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Fabrication of Bragg gratings on the End Facet
of Standard Optical Fibers by Sputtering the
Same Material

Joaquin Ascorbe, Jesus M. Corres, Ignacio deltyieancisco J. ArreguMember IEEE, and
Ignacio R. MatiasSenior MembelEEE

purposes such as relative humidity sensing [6]asr detection
Abstract—A sputtering process has been applied to deposit [7].
guarter-wavelength stacks on the end facet of clead optical Multilayer coatings can be used for several aptibos,
fibers by using only one material. Standard multimale optical such as band-pass filters [8], antireflective cugi[8], [9],
fibers were used as substrates to fabricate broadbd filters, and  temperature sensors [10], [11], humidity sensor2],[&nd
the experimental_ly measured speptral responses dﬁ_etse devices gthers [13]-[17]. Traditionally, these devices riegat least
are shown. Periodical changes in the refractive irek of the two different materials for their fabrication. Thisn present

coating have been achieved by changing the sputteg pressure. -
A reflected peak with a full width at half maximum of 20 nm some advantages such as providing a reference evagtal

centered at 440 nm has been obtained, which providea good [13], but it can be disadvantageous in other sitnat The
structure for the development of optical fiber sensrs working ~ Utilization of two or more materials is generallyme-
with the wavelength detection technique. This optal structure ~ consuming. In addition to this, the behavior of sihe
can be used for several purposes: as tunable wavedgh filters or  interference filters might depend on the wavelengthge
optical fiber sensors or to improve the performance of selected for performing the measurements [11], calhe
fluorescence sensors. A theoretical analysis of #® structures \yhen they are developed with materials that haveatgr
corr(_)borates the experimental results and allows soe rules to be  jifferences in their refractive indices (Rls). Bis, filters
obtained. developed with a few bilayers present low wavelengt
resolution [13] due to having a poorly definedeefed peak.

In previous works, it has been demonstrated thahgés in
the sputtering parameters can modify the opticaktants of
the thin film obtained [18], [19]. There are seVvetauses:

I INTRODUCTION different crystallographic orienta_tions (affectimjp_e RI),
i . ] degree of crystallinity, carrier concentration, and
THE sputtering technique is a well-known method used {sichiometry (which affects the extinction coeifiat) [19].

build up coatings on a variety of different subsira ere only one material has been used to builchafBragg
materials such as ceramics or metals. These tlms fhnave grating on the end facet, which permits one to cwibie

been extensively used for the fabrication of etettr devices, problems mentioned above. This leads to an efficiesthod
optical coatings, instrument hard coatings, andom#ve o ptaining a tunable narrowband optical filter an
parts [1]. The fine tuning of the sputtering corait(power, , iomated way.

current, vacuum pressure, gas flow rate, etc.yallone 10 Ttha most common type of fiber Bragg grating (FBG) i

have excellent control over the thickness of theoséed 5564 on the periodic perturbation of the RI obptical fiber.
films, making sputtering a useful tool for depagiticoatings This structure is typically obtained by exposure the
on optical fibers [2]-[5]. In fact, sputtering hbeen used 10 \5yequide core to an intense optical interfereratéeem [20].
fabricate nano-Fabry-Perot interferometers on tiiefacet of 1he most common method of developing a Bragg gyaifby
optical fibers in order to develop devices for eliéint sensing o phase mask technique [21], [22], which requirdsghly

precise setup. This type of FBG is sensitive topemature or
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gratings developed for working in the near-infrarf@dR)
range.

Two different stacks of layers, one developed viitthium
oxide and the other one with tin oxide, have bdedisd for
the development of these band-pass filters. Mongotre
reflected peak has been tuned at different wavéheng
proving the high versatility of this method.

The manuscript is organized as follows. In Sectibna
theoretical analysis is done and the main parametiéecting
the features of the final device are studied. Tlierection
I, the experimentally obtained devices and
characteristics are discussed. In Section |V, apasison
between the theoretical and experimental resultsnéle.
Finally, some concluding remarks are presentecotié V.

