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Abstract: We demonstrate the capability of an air cavity Fabry-Perot 
interferometer (FPI), built with a tapered lead-in fiber tip, to measure three 
parameters simultaneously, distance, group refractive index and thickness 
of transparent samples introduced in the cavity. Tapering the lead-in fiber 
enhances the light coupling back efficiency, therefore is possible to enlarge 
the air cavity without a significant deterioration of the fringe visibility. 
Fourier transformation, used to analyze the reflected optical spectrum of our 
FPI, simplify the calculus to determine the position, thickness and refractive 
index. Samples made of 7 different glasses; fused silica, BK7, BalF5, SF2, 
BaF51, SF15, and glass slides were used to test our FPI. Each sample was 
measured nine times and the results for position, thickness and refractive 
index showed differences of ± 0.7%, ± 0.1%, and ± 0.16% respectively. The 
evolution of thickness and refractive index of a block of 
polydimethylsiloxane (PDMS) elastomer due to temperature changes in the 
range of 25°C to 90°C were also measured. The coefficients of the thermal 
expansion and thermo-optic estimated were α = 4.71x10−4/°C and dn/dT = 
−4.66 x10−4 RIU/°C, respectively. 
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1. Introduction 

The Fabry-Perot interferometer (FPI) is one of the simplest optical fiber interferometers as it 
can be built with just a cleaved optical fiber separated from a reflecting surface [1–3]. Due to 
the high divergence of the output beam of the optical fiber the separation between the fiber 
facet and the reflecting surface is limited to a few hundred micrometers [2] which can be 
sufficient for some sensing applications. The majority of extrinsic fiber FPIs reported in the 
literature so far are capable of monitoring a single parameter only [3–10]. However, it is 
possible to micro-machine the fiber that forms a FPI to make it capable of monitoring or 
sensing two parameters, see for example [11–13]. The disadvantage in the latter case is the 
multistep process needed to machine the optical fiber tip. 

Another limitation of most extrinsic FPIs reported until now is the fact that the 
performance of the interferometer can be compromised with residues of liquids or polymers 
left on the facet of the optical fiber. Contamination of the fiber tip will perturb the reference 
beam, and consequently, the performance of the interferometer. In many sensing architectures 
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reported until now the end of the optical fiber that forms the FPI cannot be completely 
isolated, particularly in those designed to measure refractive index of liquids. Such 
measurement is crucial in a number of industrial processes, analytical chemistry or bio-
medical analysis. A number of schemes based on optical fibers had been proposed to measure 
refractive index of solid, liquids, or gases. In the latter two cases, typically the optical fiber is 
in immersed into the sample under test [12,13]. By contrast, for the measurement of refractive 
index of solid samples the use of non-contact approaches based on interferometry are widely 
extended. Most of these schemes are capable to measure the group refractive index (ng) and 
geometrical thickness (t) simultaneously [14–25]. The majority of the aforementioned 
methods use optical fibers to carry and collect the probe beam. Since the beam exiting the 
fiber rapidly diverges, thus collimating lenses are necessary. Precise translation mounts are 
also necessary to adjust the lenses and mirrors position [14–16]. A practical alternative to 
transport and collect a probe beam is by means of low cost beam expanders based on a single 
mode tapered fiber tip [24,25]. Such tips can be made by stretching a single mode fiber while 
it is heated. The process should fulfill the conditions to accomplish the adiabaticity criteria 
[26,27], to avoid the excitation of other modes than the fundamental. 

