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A type of compact solution concentration sensor based on a microfiber with a nanoscale-structured film is proposed
and demonstrated experimentally. Additional loss at different solution concentrations is calculated by means of
the three-dimensional finite-difference time-domain (3D-FDTD) method. The microfiber is fabricated by using
the flame-heated scanning technique. Nanoscale-structured film is coated on the microfiber surface, which is
assembled as a sensing unit. The sensitivity of this kind of sensor increases with the decreasing diameters of
the microfiber. When the diameter of the microfiber is 2𝜇m, a minimum concentration sensitivity of 1% (under
450 s measuring time) is demonstrated in the experiment. Higher sensitivity can be attained when the solution
concentration is higher. The sensing properties of this microfiber with the nanoscale-structured film may provide
opportunities for new applications in optical sensing devices.
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Solution concentration is one of the main parame-
ters to denote the solution characteristics. The solu-
tion concentration must be measured with high accu-
racy for a great many applications, such as the textile
and food industries, and environmental and chemical
processing, where the content of impurities in liquid
is an important factor. There are some traditional
methods of solutions concentration monitoring, such
as amperometric sensors,[1,2] ion-sensitive electrodes,
and mass spectrometry.

Among the broad coverage of optical fiber re-
search, micro/nanofibers have been attracting increas-
ing interest for both fundamental studies and techno-
logical applications in the last few years. For pho-
tonics, micro/nanofibers provide favorable properties
such as enhanced evanescent fields, tight light confine-
ment and large waveguide dispersions.[3] Furthermore,
micro/nanofibers, as one of the most important in-
tegrated photonic devices, are used as sensors,[4−13]

lasers,[14] subwavelength waveguiding,[15] and so
on.[16−19] A nanoscale sensor is one of the most
promising applications of micro/nanofibers. Com-
pared with other approaches, optical sensing based on
micro/nanofibers may offer higher sensitivity, faster
response, and better immunity to electromagnetic in-
terference.

One technique potentially capable of meeting the
demand of novel monitoring solution concentration is
based on microfibers with nanoscale-structured film
sensing, as presented in this work. When the compo-
sition of the analyte solutions adheres to a nanoscale-
structure film, the light transmitting through mi-
crofibers with a nanoscale-structured film will be dis-
turbed due to the change of the film’s refractive index.

The sensing unit is promising due to its low cost, easy
fabrication and compact structure.

For basic consideration, it is assumed that the mi-
crofiber with a nanoscale-structured film in solution
has a circular cross section and a step-index profile.
Film with a loose and porous structure is coated on
the microfiber surface. In addition, the refractive in-
dex (RI) of the microfiber is 1.465. The principle of
the new type of sensors and the RI distribution of the
entire sensing system are shown in Fig. 1.

The three-dimensional finite-difference time-
domain (3D-FDTD) method is used to calculate the
additional loss at different concentrations. The wave-
length of the light transmitted along the microfiber
was assumed to be 1.55µm in the computational do-
main, which was discretized into a uniform orthogonal
three-dimensional mesh with a cell size of 1/40 of the
wavelength, terminated by perfectly matched layer
boundaries. Different solution concentrations may
cause different perturbations, which lead to differ-
ent losses of sensing microfiber. The additional loss
at different concentrations with respect to the RI of
the nanoscale-structured film was calculated (450 s
measuring time). As shown in the inset of Fig. 2,
clearly the major light energy was confined inside a
2.0-µm-diameter microfiber and it left an amount of
light guided inside the nanoscale-structured film as
the evanescent wave. In Fig. 2, the additional loss
caused by solute increased with solution concentra-
tion. When the solution concentration was 12.5%,
the additional losses of 1.5µm, 2.0µm and 2.5µm-
diameter microfibers were 0.4 dB/mm, 0.2 dB/mm
and 0.11 dB/mm, respectively. The sensitivity of
1.5µm-diameter microfiber was far more than that
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of 2.0µm and 2.5µm-diameter microfiber. However,
higher sensitivity means a lower dynamic range, suit-
able sensitivity and dynamic range should be selected
by controlling the diameters of the microfiber in the
experiment.
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Fig. 1. Principle of solute adhered to the nanoscale-
structured film and the corresponding RI distribution.
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Fig. 2. Relationship between the additional losses of mi-
crofiber with different diameters and solution concentra-
tions. The inset shows the power distribution of a 2.0-
µm-diameter microfiber with a nanoscale-structured film
which was immersed into absolute ethyl alcohol.
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Fig. 3. The illustration of the microfiber drawing method
by using the flame-heated scanning technique. The single-
mode optical fiber was placed into where the suitable tem-
perature of the hydrogen-oxygen flame was by using 3D
translation systems. Single-mode fiber was drawn down
to the microfiber based on the flame.

