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A New Temperature Compensation Method by Optimizing the Structure
of Extrinsic Fabry-Perot Interferometric Optical Fiber Sensor

Zhao Ziwen Wang Weiyu Zhang Min Xie Shangran LiaoYanbiao
(Department of Electronic Engineering, Tsinghua University, Beijing 100084, China)

Abstract For the problem of the change of capillary tube induced by thermal expansion and contraction with
temperature change, a new temperature compensation method applied in extrinsic Fabry-Perot interferometric
(EFPD optical fiber sensor is proposed. Temperature compensation film (copper film in this paper) is deposited on
the reflective fiber within silica tube to compensate the gap change caused by temperature variation. The
experimental results prove the effectiveness of this method and a linear relationship between axial length of copper
film and temperature compensation length is found. In experiment, the temperature compensation coefficient of
1 mm axial length copper film reaches 0.49 nm/C .
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1 Introduction

Optical fiber sensors have numerous applications in manyfileds™ * due to their good durability, high precision,
small size and insensitivity to electrical magnetic interference. As a type of optical fiber sensor, extrinsic Fabry-
Perot interferometric (EFPID) optical fiber sensor can be easily fabricated and has good durability because of its use of
a capillary of glass tube™ ; it can be used in measurements of strain, hydrogen concentration and so on"* '*.

But in the application of traditional EFPI optical fiber sensor constructed with capillary tube and optical fiber, in
addition to the parameter to be measured, the sensor can be affected by other factors such as environment
temperature. Different areas of measurement need different capillary tubes. Some capillary tubes have large
temperature coefficient. The change of silica tube induced by thermal expansion and contraction with temperature
change can thus affect the measurement seriously, whereas the temperature compensation methods are seldom
reported, although it is necessary for further exploiting EFPI optical fiber sensor. The traditional method is to put a
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temperature sensor in measurement environment and then subtract the effects of temperature change by software.
But it increases the complexity of system. In this paper. a new temperature compensation method by optimizing the
structure of sensor is proposed, which uses a temperature compensation film. Experimental results prove the
effectiveness of this method.

2 Sensor fabrication and temperature compensation principle

The improved structure and basic structure of EFPI sensor are shown in Fig. 1. Compared with the basic
structure, metal film with a high temperature coefficient acting as the temperature compensation film is deposited on
the reflective fiber surface of the improved structure. When temperature changes, the reflective fiber would
experience an axial strain induced by temperature compensation film. It can reduce the effect of environment
temperature variation on the gap length of EFPI sensor.
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Fig.1 Schematic of (a) the improved structure and (b) the basic structure of EFPI sensor
Because some parameters of compensationfilm are unknown, we cannot calculate the compensation results by
mathematical model. The mathematical model is established only for proving the feasibility of this method. L is the
length of silica tube, [, and [, are lengths of reflective fiber in silica tube and length of lead-in fiber in silica tube,
respectively (as shown in Fig.1). T, is room temperature, and T is measurement temperature.
Under the room temperature T,, the length of the silica tube can be written as

L, = G, + (L + L) (D

When temperature changes AT,
L=L,+aATL, =L, (1+a AT, (2)
L, =1, (1 +aAT), (3

where q, 1s the coefficient of thermal expansion of silica tube, «; is the coefficient of thermal expansion of fiber, and
AT = T—T,. If not stretched by compensation film, when temperature changes AT, the length of reflective fiber
in silica tube is };

Uii= Lo+ aidTly = Lo (1 +a AT, (4
where [, is the length of reflective fiber in silica tube at T,. Now, we consider the axial force of the optical fiber
stretched by compensation film deposited on reflective fiber, this axial force is F,

F Al

- = Y . s 5
S[ f Z/H (O)
where S, is the cross-sectional area of fiber, Y, is the Young's modulus of fiber, Al,; = I, — li;» L is the length of
reflective fiber in silica tube after considering the compensation effect of compensation film. From Eq. (5),
F=S ey, - S0 (6
1f

For the compensation film, if not stretched by fiber, when temperature changes AT, with the definition that
the axial length of compensation film deposited on the reflective fiber in silica tube is /', a. is the coefficient of
thermal expansion of compensation film, then
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Z;L':Zl()(1+ac.AT). (@)
Now, we consider the axial force of the compensation film deposited on reflective fiber stretched by the

reflective fiber. The axial force stretched by fiber is — F.

Al
L
where S. is the cross-sectional area of compensation film, Y, the is Young's modulus of compensation film, Al,, =

—F=S Y, - ) (8

L. —I%.+ 1, is the axial length of compensation film deposited on reflective fiber in silica tube after considering the
axial force stretched by fiber.
From Egs. (6) and (8), we can get

Sy, 8 gy .8 9)
Ly L.

Equations(4), (7), and Al,;; = L, — ;> Al,. = L,. — [}, are brought into this equation (we use ;= l,. = [,), so that
we get

B S.Y, +S.Y.

L, = Sy, SY. L. (10)
1+ AT 1+ a AT
. - SY,+ S.Y.

