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Abstract

This paper describes a theoretical way to design a fiber-optic evanescent wave sensor made by a partly unclad commercial optical fibers. The
effects of the sensor’s main parameters, such as absorbing medium refractive index, diameter of the fiber’s bare core and the launching conditions,
are analyzed theoretically. The differences of the radiation-field intensity in each optical mode are considered. The sensing region was obtained by
HF etching with a silicon support. The prototype sensing devices were tested and partly explained by the calculation results. The methylene blue
dye of 3.5 x 1077 mol/L concentration was detected with the length of the sensing region of 14 mm. The bromcresol green in de-ionized water was

measured in the experiment with 6.0 x 107 mol/L concentration.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Evanescent wave fiber-optic absorption sensors have been
successfully employed in studies of the solid-liquid interfaces,
in chemical or biochemical reactions. The advantages of this
method are its fast, real-time, in situ, remotely and safe detec-
tion. For application to micro biochemical systems, the high
sensitivity and shorter length of the sensors are needed. There
have been many efforts; for example, tapered [3], U-shaped [1],
D-shaped [4] fiber-optic probe were fabricated for detection of
several kinds of gases or liquids. There have been also theo-
retical evaluations for optimizing the structure parameters of
the probes. Stewart et al. evaluated the attenuation of evanes-
cent wave absorption by a ray-optics method, a perturbation
method and a matrix method [5]. Gnewuch and Renner analyzed
the power attenuation in multimode evanescent wave sensors
by a perturbation method [6], and found that the waveguides
with a linear refractive index profile showed mode-independent
attenuation coefficients. Xu et al. [7] studied theoretically the
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contribution of the evanescent wave absorption with meridional
and leaky skew rays, and found that the absorption models based
only on meridional rays overestimated the absorption of the sen-
sor. Qing et al. [9] proposed a group index method to evaluate
the absorption coefficient of the optical waveguide chemical or
biological sensors. In fact, as the dimension of the waveguide
(or the core of fiber in this sensor) was usually in the same scale
of its working wavelength, a doubt was raised whether the ray
optics was still reasonable. Piraud et al. [8] studied the optoelec-
trochemical transduction of planar optical waveguides based on
the electromagnetic field theory and wave optics. The effects
on the modal absorption spectrum of a highly absorbing elec-
trochromic film deposited on an optical waveguide were also
modeled.

From the results of Qing [9], Wang [2] and our group [12],
we knew that the sensitivity or absorption coefficient would be
higher if the Oth mode or several modes exist only in the guiding
film or core. That means it approaches to the single mode situ-
ation. In biochemical detection, however, the refractive indexes
of liquid mediums to be detected are often around 1.33. In this
situation the single mode condition is often satisfied when the
diameter of the guiding core reaches several micrometers. Such
an open-clad fiber-optic sensor makes the fabrication very dif-
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ficult when commercial optic fibers are used. So, it is necessary
to know whether the sensitivity could keep high with the same
sensing length even if the number of modes is increased a little.
In order to distinguish from normal multimode fiber evanes-
cent sensors, we call it a less-mode optic-evanescent wave
Sensor.

In this paper the effects of the refractive index of the liquid
medium, the core diameter of the sensing region and the modal
fractional power in the liquid medium were studied based on the
electromagnetic theory. The main differences from usual discus-
sions are: (1) the calculation is not based on the assumption of
the equally distributed power among modes and (2) the mode
power in the unclad sensing region is discussed theoretically,
while the light in the clad region is regarded as the source of this
region.

Here the sensor was made by two kinds of commercial
communication optical fibers (multimode and single-mode).
The cladding diameters were both 125 um, while the core
diameters were 50 and 9 wm, respectively. The bare core was
etched by HF to a designed diameter (several micrometers)
and the sensing region was 14 mm in length. Then some of
the theoretical results were compared with the experimental
results.

