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Abstract—We report a novel type-II photonic crystal fiber Bragg
grating for high-temperature applications. The Bragg grating is
inscribed in a low-loss in-fiber structure named suspended-core
photonic microcell, which is postprocessed from a commercial
pure-silica photonic crystal fiber. Grating samples with core diam-
eters of about 4 µm were made by using a focused near-infrared
femtosecond laser and a phase mask, and then tested in a tube
furnace from room temperature to about 1200 °C. The thermal
response of the Bragg resonant wavelength was measure to be
about 12 and 16 pm/°C, respectively, at the temperature around
100 °C and 1000 °C. The grating spectrum remained stable in a
10-h isothermal annealing at 1000 °C and started decaying at about
1120 °C with the rate of about 0.02 dB/min. This type of grating
possesses flexibilities in both waveguide and grating structure de-
sign, exhibits good high-temperature performance, hence would be
promising platform for building wavelength-division-multiplexed
fiber sensors and tunable devices with a wide working temperature
range.

Index Terms—High-temperature techniques, optical fiber
devices, optical fiber measurements, photonic crystal fiber Bragg
grating.

I. INTRODUCTION

O PTICAL fiber Bragg gratings (FBGs) are widely used de-
vices in various applications, especially for the scenarios
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requiring multi-point measurements and sustainability in harsh
environments, for example, with intense electromagnetic inter-
ference, high radiation, cryogenic or high temperature et al. [1]
For the ordinary ultraviolet (UV)-laser-induced type-I gratings
in standard single mode fibers (SMFs), the upper limit of oper-
ation temperature is ∼500 °C [2]. The high-temperature perfor-
mance of FBG can be largely improved by making type-II grat-
ing using lasers with high peak-power and short-duration pulse,
such as femtosecond (fs) laser or nanosecond UV excimer laser.
Such gratings are typically formed by local structural changes
induced by a threshold dependent multiphoton ionization pro-
cess, and would withstand temperature up to ∼1000 °C [3]. The
type-II grating inscribed in Sapphire crystal fiber can even be
applied at 1900 °C for temperature sensing [4]. However, the
sapphire fibers are difficult to be spliced to commercial silica
fibers, and highly multimode with wide grating peaks. In ad-
dition, the regeneration of a type-I grating would form a new
grating which can survive at temperature up to 1295 °C [5], but
the fabrication of such grating might be time consuming in the
processes of hydrogen loading and thermal treatment [6].

The Bragg grating inscription techniques have been applied
on the fibers with micro-structures for seeking enhanced grating
properties and extended functions, which may be introduced by
the flexible in-fiber structures [7]–[9]. The gratings inscribed in
pure-silica photonic crystal fibers (PCFs) have been reported by
using excimer laser [10] and fs lasers [11], [12]. Since these grat-
ings would decay at the temperature of ∼500 °C [10], [11], they
might be type-I gratings. The scattering and distortion of the side
incident inscription laser in the periodic cladding structures are
the major factors hampering the formation of a type-II gratings
in PCFs [13]. A relief FBG was fabricated in PCF by using a
laser etching technique. With the aid of a thin toluene layer pre-
loaded on the capillary wall of PCF, periodic scratches would
be formed on the capillary walls after exposing to the grating in-
scription laser. This grating demonstrated good thermal stability
up to ∼940 °C [14]. In the micro-structured fiber with simple
cladding, such as the suspended-core fiber (SCF), side incident
beam can reach the fiber core with little cladding disturbance.
Type-II Bragg grating inscribed in SCF can survive at tempera-
ture up to 1300 °C [15], but the connection loss between SCFs
and the widely used standard SMF system might be a problem
in practical applications.

Here we report a novel high temperature Bragg grating made
in a locally processed PCF by using a focused fs laser and a phase
mask. The simple cladding geometry of the processed PCF
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Fig. 1. Schematics of a commercial PCF (ESM-12) from (a) axial and
(b) transverse directions. (c) The cross-sectional micrograph of a three-hole
suspended-core fiber (SCF) region which was made by selectively inflating the
red-marked columns in (a). (d) Typical structure of a suspended-core photonic
microcell. (e) Bragg grating inscription at the selectively inflated region.

region allows the direct lateral inscribing of type-II grating in
the fiber core. Comparing to the other common high temperature
FBGs [1], [16], this grating possesses extra features of the holey
in-fiber region isolated from environmental contamination, and
the micro-/nano-sized core with strong evanescent-field, which
would be useful for light-matter interaction applications.