In this section, some simulated results are shawhelp
understand the main factors involving the Braggtigga
fabrication. The setup used henceforth is depiirtdelg. 1(a).
A white halogen source (ANDO AQ-4303B) launchedhtig
into one multimode standard communications fibed#

THEORETICALANALYSIS

with core and cladding diameters of 62.5 and 125, um

respectively, through a 2 x 1 (50:50) splitter. THeélected
light from the end facet is collected by an HR400
(OceanOptics) spectrometer.

White light
source ANDO

I ) USB cable

;\1 S ! — Mass Flow Controller
— \_ MMF 2x1 /
Vacuum chamber splitter / Argon supply

(b)

HR4000
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Fig. 1 (a) Experimental setup and (b) optical model.

Fig. 1(b) shows the optical model for the Braggtigma
deposited on the multimode optical fiber end faBerameters
such as the thickness and the number of periodse we
adequately dimensioned so that resonance couldotzéned
in the reflection spectrum, and the optical corstéiave been
obtained from previous works [18], [19], [25], [26] simulate
transparent conductor oxides. These simulations Hzeen

2

performed with Matlab®, following a numerical methbased
on plane wave propagation in a one-dimensionalkst#c
layers of different Rls [27], [28]. Each reflecti@pectrum
with a stack of layers was normalized to the reitbec
spectrum without a stack of layers. Dispersionhef RI of the
material was not taken into account in order topdiiy the
analysis of the obtained results.

The RI of the core of the optical fiber was setli®
according to the data obtained from Telnet-RI, whserthe RI
of the external medium was set to 1. The RI of ke

theirefractive index layer (LRIL) was assumed to be Wfile the

high refractive index layer (HRIL) was set as 108ager than
that of the LRIL, which is in the range obtained [&B].

Thicknesses for each layer were set to 80 nm, wikiehvalue
easily obtained by sputtering. The particularitief the

parameters of each situation under study are conethem in
their respective sections. The main factors affigctihis
optical structure are the thickness of each layernumber of
periods of the thin-film stack, and the RI of edaher. The
real and imaginary parts of the Rl were studiechssply.

A. Difference between refractive indices

First, the influence of the difference in the Rleafch layer
is shown in Fig. 2. These results were obtaineatgushe
ollowing parameters: the RI of the even layers waeisto 1.7
and the RI of the odd layers was varied from 1.71.8683 in
0.1% increments. Fig. 2 shows the simulated regalts50
periods.
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Fig. 2 (a) Evolution of the reflected spectrum fodifference inrefractive
indices ranging from 0 to 10%; (b) spectra for eliént value of the
difference between RIs.



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

As can be seen in Fig. 2 (a), the width of theest#d peak
increases with increases in the difference betvikerRIs. In
the limiting case of both RIs being equal, we woaliain a
Fabry-Pérot interferometer. Differences of 2% ageded to
have a well-defined peak (see Fig. 2(b)) with ampléode of
the reflected peak at least double that of thelaids. These
percentage values might vary slightly with the nemiof
periods. The reflected power depends on the diffare
between the RIs of each layer, tending asymptdyidal its
maximum of 14 dB for differences of 5%.

B. Number of periods

3

optical power, making it possible to reduce thesgnation
time of the spectrometer and hence to accompligh th
measures faster. A good compromise between theabpti
spectrum obtained and the time spent to achieigerégached
within 50 bilayers.

