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Temperature and strain characteristics of uniform fibre grating with tapered metal coatings have been analysed

theoretically, by which adjustable chirp characteristics of such gratings are shown. Electroplating is adopted to fabricate

such gratings, and the tapered metal coating is obtained by gradually drawing the fibre grating out of the solution

during the process of electroplating. The gradually changing cross-sectional area of the metal coating is calculated by

a newly suggested numerical method. By combining the theoretical and numerical simulation analyses, the gratings’

characteristics are given at various temperatures and strains. The results obtained using such a method are also testified

by experiments.
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1. Introduction

As an effective solution for dispersion compensa-
tion in high speed and long haul optical communi-
cation systems, chirped fibre Bragg gratings have at-
tracted more and more attention because of the com-
pact design, high dispersion figure of merit, capabil-
ity to compensate higher order dispersion and espe-
cially the absence of nonlinear effects, etc.l'=3] Com-
pared with the dispersion compensation fibre, another
merit of the fibre Bragg grating is its great agility to
change the dispersion characteristics. So fibre grat-
ings are widely used as tunable dispersion compen-
sators to compensate the residual dispersion and dis-
persion slope.[*% And many efforts have been devoted
to the development of a more flexible method to fabri-
cate chirp gratings, in which special attention is paid
to the method of chirping the uniform fibre grating.
Because the reflective characteristics of fibre grating
are determined by the effective index and the period
of index modulation fringe, chirp can be achieved by
varying the fringe period, the effective index or both
along the fibre axis. On the whole, the methods can
be divided into two categories. One is introducing
a period or index change during the process of the
grating fabrication, writing grating in a core-tapered

fibre is a representation,® while the fabrication of fi-
bre with nonlinearly-changed core diameter is some-
what difficult. The other is introducing an index or
period change after the grating is written, and the
realization of such methods often relies on some as-

[7 The representation is the method

sistant material.
based on cantilevers.[¥l However, the applications of
such methods are greatly constrained by the large vol-
ume of cantilever.

In this paper, we propose a method which can
make the uniform grating change to the one with de-
sired chirp characteristics by a metal coating around
the grating with gradually changing thickness. Elec-
troplating is adopted to obtain the coatings. To
use such a coating method, a numerical simulation
method is put forward. And the gratings’ characteris-
tics can be given numerically for various temperatures
and strains. Experiments are also carried out to con-
firm the analysis results.

2. Device design and theoretical
analysis

The basic concept of forming the device is given
in Fig.1, from which we can see that the metal coat-

*Project supported by the Paper Fund of Beijing Jiaotong University, China (Grant No 20056RC033) and the National Natural

Science Foundation of China (Grant No 60477017).
TCorresponding author. E-mail: bjtuly@163.com

http://www.iop.org/journals/cp  http://cp.iphy.ac.cn



No. 6

Temperature or strain induced adjustable-chirp characteristics of uniform fibre grating with ... 1695

ing with gradually changing thickness around the fi-
bre grating is the main feature. Before analysis, we
assume that the metal coating can cling to the fibre
grating tightly and the applied stretching force or the

Iy

change of ambient temperature is not too large so as
to ensure external force-induced change of the grating
and that of the metal coating are the same.

—

T

uniform grating

metal coating

Fig.1. Schematic diagram of applying stretching force to the fibre grating with metal coating.

After the grating is coated with a metal coating,
its cross-sectional area can be expressed as A(zr) =
Am(x) + Ag, where z is the position along the fi-
bre axis, Ap(z) denotes the cross-sectional area of
the tapered metal coating, and A, denotes the cross-
sectional area of the fibre grating. According to the
theory in mechanics of materials, if the cross-sectional
area varies slowly or d A(z)/dz is far smaller than the
dimensions of the device, the stress can be represented
by the following relation when a longitudinal stretch-
ing force F is applied along the grating axis:*]

o, = F/A(x). (1)

And according to the definition of stress o, and
strain €., the change of the period of such grating can
be given by

AAN/A=AL/L=¢, =0,/E=F/E/A(x), (2)

where F is the Young modulus of the material.