Here we introduce a three-step process for fabricat-
ing microfiber with nanoscale-structured film: draw-
ing a standard fiber (Corning SMF28) to microfiber,
coating nanoscale-structured film prepared by the sol-
gel process on the surface of the microfiber, and assem-
bling microfiber as a sensing unit. The microfiber used
in this work was fabricated by the hydrogen-oxygen
flame-heated scanning fiber drawing method[20] in an
airtight environment, as shown in Fig. 3. Firstly, a

standard fiber fixed on 2D translation systems was
placed into a hydrogen-oxygen flame by an adjustable
platform driven by stepper motors. The tempera-
ture of the heated fiber can be controlled by high-
precision stepper motors. The hydrogen-oxygen flame
fixed on stages and standard fiber moved with cer-
tain speeds controlled by a computer program, respec-
tively. Compared with the laser drawing method, the
flame-heated scanning method has certain advantages.
Both theoretical and experimental results show that
the laser power required for drawing microfibers with
a uniform diameter is impractically large.[21]

40 mm 5 mm

(a) (b)

Fig. 4. SEM images of microfibers: (a) 8-µm-diameter
microfibers, with a microfiber buried into the substrate,
(b) a 2.0-µm-diameter microfiber.

The temperature in the drawing region and the
speed of stepper motors can be controlled by a
computer program to obtain different-diameter mi-
crofibers with good diameter uniformity. The uni-
form and smooth microfibers with diameters rang-
ing from 2µm to 8µm are shown in Figs. 4(a) and
4(b). The higher-magnification scanning electron mi-
croscope (SEM) images of 8-µm-diameter and 2.0-µm-
diameter microfibers indicate no visible irregularity on
the surface of the microfibers. It can be seen clearly
that microfibers fabricated by the method have good
uniformity of diameter and surface smoothness.

In the experiment, a thin sol-gel film was coated on
the surface of drawn microfibers by using the sol-gel
process. A standard fiber was fixed on a glass slide,
and a microfiber connected with a standard fiber can-
not be supported by a glass slide. The entire sys-
tem was encapsulated as a sensing unit. The sensing
unit was washed by alcohol to keep the microfibers
clean and then the thin sol-gel film was coated by
the dip coating process. The sol-gel film consisted
of a layer of porous, near-spherical silica particles, 10–
40 nm in diameter, randomly stacked on the substrate
surface. Such a highly porous film had highly spe-
cific surface areas and was therefore very susceptible
to the solute in the solution. The film derived by
the dip coating process with a low refractive index
had controlled porosity, which could be adjusted from
65% to 12% continuously. The withdrawal rate was
adjusted to give a suitable thickness. In the experi-
ment, the withdraw rate 𝑈 was 300 mm/min; and the
liquid concentration 𝜂 was 1.5%. The atomic force
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microscope (AFM) images of the surface morpholo-
gies of a 1.5µm-diameter microfiber and the microfiber
with nanoscale-structured film are shown in Fig. 5.
The surface morphologies of microfiber are smooth in
Fig. 5(a), while Fig. 5(b) indicates that the nanoscale-
structured film is porous, and the roughness of the
films is larger than that of microfibers.
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Fig. 5. AFM images of the surface morphologies: (a) a 1.5
µm-diameter microfiber, (b) a 1.5 µm-diameter microfiber
with nanoscale-structured film.
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Fig. 6. Experimental setup of concentration sensing
based on the microfiber with a nanoscale-structured film.
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Fig. 7. The experimental results of the additional losses
caused by the solution when the assembled microfiber was
immersed into the solution.

