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Abstract— In this work, the characteristics of lossy mode 

resonances (LMRs) in double-clad fibers where the refractive 

index (RI) of the second cladding is lower than that of the first 

cladding are analyzed both numerically and experimentally. In the 

first place, the LMRs spectra obtained with a 75 nm TiO2 thin film 

are simulated, and it is observed that a thicker second cladding 

improves the width of the resonances, making them narrower. 

Then, two experimental cases (no second cladding, and second 

cladding with thickness of 1.13 µm) are assessed, showing a good 

agreement with the previous simulations. Finally, an experimental 

refractometric study is carried out in liquids (surrounding 

medium refractive index in the 1.34 - 1.40 range) for both fibers, 

calculating the full width at 1dB (FW1dB), the sensitivity, and the 

figure of merit (FOM). The FW1dB is better for the LMR obtained 

on the fiber with second cladding while the sensitivity is slightly 

greater for the fiber without second cladding. In the case of the 

FOM, it is higher for the double-clad fiber as the narrowing of the 

resonances outweighs the lower sensitivity. These results show that 

the performance of LMR-based optical fiber sensors can be 

improved by employing double-clad fibers. 

Index Terms—lossy mode resonances (LMRs), thin films, full 

width half maximum (FWHM), figure of merit (FOM) 

I. INTRODUCTION

ne of the concerns in the optical sensing field is how to improve

the resolution of the devices so lower limits of detection can be 

achieved, for instance, in biosensing or chemical applications 

[1]–[3]. In the case of wavelength based optical sensors, the resolution 

depends on the minimum wavelength shift that can be measured with 

accuracy (in nm, pm) and the sensitivity of the device (nm/RIU, 

pm/RIU considering for instance a case in which the refractive index 

is being measured). The resolution (in RIU-1 for this example) is the 

ratio between these two parameters [4], [5].  

When talking about the minimum wavelength shift that can be 

measured, it depends on the detector in the setup but also on the 

sensing device, a fact that is usually underestimated. If the resonance 

whose wavelength is being tracked is not narrow enough, the 

uncertainty in the position of the minimum or maximum will increase, 

so the minimum wavelength shift that can be measured with accuracy 

will be larger, even if the resolution of the detector is high. The simplest 

way to improve this (focusing exclusively on the sensing device) is to 

reduce the full width half maximum (FWHM) of the resonance. 
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Regarding lossy mode resonances (LMRs) [6]–[9], efforts to improve 

the resolution have been usually aimed at increasing the sensitivity. In 

fact, the two main options for this purpose have been to work at longer 

wavelengths in the near infrared (and even in the mid-infrared [10]), 

or to increase the refractive index (RI) contrast between the optical 

fiber (made of silica) and the material of the thin film [6], [11]. With 

respect to the FWHM, in [12] it is shown in a D-shaped fiber in 

reflection configuration that the FWHM can be controlled through the 

length of the nanocoating. By reducing its length through a laser 

ablation process, the FWHM is improved. 

On the other hand, another suggested way to improve the performance 

in wavelength-based sensors with thin films is to include an 

intermediate layer between the waveguide and the thin film, where the 

RI of this additional layer is lower than that of the waveguide. In [13], 

it is numerically studied, in a Kretschmann configuration, the addition 

of a lithium fluoride (LiF) intermediate layer between the optical prism 

and the TiO2 thin film that generates the LMR. This LiF layer reduces 

the FWHM of the resonances, improving the performance of the 

sensor.  

With respect to fibers, this low RI intermediate layer becomes a second 

cladding between the first cladding and the thin film. This structure has 

been studied in the case of LPGs in [14] where it has been 

demonstrated that a low RI second cladding increases the sensitivity to 

the thin film thickness and to the surrounding medium refractive index 

(SRI) during the mode transition compared to a standard fiber with 

only one cladding. Furthermore, this increase in sensitivity is larger 

when the second cladding is thicker, but if it becomes too thick (around 

0.8 µm), fading phenomena begin to appear. 

The purpose of this work is to study, both numerically and 

experimentally, if LMRs performance in optical fibers can be 

improved in terms of figure of merit by adding a second low RI 

cladding between the first cladding and the thin film. 

II. MATERIALS AND METHODS

A. Fibers preparation: etching and deposition process

The employed fibers are double-clad fibers SMM900 from Fibercore. 

