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Tip optical fiber refractive index sensor based on a thin copper film
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We report a refractive index tip fiber optic sensor based on a modal interferometer coated with a thin copper film. This device can be used
for solute concentration in aqueous concentration measurement. The copper film increases the device reflectivity and, as a result, increase
the multimodal interference pattern visibility. To validate the sensor device, different water-glycerol weight concentrations were used in the
range from 0 to 45 Glycerol %. The recorded spectral responses show a redshifting, and a sensitivity of 19 pm / (Glycerol % by weight) from
0to 18 % and 4.7 pm / (Glycerol % by weight) from 18 to 45 % was achieved. Besides, using a phase analysis, we calculated a sensitivity of
-15 rad/RIU.
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1. Introduction lation process are involved. It is important to notice that the
thermal effects, the experiments were carryout at room tem-
Fiber OptiCS sensors have been an attractive alternative qu'erature_ The interferometer was made by Sp”cing a standard
sensing several physical parameters [1-10]. Moreover, solut§ingle-mode fiber optic and a microfiber (bt of diameter).
concentration in an aqueous solution is a chemical paramafter that, we used the electron beam physical vapor deposi-
eter that is very useful in many industrial processes. Mostjon technique to cover the tip fiber optic structure with a thin
pUbliShed works were centered on the refractive index meE]ayer of copper. We compare the interferometer Spectra| re-
surement [11-15]. Also, researchers were interested in me&ponse before and after coating, and it was found that even
suring the solute concentration in agueous solutions [15-19though for copper-coated interferometers, the sensitivity de-
Some methods to determine solute concentration are basegeased, the measurement range for solute concentration in

on the relationship between refractive index and solute conagqueous solutions could be increased considerably through
centration [16,17,19,20] As a consequence, several flbefn|n|m|z|ng the evanescent field losses.

optic-sensors have been proposed to detect this parameter, for

instance: tapered fibers [15], fused biconical fiber couplers

[16], single-mode - multimode - single-mode fiber structure2. Fabrication process

cascaded with a fiber Bragg grating [17], Surface plasmon

resonance (SPR) [18], and a setup based on two optical fibeiie experimental setup used for the fabrication procedure

with sensing ends using the Fresnel reflection technique [19hnd its concentration characterization is illustrated in Fig. 1.

It is important to mention that some procedures are compliWe use a three-port optical fiber circulator to connect all the

cated, and the materials involved are expensive [12,15-17]. elements used to characterize this fiber optic sensor. The
In previous work, we reported some similar structures forincoming signal from the super-luminescent diode (SLD) is

refractive index sensing using intensity modulation detectiorfouted to Port 2 where the interferometer structure fabrica-

[13]. In the present report, we improve one of those struction process happens. The light is reflected at the end of the

tures using a thin copper film-coated for solute concentratioffiber optic sensor by the reflection at the glass/air interface

in aqueous solutions sensing using the phase modulation dé=resnel reflection), and the light is directed to the last port

tection. The intensity modulation detection offers a low-cost(3) to measures the spectrum using the Optical Spectrum An-

demodulation process, but the measurements can be affectatyzer (OSA). This scheme is very useful due to allows the

by power source variations or bending fiber effects. Insteadnonitoring of the fabrication process in real-time.

the phase modulation has good accuracy and immunity to The microfiber used in this experiment was fabricated us-

power intensity variation; unfortunately, ambiguity detectioning a standard fusion and pulling technigue [21]. The param-

(for instance, thermal sensitivity) and complicated demodueters were chosen based on the well-established model for
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FIGURE 1. The experimental setup used during the fabrication
process and the sensing tests. Optical source: super-luminescen
diode, OFC: three-port optical fiber circulator, TOF Sensor: Tip -80
Optical Fiber Sensor, OSA: optical spectrum analyzer.
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desired interferometer. The microfiber used to generate the

interferometer was fabricated using the flame-brushing techE!GURE 3. Reflection spectrum of uncoated tip fiber optic sensor
nique, in which a conventional optical fiber (SMF-28) is fixed (bla_ck curvg) and c_oated tip fiber optic sensor (red curve). _Inset:
on two translational motorized stages. A flame heats the fib(_:,?artlcular fringe region selected to analyzes the spectral coating ef-
to make it moldable, then a sweep back and forth while theeCtS from 1540 nm to 1546 nm.

fiber is pulled using the software-controlled motors in the

machine. As a result, we obtained a biconical tapered tran- A thin copper film has been symmetrically deposited on
sition and a uniform taper waist. The machine parameter#he fiber optic structure by the electron beam physical vapor
were selected to have a waist of . Using the manual deposition technique using the INTERCOVAMEX H2. The
mode of a commercial splicer, we could splice the microfibefiber tip was fixed in a sampler holder located approximately
and the conventional single-mode fiber. After that, we moved0 cm over the boat holder where the copper sheet was fixed.
both spliced fibers around 5Q0m from the electrodes, and To melt the copper, the chamber must be evacuated to a high
we applied about 10 electric discharges to cleave the mivacuum, and the working current was set at 130 A for one
crofiber. Following this procedure, we obtain an all-fiber- minute. This technique was applied two times to coat both
optic interferometer that was operated in reflection mode (segides of the device. Based on similar procedures described at
Fig. 2 gray structure). The stretched fiber had approximately23], we estimated that the film thickness is about 10 -15 nm.