When the ambient temperature of such grating
is changed, the different expansion coefficients of the
metal coating and the fibre grating will induce a in-
terlaminar strain at their interface.'9) With further
consideration of the thermo-optic effect the period A
and the effective index neg of the grating will experi-
ence changes as

A ATvers, ST AT Py, (3)

A Teff
where ag is the thermal expansion coefficient and
P, =~ 0.22 is the effective photoelastic coefficient of
the fibre grating.

Considering the assumption and Eqgs.(2) and (3),
the same change of the coating and the fibre grating
will have relations

F F
g, Tt = T

+an AT, (4)

where F} is the force caused by the thermal interlam-
inar stress €44, and variables with subscripts m and g
respectively denotes those for metal coating and grat-
ing.

Then e, can be obtained as

exg = Fi /(A Eg) = [(am — ag)AT]

" A (z)En
AgEy + Apy(2)Ery

(5)

So according to Egs.(3)—(5), the wavelength
change of such a grating experiences temperature as
(Ap is the designed reflective wavelength of grating)

AN AL Angg
=—+

E N A TNeff
= (ag + AT + (1 = P,)[(am — ag) AT
AE
x [1 T AR, +gAj(a:)Em} (6)

and the chirp profile along the grating axis is

A@) = Ap{1+ (0 + AT+ (1= P)l(am —ag) AT

AgEg
A BE.+ ffn(x)Em} } (™)

x[l

From Eq.(7), it can be seen that the reflective wave-
length varies with the cross-sectional area of the metal
coating along the fibre grating. This is the reason why
temperature change of the grating can induce chirp.

The above analysis focuses on the effect of tem-
perature change on the characteristics of the metal
coated grating. In the following, the effect of tensile
force on the grating will be shown.

Suppose a kind of metal coating with a larger
Young’s modulus than the fibre’s is adopted, such as
copper, then according to the definition of the Young’s
modulus, the metal is more difficult to be elongated
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than the fibre. When a tensile force F' is applied, the
fibre grating will stretch while the metal coating tends
to hold it back with a force F}, as shown in Fig.1. And
accordingly, the fibre grating also exerts a force F, on
the metal coating. Because the two forces are a pair
of counterforces, Fy is equal to F},,. Thus, for the fibre
grating, the total force applied on it is F' — F},. Since
the same change of the coating and the fibre grating
will result in the same stress i.e. ;¢ = €zm, We have

_FP-FPn_ K Fw
T B Ay " EnAw(z)  EnAn(z)

- (8)

So the force F, can be given as

FEL An(x)

F, = .
EnAn(z) + Eg A,

(9)

Then the change of grating period can be obtained

AA F—Fy F
EgAy  BEnAn(x) + B Ay

Furthermore, because of the photoelastic effect,
the effective index will also change in this case. So the
grating with wavelength change experiences a force

AN AA Ang (1= P)F
AB o A Neff _EmAm(:Z?)—l-EgAg'

(11)

And the chirp profile can be given by

(1-PF)F
EnAn(z) + EgAg)'

A@) = Ap (1 + (12)
Equation (11) shows that the grating’s Bragg reflec-
tive wavelength and the chirp profile also depend on
the cross-sectional area of the metal coating Ay, (x)
when a force F' is applied on it. Thus the tensile force
will also induce chirp in the grating.

If further comparison is made between Eqgs.(6)
and (10), it can be safely concluded that the signs of
the chirp induced by temperature change and tensile
force are opposite.