Here, we report on an extrinsic FPI built with an optical fiber tip, tapered to a proper 
diameter, to measure simultaneously the distance (respect to a fiber tip), thickness, and 
refractive index of a solid dielectric sample. The fiber tip plays a triple role in the 
interferometer; it provides the reference beam for the FPI, minimizes the divergence of the 
output beam and couples more efficiently the reflected light [10]. By analyzing the Fourier 
domain reflection spectra of the FPI, as widely explained in [13,14,25], it is possible to 
stablish simple relationships to calculate the ng and t of the sample under test. We also 
demonstrate that using this interferometer it is possible to measure in real-time the changes in 
the thickness and RI of a polymer block due to temperature changes. With this information we 
could determine the coefficient of the thermal expansion (CTE) and thermo-optic coefficient 
(TOC) of the block. An important advantage of our interferometer is that it can be used to test 
samples composed by a stack of layers of different refractive indices and thicknesses. We take 
advantage of this capability to demonstrate the in-depth layer profiling, using a sample with 
an air cavity inside. Our configuration offers the possibility of scanning and multiplexing. 

2. Tapered fiber tip interferometer 

The basic structure of an extrinsic fiber Fabry-Perot interferometer consists of a lead-in fiber 
in front of a reflecting surface. Some approaches have been proposed to increase the FPI 
cavity without losing fringe visibility, see for example [5,10,14,28]. FPIs with long cavities 
make possible to introduce small dielectric blocks in them, hence it is possible to measure 
parameters like thickness or refractive index or even profiling one or both surfaces of a 
sample. Tapering the lead-in optical fiber of an extrinsic FPI had been proved to enhance its 
fringe visibility [10]. Under some tapering conditions, the mode field diameter (MFD) of the 
lead-in tapered tip increases compared to that of an un-tapered fiber, as can be seen in Fig. 
1(a). But the most important effect is the reduction of the divergence of the output beam 
[26,29], which enhances the coupling back-in of the reflected light, allowing to increase the 
air cavity length of a FPI. Fiber tapers with a waist diameter of 55 μm were fabricated in a 
glass processing system (Vytran, GPX-3100). Then, they were cleaved at the middle of the 
waist length to obtain two useful tapered fiber tips, the process is described in detail in [10]. 
Then the un-tapered end of the lead-in fiber tip was connected to an optical sensing 
interrogator (sm125, Micron Optics) that consists of a tunable laser with a bandwidth from 
1510 to 1590 nm synchronized with an internal photodetector. When a reflecting surface is 
placed to a distance L in front of the lead-in tapered fiber tip the interference between two 
beams occurs [1–5]. A representation of the set-up used to analyze the interference spectra 
generated in the FPI is shown in Fig. 1(b). 
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The back-reflected optical spectrum of the fiber FPI is shown in Fig. 2(a), the 
characteristics of these spectra such as period and visibility mainly depends on the air-cavity 
length. The analysis of this type of interference pattern in the Fourier domain has been 
broadly studied [13,14,25]. This is a very simple method to measure the distance between the 
fiber tip and an object; as can be seen in Fig. 2(b), where the FFT modulus peaks can be 
directly related with the cavity length. 

 

Fig. 1. (a) Calculated mode MFD of the fundamental mode: of a SM fiber (dashed line) and a 
SM fiber tapered to 55 µm (continuous line), (b) Representation of the experimental set-up 
used to interrogate the FFPI. 

 

Fig. 2. (a) Reflection spectra of the extrinsic tapered FFPI for three different cavity lengths, (b) 
Calculated FFT modulus of the reflection spectra of the interferometer with four different 
cavity lengths. 

Based on the above principle we established a method to measure the geometrical 
thickness and group refractive index of dielectric samples, glasses and polymers, using the 
tapered fiber FPI. Firstly, we obtain the interference spectra when fiber tip and mirror were 
separated a distance L. In the Fourier domain a single peak was obtained, as shown in Fig. 2 
(b) the second X-axis in the FFT graph indicates the separation of the mirror from the fiber tip 
in millimeters. This separation was labeled as X3, following the same nomenclature used by 
Sorin and Gray in [14]. When a dielectric sample, a block of SF-15 glass for example, is 
introduced in the cavity of the tapered fiber FPI, as is depicted in Fig. 3(a), the optical path 
between the fiber and mirror increases, and also the OPD of the interference. But the most 
important thing is that the presence of two new interfaces will transform the two-beam 
interference into a four-beam interference. The back-reflected spectra will exhibit the 
superposition of several modulated signals (graphs in Fig. 3(b)). The Fourier domain spectra 
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exhibits three peaks (graph of Fig. 3(c)). By analyzing the position of the three peaks it is 
possible to know the corresponding length for each optical path (Li) along the axis. The 
original peak position of the mirror (X3) moved to the right to a new position in Fourier 
domain, labeled as X4 (due to the insertion of the sample). Two more peaks appear, X1 and 
X2, which represent the distance from the fiber tip to the closest and furthest faces of the 
dielectric sample, respectively. Based on the analysis reported in [14] the optical path 
difference introduced by the dielectric sample is 