400um of length. The final interferometer structure is shown in Fig. 2; the
The tip fiber-optic interferometer (TFOI) before the coat- orange lines represent the coated film. Here, it is important to
ing treatment exhibits the interference pattern spectrum obpoint out that the all-fiber-optic interferometer was removed
served in Fig. 3 (black curve). The reflected spectrum showfrom the fabrication setup (Fig. 1) to carry out this proce-
a modulated response. Here the external FSR is related tiure. After that, we reconnected the coated interferometer
the first collapsed region generated by the splice between thato the arrangement and observed the spectral response. The
conventional fiber and the microfiber, and the internal FSRhewest interference pattern (see Fig. 3, red curve) exhibits
is related to the microfiber length. The free spectral range maximal fringe contrast of 12 dB, 8 dB better than the
(FSR) is given byA\?/2nd, where\ is the wavelength, nis previous one. The simplified formula to calculate the re-
the refractive index of the cavity, and d is the length of theflectance between two media with refractive index and
cavity; then, the external FSR is about 20 nm, and the interns, is: R = |(n2 — n1)/(n2 — n1)|?. We can approximate
nal FSR is about 1.5 nm. For the analyzed wavelength rangéor common glassr(; ~ 1.5) surrounded by air(; = 1),
the maximal visibility was around 4 dB. the power reflectance at normal incidence can be seen to be
about 4% (Fresnel Reflection). The refractive index of copper
for 1550 nm at room temperature is 0.71576 [24,25]. Using
Copper film the previous equation, we obtain that the reflectance, in this
case, is about 13%. Because of that, the copper film often
increases the reflectivity and minimizes the evanescent field

TT— Microfiber core losses; therefore, the interference pattern spectrum was im-
Microfiber cladding proved

Uncoated fiber

Besides by comparing the spectrum of the uncoated and
FIGURE 2. Transversal section of the interferometer structure usedthe coated tip interferomEter: we can infer that the coating
for sensing. The copper film (orange lines) coated only the tip of process does not affect the internal FSR. It may occur be-
the structure. cause the FSR depends on the refractive index of the cavity,
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FIGURE 4. Spatial frequency analysis for uncoated tip fiber optic

sensor (black curve) and coated tip fiber optic sensor (red curve). FIGURE 5. Refractive index spectral response of the coated TFOI
from 1.0000 to 1.3832 RIU.

then, the metal coating process does not affect this parame-

ter; however, the external FSR is clearly affected by the metadl. Experimental results

coating.

As we can appreciate in Fig. 4, the dominant interference he glycerol solutions were prepared during these experi-
spatial frequency is centered at 51 nhfor uncoated and Ments using distilled water and pure glycerol. Their refrac-
coated interferometers, but it is more intense for the coatefive index values were ranged from 1.3330 to 1.3903, the
interferometer. mixtures were estimated by using the refractometer Refracto

30GS METTLER TOLEDO. According to the information

presented by [20], it is possible to know the relationship be-
3. Principle of operation tween refractive index and glycerol % weight concentration.

_ o ) ) All the experiments described in this section were re-

The operation principle of the TFOI was widely describedyjized at controlled room temperature because the reflected
in [13]. Nevertheless, it is necessary to mention that the iNgpectrum could be affected by changes better tHad i
terference pattern is caused by the interaction between s\ nient temperature [19]. Two sets of tests were carried
eral optical fiber modes generated inside the ;tructure. Byt varying the glycerol concentration in the aqueous solu-
Fig. 2, we can appreciate that the TFOI structure is formed bYiqn around the tip sensor: the first was developed after finish

two collapsed regions between the SMF28-collapse regionye taprication process, the second round was performed after
microfiber where refractive index changes may occur. ASsgated with a thin copper film.

a result, we can express the reflection interference spectrum \ynen the glycerol concentration was increased in the

obtained by equation [26]: aqueous solution around the tip fiber optic sensor, the spec-
& tral response shows a red-shifting in both cases (see Fig. 6).
exp {_2] (Z @)} Using the initial interferometer, a big intensity modulation
s can be appreciated because of the evanescent wave. This
modulation is affected when the solute concentration in the
)Eo, 1) surrounding aqueous solution increases. When the con-

Ep = <\/RT+;

centration increased, the spectral response became too flat.
A sensitivity up to 27 pm / (Glycerol % by weight) and
where the reflection can be calculated using the refractive ina good linear response is showed in this experiment (see
dex of the materials presented in the interferometric structur€ig. 6 black line). The adjusting linear equation4ds\ =

by R = |(n, — ny)/(ns + ny)|?, R1 is the reflection at the —0.00911 + 0.02683C, whenA\ represents the wavelength
collapse region between the SMF-28, and the first collapsehifting, andC' represents the solute concentration (Glycerol
region andR; are the other reflections generated at the% by weight).