3. Numerical method to charac-
terize the grating with metal
coating obtained by electro-
plating

Because of the small volume of fibre, many tradi-
tional methods of coating are not suitable for it any
more. Electroplating is adopted because of its low re-
quirement to the volume and shape of the component

under electroplating. But because the fibre grating is
One
of the choices is vacuum evaporation coating method,

non-electric, pre-disposal must be made on it.

which is a widely adopted method to change the chem-
ical and physical characteristics of industrial element.
A thin layer of metal coating with uniform thickness
about several um can be coated around the grating by
such a method. In this way, the electric grating can be
taken as a cathode, and when the grating is immersed
in the electroplating solution and suitable low current
flows through it, a metallic coating will be deposited
on it. Thus, a gradual change of the coating’s thick-
ness can be obtained by gradually pulling the grating
out of the solution during the electroplating process,
because in this case the different sections of the grat-
ing will experience different electroplating time. The
above is the simple explanation of the realization of
a tapered metal coating. In the following, it will be
shown how to calculate the cross-sectional area of the
coating obtained by this method and how to obtain
the characteristics of such grating numerically.

According to the Faraday’s Law of electrolysis, "]
the mass of substance produced at an electrode dur-
ing electrolysis is proportional to the number of moles
of electrons transferred there, so the mass of the sub-
stance produced can be calculated as

m = ItM/(zF,), (13)

where M is the molecular weight of the metal as an an-
ode, z is the number of transferred elementary charges,
I is current, t denotes time and F¢ is Faraday constant
(96500 C/mol).

When the metal used as the anode is given, the
parameters in the above equation except I and ¢ will
be fixed. So by adjustment of the magnitude of cur-
rent and electroplating time, the mass of the deposited
metal can be controlled and thereby the thickness of
the metal coating can be controlled.

The widely used transfer matrix method is
adopted in numerical simulations of the fibre grating,
which divides the grating into a number of small sec-
tions and proceeds to sum up the electric fields as
they propagate along the gratings. Obviously, it is
a piecewise-uniform approach, so the main problem
lies in seeking the special parameters for each small
grating section. Considering the case of grating be-
ing pulled out with a uniform velocity, the numerical
simulation method can be illustrated as follows.

1) Enlightened by the piecewise-uniform method,
the total metal coating can be regarded as the addi-
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tion of multiple layers; each layer is deposited during a
time interval At, as is shown in Fig.2. And the cross-
sectional area of each layer can be determined by the
mass of the metal that deposits during the time inter-

val. According to Eq.(11), when the current is kept
unchanged, the mass of each metal layer will be equal
due to the same time spent, which is denoted by AW.

Fig.2. Schematic diagram of the calculation method by layer addition.

2) Because of the uniform velocity of v, during
the time interval At a section of grating will be pulled
out of the electroplating solution, the length of which
is Az. And the process that the grating is fully pulled
out of the solution can be divided into N sections,
N = abs(L/Ax). Because of the decrease of length,
the cross-sectional area of each layer is not equal,
though the mass of each layer is the same. The vol-
ume of each layer can be obtained by the AW/p where
p is the density of the anode metal, and considering
the decreasing length of each layer, the cross-sectional
area of each layer can be obtained.

3) The cross-sectional area around the No. n sec-
tion grating can be calculated by the summation of
the n layers of metal coatings deposited on the grat-

ing during the former n time intervals and can be ex-
pressed as the following equation (the thickness of the
uniform metal coating made by the vacuum evapora-

tion coating method is very small so it is neglected)

An(nAz) = 3 AW/[p(L — Aali - 1),

i=1

0<n<N+1L (14)

After the acquisition of the gradually changing
cross-sectional area Ap,(z), the change of the reflec-
tive wavelength along the grating axis can be calcu-
lated according to Egs.(6) and (11) at every diverse
position, by which the grating characteristics can be
finally obtained.

Table 1. Simulation parameters.

Neoff On off L/nm N AW /g Apodization ratio Esio,/GPa
1.447 0.3 x 1074 140 140 8.9 x 1076 0.618 94
Density of Cu/(kg/m?) Molecular weight of Cu/(kg/mol) Apodization function Ecy/GPa
8.9 x 103 63.5 x 1073 Hamming (H = 0.885) 124
With the method described above, numerical sim-
0.9 T ulation is carried out. The simulation parameters are
T 0.18 listed in Table 1. Curves of the cross-sectional area of
0.7 1 metal coating versus the pulling velocity v at different
< L o1 Né electrical currents are shown in Fig.3, from which the
§ 0.5 i = parameters of electroplating for coatings with desired
= cross-sectional area can be chosen. And the parame-
03 T 0.06 ters ranges are chosen by considering the feasibility of
+ experiments. Further numerical simulations of metal-
0.1 L . . . 0 coated grating characteristics show that fibre gratings
0 0.002 0.004 0.006 0.008 0.010 exhibit dispersion tunability at different strains or dif-
v/(mm/s) ferent temperatures. The reflectivity and group delay

