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Confocal photoluminescence (PL) microscopy is used to gain insight into the inner structure of Ge-

doped Fiber Bragg Gratings (FBGs). These measurements pinpoint room temperature PL emission

from oxygen-related defects in the visible range, whose spatial distribution exhibits a periodicity

associated with the spatial modulation of the refractive index printed inside the fiber core of the

FBG. The period measured by PL mapping performed at submicrometric resolution matches the

period of the refractive index variation determined from the optical transmission wavelength using

the Bragg condition. Since the PL emission of oxygen-related defects can be used to probe local

chemical changes inside fused silica, this novel and non-destructive experimental approach can be

implemented for the direct characterization of FBGs, to study the effects of gas conditioning, age-

ing, and degradation under various environments.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892985]

I. INTRODUCTION

Fiber Bragg Gratings (FBGs) have been studied exten-

sively during the last two decades, due to their numerous

applications in the telecommunications and aerospace indus-

tries, which include satellite altitude gyroscopes, stress and

temperature sensors for monitoring of smart civilian struc-

tures, and their use in spacecraft instruments.1–6 In particu-

lar, FBGs are ubiquitous in space applications because of

their immunity to electromagnetic interference, wide and

tunable transmission properties, compact size, light-weight,

and mechanical flexibility.7,8

An FBG consists generally of a photosensitive Ge-

doped fiber glass core of 5–10lm diameter embedded within

a protective silica fiber cladding of 40–60lm thickness.6

The fiber core exhibits a spatially periodic modulation of its

refractive index, whose periodicity generates highly-

selective spectral filtering effects, allowing to select specific

wavelengths depending on the intended application.1–8 This

modulation can be obtained by UV inscription, under pulsed

laser exposure using a micrometric mask.9–12 Typical values

for the relative optical index variation (Dneff) are of

10�3–10�4, depending on UV-exposure conditions and dop-

ant concentrations.11

The direct observation of the Bragg grating inside this

kind of fiber is very challenging, due to the weak modulation

of the refractive index and the presence of silica cladding

around the fiber core. On the other hand, the direct spatial

characterization of FBGs is an invaluable tool to optimize

their design and to study ageing or degradation effects after

exposure to harsh environmental conditions, such as intense

gamma radiation or temperatures above 800 �C.13–15 In addi-

tion, the majority of treatments employed in FBG condition-

ing,16,17 such as hydrogen loading or thermal recovery, is

poorly understood due to lack of information on the mecha-

nisms of modification of the spatial index distribution within

the FBG structure. Up to now, the FBG morphology was

investigated using conventional microscopes for grating peri-

ods greater than 1 lm18,19 or side-diffraction interference

techniques,20–23 providing a precise description of both the

modulation amplitude and the period of FBG, within fiber

sections of more than 10 lm length. However, the period

determined from the FBG interference pattern represents an

average of about 20 successive fringes. Although this experi-

mental approach provides measurements of very high accu-

racy (0.01 nm), it does not allow the inspection of specific

and isolated features with nanoscale resolution, nor does it

give any qualitative information regarding the structural

changes associated with the local variation of the refractive

index.

Here, we show the feasibility of a direct, non-

destructive nanoscale characterization of the inner FBG spa-

tial index modulation without removing the fiber silica clad-

ding, using confocal photoluminescence (PL) microscopy

with submicron spatial resolution. Our experimental

approach consists of analyzing the PL emission of specific

structural defects that are created in the fused silica region

when exposed to coherent UV irradiation during the FBG

inscription process. We provide evidence of spatially peri-

odic variations of the PL intensity originating from the fiber

core by performing a two-dimensional laser-scan along the

fiber. High resolution measurements allow us to directly
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correlate the spatial periodicity measured by confocal mi-

croscopy with the one obtained from the measured fiber

transmission using the Bragg condition. As opposed to meas-

urements obtained from the FBG optical reflection peak,

which provides information on the overall and average

Bragg modulation, our technique can be used for both the

microscopic inspection of specific FBG regions and the

investigation of their chemical composition. This includes

fiber quality controls, as well as the study of specific gas con-

ditioning, ageing, and degradation effects for process

optimization.