collapse region and microfiber interface. The phase between On the other hand, when we made the tests using the tip
two optical modes generates can be obtained using the esensor after the coating treatment with copper, we could ob-
pressiony = (4mn, ,L)/A(ng ) is the effective refractive serve that the pattern visibility was not affected considerably
index of the section involved). The length of the optical pathby the surrounded liquid (see Fig. 5), which will allow us
is represented with the lettdr, and the wavelength is repre- to increase the range of measurement until 45 Glycerol %
sented with). by weight or even bigger. Wavelength shifting was plotted

k
X £/ Rk+1 H(]. — Rl)
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FIGURE 6. Sensitivities analysis of uncoated tip fiber optic sensor
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FIGURE 7. Spatial frequency analysis for and coated tip fiber optic
sensor when the refractive index was varied from 1.3403 to 1.3903.
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It is important to mention that the surface plasmon reso-
nance (SPR) phenomenon has been widely studied. In some
previously reported researches, it has been shown that plas-
monic effects can occur in copper-coated structures from UV
to NIR region, but the maximum wavelength to observe this
effect is 1000 microns [27]. As a result, this effect is ne-
glected in our experiments due to the wavelength operation
is higher than the SPR theory.

5. Discussion

In this report, we used the electron beam physical vapor de-
position technique to cover an all-fiber interferometer with a
thin layer of copper. The improved tip fiber-optic interferom-
eter with copper film exhibits maximal visibility of 12 dB;
here, a significant increment is achieved by the metal coat-
ing. To propose a liquid concentration sensor device, we use
different concentration glycerol mixtures and analyzes the
sensor spectral responses, first without copper film and af-
ter having covered it. The sensitivities for phase modulation
detection obtained after the tip was covered were lower than
the previously recorded. However, using the copper film,
we could increase the range of liquid concentration measure-
ment because the pattern visibility was not affected by the
surrounded liquid.

The technique described at [15] allows us to detect the
refractive index changes (even at small concentration vari-
ation), avoiding the non-linear response obtained using the
wavelength analysis previously described; by using the dom-
inant interference spatial frequencies centered at 5t'nm
As can be appreciated in Fig. 7, the dominant interference
spatial frequency centered at 102 nivand 152 nm! disap-
pear when the refractive index increases. However, the dom-
inant interference spatial frequency centered at 51 hdid
not shift when the refractive index was varied in a controlled
way.

When we extracted the phase information from the data
and plotted it at an arbitrary wavelength [15] (Fig. 8), we

1528.0 15282 1528 4 15286 15288 1529.0

against concentration (see Fig. 6 red line) and found to fall 316 : : : : 316
along a curve which could be divided into two sections: a —— 1.3403
straight line from 0 to 18 Glycerol % by weight and a straight sia - 12?‘1‘3 1aus
line from 18 to 45 Glycerol % by weight, these lines are: 13903
from 0 to 18% A\ =0.00161+0.01953C, (2)  § s 1312
(0]
from 18 to 45% AX = 0.28668 + 0.00476C. (3) j:
o 4310

We obtained a sensitivity of 19 pm / (Glycerol % by
weight) from 0 to 18 % and 4.7 pm / (Glycerol % by weight)
from 18 to 45 %. The sensitivities obtained in this stage of the
work were lower than the previously recorded. By increasing
the device reflectivity, minimizing the losses by the evanes-
cent field, the contrast of the interference pattern increases
but the amount of light that interacts with the medium de-

308 4
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creases, making the device less sensitive to changes in tHf@GURE 8. Phase changes of the filtered TFOI Fourier component

concentration of the surrounding medium.
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wl % loo In summary, a reflective optical fiber sensor based on a thin
. ux copper film was proposed and demonstrated for refractive
£ T 1 index variations. In this report, we used the electron beam
9 .02 X J-02 physical vapor deposition technique to cover an all-fiber in-
9 1al 1os tgrferomgtgr with a thin Iayer of copper. Thg mprovgd tip
£ fiber-optic interferometer with copper film exhibits maximal
T aa % ) s visibility of 12 dB. To propose a liquid concentration sen-
§_0_5_ los sor device, we use different water-glycerol mixtures, and
X the spectral responses with copper and without copper were
061 1°° analyzed. The copper film increases the refractive index
-0.7 - Xx q-07 range measurement. Moreover, by using the phase infor-
i B Py _— e O_'38‘ i mation from the FFT analysis, we obtained a sensitivity of

RI Increments (RIU)

FIGURE 9. Phase difference analysis of the coated TFOI for Re-
fractive Index.

-15 rad/RIU. The proposed sensor can be adapted in several
applications in which the aggressive environments would be
present, and it is easy to handle by its dimensions.

could analyze the phase difference generated when the refrac-

tive index was increased. In Fig. 9 can be appreciated that thlg\
phase change sensitivity obtained by this technique is about
-15 rad/RIU.

Solute concentration detection in aqueous mixtures i
very useful in a lot of industrial processes. This study aims
to increase the range of measurement for liquid concentr
tion by minimizing the losses of the evanescent field. Cur
rently, we are directing our effort toward the optimization of
the fiber sensor to measure all the range of solute concentr
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