II. FABRICATION OF THE GRATING

The pure-silica PCF (model ESM-12) from NKT photon-
ics Co. was used in fabricating the gratings for high tempera-
ture applications. The typical transvers and axial cross-sectional
structures of the PCF are illustrated in Fig. 1(a) and (b). In
this fiber, light would propagate along the central defect of the
hole-column lattice (photonic crystal) region. Before grating in-
scription, the PCF was firstly selectively pressurized through
the three red-marked hole-columns in Fig. 1(a), and then heated
to the softening temperature of silica at a target position. In few
minutes, a section of three-hole SCF with typical structure as
Fig. 1(c) would form in the heated region under the coaction
of gas pressure and surface tension of softened silica. Fig. 1(b)
and (d) are, respectively, the schematics of a PCF before and
after the selectively inflation process. Obviously, pressurizing
different air-columns in Fig. 1(a) would produce SC-PMC with
different internal structures. The fabrication details of the local
SCF region, i.e., suspended-core photonic microcell (SC-PMC),
was reported in [17], [18]. Comparing to the SCFs directly drawn
from the fiber tower, the SC-PMC can be spliced into SMF net-
work with optimized loss below 0.2 dB by virtue of the similar100

mode pattern between ESM-12 PCF and standard SMF.101

During the inflation process in the SC-PMC fabrication, most
of the cladding hole-columns of the PCF would collapse. Hence,103

as shown in Fig. 1(e), laser beams can be focused onto the fiber104

core from fiber side with little scattering and distortion, which105

would facilitate the formation of high quality gratings in the106

fiber core. Several first-order Bragg gratings have been realized107

in the SC-PMCs with different core sizes by use of a Ti:sapphire108

fs laser (800 nm, 100 fs, 1 kHz), a phase mask with pitch of109

Fig. 2. (a) Micrographs of a SC-PMC grating sample from side direction.
Inset: zoom in image of fiber core in the grating region. (b) Transmission and
reflection spectra of a SC-PMC grating sample with core diameter of ∼4 µm.

1070 nm and a cylindrical lens with focal length of 50 mm. A 110

CCD cameras was used in the fabrication to guarantee the good 111

alignment between the laser focus and fiber core [19]. 112

The upper image of Fig. 2(a) shows a sample of the Bragg 113

grating embedded SC-PMC with outer diameter of ∼200 µm 114

and core diameter of ∼4 µm. The grating sample was fabricated 115

by using fs laser pulse energy of ∼260 µJ and exposure time 116

of 18 minutes. Near the processed core region, scratches on 117

struts of the SC-PMC can be observed [see the lower image 118

in Fig. 2(a)]. The periodic scratches would induce structural 119

modulations to the fiber core, resulting in the formation of a 120

type-II grating. 121

As a proof-of-concept demonstration, here we report the in- 122

vestigation on high temperature endurance and decaying process 123

of the gratings in the SC-PMC. The grating samples under test 124

possessed the cross-sectional structure as Fig. 1(c) and core di- 125

ameter of ∼4 µm. The transmission and reflection spectra of 126

such a grating sample are given in Fig. 2(b). The sample has a 127

Bragg dip intensity of ∼6.4 dB in transmission spectrum and a 128

side-mode suppression ratio of ∼22 dB in reflection. The wide 129

3-dB bandwidth of ∼2 nm could be explained by the chirp ef- 130

fects induced by the tapered shape of the fiber core or/and the 131

Gaussian shape of the fs laser beam. The bandwidth could be 132
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Fig. 3. Experimental setup for testing high temperature performance of the
gratings inscribed in SC-PMCs.

Fig. 4. (a) The dip wavelength and intensity as functions of time in two
isothermal annealing in consequence. (b) The spectral evolution of the grating
sample at 1000 °C. The upper ribbon is the Bragg resonant dip in transmission
and the lower ribbon is the higher order mode resonant dip.

narrowed by using SC-PMC with longer uniform region or/and133

extending the grating length with an updated inscription system.134

Loss of the sample is ∼3.4 dB, however, it can be optimized to135

less than 0.5 dB in the SC-PMC with smaller core size [19].136

III. HIGH-TEMPERATURE CHARACTERIZATION

The grating samples were tested in a tube furnace (Carbo-
lite GERO MTF12-38-250) to investigate their temperature re-139

sponse, thermal durability and degradation characteristics. Fig. 3140

is the setup of the test system. The samples were placed in the141

Fig. 5. (a) The response of grating wavelength to the temperature in a range
from 22 °C to 1200 °C. (b) Dip wavelength and intensity of grating as functions
of time in an isochronal annealing from 1100 °C to 1200 °C.