The first cladding has a diameter of 102 µm and a numerical aperture 

of 0.18, while the second cladding values are 124.7 µm and 0.24, 

respectively. Other relevant parameters of these fibers are the cut-off 

wavelength, which is 895 nm, and the modal field diameter of the core 

mode: 7.8 µm. From the fiber dimensions, it can be deduced that the 

initial thickness of the second cladding is 11.35 µm.  
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In order to obtain fibers with different thicknesses of the second 

cladding, an etching process is required. A common etching process is 

based on using, for instance, a hydrofluoric acid (HF) solution and 

assuming a constant etching rate, but sometimes this technique is not 

precise enough. Therefore, a new strategy is introduced based on 

inscribing a long period grating (LPG) in the core of these fibers. In 

order to avoid any confusion, it must be remarked that other techniques 

could have been used to etch the fibers instead, but this method was 

selected because it enables to control the etching process with 

increased accuracy, despite making the structure more complex. It 

must also be said that the LPG is only employed in the etching process, 

and it does not play a role in the width of the LMRs, which is linked 

with the thickness of the second cladding (see the section III. Results 

and Discussion). 

The LPG attenuation bands shift during the etching process, and a 

correlation has been established between this shift and the second 

cladding thickness based on numerical simulations performed with the 

software FIMMWAVE® (Photon Design Inc.), see the blue line in 

Fig. 1 (results obtained for 90 points simulated in the -1 µm - 11 µm 

thickness interval). The negative values of the second cladding 

thickness in Fig. 1 correspond to the situation where the second 

cladding has been totally etched and the etching process has started to 

affect the first cladding. The two points that are marked in red 

correspond to the two cases that will be studied in more detail in the 

results section. 

The correlation shown in Fig. 1 corresponds to the shift of the 

resonance initially located around 1490 nm. The LPG has a period of 

176 µm and length of 12.5 mm, which are the values employed in the 

simulations whose results are plotted in Fig. 1. The peak-to-peak 

refractive index modulation was set to 0.001 as it provided the best 

fitting between the depth of the experimental and theoretical LPG 

bands. 

Regarding the LPGs writing process, the fibers were initially loaded 

with hydrogen, and then the LPGs were photo-inscribed point by point 

with a doubled argon laser, generating a quasi-square-wave profile 

with a 50% duty cycle. Finally, the fibers were stored for ten days to 

enable the out-diffusion of the remaining hydrogen and hence the 

grating stabilization. Then, for each of these fibers, a segment with a 

length of 30 mm (including the section where the LPG had been 

inscribed) was introduced in a plastic cuvette [15]. The cuvette was 

 
Fig. 1. Shift of the LPG attenuation band as a function of the second cladding 

thickness. The red points correspond to the experimental results. 

filled with 25% (v/v) hydrofluoric acid (Panreac). During the etching 

process, the shift of the LPG resonance was monitored, which required 

a SLD light source (FJORDx3 model, Pyroistech) to excite the core 

section of the fiber, and an optical spectrum analyzer (MS9740A, 

Anritsu). The etching process was stopped when the wavelength 

displacement approximately corresponded to the desired second 

cladding thickness. 

Finally, a TiO2 thin film was deposited on the fibers to generate the 

LMRs. An atomic layer deposition (ALD) system was employed, 

working at a constant temperature of 100 °C, and using ultrapure water 

and Tetrakis(dimethylamido)titanium(IV) (Sigma-Aldrich S.A) as 

precursors. A schematic diagram of the fiber and its different layers 

after this deposition is shown in Fig. 2. For the sake of clarity, the LPG 

inscribed in the fiber core is not included in Fig. 2, because it does not 

affect the width of the LMRs, the main focus of the current work. 

B. Transmission measurements and refractometry 

In order to measure the transmission spectra, the single mode fibers 

(SMF) under study are connected with a 200 μm temporary connector 

to a halogen light source (AQ4303B from ANDO) so light is 

transmitted both through the core and the cladding. A HR4000 

spectrometer (Ocean Optics) for the 400 - 1000 nm range, and a 

NIRQuest spectrometer (Ocean Optics) for the 1000 - 1600 nm range, 

are used as detectors. It must be pointed out that LMRs are usually 

obtained through the deposition of a thin film of a material with 

suitable properties on a cladding removed multimode fiber [16]–[19] 

or on a D-shaped optical fiber [20]–[23], cases where the core is in 

contact or only separated by few micrometers from the thin film. Here, 

however, the core is isolated from the thin film by a cladding section 

of around 50 µm. Therefore, the LMR is generated through the 

interaction of the thin film with the light transmitted through the 

cladding, which is why it is required to use a halogen light source 

instead of a SLD light source, which would only excite the core 

section. On the other hand, as the core section is much smaller than 

that of the cladding, the light transmitted through the core does not 

have an impact on the transmission spectrum. 