Fig.3. Relations between the cross-sectional area of metal
coating and the pulling velocity during electroplating (for
different electrical currents).

characteristics of a grating experience three different
temperature changes as shown in Fig.4, and the char-
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acteristics of the grating under three different forces
are shown in Fig.5. The grating end with thinner coat-
ing is taken as the input end in the two cases. From
Figs.4 and 5, we can see that as the temperature or

, AT'=50°C, B = 0.42 nm

force is increased, the bandwidth of the grating is en-
larged and the dispersion is decreased, and the sign of
dispersion in the two cases are different as expected.
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Fig.4. Reflectivity spectra (a) and group delay (b) versus A when the grating experiences different temperature
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Fig.5. Reflectivity spectra (a) and group delay (b) versus A when the grating is under different tensile forces.

Table 2. Grating characteristics comparison between experiments and numerical simulation.

Temperature effect: AT =70°C Strain effect: FF =80 g
Bandwidth/nm Dispersion/(ps/nm) Bandwidth/nm Dispersion/(ps/nm)
Experiments 0.4 —1955 0.23 3193
Simulation 0.37 —1843 0.267 3004

4. Experiments

Based on the above analysis, experiments are car-
ried out as in the following steps,

1) A grating is first written in hydrogen-loaded
standard single-mode fibre with a uniform period
phase mask. Its reflectivity spectrum is shown
in Fig.6, with the central wavelength being about
1524.673 nm, and the bandwidth about 0.06 nm.

2) A thin layer of metal is coated around the grat-

ing by vacuum evaporation coating method.

3) The grating as a cathode is connected with a
DC (Direct Current) source with constant currents.
CuSOy solution is chosen because of the good ductil-
ity of copper. And copper is adopted as an anode.
The drawing velocity should be adjusted according to
the value of current to obtain a suitable thickness of
the metal coating. For the experiment, I = 1 mA and
v = 0.008 mm/s is adopted. A metal-coated grating
is finally obtained with the maximum diameter at one
end being about 0.29 mm.
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4) The coated fibre grating is first put into a tem-
perature controllable machine, and heated to 90 °C.
The measured delay spectrum of the grating is shown
in Fig.7.
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Fig.6. Reflectivity spectrum of the original uniform grat-
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Fig.7. Comparison of inband group delay characteristics
of the uniform fibre grating after electroplating when it is
under strain or heated to 90 oC.

5) After the grating is cooled to room tempera-
ture, a force is applied on it, and the group delay in
this case is shown in Fig.7. Because the grating is
measured with the thicker coating end connected to

the optical circulator all the time, so the signs of dis-
persion in the two cases are opposite as anticipated.
The bandwidths and dispersions for the two cases are
shown together with the numerical simulation results
in Table 2, from which good agreement can be seen.

6) Figure 8 is the reflectivity spectra of another
metal-coated fibre grating at three different tempera-
tures.

The non-ideal characteristics of the grating can
be attributed to the nonuniformity of the Cu coating.

grating is heated to 30°C 40°C 60°C
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Fig.8. Reflectivity spectra of grating at different temper-
atures.

5. Conclusions

The temperature and strain characteristics of the
uniform grating with tapered metal coating have been
analysed in detail. The theoretical analysis shows the
feasibility of adjustable chirp of such gratings obtained
by temperature change or strain. Electroplating can
be chosen to obtain the nonuniform-thick metal coat-
ing, and numerical simulation method for the charac-
terization of such grating is proposed. The numerical
simulation results agree well with the experiment re-
sults.
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