II. EXPERIMENTAL

The Bragg grating was imprinted within the fiber core

by UV exposure using a transverse holographic method.10,11

This technique consists of creating an interference pattern

between two light beams within the fiber core, using a UV

mask whose spatial periodicity of 1062.84 nm was chosen to

produce a regular pattern of 2 cm length along the fiber axis,

composed of thousands of reflective modulation planes

(disks) separated by approximately 0.5 lm. As indicated in

Fig. 1, this kind of fibers is Type I FBG (SMF-28 Corning)

of �30 dB transmittance, specifically designed for optical

signal filtering around 1.5 lm. The wavelength of the signal

reflected by the uniform FBG, kB, is directly related to the

refractive index grating period, K, according to the Bragg

resonance condition

kB ¼ 2 neffK; (1)

where neff is the effective index of propagation at a spectral

wavelength of 1.5 lm.

The in line measurements of kB were recorded using a

VIS-IR polychromatic source coupled with a Burleigh spec-

trometer. These experiments consist of measuring the optical

signal transmitted and/or reflected within the studied FBG.

The confocal micro-Raman/fluorescence apparatus is a

Tokyo Instruments Nanofinder 30 (solar II) system, equipped

with an objective mounted orthogonally to the sample sur-

face for both excitation and collection of the PL signal. The

FBG is excited at wavelengths of 355 nm and 532 nm,

focused with objectives of 0.4 and 0.9 numerical aperture

(NA), corresponding to maximum spatial resolutions of

546 nm and 361 nm, respectively. A thermoelectrically

cooled CCD, protected by an optical edge filter, is used to

measure the PL signal. The fiber is fixed horizontally on a X-

Y-Z piezoelectric scanner, whose vertical position (Z) is

adjusted to position the optical focus inside the fiber core,

with a precision of about 62 lm. Interfacial reflections and a

closed loop scanner were used to position the confocal

volume inside the fiber core. As an immediate consequence

of Fresnel’s law,23 the laser excitation cone stretches within

the fiber and penetrates deeper. For each set-up parameter

(labelled: klaser, NA), we estimate that the laser focusing

depth inside the fiber core corresponds to a sample stage

position approximately 45 lm beneath the upper surface of

the fiber, smaller than the cladding thickness of 62.5 lm. The

probed sample volume is a prolate ellipsoid of about 2–4 lm

in height, with a minimum equator radius of 546 nm

(355 nm, 0.4NA) and 360 nm (532 nm, 0.9 NA) defining the

lateral spatial resolution limit following Rayleigh’s criterion.

All PL scans are performed along the fiber axis; namely, for

sample stage moving within the horizontal plane normal to

the excitation/detection axis. However, possible slight mis-

alignments between fiber and scan direction in the moving

plane can shift the focus outside the fiber core for larger scan

distances. Therefore, each xy-mapping is performed using

three parallel scans along a range of about 40–60 lm length

in the x-direction, by increments of 100 nm, for y-positions

spaced by 5 lm on both sides of the fiber center.

III. RESULTS AND DISCUSSION

UV laser irradiation induces structural defects into fused

silica which locally change the refractive index within the

fiber core. Among all generated defects that can significantly

affect the dielectric properties of silicon oxide, oxygen-

related defects are particularly relevant because of their

strong PL emission in the visible range. In particular, the

concentration of Oxygen Deficient Centers (ODC), associ-

ated with (� Si – Si �), (� Ge – Si �), and (� Ge – Ge �)

chemical bonds,24–27 as well as the formation of Non-

Bridging Oxygen Hole Centers (NBOHC) related to Si-O•

radicals,28,29 are known to be very sensitive to UV laser irra-

diation and UV bleaching effects.29,30 The imprint of the

Bragg grating may therefore induce changes of both ODC

and NBOHC densities along the fiber core which can be

detected by measuring the relative spectral intensity of their

blue and red PL signals.31 As illustrated in Fig. 2, which dis-

plays the PL response in the visible spectral range of the

fiber core excited with the 355 nm laser line, we focus our

analysis on emission peaks near 400 nm (peak 1) and 650 nm

(peak 2), attributed to ODC and NBOHC, respectively.24–29

A more specific attention has to be paid to the red PL emis-

sion of NBOHC, since these defects can strongly interact

with the gas ambient. In particular, the variation of the

NBOHC concentration in presence of hydrogen32 makes the

study of their PL signature promising for the future investi-

gation of gas loading process that are commonly used to

harden optical fibers in the visible range. The sensitivity of

these emitters to high temperatures and radiations exposures

FIG. 1. Working principle of a uniform

fiber Bragg grating designed for optical

filtering at 1.55lm.
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is also relevant for the microscopic investigation of FBG op-

erable in space environment, since strained silicon oxide

bonds (� Si – O – Si �) can be cleaved to form NBOHC,

which can be detected using our experimental approach.33

In Figs. 3(a) and 3(b), dark parallel lines were extracted

from the spectral PL-mapping presented at the bottom of the

figure, after subtraction of the averaged optical background

contribution from the PL intensity (due to diffuse scattering

into the fibre). The first two scans display the PL intensity

measured between 350 nm and 700 nm (horizontal axis) as a

function of the focus position along the fiber axis. These

scans exhibit several distinct uniform patterns in the dashed

frame regions, associated with spectral intensity variations of

about 2% around the average PL emission. Along the first

20 lm of the scan, no structure is observed for scan#1, as

opposed to scan#2, where periodically spaced parallel lines

are visible near the spectral wavelengths of 450 nm and

650 nm. These lines result from an intensity modulation of

the ODC and NBOHC emission peaks presented in Fig. 2.