2. Theory

It is well known that the guided light in a fiber-optic
waveguide penetrates into the cladding to a distance of several
wavelengths of the incident light as the evanescent tail of the
waveguide mode. Suppose that the total modes of the optical
fiber is N. For different modes the modal fractional optical
power ry; in the cladding and the modal percentage power in
the total power 7; are all different. When oy, is defined as the
bulk absorption coefficient, the total power transmitted through
the uncladding part can be concluded by Lamber—Beer law as
below.

N

Pout =Y _1jPin exp(—rijetmCL) (1
j=1

where Py, and Pj, are the power transmitted through the unclad
region with and without an absorptive medium for sensing.
C is the concentration of the absorptive medium. Then the
sensitivity of the sensor will be

P;
Agw = logj < ) (2)
POll[
And the total absorption coefficient can be written as y = anry.
For a step-index optical fiber with charge free, homogeneous
equations, the relationships between main parameters of the sen-
sor were shown in a mode equation [10]. Here the transcendental
equation was solved by the conditions of the mode cut-off and the
continuation of electromagnetic fields at the boundary of absorp-
tive and non-absorptive mediums. Suppose that the absorption
of the optical fiber core is ignorable. Then the power fraction in

the whole clad region is given by:
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where the meaning of a, r and ¢ are shown in Fig. 1. The super-
script “*” denotes complex conjugate, and other symbols have
the conventional meanings.

2.1. The mode power percentage in the total power

If the incident light is a Gaussian beam and parallel with the
fiber axis or has a slope angle 6;, as shown in Fig. 1, the total
power P of the beam in Z-direction can be expressed as

12
P = n; <80> p; )
140

where, g is the dielectric constant in vacuum, pg is the radius
of the light beam, w is the permeability in vacuum, n; is the
refractive index of air. In order to know the percentage of the
power modes transmitted in the sensor’s region, the total power
launched in the optical fiber should be known first.

Here we suppose that the modes in the optical fiber are
approximately orthonormal. The couple between modes was
neglected even though the weak guiding conditions are not
satisfied perfectly when the difference of the refractive index
between the core and the detection medium is a little large.
Considering the reflection on the launching side of the fiber,
the power for mode exciting will be P’. The power transmit-
ted in the jth mode is given by P;= |aj|2Nj [11], where N; =

(1/2) ‘f Aooé',j X ;zf] x ZdA| is the normalized factor, and a; is

Fig. 1. Coordinate of beam field describing irradiation fiber end.
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Fig. 2. Relationships among rf and medium refractive index ny, and sensing region radius a: (a) mode HE11, (b) HE1, and (c).

the amplitude of the mode. And the ;= P;/P’ is the mode power
percentage in the total power.

For the sensing region, suppose that the number of modes is
M, and the mode HE,,,, will be excited in the sensing region with
coefficient #,,,. Then the percentage power of the guiding mode
in the sensing region can be expressed as

S R=11j X Im
M N
Zm:lZn:ln./ X Im

2.2. Computational results and discussions

(6)

;=

2.2.1. Mode fraction power in cladding

With an opened commercial optical fiber whose refractive
index of the core is 1.468, the example curves of fraction power
in the absorption medium are shown as a function of the core’s
radius a and the refractive index of the medium n; based on Egs.
(3) and (4) in Fig. 2. The wavelength of the source was chosen
around the absorbing peak wavelength of the medium.

The examples in Fig. 2 show the examples how the absorp-
tion fraction power increases with increasing of the refractive
index of the medium while decreases with increasing of the
radium of the guiding core. Theoretically the value of rf could
be improved by increasing n; or decreasing a. When the normal-
ized frequency is lower, ry will be higher and more energy will
be diffused in the medium. Because the absorptions coefficient
y is proportional to 7y, it is a way to improve the sensitivity.