The 2.0-µm-diameter 9 mm-length microfiber with
a nanoscale-structured film has been assembled. The

experimental setup has been designed and constructed
to demonstrate the feasibility of concentration sensing
with microfiber. The entire experimental setup is sim-
ple and compact as shown in Fig. 6. The microfiber
with a nanoscale-structured film has been connected
in the system. A 1.55-µm-wavelength laser was used
as the source. Detectors, amplifier, difference, A/D
and DSP/FPGA phase-locked demodulation were in-
tegrated into the application platform in which the
phase-locked amplification technology was used to fur-
ther improve measurement accuracy of the additional
loss. Another beam of light was separated from the
incident light by an optical coupler, which served as a
reference light to improve the measurement accuracy.
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Fig. 8. The measured additional loss caused by solution
at different concentrations when the measuring time was
450 s.

Vacuum pump oil (Leybold LVO130) was dissolved
in absolute ethyl alcohol (CH3CH2OH) at 2.5%, 5%,
7.5%, 10% and 12.5% volume concentration, and pro-
duced a clear solution. The assembled microfiber
was immersed into the measured solution. The out-
put power for concentration sensing was recorded by
a compiled software at different volume concentra-
tions. In experiment, it was found that the static
stability ∆𝐸1 of output power of the laser reached
about 3.5% due to the change of temperature and
the fluctuation of the supply current. The measured
power uncertainty ∆𝐸2 of the detector was 2.2%, and
measurement accuracy of the entire system ∆𝐸 =√︀

∆𝐸2
1 + ∆𝐸2

2 was 4.1%. Therefore, monitoring the
reference light power can eliminate power fluctuation
of the laser (∆𝐸1 = 0), and measurement accuracy
of the entire system increased by 46%. The experi-
mental results of additional losses caused by solutions
at different concentrations are illustrated in Fig. 7.
As shown in Fig. 7, the variation of additional losses
involved two phases roughly: the fast growth stage
(about 1–120 s) and the linear growth stage (about
120–450 s). It can be explained that the adsorption
rate of the nanoscale-structured film was considerably
high at the beginning of the measuring state. At the
same time, it can be seen clearly that the additional
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loss caused by solute in solution increased dramati-
cally with solution concentration as shown in Fig. 8.
The reason was that more solute in solution adhered
to nanoscale-structured film as the solution concentra-
tion increased, and more evanescent wave energy was
no longer tightly confined inside, which lead to the
increase of additional loss. When the solution concen-
tration was 12.5%, the additional loss (1.67 dB) was
close to the theoretical result (1.8 dB) in Fig. 2. The
measurement inaccuracy of microfiber diameter may
be the main factor which leads to the errors. The mea-
suring accuracy integrated into the application plat-
form was about 0.004 dB. The minimum measuring
sensitivity of the entire system was 1% when the mea-
suring time was 450 s, and the concentration sensitiv-
ity of the entire system increased dramatically as the
solution concentration increased. Therefore, it indi-
cates that the sensing unit works more precisely at
higher solution concentration.
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Fig. 9. The additional loss varying with the measuring
time when the microfiber experienced five states to demon-
strate the feasibility of alcohol washing.

To confirm the reusability of microfiber with a
nanoscale-structured film, we washed the sensing unit
with alcohol. The experimental results are shown in
Fig. 9. The washing process of the sensing unit con-
sisted of an initial state, a measuring state, taking out
the microfiber, alcohol washing and free state. The
sensing unit was immersed into a 10% solution for
500 s measuring time, and then it was taken out from
the solution. At the same time, the additional loss in-
creased dramatically, which may be attributed to two
factors. For one thing, the bend loss of the microfiber
increased dramatically due to solution tension. For
another thing, nonuniformity of the refractive index
of the nanoscale-structured film lead to the increase of
additional loss. In the process of washing the sensing
unit with alcohol, the additional loss dropped dramat-
ically. After alcohol washing, the additional loss of the
microfiber was in a free state. It can be seen clearly
that the additional loss in the initial state was roughly

the same as that in the free state. In the experiment,
it was found that the additional loss increased dra-
matically when the washing time was longer than 20.
The reason was that the nanoscale-structured film had
been destroyed in the process of alcohol washing.

In summary, this research was driven by the need
for a novel, sensitive and cost-effective monitoring
method of solution concentration. Microfiber with
a nanoscale-structured film was investigated to ver-
ify the potential applicability of the evanescent field
sensing for the task. The microfiber with a nanoscale-
structured film was assembled as the sensing unit
and showed a remarkable stability when the solution
concentration varied from 2.5% to 12.5%. Minimum
concentration sensitivity of 1% (under 450 s measur-
ing time) has been demonstrated in the experiment.
Higher resolution can be attained when the solution
concentration was higher. The sensing properties of
the sensing unit may provide opportunities for a new
application of optical sensing devices.