For fiber regions scanned between 20 and 90 lm, the situa-

tion is the opposite: periodic PL intensity variations are only

detected in scan#1 and do not appear in scan#2. This results

from the presence of an incidental tilt angle of 5� between

the fiber axis and the scan direction along x, which causes

the laser focus to migrate out of the fibre core towards the

fiber cladding. Hence, region A is where the focus is inside

the grating for scan#1, and region B, the range for which the

focus is inside the grating for scan#2. The absence of any

visible spatial modulation in scan#3 (Fig. 3(c)) indicates that

here, the laser spot always remains outside the fiber core.

Hence the interpretation of our PL data, summarized in the

schematic drawing of Fig. 3(d), demonstrates that the

observed periodic intensity variations originate exclusively

from the fiber core, where the Bragg grating is located.

An investigation of the PL-emission with a higher spatial

resolution is presented in Fig. 4. These measurements are

obtained with a lateral resolution of �400 nm, using the

FIG. 2. Photoluminescence spectrum of the Ge-doped fiber core excited

with the 355 nm laser line.

FIG. 3. Three scans of PL mapping of FBG inside the fiber core (a)–(c), identifying the presence of periodic intensity variations in regions A (a) and B (b),

with a diagram representing the PL scan along the fiber (d).
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532 nm laser line focused with the 0.9NA objective. As for

the PL mapping presented in Fig. 3, three parallel scans with

5lm spacing in the y-direction were performed along the

FBG axis. Figure 4(a) shows the PL-intensity modulation of

the NBOHC emission between 540 nm and 860 nm, corre-

sponding to intensity variations of 1.5% around the average

PL emission spectrum. This figure has been extracted from

the scan (among the three scans recorded during this set of PL

measurements) which exhibits significant intensity variations

near 650 nm. The absence of any periodic PL modulation in

the two parallel scans performed in other fiber regions (not

shown) indicates that for this set of measurements, the tilt

angle between the axis of the fiber core and the translation

stage is negligible. Image analysis using ImageJ software34

reveals well-defined parallel stripes along the scanning direc-

tion for PL emission around 650 nm (Fig. 4(b)). The uniform

pattern revealed by image processing softens at wavelengths

greater than 800 nm, where the PL emission intensity is weak

(not shown) and loses signal to noise ratio. For a displacement

range between x¼ 1.8lm and x¼ 6.0lm along the fiber axis,

eight stripes of similar width are identified. Such a pattern

corresponds to a spatial periodicity of KPL¼ 5256 5 nm,

which deviates by less than 1 nm from Kin-line¼ 524 nm, the

Bragg grating periodicity we previously determined from the

FBG reflectance spectra of Fig. 5, using Eq. (1) with

neff¼ 1.447.

The close agreement between the two values obtained

using two independent experimental approaches allows us to

conclude that the periodic pattern observed by high-resolution

PL-mapping is consistent with the direct signature of the

Bragg grating modulation inside the fiber core. Furthermore,

the similarity in periodic structures of PL emitters and refrac-

tive index modulation highlights the role played by the forma-

tion of oxygen-related defects in the FBG inscription process.

A proper estimate of the NBOHC or ODC formation rate

under UV pulsed exposure may allow to relate these PL inten-

sity variations to the amplitude of the refractive index modu-

lation by determining the effects of the oxygen defect

concentration on the silica dielectric function. In addition to

being a non-destructive characterization method of the FBG

spatial modulation, this makes the implementation of PL map-

ping measurements a relevant tool for studying the morphol-

ogy of a large variety of FBG devices and sensors. This

includes investigations of FBGs following different process-

ing conditions and/or use in harsh environments to provide

physical insights regarding possible structural changes, asso-

ciated with ageing or degradation effects,5–9 whose conse-

quences on oxygen-related defect emission need to be

assessed for specific fiber treatments.