central uniform region (±5 °C, 90-mm-length) of the furnace, in 142

which the temperature was PID controlled by using wire wound 143

heater and monitored with an embedded N-type thermocouple. 144

The transmission and reflection spectra of the samples were 145

measured by using a wideband laser source (Amonics ALS- 146

CWDM-FA), an optical fiber circulator and an optical spectrum 147

analyzer (OSA, Yokogawa AQ6319). 148

The sample in Fig. 2 was isothermally annealed firstly at 149

600 °C for 1 hour and then at 1000 °C for 10 hours. During 150

the process, evolution of grating spectra was measured every 151

25 seconds. The curves in Fig. 4(a) are the grating wavelength 152

and intensity as functions of the annealing time in the process. 153

Fig. 4(b) is the evolution of dips of Bragg resonant and higher 154

order mode resonant dips at 1000 °C. The grating dip wave- 155

length was stable in both of the annealing processes at 600 °C 156

and 1000 °C. The dip intensity experienced a growth of∼1.1 dB 157

in the first 50 minutes after the temperature reaching 1000 °C, 158

meanwhile, the loss also increased ∼0.3 dB. A similar grating 159

intensity strengthening was also observed in the high temper- 160

ature annealing process of the relief gratings inscribed on the 161

capillary walls of PCFs [14]. This phenomenon could be ex- 162

plained by the thermal decomposition of the small residue of 163
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Fig. 6. (a) The spectral evolution of a second grating sample in a 6.5-hour
isothermal annealing test at 1120 °C. (b) The changes of Bragg dip wavelength
and intensity of the sample as functions of the time in the decaying process.

debris covering the grating. The oscillation with amplitude of164

∼0.2 dB in the grating intensity in Fig. 4(a) and the spectra rip-165

ple in Fig. 4(b) should be induced by the heating cycles of the166

furnace which has a period of∼18 min. The tests results demon-167

strate a stable fs-laser-ablation grating in SC-PMC at elevated168

temperatures till 1000 °C.169

In the next experiment, the thermal response of the annealed
grating was then tested from room temperature (∼22 °C) to171

1200 °C with the step of 100 °C. Fig. 5(a) shows the Bragg172

resonant wavelength of the sample as functions of tempera-173

ture in two heating and one cooling processes. The sample’s174

Bragg wavelength demonstrated a nonlinear thermal response175

which can be fit with a quadratic curve: λ = 1524.1 + B1 t +176

B2 t2 (B1 = 0.01171, B2 = 2.1578 × 10−6). The sensitivity was
∼12 pm/°C at the temperature around 100 °C, and increased to178

∼16 pm/°C at ∼1000 °C, which was believed to be mainly179

determined by the temperature-induced refractive-index (RI)180

change of the fiber material [20]. It worth to note that the fitting181

curve would be only valid for the grating samples with particular182

parameters such as the core diameter, cross-sectional geometry, 183

the holey region RI and the grating structure. 184

When the furnace temperature isochronally ramped from 185

1100 °C to 1200 °C with rate of 5 °C/min, the decaying of 186

grating dips was observed. As shown in Fig. 5(b), the sample 187

was firstly heated to 1100 °C and stayed there for ∼10 min. 188

In this period of time, the dip intensity remains stable without 189

obvious decaying. In the followed heating process, the erasing 190

effect of the grating dips started from ∼1120 °C which might 191

indicate the highest operating temperature of such gratings. The 192

decaying rate increased to about 0.5 dB/min when temperature 193

is close to 1200 °C. 194

Another grating sample with the same core size and grating 195

period, i.e., the same Bragg wavelength, was tested to study the 196

isothermal decaying process of the grating at 1120 °C, where the 197

erasing effect started. Compare to the last sample, this grating 198

has a weaker intensity of ∼5.7 dB and a similar loss of ∼3.5 dB. 199

Fig. 6(a) shows the evolution of grating spectrum in a 6.5-hour 200

isothermal test, in which most of the grating dips disappeared in 201

∼1 hour. In the followed 5-hour test, the loss of the erased sam- 202

ple increased ∼0.5 dB and no regeneration of grating happened. 203

Fig. 6(b) shows the Bragg wavelength and intensity as functions 204

of time in the decaying process. The intensity decaying rate of 205

the grating is estimated to be ∼0.02 dB/min at 1120 °C. 206

IV. CONCLUSION AND DISCUSSION

High temperature performance of the fs-laser-ablation Bragg 208

gratings built in a pure-silica SC-PMC have been comprehen- 209

sively investigated. Samples of the grating can withstand high 210

temperature up to ∼1100 °C. The temperature response of a 211

grating sample with core diameter of ∼4 µm at optical commu- 212

nication wavelength was ∼12 pm/°C at the temperature around 213

100 °C, and increased to ∼16 pm/°C at ∼1000 °C, which could 214

be explained by the variance of thermal-optics coefficient of 215

fiber material at different temperatures. Bragg resonant of the 216

sample exhibited good long-term stability at 1000 °C and started 217

to decay at ∼1120 °C with the rate of ∼0.02 dB/min. 218

This type of grating offers a flexible platform for building 219

wavelength-division-multiplexed sensors and tunable devices 220

with wide working temperature range. Gratings with different 221

properties could be engineered by building various grating s in 222

PMCs with different structure parameters. For example, Bragg 223

gratings made in SC-PMC with highly birefringent [21] would 224

exhibit two Bragg resonant dips, which would be applied in 225

dual parameter sensing; Parallel gratings could be inscribed 226

in the multi-core SC-PMC by the point-by-point inscription 227

technique and used as a bending vector sensor. In addition, 228

various materials can be filled in the protected evanescent-filed 229

region of the grating. This would enable further extension of the 230

grating’s application fields. 231
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