)  

FIG. 8. COMSOL simulation results based on silica-air-perovskite multilayer structures under various thickness of intermediate layer 

(tair), with absorption of perovskite layer NOT considered. (a) Electric field distributions in the system. (b) Plots of the intensity of 

reflected beam; (c) Plots of field intensity as a function of distance from the silica-air interface. Incident electric field is set to be s-

polarized.  Incident wavelength = 400nm. Incident angle=45o. 

Conclusions: 

In conclusion, a multilayer approach to using evanescent wave excitation is explored through 

simulations using both MATLAB and COMSOL code.  The MATLAB code predicts that this approach 

may be viable under certain conditions (wavelength and intermediate layer thickness) for probing the 

interfacial behavior of high refractive index materials.[36,37]  However, the COMSOL simulations 

illustrate that, in the three-layer system we modeled here, the evanescent field only exists in the 

intermediate (low refractive index) layer, decaying exponentially, but then behaves as a propagating 

wave after reaching the high refractive index (e.g. perovskite) layer exhibiting frustrated total internal 

reflection.  Theses simulations, therefore, show that the three-layer approach is not viable for probing 
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high refractive index materials exploiting the advantages of EWIF spectroscopy, specifically its two 

key capabilities; (i) to probe emission as a function of distance from the interface (through variable 

angle excitation) and (ii) to preferentially excite absorption transition dipoles oriented parallel and 

perpendicular to the interface, cannot, therefore, be exploited with this simple three-layer 

configuration.  This work suggests that the assumption made in previous work[36,37] in terms of the 

penetration of the EW into the high refractive index material is not valid, and alternative methods of 

probing materials such as perovskites must be employed. 
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