IV. CONCLUSION

We present direct evidence of spatial PL modulation

that coincides with a refractive index modulation of a Bragg

grating inside a FBG. To this end, we used oxygen-related

defects produced within the Ge-doped fiber core during the

UV inscription process of FBGs as markers. The spatial peri-

odicity measured from the reported PL-intensity modulation

is in excellent agreement with the one determined from the

FBG reflectance spectrum using the Bragg condition. This

suggests that the density of oxygen defect emitters is corre-

lated to the local refractive index variations. Since the

method we used is a non-contact and non-destructive tech-

nique based on PL measurements that could be performed

subsequently to UV inscription and fiber conditioning, it can

be potentially further developed to investigate the chemical

FIG. 5. FBG optical reflection at kB¼ 1538.2 nm.

FIG. 4. High-resolution PL map of the periodic PL emission modulation as

measured (a) and after image processing (b).
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composition of the fiber core after a different treatments.

The high sensitivity of oxygen-related emission to hydrogen,

high temperatures, and radiation exposures makes the study

of their photoluminescence promising to detect possible var-

iations of the local chemical composition after gas loading

and FBG testing. We also believe that a more detailed inves-

tigation of this PL emission (which could be eventually

coupled with confocal micro-Raman measurements) can pro-

vide novel and useful information regarding the physical

mechanisms responsible for the FBG limitations in harsh

environments.

ACKNOWLEDGMENTS

This work was supported by the NSERC EGP 8894-13

and the NSERC Strategic Grant No. STPGP 447377-13 in

partnership with MPB. F.R. is grateful to the Canada

Research Chairs program for partial salary support. F.R.

acknowledges NSERC for an EWR Steacie Memorial

Fellowship. F.R. and A.R. are supported by individual

Discovery Grants (NSERC). F.R. acknowledges the

Alexander von Humboldt Foundation for a FW Bessel Award.

1A. Gillooly, Nat. Photonics 5, 468 (2011).
2C. Davis, S. Tejedor, I. Grabovac, J. Kopczyk, and T. Nuyens, Photonic

Sens. 2, 215 (2012).
3S. Sulejmani, C. Sonnenfeld, T. Geernaert, G. Luyckx, D. Van

Hemelrijck, P. Mergo, W. Urbanczyk, K. Chah, C. Caucheteur, P. M�egret,

H. Thienpont, and F. Berghmans, Opt. Express 21, 20404 (2013).
4J. Sierra-P�erez, A. G€uemes, and L. E. Mujica, Smart Mater. Struct. 22,

025011 (2013).
5X. Zou, M. Li, W. Pan, L. Yan, J. Aza~na, and J. P. Yao, Opt. Lett. 38,

3096 (2013).
6Fiber Optic Sensors: An Introduction for Engineers and Scientists, 2nd

ed., edited by E. Udd (Wiley-Interscience, New York, NY, 2006).
7J. Jiang, L. Song, T. Liu, J. Zhang, K. Liu, S. Wang, J. Yin, P. Zhao, J.

Xie, F. Wu, and X. Zhang, Rev. Sci. Instrum. 84, 123107 (2013).
8M. R. R€oßner, M. S. M€uller, T. C. Buck, and A. W. Koch, Acta Astronaut.

70, 95 (2012).
9G. Meltz, W. W. Morey, and W. H. Glenn, Opt. Lett. 14(15), 823 (1989).
10N. Singh, S. C. Jain, A. K. Aggarwal, and R. P. Bajpai, J. Sci. Ind. Res. 64,

108 (2005).

11P. E. Dyer, A. M. Johnson, and C. D. Walton, Opt. Express 16, 19297

(2008).
12A. Martinez, I. Y. Khrushchev, and I. Bennion, Electron. Lett. 41, 176

(2005).
13T. Erdogan, V. Mizrahi, P. J. Lemaire, and D. Monroe, J. Appl. Phys. 76,

73 (1994).
14A. I. Gusarov, F. Berghmans, O. Deparis, A. F. Fernandez, Y. Defosse, P.

M�egret, M. Decr�eton, and M. Blondel, IEEE Photonics Technol. Lett. 11,

1159 (1999).
15A. Gusarov, S. Vasiliev, O. Medvedkov, I. Mckenzie, and F. Berghmans,

IEEE Trans. Nucl. Sci. 55, 2205 (2008).
16E. Linder, C. Chojetzki, S. Bruckner, M. Becker, M. Rothhardt, and H.

Bartelt, Opt. Express 17, 12523 (2009).
17P. A. Krug, Opt. Lett. 20, 1767 (1995).
18B. Malo, D. C. Johnson, F. Bilodeau, J. Albert, and K. O. Hill, Opt. Lett.