C. Thickness of periods

Fig. 4 shows the effect of increasing the thickeess both
layers while keeping their thicknesses equal to anether.
For these results, the number of periods was lapttant and
equal to 50 to obtain a well-defined peak. The Réaxch layer
was also kept constant (LRIL = 1.7, HRIL = 1.87)dahe

The next parameter that was studied was the numiber thickness of both layers was swept from 70 to 1'sGmorder

periods or bilayers (N). Each period consists af @ifferent
layers (LRIL and HRIL). For these simulations, fRkof odd
layers was set to 1.7, the RI of even layers watosk87, and
the thickness of each layer was set to 80 nm. 3{&). shows
how the reflected spectrum is gradually modified tne
growing number of periods. Fig. 3(b) shows the ecttd
spectra for the first periods (5, 7, 9, 11, 13, a&geriods).

It can be observed that a minimum number of lay&8-in
this case—are needed to obtain a well-defined ateftepeak,
but increasing the number of layers above 40 doésead to
a noticeable improvement. The reflected optical growses
from 14.12 to 14.72 dB when the number of periodges
from 20 to 50.
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Fig. 3 (a) Evolution of the reflected spectrum as tilumber of perioc
increases, and reflected spectra for different rersiof periods: (b) 5, 7,9
11,13, and 15 perioc

For a number of periods between 5 and 20, incrgasie

number of periods has a significant effect on th#ected

to obtain the reflected peak inside the spectraigeaof
interest. As the thickness increases, the reflegedk
redshifts and widens. A second peak starts to apfma
thicknesses greater than 110 nm.
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The effect of the thickness of the odd layers beiifigrent
from the thickness of the even layers is similathio effect of
increasing the difference between RIs of the layédise
reflected peak widens and its location shifts taaggr

wavelengths as the difference between thicknessesdses.

600

D. Extinction Coefficient

Finally, the last factor that was studied was tffece of a
non-zero absorption coefficienta)( on the results. The
absorption coefficient depends on the materialasad on the
wavelength of light that is being absorbed [29].eTh
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absorption coefficient is related to the extinctemefficient or
the imaginary part of the RI (k) and to the wavegtén(.) by

the following equation:

4Tk
a=—1(1)

For these simulations, the number of periods wasosB0
and the real part of the RI of odd layers was @€t 7, while
its extinction coefficient was swept from 0 to 0The RI of
even layers was calculated as 10% greater tharltloé the
odd layers. The simulated results are shown in%zig.

(a)

1400

1200

F)
E ° 3
= 1000 0 8'_
2 Q
: 2
S 800
8 f 20 %
s o
600 =z
-30
400
0 0.02 0.04 0.06
Extinction coefficient
(b) 1 Extinction coefficient
—o
—0.02|
10+ 0.04/]
. —0.06
Q 5 N —0.08|
: A 0.1 ]
8 W —0.12
g 0 ‘ —0.14]]
£ I
3 —0.16|
S 2 0.8
g == —0.2 4
T
A5 ; : i : .
400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 5 (a) Evolution of the reflected spectrum asektinction coefficier
increases and (b) reflected spectra for differgtinetion coefficients.

For an extinction coefficient equal to zero, a fland-pass
filter would be obtained. Progressive attenuatidn ttoe
reflected peak and the sidelobes occurs as thenctitn
coefficient increases. There is a quadratic ratatigp between
the reflected optical power and the extinction fioefnt. The
reflected power decreases by 5 dB from k = 0 tok(35 and
another 5 dB is lost when the extinction coeffitisgaches a
value of 0.1. For extinction coefficients greateart 0.2, the
reflected peak, as well as the sidelobes, tendssappear and
a flat reflected spectrum will be obtained for Begtion
coefficients greater than or equal to 0.5 (conti@ser than 2
dB).

Material must be selected depending on the intend

purpose of this optical structure. For the develeptof band-
pass filters, a zero extinction coefficient shoblel selected,
while for the development of optical fiber senserarking

with the wavelength detection technique, a betdindd peak

might be better for the needs of the algorithm thatks the
wavelength where the reflected peak is located.

I1l. EXPERIMENTAL RESULTS

In this section, the experimental results of faddiitg Bragg
gratings on the end face of a standard multimodiealfiber
are shown.