 2 1OPD X X= −  (2) 

The thickness of the sample, in mm, can be calculated from the frequency peak position 
through 

 4 3( )t OPD X X= − −  (3) 

Since OPD is equal to the product ng* t it is possible to determine the group refractive index of 
the sample, 

 g

OPD
n

t
=  (4) 

 

Fig. 3. (a) Schematic diagram that shows the disposition of the elements for samples 
measurement, (b) Optical spectrum of the SF-15 sample and mirror. (c) FFT of the optical 
spectrum showing the relation between peak position and distances from the fiber tip. 

3. Results and discussion 

Using the setup shown in Fig. 1(b), the fiber tip was mounted in a linear translation stage 
(NanoMax-343M/Thorlabs) and it was moved away from the mirror surface starting at 100μm 
until 3000μm in steps of 100μm. The reflected spectra of the tapered FPI was used to 
calculate the cavity lengths. The maximum difference resulted between the calculated value 
and the stage position was ± 0.7%, but this combines the error from the stage and the 
calculated cavity. To complete our study five round transparent glass windows, of 25 mm in 
diameter and approximately 1.8 mm of width were fabricated in our facilities. They were 
made of fused silica, Schott glasses: BK-7, BaLF-5, SF-2 and SF-15. We also used a glass 
slide and a glass cover made by Corning. Following the procedure described above we 
measured geometrical thickness and the group refractive index of the samples, the values 
obtained are shown in Table 1. Each value in the table represents the average of the 9 
measurements we got for two samples of each type in a range from 4 to 8 mm from the fiber 
tip with steps of 0.5mm. 
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Table 1. Results for thickness measurement where we compared our method with the 
micrometer measures. Results for group refractive index measurements obtained with 

the method proposed compared to the theoretical ng at l = 1550nm. 

Glass 
Thickness (mm) Group refractive index 

sample reference %error sample reference %error 

Silica 1.8088 1.809 0.025 1.464 1.4626 0.105 

BK-7 1.8074 1.808 0.059 1.520 1.5201 0.006 

BALF-5 1.7964 1.797 0.060 1.547 1.5488 0.157 

SF-2 1.7686 1.769 0.045 1.642 1.6424 0.042 

BAF-51 1.8231 1.823 0.012 1.648 1.6490 0.080 

SF-15 1.7959 1.796 0.010 1.689 1.6909 0.165 

Cover 0.1941 0.194 0.01 1.5186 - - 

Slide 1.1481 1.148 0.01 1.5126 - - 
 
It can be seen in the table that the error of the thickness measurements is lower than 0.1%, 

and the lowest thickness error corresponded to the SF-15 sample with 0.010%. Uncertainties 
can be caused by the different surface finishes that each sample presents because they were 
polished in batch regardless of the hardness of each type of glass. Also we found that when 
the OPD of the sample was larger the error decreased in thickness and group refractive index 
measurement. We used SF-15 sample to study the variations of t and ng measurements 
compared to the reference values at different distances from fiber tip. In Fig. 4(a) the results 
are shown, it can be seen that for a distance larger than 5 mm the difference between the 
measured and reference values start to increase but even in such cases the error is lower than 
that reported in literature using other methods [24,25]. In the right graph of Fig. 4(b), the 
measurement behavior through a finite period of time is shown, the variations are less than 
1x10−4 RI units. 