18, 1277 (1993).
19K. Zhou, L. Zhang, X. Chen, and I. Bennion, IEEE J. Lightwave Technol.

24, 5087 (2006).
20L. Pacou, P. Niay, L. Bigot, M. Douay, and I. Riant, Opt. Laser Eng. 43,

143 (2005).
21F. El-Diasty, A. Heaney, and T. Erdogan, Appl. Opt. 40, 890 (2001).
22I. Petermann, S. Helmfrid, and P.-Y. Fonjallaz, J. Opt. A: Pure Appl. Opt.

5, 437 (2003).
23N. Everall, Spectroscopy 19(10), 22 (2004).
24J. P. Zou, Y. F. Mei, J. K. Shen, J. H. Wu, X. L. Wu, and X. M. Bao, Phys.

Lett. A 301, 96 (2002).
25J. Y. Zhang, Y. H. Ye, and X. L. Tan, Appl. Phys. Lett. 74(17), 2459

(1999).
26Y. F. Mei, Z. M. Li, R. M. Chu, Z. K. Tang, G. G. Siu, R. K. Y. Fu, P. K.

Chu, W. W. Wu, and K. W. Cheah, Appl. Phys. Lett. 86, 021111 (2005).
27S. Roushdey, in Defect Related Luminescence in Silicon Dioxide Network:

A Review, edited by Sukumar Basu (Rijeka: InTech, 2011), Chap. 8.
28F. A. Kroger and V. J. Vink, Kr€oner-Vink Notations, Solid State Physics

Vol. 3, edited by F. Seitz and D. Turnbull (Academic Press, New York,

1956), pp. 307–435.
29S. Munekuni, T. Yamanaka, Y. Shimogaichi, R. Tohmon, Y. Ohki, K.

Nagasawa, and Y. Hama, J. Appl. Phys. 68, 1212 (1990).
30F. Messina, M. Cannas, and R. Boscaino, J. Phys.: Condens. Matter 20,

275210 (2008).
31C. Jing, J. Hou, Y. Zhang, and X. Xu, J. Non-Cryst. Solids 353 (44–46),

4128 (2007).
32B. Brichard, A. F. Fernandez, H. Ooms, P. Borgermans, and F.

Berghmans, IEEE Trans. Nucl. Sci. 50, 2024 (2003).
33E. J. Friebele and D. L. Griscom, Radiation Effects in Glass (Academic

Press, NY, 1979).
34See http://imagej.nih.gov/ij/ for “ImageJ—Image Processing and Analysis

in Java.”

064906-5 Barba et al. J. Appl. Phys. 116, 064906 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

192.77.52.4 On: Wed, 13 Aug 2014 16:21:33

http://dx.doi.org/10.1038/nphoton.2011.160
http://dx.doi.org/10.1007/s13320-012-0066-3
http://dx.doi.org/10.1007/s13320-012-0066-3
http://dx.doi.org/10.1364/OE.21.020404
http://dx.doi.org/10.1088/0964-1726/22/2/025011
http://dx.doi.org/10.1364/OL.38.003096
http://dx.doi.org/10.1063/1.4842295
http://dx.doi.org/10.1016/j.actaastro.2011.07.018
http://dx.doi.org/10.1364/OL.14.000823
http://dx.doi.org/10.1364/OE.16.019297
http://dx.doi.org/10.1049/el:20057898
http://dx.doi.org/10.1063/1.357062
http://dx.doi.org/10.1109/68.784237
http://dx.doi.org/10.1109/TNS.2008.2001038
http://dx.doi.org/10.1364/OE.17.012523
http://dx.doi.org/10.1364/OL.20.001767
http://dx.doi.org/10.1364/OL.18.001277
http://dx.doi.org/10.1109/JLT.2006.884985
http://dx.doi.org/10.1016/j.optlaseng.2004.06.014
http://dx.doi.org/10.1364/AO.40.000890
http://dx.doi.org/10.1088/1464-4258/5/5/301
http://dx.doi.org/10.1016/S0375-9601(02)00899-X
http://dx.doi.org/10.1016/S0375-9601(02)00899-X
http://dx.doi.org/10.1063/1.123880
http://dx.doi.org/10.1063/1.1849854
http://dx.doi.org/10.1063/1.346719
http://dx.doi.org/10.1088/0953-8984/20/27/275210
http://dx.doi.org/10.1016/j.jnoncrysol.2007.06.040
http://dx.doi.org/10.1109/TNS.2003.822097
http://imagej.nih.gov/ij/