Setting x,; = Sy, SY. we get

1+aAT 1+ a AT
L, = 57 ¢ L. an
The gap length is
G=L— U +1L).
Equations(1) ~(3) and (11), are brought into the above equation, and then the gap length can be obtained by

G=G,(1+a, * AT) + 1L, (1 +a. AT — x,7) + L Cae —ap) AT. (12)
The change of gap length caused by temperature change is written as
AG = G—G, = Gya, » ATH 1, (1 +a, AT — x50 + Ly (a, — ) AT. (13)

3 Experiment and discussion

The basic structure of our EFPI sensor is shown in Fig.1. The lead-in fiber and reflective fiber were welded at
both ends of the silica tube with CO, laser. The axial distance between two fixed points was 47 mm. The diameters
of lead-in fiber and reflective fiber were both 125 ym. The outer and inner diameters of the silica tube were 300 pm
and 130 um, respectively. The length of silica tube was 50 mm. The optical fiber model was Corning SMF-28.

Firstly, the temperature coefficient of the sensor without temperature compensation film was investigated. The
temperature measurement system is shown in Fig.2. The EFPI sensor was illuminated by a LED source (Honeywell
HEF4222) around 850 nm through a 2 X 2 coupler. The interferential light returned from an HR2000 + spectrometer
from Ocean Optics, which provided an optical resolution as good as 0.035 nm, and the spectrometer was connected to
a personal computer via USB port to analyze the store data. The cross-correlation signal processing method was used
to calculate the change of gap length as our previous work™* . In temperature experiment, the samples were placed
in a programmable temperature and humidity chamber ( TYH-1P Gaoyu Technical Co.., Ltd.) where both
temperature and humidity can be controlled precisely. The relative humidity of measurement environment was set to
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Fig.3 Temperature characteristics of the EFPI sensor

Fig.2 Schematic of experimental setup without compensation film
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50% . Temperature was warmed up from 20 C to 60 ‘C , recorded every 5 C. The results are shown in Fig.3. It
can be seen that the temperature coefficient of sensor without temperature compensation film reaches 144.3 nm/C .

Temperature compensation experiments were carried out. In this report, we chose copper as the temperature
compensation film because copper has relatively higher temperature coefficient and lower price. In temperature
compensation experiment, a copper film with thickness of approximately 1 pm was deposited on the surface of
reflection fiber by magnetron sputtering. For the reason of enhancing adhesion between copper film and optical fiber,
the titanium film about 10 nm was deposited on optical fiber as a buffer layer before depositing copper film. The cross
section of the copper temperature compensation film deposited on reflective fiber was observed by scanning electron
microscopy (SEMD) ., as shown in Fig.4. Figure 4(a) is an overall cross section of fiber deposited copper film, and
Figs.4(bh) ~(d) are 3 different positions of the junction of fiber surface and copper film. These images show that the
copper film has a relative uniform thickness. We prepared 6 samples, in which the axial lengths of the copper film are
0, 8.5, 13.5, 19.5, 23 and 35 mm, respectively. At room temperature, the gap lengths of all the EFPI sensors are
between 50 ym and 80 pm. Compared with the length of silica tube, lead-in fiber and reflective fiber. the value of
gap length is so small that the effect of the different gap lengths on the experiment results could be ignored in this
experiment. Experiment results are listed in Table 1 and shown in Fig.5.

Fig.4 SEM images of the cross section of copper temperature compensation film deposited on reflective fiber. (a) Overall
cross section of fiber deposited copper film; (b))~ (d) 3 different positions of the junction between fiber surface and
copper film

Table 1 Temperature compensation results of different axial lengths of copper film

Copper length /mm 0 8.5 13.5 19.5 23 35
Temperature coefficient of sensors (nm/C) 144.3 141.0 137.4 135.8 134.0 127.0

Temperature compensation coefficient (nm/C) 0 3.3 6.9 8.5 10.3 17.3
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Fig.5 Temperature compensation results of different axial length of copper film. (a) Temperature coefficient of sensors;
(b) temperature compensation coefficient

For the sensor without temperature compensation copper film, the temperature coefficient of sensor was
144.3 nm/C . The temperature coefficient of sensor was decreased with the increasing of axial length of copper
film. For the sample with a temperature compensation copper film of 35 mm axial length, the temperature coefficient
of sensor decreased to 127.0 nm/C, and the temperature compensation coefficient of the copper film reached
17.3 nm/C. From Fig. 5, we can see a linear relationship between axial length of copper film and temperature
compensation coefficient. In this experiment. the temperature compensation coefficient of 1 mm axial length copper
reached 0.49 nm/°C . Experimental results proved that this temperature compensation method was effective and the
temperature compensation coefficient could be controlled by choosing the suitable axial length of copper film. The
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silica tubes chosen in this paper have larger temperature coefficient. If we choose the silica tube with suitable
temperature coefficient in the range of temperature compensation of copper film, this temperature compensation
method can completely eliminate the influence of measurement environment temperature change.

4 Conclusion

In summary, a new temperature compensation method by deposited copper film on reflective optical fiber of
EFPI sensor was proposed and its mathematical model was established. Experimental results proved that this method
was effective, and under our experiment condition, the temperature compensation coefficient of 1 mm axial length
copper reached 0.49 nm/C . Further investigations on temperature compensation film are in progress, including
depositing thicker copper films, improving the crystal quality of copper film and choosing more suitable material as
temperature compensation film. We believe that the performance of temperature compensation film will be further
improved with the development of our investigations.
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