 

Fig. 4. Results obtained with SF-15 glass sample. (a) Measurements of t and ng when glass is 
at different separation from the fiber tip. (b) The measurement of ng at a fixed distance during 
80 minutes that shows the variations of the ng value due to temperature and/or vibrations. 

3.1. CTE and dn/dT simultaneous measurements 

An application of the proposed tapered fiber FPI is to measure dynamic changes of t and ng of 
different dielectric samples. For example, the thickness and index of some polymers with high 
sensitivity to temperature change. We prepared a rectangular block of polydimethylsiloxane 
(PDMS) elastomer (Dow Corning- Sylgard 184). The two part liquid components were mixed 
and then they were put inside a glass container formed with glass slides, after it was cured the 
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container was disassembled to obtain a rectangular polymer prism as shown in Fig. 5(a). A 
gold film mirror, in direct contact with the PDMS was used as a reference surface. First, the 
fiber was placed in position 1, aside the polymer, to obtain the reference peak, the 
corresponding peaks are shown in Fig. 5(b). Then, the fiber was moved to position 2 as shown 
in Fig. 5(a) over the polymer. The new peak positions were saved, and by using Eqs. (2) to (4) 
it is possible to find that the polymer thickness = XREF-X1 = 11.745 mm and ng = (X2-
X1)/thickness = 1.3983. This refractive index value is close enough to the one reported by the 
manufacturer of 1.3997 at 1554nm at 25°C. 

 

Fig. 5. (a) Scheme of the setup that shows the polymer sample in the container and tapered 
fiber tip. (b). Fourier domain interference peak positions obtained for measuring the group 
refractive index and thickness. 

It is known that PDMS has a large thermo-optic coefficient, this allowed us to study the 
capacity of our interferometer to measure dynamic changes of the refractive index. Also this 
can be used to calculate resolution of the system to measure the refractive index. We heated 
the sample and measured the t and ng values as the temperature changed. We began to heat the 
sample from 25 to 90°C while saving the positions of the FFT maximum peaks (X1, X2, and 
XREF). Using the relations described above we could know the thickness and refractive index 
of the elastomer at different temperatures. In Fig. 6 the results are shown, a linear change of t 
and ng due to temperature change resulted in α = 4.71x10−4 /°C for linear expansion and dn/dT 
= −4.67x10−4 RIU/°C, respectively. The latter value agrees well with the thermo-optic 
coefficient of the elastomer reported in [30]. Since polymer was not comprised in a container 
it was possible to stablish that this change of the geometrical thickness measured is the actual 
thermal expansion coefficient. 

 

Fig. 6. Plotted results of Sylgard 184 temperature vs. thickness and RI behavior due to the 
temperature change. 
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Although, we have just measured the ng and t along one axis of the samples under test, the 
small dimensions of the interrogation beam allow us to carry out measurements in the 3 axis 
of a sample. 

4. Conclusions 

A simple and versatile extrinsic fiber FPI is reported. The tapered fiber minimizes the 
divergence of the output beam of the optical fiber and couples the reflected light more 
efficiently than an un-tapered optical fiber. As a result, extrinsic FPIs with long cavities can 
be implemented which allow the insertion of thick samples inside the cavity. We 
demonstrated that our FPI can be used to measure simultaneously, group refractive index and 
thickness of a sample as well as distance to the sample. Differences between our 
measurements and the actual values are less than 0.16% for the three measurements. The 
simultaneous measurements performed with the PDMS sample to obtain dn/dT coefficient 
present a difference of 1x10−5 RIU compared with previous reported value. On the other hand 
the result for the coefficient of linear expansion (α) presents a difference of 1.7x10−4 
compared to the value provided by the manufacturer. 

The interferometer here reported has several important advantages including flexibility, 
miniature size and multiplexing capability among others. We have demonstrated that our FPI 
can simplify the measurements of CTE or dn/dT of some materials. 
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