C. Simulations 

For the simulations of the transmission spectra of the fibers, the plane 

wave method for a one-dimensional multilayer waveguide was 

applied [24]. This way, the transmission is calculated as the ratio 

between two integrals solved for the angles of incidence at the interface 

between the nanocoating and the substrate as shown in Eq. (1) [25], 

[26]. In this equation, 𝜃𝑐(𝜆) is the critical angle, 𝜃 is the incidence 

 
Fig. 2. Schematic diagram of a double-clad fiber with a thin film, including a 

close-up of its section. 
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angle, 𝜆 is the incidence wavelength, 𝑁(𝜃) is the number of 

reflections at the fiber TiO2 interface, 𝑝(𝜃) is the power distribution of 

the optical source and 𝑅(𝜃, 𝜆) is the reflection at the interface between 

the layer and the substrate for each 𝜃 and at each 𝜆: 

 

                        𝑇(𝜆) =
∫ 𝑝(𝜃)𝑅𝑁(𝜃)(𝜃, 𝜆)𝑑𝜃

90º

𝜃𝑐(𝜆)

∫ 𝑝(𝜃)
90º

𝜃𝑐(𝜆)
𝑑𝜃

                     (1) 

 

where 𝜃𝑐(𝜆) is defined as: 

 

                                  𝜃𝑐(𝜆) = arcsin (
𝑛𝑐𝑙2(𝜆)

𝑛𝑐𝑙1(𝜆)
)                         (2) 

 

where 𝑛𝑐𝑙1 is the RI of the first cladding and 𝑛𝑐𝑙2 is the RI of the 

second cladding. The expression for 𝑝(𝜃) in Eq. (1) is given in Eq. (3) 

[25], [27], in which the broadband light source is modelled with a 

Gaussian distribution. In Eq. (3), 𝑊 indicates the width of the 

Gaussian function, with 𝑊2 equal to 0.005 rad as the value that best 

fits the numerical results with the experimental ones. 

 

                               𝑝(𝜃) exp [−
(𝜃 −

𝜋
2

)
2

2𝑊2
]                               (3) 

 

Regarding the materials, the model for SiO2 (optical fiber material) 

was obtained from [28] while the model for TiO2 is based on 

ellipsometric measurements performed with an UVISEL 2 

ellipsometer (Horiba Ltd.), see the real part of the TiO2 refractive index 

(n) in Fig. 3. Regarding the imaginary part, k, of the thin film material, 

although the ellipsometric results provided a negligible value, it was 

necessary to consider for simulation purposes a non-zero value as, 

otherwise, no LMR was observed. The reason behind the obtained 

result is that the angle of incidence of the ellipsometer required to 

measure n with accuracy, around 70º, does not provide precise results 

for k. A value of 0.006 was chosen as it provides the best correlation 

between the experimental and the simulated results. 

III. RESULTS AND DISCUSSION 

A. Comparison between simulations and experimental results 

In the first place, the transmitted power corresponding to a double 

cladding fiber with a 75 nm TiO2 thin film, is simulated as a function 

of the second cladding thickness (see the results in Fig. 4). The 

thickness of the second cladding is varied between 0 µm (no second 

cladding, standard fiber) and 1.2 µm in 0.2 µm steps.  

Two LMRs can be observed in Fig. 4 for each of the studied cases. 

The LMR at shorter wavelengths (between 500 and 650 nm) 

corresponds to the transverse magnetic (TM) polarization and the one 

at larger wavelengths (between 1100 and 1400 nm) corresponds to the 

transverse electric (TE) polarization. It can be realized that the 

resonances become narrower, shift towards shorter wavelengths, and 

reduce their depth as the second cladding thickness increases. The 

most interesting result is that the width of the resonances improves 

with the thickness of the second cladding, so it is going to be studied if 

it is possible to experimentally reproduce it.  