The cleaved end facet of an MMF pigtail was plaicesite
the vacuum chamber of a pulsed DC sputtering system
(Nadetech) and connected by an optical feedthravith the
equipment mentioned before (see Fig. 1(a)). Thealpfiber
was centered with the cathode and the end faditeodptical
fiber was placed parallel to the target surface.re&h
experiments were performed in order to obtain #iftected
peak in the whole UV-Vis-NIR range that the HR-4000
spectrometer covers.

Two different thin film stacks were studied: stackb
indium oxide (InOs) and stacks of tin oxide (Sa Changes
in the RI for materials such as ITO [19] and tiridexwhile
changing the sputtering pressure have been prdyistiglied
[18], [30], and variations of around 5% have beétaimed.
Therefore, changes in the Rls of indium oxide andokide
should be obtained just by changing the sputtesiegsure.

The most effective method of obtaining significahanges
in the RI of the material is by changing the presday means
of an ON/OFF control. This control technique is l&gpto the
valve that regulates the flow of argon in orderotatain a
controlled increasing pressure rate of 0.2 bar/sl an
decreasing pressure rate of 0.6 bar/s. The povpgysof the
sputtering system was controlled in constant pawede (~50
W).

A. Indium oxide experiments

The sputtering parameters for experiments done with
indium oxide are presented in Table I. Two différdavices
(D1 and D2) have been developed in order to chéek t
possibility of placing the reflected peak at diffet
wavelengths. The number of periods is 60, and hiekriess
of each layer has been estimated to be 64.5 nm6Fgows
the evolution of the reflected spectrum for theideD1.

Table I. Sputtering parameters for experiments wittium oxide.

P (mbar) Voltage (V) | I (mA) Time(s) N |
237 200 30

60
353 150 40

160 150 60 40
278 100 80

Fig. 6 shows how the reflected peak is formed & @
with a full width at half maximum (FWHM) of 20 nnit can
also be observed that the reflected peak stadppear at the
thh layer and that further periods contribute teduction in

(tahe amplitude of the sidelobes.
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Fig. 6 (a) Evolution of the reflected spectrum octiéel during the sputteri
process of indium oxide and (b) enlargement of teme figure
distinguishing between LRIL and HRIL.

In Fig. 7, several spectra for different numbersagers are
shown to give a better view of how the reflectedlkpés
obtained. Sidelobes located closer to the reflepeak have
the lowest amplitude, and a maximum contrast ofB5hds
been obtained.

Continuing with indium oxide, the experimental rksiof
device D2, which consists of 40 periods, are showfig. 8.
The sputtering time has been doubled with respectevice
D1, but the sputtering current has been reduc&&%6. Now,
the reflected peak is located at 639 nm and ha&/ldN# of 96
nm and a contrast of 5 dB. Changes in the wavebdogation
are due to an increase in the thickness of eadr,lshile the
increase of the FWHM is due to greater differenceshe
optical path between odd and even layers.
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Fig. 8 Evolution of the reflected spectrum collectdaring the sputterir
orocess of indiumxide with chanaein the soutterina nressure for device

B. Tin oxide experiment

Now, the sputtered material was tin oxide and ckang its
RI were obtained by the same method as was usehbein
previous section. The parameters used are summaiize
Table Il.

Table Il. Sputtering parameters for experiment withoxide.

P (mbar) Voltage (V) [(mA) Time(s)| N
LRIL 1x10* 160 150 35
D3 FRI <2 x 10° 360 80 65 21

Fig. 9 shows the spectra collected during the €alion of
device D3, which has its reflected peak locate82& nm and
a FWHM of 49 nm. The number of periods was limited1
and the thickness of each layer was estimated i®®em.
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Fig. 9 Evolution of the reflectedpectrum collected during the sputte
process of tin oxide.
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Fig. 10, and the parameters obtained from simuliatiare
summarized in Table III.