2.2.2. Mode power percentage in the total power

From Eq. (6) the total power transmitted in the sensing region
Py could be calculated. It is related with the radius of the light
beam pg and the slope angle 6;. In order to simplified the cal-
culation, the value of ps was fixed at 4.3 pm, corresponding to
the experiments with SMF-28 optical fiber. Here A =632.8 nm.

The refractive index of the core is 1.468 and that of the clad is
1.465. Fig. 3 shows that for each mode the maximum coupling
coefficients could be obtained by optimizing the slope angle
0;. When 6; gradually increases, the coupling coefficient of the
fundamental mode and the coupling coefficients of higher order
modes increase. Considering the signal to noise ratio, the slope
angle 6; should be smaller than 6.. Here the complementary
critical angle is 0.07 rad. When the polarization is in x-direction,
there are HE |, HE», HE3{, HE{{ odd modes and TM; modes.
Because the number of guiding modes is effected by both n; and
a, the power launched in optical fiber was discussed first.

The coupling coefficients of higher order modes are still
larger when 6; increases and approaches to 6.. Cause in less-
mode situation, the number of the high order modes will be
more. This means that to increase the value of 6; is a way to
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Fig. 3. The relation between P;/P" and Pyy,/P" with normalized slope angle 6;.
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Fig. 4. The relationship between Py /Pi, and ny with different a.

increase the total transmitted power. So, the 6; is fixed at 6, in
the discussions below.

2.2.3. Effects of a and n; to sensitivity

From Egs. (1) and (6), the sensitivity for different @ and n; can
be obtained. Here ps=2 pum, 6; =6, n1 =1.4682, ny =1.4646,
L=14mm, Loy,c=0.3.

Fig. 4 shows that when n; is selected to be approximately to
ny (from 1.4 to 1.46), the Py /Pj, increases as a increases. That
means the sensitivity becomes lower. With the same value of a,
the Pou/Pin oscillating decreased as ny increased. The reason
is when n, increased, ry; increased, and at the same time the
number of guiding modes decreased. But when 75 is near the
critical value for the mode number changing, the trend could be
different, because when n; is a little smaller, the critical cut-off
modes maybe exist, and these modes have rather big fraction
powers. So the value of Py /Pj, will be smaller than the value
when n; is a little bigger.

3. Experimental
3.1. Experimental setup

The experimental setup is shown in Fig. 5. The He—Ne laser
used here was produced by Shanghai Aibo Laser Equipment Co.,
Ltd. (Type 260A, 632.8 nm). Its minimum output power was
1.8 mW, the maximum drift of it was +3%, the beam diameter
was 2 mm and the beam divergence is 1.5 mrad.

Adjusting Unclad . _
angle instrument region sensing Optical fiber
\ \
He-Ne A 3
Powermeter
Laser N
Lens Fluid cell

Fig. 5. The experimental setup.

Cell for sample sample

Laser input

Clad

Fig. 6. The construction of the experimental.

As shown in Fig. 5, the laser was focused onto one end of
the fiber, and the output power exported from the other end
was measured by a commercial fiber-optic powermeter (PMS-
2 made in China). The fiber-optic was mounted on a silicon
support, as shown in Fig. 6.

The absorption medium used for experiments was methylene
blue dye dissolved in de-ionized water and the absorbing peak
was 664 nm. The concentration range of the methylene blue dye
was from 2.5 x 1070 t0 3.5 x 10~7 mol/L. In this range the value
of imaginary refractive index of the medium ny; is much less
than the real one, so that the effect of ny; on propagation can be
ignored. The real refractive indexes ny, with different concentra-
tions were measured by an Abbe Refractive Meter (model WAY,
made in China) and showed that the differences were less than
0.05% in this range. Therefore, we regarded that the changes of
Py were mainly due to the differences of n,.