Two fibers with second cladding thicknesses of -0.45 µm and 1.13 µm, 

respectively, were obtained with the method described in section II.A. 

These thicknesses are the theoretical values given by the correlation in 

 
Fig. 3. Real part (n) of the TiO2 refractive index measured with an ellipsometer. 

 
Fig. 4. Transmitted power obtained in simulations in a double-clad fiber with a 

75 nm TiO2 thin film as a function of the thickness of the second cladding. 

Fig. 1 considering the wavelength shift during the etching process. The 

two fibers are plotted as red open circles in Fig. 1. Then, a TiO2 thin 

film with a thickness of 75 nm was deposited on the fibers. 

The transmission spectra for both fibers are shown in Fig. 5, where the 

graph on the left shows the LMRs (TM polarization) in the 400  - 1000 

nm range, while the graph on the right corresponds to the LMRs (TE 

polarization) in the 1000 - 1600 nm range. It is clear that the resonances 

are much narrower in the case of the fiber with a second cladding 

thickness of 1.13 µm than those corresponding to the fiber in which 

the second cladding has been completely etched. This happens for both 

the TM-polarized LMRs at shorter wavelengths and the TE-polarized 

LMRs at larger wavelengths. This result is confirmed by the FWHM 

values, which are included in Table 1. For the TM polarized LMR, the 

FWHM reduces by a factor of around 2 in the 1.13 µm case with 

respect to the 0 µm case (88 nm vs 161 nm). This factor increases up 

to almost 3.5 for the TE polarized LMR (172 nm vs 598 nm), but the 

resonances are much wider than for the TM polarization.  

It is worth mentioning that, compared with previous literature [4], the 

obtained resonances in the case of the fiber with a second cladding are 

much wider than in the case of an LMR in a D-shaped fiber, but they 

still greatly improve the resonances that correspond to cladding 

removed multimode fibers. 

The results in Fig. 5 qualitatively agree with the simulation 

shown in Fig. 4, that is, the FWHM becomes narrower when 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

4 

 
Fig. 5. Transmitted power in double-clad fibers with a TiO2 thin film for two 

different thickness (-0.45 µm, and 1.13 µm). 

Table 1. FWHM for the LMRs obtained in double-clad fibers. 

Second cladding 

thickness (µm) 

FWHM (nm) 

TM polarized 

LMR 

TE polarized 

LMR 

0 161 598 

1.13 88 172 

 

increasing the thickness of the second cladding. Nevertheless, the 

results in Fig. 4 (numerical) and Fig. 5 (experimental) cannot be 

directly compared in terms of FWHM, as the resonances in Fig. 4 are 

not deep enough in some cases (less than 3 dB) to calculate the 

FWHM. The differences in the depth between the simulated and the 

experimental resonances are attributed to limitations in the simulation 

model. Even if values for 𝑘 > 0.01 are employed (not realistic for 

TiO2), which should increase the depth of resonances [11], they do not 

become much deeper. Modifying the light source parameters does not 

improve the depth of the resonances either. 

In consequence, to perform a comparison between the experimental 

and numerical results, the full width at 1 dB (FW1dB from here on) is 

calculated. The results are plotted in Fig. 6. Here, as opposed to Fig. 4, 

results for negative values of the second cladding (cases where the first 

cladding has also been slightly etched) are also included. However, it 

can be observed that the FW1dB does not appreciably vary once the 

second cladding is totally etched. Although there are some differences, 

especially for the TE polarized LMRs, the experimental points are 

close to the respective tendency line, showing an agreement between 

experimental and simulated results. 

It is also relevant to mention that the theoretical results for the TM 

polarized LMR show that there is a limit in the improvement that can 

be achieved in the width of the resonances. The minimum FW1dB is 

attained for a second cladding thickness of 0.8 µm, and from that point, 

it starts to increase again.  

B. Refractometric study 

An experimental refractometric study in liquids was performed for the 

two experimental cases (with and without second cladding) varying 

the SRI from 1.341 to 1.398. The results are shown in Fig. 7, where 

Fig. 7a corresponds to the fiber without second cladding, and Fig. 7b 

to the fiber with a second cladding thickness of 1.13 µm. The same 

wavelength range (900 - 1700 nm) has been plotted for both Fig. 7a 

and Fig. 7b to enable a direct visual comparison between the width of 

 
Fig. 6. FW1dB as a function of the thickness for the simulated and the 

experimental results. 