Table Ill. Estimated parameters for experimentsaexéd from simulations
and reflected peak characteristics.
Thickness

(nm)

N

Optical constants extracted from the simulatedltesue in

This new Bragg grating has some differences from thgood agreement with the real values obtained liyselnetry

previous one done with indium oxide. The sidelopessent
greater amplitude because of the smaller numbpebds. A
reflected peak located at 828 nm with a FWHM ofr® has
been obtained. The FWHM has increased with regpettte
previous devices because it is placed at a greateelength
and because of the optical constants of the méatéFtee
reflected power is also greater due to the incredghe real
part of the RI of tin oxide compared to devicesaleped with
indium oxide, as will be shown in the next sectioh.
maximum reflectance of 8 dB with a maximum contiafsiO
dB has been obtained.

IV. COMPARISON BETWEENTHEORETICAL AND
EXPERIMENTAL RESULTS

Finally,
simulated spectra was made. The simulated spectt@ w
obtained by following the same procedure as theusgal in
the “Theoretical Analysis'section. Starting from values of
optical constants and sputtering deposition ratbtimed
previously and following an iterative method based the
least squares method, the optimum parameters tforgfithe
theoretical and experimental data were found. Fevicgs
developed with indium oxide, the following paramstevere
used: The RI of the optical fiber was set to 1.8 e number
of periods was 60 for device D1 and 40 for devi@ The RI
of even layers was set as 1% greater than the Biladfayers.
The thickness of each layer was set to 64.5 nnddeice D1
and 93 nm for device D2. The average real parhefRI of
odd layers was set to 1.6939 and an average emtinct
coefficient of 0.0253 was used for device D1, while
average real part of the RI of the odd layers veads1.7164
and an average extinction coefficient of 0.0347 wsed. The
RI of even layers was set as 4% greater than thtteoodd
layers.

For the device developed with tin oxide, the folilogy
parameters were used: The number of periods waghgl,
average RI of odd layers was set to 1.8558, andvanage
extinction coefficient of 0.0334 was used. The Rlewen
layers was set as 3.5% greater than the RI of ager$. The
thickness of each layer was 109 nm. A comparisdwedsn
the simulated and experimental spectra achievethasvn in

a comparison between the experimental and

[19], [25], [26] or by other methods [18], as gezatalues of
the RI of tin oxide were obtained compared to indioxide.
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Fig.10 Comparison between experimental and simdilaeectra of
devices (a) D1 and (b) D2, both developed withundioxide, and (c)
for device D3 developed with tin oxide.
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V. CONCLUSION

This work has demonstrated the fabrication of agBra [11]
grating on the end facet of a standard MMF by meains
sputtering using only one material and one spuigegas.
Changing the sputtering pressure is sufficient ttaim [12]
significant changes in the RI of the sputtered nmteThis
procedure can be easily automated and controlleditahas
some advantages over other methods: the fabricétimmis |13
reduced, it is possible to control the FWHM of tkesonance,
and only one material is needed. These changes ritake
possible to obtain a reflected peak located at@@9with a [14)
FWHM of just 20 nm with indium oxide and a refledtpeak
at 829 nm with a FWHM of 49 nm when working withm ti
oxide. This optical structure can be used for theetbpment
of wavelength tunable filters or optical fiber serss

The main factors affecting the optical spectrumatetd [16]
have also been analyzed. These factors are thgonslaip
between RIs, the thickness of each layer, and tteginary [17]
part of the RI. The difference between real paftthe RI of
each layer should be greater than 2% to obtain a
distinguishable reflected peak. Greater differeneesuld [1g]
increase the width of the reflected peak. The imagi part of
the RIs should be lower than 0.2 to have a clealblservable
peak. Increasing the value of the extinction cogffit leads to |19
progressive attenuation of the reflected peak. Ikind has
been proven that the location of the reflected pgends on
the optical path of each layer. The theoretical angg
experimental results are in good agreement.

[15]
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