3.2. Preparation of the sensing fiber

Different diameters of the sensing regions were fabricated by
wet etching with the well know reactions:

4HF + SiOy — SiF4+42H,0

6HF + SiO, — H,SiFg¢ + 2H>0

The velocity of etching is related to the concentration of HF.
The main problem of this method is the risk of damaging
the fiber when the fiber diameter reaches to several microm-
eters. As shown in Fig. 7, a powermeter was used to mon-

Detector

Acid Bath

Fig. 7. The actual etching process.
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Fig. 8. The REM photo of the fiber core surface etched by HF:H,O (1:1).

itor the transmitted power which is a function of the core
diameter.

Li[12] gave the relationship between the etching time and the
fiber core diameter when H,O:HF was 1:1. When the concentra-
tion of HF is high, the etching speed is high but the core surface
is not perfect. By adding CH3COOH as a buffer, the etching
process becomes much more gently and the quality of the core
surface becomes smooth, which is shown in Figs. 8 and 9.

After etching, because of the stress, the shape of the fiber will
be changed so that it is difficult to do any operation. In order to
solve this problem, we fixed the fiber first in the slot of the
detection cell and then etched it. When the etching terminated,
the core of the fiber was washed by de-ionized water and baked
to release the remaining liquid. Then the detection cell with the
fiber could be used as an evanescent wave sensor directly, as
shown in Fig. 10.

3.3. Experimental results

Fig. 11 shows the experimental results on the relationship
between the ratio Poy/Pin and n5. In this experiment the sensor

i X 1.000 pM/div
Z 200.000 nw/div

Fig. 9. The REM photo of the fiber core surface etched by HF:CH3; COOH:H, 0O
(2:1:1).

Fig. 10. The detection cell with the fiber.

was made by a multimode optical fiber (the core and cladding
diameters were 50 and 125 pwm, respectively). And the core
refractive index was 1.485. The refractive index of the detec-
tion medium was adjusted by mixing glycerol in the medium
with different ratios, and got the values from 1.335 to 1.445.
The radius of the sensing part was 5 pm. It can be seen that
the output power fraction reduced when n; increased. The trend
with n; is similar to the results in Fig. 4. That means it is helpful
to adjust the refractive index of the absorbing medium to meet
the weakly guiding condition.

Fig. 12 shows the experimental and calculated value of
Pout/Pin with the radius of the sensing part is 5 and 4.2 pm,
respectively. Here, the refractive index ny of the absorbing
medium was adjusted to 1.442 which was roughly met the
weakly guiding condition, and the concentration of the medium
was 1 x 107> mol/L. From the curves we can see the followings.
(1) Pout/Piy reduces when 6; increases. The experimental curve
of a=5 pm (single-mode) looks like a sine curve. It is because
the optic fiber core (SMF-28) used was 9 pum. There was still
a very thin cladding on it. We did also this experiment with
another kind of optic fiber (MMF). The results are also shown in
Fig. 12 (two ‘multimode’ curves). In this situation the difference
is rather large. This is because the surface of the sensing fiber
was poor, when the core diameter etched from 50 to 10 wm, and
the taper at the two ends was also more obvious. (2) Both calcu-
lated and experimental results of Py /Pj, for the sensor with a
core radius of 4.2 wm are less than those with a 5 wm core radius.
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Fig. 11. The relationship between ratio Poy/Pin and n, from experiments.
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Fig. 12. Calculated and experimental values of Poy/Pin With the sensing region
of a 5 and 4.2 pm radius.

It is obvious that the experimental results are less than those of
the calculation. The primary reason for this is that the scattering
caused by the two tapered region, locating at the two ends of the
sensing fiber, was not taken into account in the calculation, and
also the scattering caused by the rough surface of the sensing
fiber was neglected.

Fig. 13 shows the experimental results of the sensor made
by SMF-28 optical fiber with a radius of 4.2 um in the sens-
ing region. The source was a He—Ne laser. In the experiments
the concentration of methylene blue was from 3.5 x 1077 to
2.5 x 107% mol/L. In this range the changes in refractive index
was negligible.