 
Fig. 7. Experimental refractometric study with the SRI varying in the 1.341 - 

1.398 range. a) No second cladding, b) Second cladding 1.13 µm. 

the resonances in both graphs. The LMRs that are plotted in Fig. 7 are 

the ones with TM polarization (initially located around 700 nm in air, 

see Fig. 5). 

If the FW1dB is plotted for both cases, see Fig. 8, the values are 

between two and four times lower in the case of the fiber with 

second cladding in all the studied SRI range, maintaining the 

better performance that has been previously observed in air. It 

has been decided to work with the FW1dB instead of using the 
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Fig. 8. FW1dB (nm) of the LMR as a function of the SRI for the fiber without 

(blue points) and with second cladding (green points). 

standard FWHM because some LMRs do not present a parabolic 

shape, which negatively affects the calculus of the FWHM. For the 

fiber without second cladding, the FW1dB oscillates between 250 and 

300 nm. Regarding the fiber with second cladding, the FW1dB 

increases from around 65 nm at 1.341 to around 100 nm at 1.398.   

Regarding the sensitivity to the SRI, in Fig. 9, the LMR central 

wavelength vs the SRI is plotted for both fibers. It can be observed that 

in both cases the respective points can be approximated with accuracy 

(R2 = 0.998 for the fiber without second cladding, and R2 = 0.985 for 

the double-clad fiber) by a linear function. The slope of this function is 

the sensitivity (4782 nm/RIU, and 3707 nm/RIU, respectively), which 

can be considered constant in the whole studied SRI range. These 

results mean that the fiber without second cladding is superior to the 

double-clad fiber in terms of sensitivity to the SRI. In fact, it was 

expected that the difference in the sensitivities between both fibers 

would be higher based on the shift between air and SRI = 1.341 

comparing Fig. 5 with Fig. 7. Both LMRs begin at around 700 nm in 

air, and the one corresponding to the fiber without second cladding 

shifts up to 1220 nm for SRI = 1.341, while the one with second 

cladding only shifts to 960 nm.  

Finally, the figure of merit (FOM), defined in this case as the 

ratio between the sensitivity (constant value obtained from 

 
Fig. 9. LMR central wavelength as a function of the SRI for the fiber without 

(blue points) and with second cladding (green points). For each case, the points 

follow a linear trend whose slope is the sensitivity. 

 
Fig. 10. FOM (RIU-1) of the LMR as a function of the SRI for the fiber without 

(blue points) and with second cladding (green points). 

Fig. 9) and the FW1dB, has been calculated for the two fibers, see 

Fig. 10. It can be seen that the FOM values are between two and three 

times higher for the fiber with a second cladding (values between 40 

and 60 RIU-1) than for the one without second cladding (values around 

20 RIU-1). This is due to the fact that the narrowing of the resonances 

in the fiber with second cladding outweighs the better performance in 

terms of sensitivity to the SRI of the fiber without second cladding. 

These results imply that the resolution of a device based on an LMR 

in a double-clad fiber will be better than that of a standard fiber without 

second cladding. It is also worth mentioning that the FOM decreases 

with the SRI in the double-clad fiber as the resonances become wider 

(see Fig. 7b and Fig. 8) while for the fiber without second cladding the 

FOM remains almost constant (the width of the resonances does not 

appreciably vary). 

IV. CONCLUSION 

In conclusion, the numerical and experimental results presented 

here point out to the fact that a better performance can be 

achieved in LMR-based optical fiber sensors by including an 

intermediate low RI second cladding between the first cladding 

and the thin film. This additional layer leads to narrower 

resonances, which mean obtaining sensors with a better 

resolution as the position of the resonance notch can be tracked 

with increased accuracy. However, the sensitivity slightly drops 

with a second cladding, although for the studied experimental 

cases the width of the resonances is what most impacts the 

FOM, having better results for a fiber with second cladding. 

Therefore, the results obtained here for LMRs in optical fibers 

point in the same direction as [13] (LMRs in a Kretschmann 

configuration) or [14] (LPGs, improving in this case the 

sensitivity instead of the FWHM), suggesting that intermediate 

low RI layers could be a game-changer in the development of 

optical sensors. 
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