References
[1] Rosen R 2007 Curr. Opin. Biotechnol. 18 246
[2] Shobha Jeykumari D R and Sriman Narayanan S 2007 Nan-

otechnology 18 125501
[3] Tong L M, Lou J and Mazur E 2004 Opt. Express 12 1025
[4] Meng C, Xiao Y, Wang P, Zhang L, Liu Y X and Tong L

M 2011 Adv. Mater. 23 3770
[5] Li Y H and Tong L M 2008 Opt. Lett. 33 303
[6] Yue X J, Hong T S, Xu Xing and Li Z 2011 Chin. Phys.

Lett. 28 090701
[7] Warken F, Vetsch E, Meschede D, Sokolowski M and

Rauschenbeutel A 2007 Opt. Express 15 11952
[8] Fang X, Liao C R and Wang D N 2010 Opt. Lett. 35 1007
[9] Xu L, Wang R, Xiao Q, Zhang D and Liu Y 2011 Chin.

Phys. Lett. 28 070702
[10] Wang P, Zhang L, Xia Y N, Tong L M, Xu X and Ying Y

B 2012 Nano Lett. 12 3145
[11] Xu L, Wang R, Liu Y and Dong L 2011 Chin. Phys. Lett.

28 040701
[12] Zhang L, Wang P, Xiao Y, Yu H K and Tong L M 2011 Lab

Chip 11 3720
[13] Liu Y X, Meng C, Zhang A P, Xiao Y, Yu H K and Tong

L M 2011 Opt. Lett. 36 3115
[14] Xiao Y, Meng C, Wang P, Ye Y, Yu H K, Wang S S, Gu F

X, Dai L and Tong L M 2011 Nano Lett. 11 1122
[15] Siviloglou G A, Suntsov S, Ganainy R E, Iwanow R and

Stegeman G I 2006 Opt. Express 14 9377
[16] Zhang Y, Zhang X L, Chen G J, Xu E M and Huang D X

2010 Chin. Phys. Lett. 27 074207
[17] Y Lizé M ägi E, Ta’eed V, Bolger J, Steinvurzel P and

Eggleton B 2004 Opt. Express 12 3209
[18] Jasim A A, Zulkufli A Z, Muhammad M Z, Ahmad H and

Harun S W 2012 Chin. Phys. Lett. 29 084204
[19] Tong L, Hu L, Zhang J, Qiu J, Yang Q, Lou J, Shen Y, He

J and Ye Z 2006 Opt. Express 14 82
[20] Tong L, Gattass R R, Ashcom J B, He S, Lou J, Shen M,

Maxwell I and Mazur E 2003 Nature 426 816
[21] Dimmick T E, Kakarantzas G, Birks T A and Russell P S

J 1999 Appl. Opt. 38 6845

034202-4

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1016/j.copbio.2007.03.005
http://dx.doi.org/10.1088/0957-4484/18/12/125501
http://dx.doi.org/10.1364/OPEX.12.001025
http://dx.doi.org/10.1002/adma.201101392
http://dx.doi.org/10.1364/OL.33.000303
http://dx.doi.org/10.1088/0256-307X/28/9/090701
http://dx.doi.org/10.1364/OE.15.011952
http://dx.doi.org/10.1364/OL.35.001007
http://dx.doi.org/10.1088/0256-307X/28/7/070702
http://dx.doi.org/10.1021/nl301055f
http://dx.doi.org/10.1088/0256-307X/28/4/040701
http://dx.doi.org/10.1039/c1lc20519f
http://dx.doi.org/10.1364/OL.36.003115
http://dx.doi.org/10.1021/nl1040308
http://dx.doi.org/10.1364/OE.14.009377
http://dx.doi.org/10.1088/0256-307X/27/7/074207
http://dx.doi.org/10.1364/OPEX.12.003209
http://dx.doi.org/10.1088/0256-307X/29/8/084204
http://dx.doi.org/10.1364/OPEX.14.000082
http://dx.doi.org/10.1038/nature02193
http://dx.doi.org/10.1364/AO.38.006845

	Title
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	References