Fig. 14 was the experimental results for the detections of
bromcresol green in de-ionized water with a refractive index of
1.334. The change in refractive index was also neglected dur-
ing the experiments. The sensor was made by SMF-28 optical
fiber with a 2.5 pum sensing region radius. Because the absorp-
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0.85 -

Pout/ Pin

0.75 |

0.70 |

1 1 1 ! 1
0.5 1.0 1.5 2.0 2.5

C (umoliL)

Fig. 13. The relationship between Po,/Pjn and C of the methylene blue dye with
the sensing region of a 4.2 wm radius.
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Fig. 14. The relationship between Poy/Pin and C of bromcresol green in de-
ionized water with the sensing region of a 2.5 wm radius.

tion peak of bromcresol green is around 630 pm not 632.8 pm
exactly, we chose a tungsten lamp (20 W, 12 V) in place of the
He—Ne laser to get more precise results. The measured absorp-
tion spectra are shown in Fig. 15.

The results were for different concentrations and were read
at three absorption wavelengths with a spectrometer made in
our group and calibrated by LAMDAY. The lowest concentra-
tion here was about 6 x 10~7 mol/L. Because of the lower input
coupling efficiency for this lamp the sensitivity was not very
high.

From Fig. 15, we found that the absorption peak was shifted.
It may be a function of the analyte concentration because of
the hydrogen-bonding effects. Curves in Fig. 14 show devia-
tions from Beer’s law because of distortions of band profiles
with variations in sample extinction coefficient. Other factors
that affect Beer’s law include surface contamination, mode-
dependent attenuation and matching the numerical aperture
(NA) of a fiber with light-coupling optics [15].

T T T T T T T 0.4
3500 | water
bromcresol
3000 1| —— Absorption

1

o

]
Absorption

1000 |-

Relative output optical power

500 |

0 1 1 L L L 0.0
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 15. The absorption spectra of bromcresol with the concentration
6 x 1075 mol/L.
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4. Discussions

The theoretical and experimental results all show that the
sensitivity of the sensor is effected strongly by the parameters
na, a and 6;. In order to avoid too small diameter of the unclad
sensing core, the refractive index of the detection medium should
be increased to near to that of the core (here it is around 1.44).
For this study we added the high index carrier (glycerine) in the
detection liquid to see the influence of it. But in the real detection
it could be rather complex with this carrier. In the continue study
we will try to coat the right buffer layer on the unclad surface
to instead of it. At the same time it is still possible to improve
the fabrication processes to obtain the smooth unclad region of
a smaller diameter. The mechanical way for a D-shape optical
fiber sensor has been used, but in this way not all of the sensing
part could be immersed in liquid samples. So the sensitivity may
decrease for the same length of the sensing region. We started
to make it by dry etching and fix it on the bottom of the cell.
There is almost no risk of damage, but we should try to make
the etching more efficient and low cost.

For different diameters of the sensing core, the 6; should be
different except that the single-mode conditions are satisfied. For
a less-mode optic fiber changing the value of 6;, the distribution
of the power transmitted in models will be changed, the power
transmitted in high-modes could be more and the effect of a
could be compensated. Thus it is possible to get high sensitivity
with a little bigger a.

The difference between the calculation and the experiments
may come from the following factors: (1) the surface of the
etched core is not perfect and scattering is obvious on the inter-
face between liquid and solid, (2) the fiber diameter is unsym-
metrical and there are errors in the measurement, and (3) the
bending loss happens and increases the energy loss in the sens-
ing region [1]. When the unclad optical fiber etched, taper will
occur in the two ends of the sensing region. It is worth to mention
that the fiber bend loss increases as its radius decreases. Various
reasons have been assigned to this discrepancy [1]. A detailed
theoretical explanation has been given by Payne and Hale [13].
Ruddy et al. mentioned that the non-linearity occurred due to
the adsorption of the dye on the silica core surface [14], and this
is not studied in this paper.
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